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INTRODUCTION

Tlns work represents a Jomt effort of two teams, from Poland and from Israel,
to develop a low cost filter for mdustnal wastewater
Industnal wastewater ongmatmg from large and modem mdustnes IS usually
well treated and the effluents meet strmgent enVIronmental standards
The level of treatment IS much lower m small-scale mdustnes, or workshops
In our surveys, we found numerous small metal fimshmg workshops, each
emplOYIng a few workers, WIth no one tramed and able to control and mamtam
an up to date waste water treatment facIlIty In additIon, the pnce of runnmg a
wastewater treatment deVice m workshops wIth an average output of a few
lItters per day, IS vel)' lngh The other alternatIve, of slnppmg all the
wastewater to a hazardous matenals dump IS also expenSIve and difficult
The practIcal goal of tIns work was to develop a low cost, sturdy, SImple and
relIable system that can be placed m such workshops, systems that WIll bnng
the effluents to a level that It can be disposed safely mto the mumcipal waste
stream
Our baSIC hypothesIs was that orgamc matenals or resIdues, such as peat,
composts or sewage sludge have the adsorptIve capacIty and are sllitable to
serve as a cheap adsorber
Tlns report summanzes our efforts and our approach toward the goal of havmg
a system that can be utIlIzed m the mdustry

The work was conductedJomtly by the two teams Durmg the course of thIs
work we had mostly vel)' good and productIve cooperatIon However, tIns
cooperatIon was not free of problems The PolIsh team had problems
associated WIth the transfer of funds, problems that slowed down the work
durmg the first half of tIns project In addItIon, we dId have problems WIth the
wnte up of thIs last report, that unfortunately was not tImely submItted Due to
the last mmute SUbmISSIOn and to the fact that It was wntten separately m the
two countnes, we submIt two separate reports

We do hope that regardless of the dIfficulties, thIs work has and wIll contnbute
to the sCIentIfic mfrastructure of the two countnes and that It wIll contnbute to
the solutIOn of unportant enVIronmental problems
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I. ABSTRACT

Industnal wastewater ongmattng from large and modern mdustnes IS usually
well treated and the effluents meet stnngent envrronmental standards
The level of treatment IS much lower m small-scale mdustnes, or workshops
In our surveys, we found numerous small metal fimshmg workshops, each
employmg a few workers, WIth no one tramed and able to control and mamtaIn
an up to date waste water treatment facIllty In addItIOn, the pnce ofrunnmg a
wastewater treatment deVIce m workshops WIth an average output of a few
lItters per day, IS very hIgh The other alternative, of shIppmg all the
wastewater to a hazardous matenals dump IS also expensIve and dIfficult
The practical goal of thIs work was to develop a low cost, sturdy, slIDple and
relIable system that can be placed m such workshops, systems that Will bnng
the effluents to a level that It can be dIsposed safely mto the mumclpal waste
stream

Wark done durmg the first halfof thIs project has revealed the hIgh adsorptive
capacrty of reSIdual humIC compounds, 1 e composts and sewage sludge toward
metals These matenals are available m Israel and had better adsorptIon
propertIes as compared WIth our local peat
AdsorptIon ofmetals from pure solutlOns as well as from mIXed actual
mdustnal wastewater was studIed In add1tIon, It was found that release of the
adsorbed metals ooder aCIdIc condItions IS very effective

Our first practical approach was atmed at the development of exchange
columns, to be leached WIth the mdustnal waste water m the adsorptIon phase
and subsequently leached WIth aCId to get the metals back, m a concentrated
stream The major problem assocIated With thts was the mabIhty to mamtaIn
good hydrauhc conductiVIty of the column The column was clogged due to gas
formatIon, swellmg and dIsperslOn of the dIfferent tested orgamc substrates

DIfferent column operatIon such as upstream flow patterns dId not drastIcally
lIDproved the abIlIty to use the column system

The next and final stage was to develop a batch operatIon reactor The reactor
worked properly m the laboratory and was scaled up to a scale that can be
operative m a small workshop The expenmental pilot reactor has a volume of
120 I and was shown to effectIvely reduce the concentratIons ofmetals m raw
mdustnal wastewater from a metal fimshmg plant The treated efi1uents can be
released to the munICIpal waste water system and the metals are concentrated m
an easily separated sludge that has a volume ofless than 10% ofthe ongmal
wastewater

We belIeve that the proposed method WIll become operatIve m the near future
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2. BACKGROUND AND RATIONALE

The treatment of effluents that contam hazardous matenals posses a senes of
problems, both m regard to the tecbmcal aspects and pnce of the water
treatment as well as m regard to the reuse of the water
An mtnnsIc problem IS the fact that very often, the hazardous matenalis
present m the effluents m mmute concentration and a large volume ofwater has
to be treated, bIologically or cheInlcally, to degrade or detoXIfy the target
compound The ability to separate the hazardous compound from the water at
the source IS an advantage as to the water treatment and reuse technology

Our workmg hypothesIs IS based upon the fact that peat, or related substrates
(composts from mumcipal sohd waste or other orgamc waste matenal) has a
umque capacIty for the adsorptIon of an array of compounds Over the past
years, peat has receIved mcreasmg attention due to the potentIal to act as an
effective agent eIther for metal IOns removal from wastewater or for retrospectIve
momtonng oftherr lIDgrallon and accumulallon m the envrronment (e g WIeder et
al 1990, Stack et al 1993, Allen, 1996) These substrates have favorable
phYSICal propertIes They are made of collOIds that have a hIgh specIfic surface
area, essentIal to adsorptIOn, yet are aggregated m a way as to have a hIgh
hydraulIC conductiVity, needed for a filtenng matenal These substrates can be
dIsposed when they are saturated by mcmeratIon, or treated bIOlOgically so as
to degrade orgamc hazardous matenals Fmally, these substrates are
mexpensive and avaIlable, ill one form or the other all over

Peat has been used m the past as a filter for mumcipal waste water and was
shown to adsorb phosphorus and mtrogen HumIC compounds, such as peat or
compost are known to have a hIgh chelatIng capaCIty and thus to reduce the
heavy metal concentration m the solution It IS well known that plants grown m
peatlands suffer from trace metal defiCIency, due to the strong sequestenng of
these metals by the humIC matenal The humIC matenals are made of aromatIc
groups and are, to a large extent hydrophobIC Thus, they will effiCIently and
selectively adsorb aromatIc compounds and other non-polar compounds from
the aqueous phase (An example for thIs property IS the common use of compost
as a filter of orgamc odorous matenals from the arr) A computenzed hterature
survey that was conducted revealed a rather large number of reports on the use
ofpeat for the treatment of waste water and of the mdustnal reSIdues These
reports are presented ill hterature from all over the world, espeCIally from
ChIna, Japan and the East European countrIes The Vast ma]onty of these
works are empmcal
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Most reports descnbe the use ofpeat to remove heavy metals from waste water
(Cullen & SIVlOur 1982, Dissanayake & Weerasoonya 1981, ChIstova et al
1990, Lapakko 1988, Brown et al1992, Allen 1996), It IS reported that a very
hIgh removal ofheavy metal ( ca 99%) IS achIeved at pH values hIgher than 4
One example for such system may be cIted from the work of Chaney &
Hundemann (1979) "A method for reducmg effluent Cd from mdustnal
wastewater to levels equal or below those normally found m domestIc
wastewater was exammed A synthetIc OXidIzed Cd platIng solutIon (100 mg/l
Cd) was adjusted to levels ofpH and carbonate whIch would cause low
eqUlhbnum dIssolved Cd, 560~ Cd remamed soluble because of slow
preCIpItation The solution was added mIl mcrements (14 tlmes) to 60 cm
columns ofpeat or peat + CaC03 Effluent Cd was measured for each 1 I
additIOn Cd m the peat columns was analyzed at vanous depths at the end of
the leachmg Results showed that was both an excellent phYSICal filter of Cd
preCIpItates and also an effectIve matenal for dissolved Cd Effluents averaged
2 J.lg/l Cd for peat columns and 24 J.lg/l Cd for peat + CaC03 Column analySIS
showed that most of the Cd was present m the upper few cm of the column
Thus peat appears to be an effectIve and mexpensive method for removmg Cd
from pH and carbonate adjusted mdustnal wastewater free of strong chelanng
agents"
The metals that are adsorbed on peat can be later eluted by leachmg With aCIds
The use ofpeat to remove orgamc pollutants IS also mentioned (pIerre & Cohen
1980, SpiVakOVa& 8tadmc 1979) HumIC compounds are known to bmd heavy
metals The ability ofhumIc substances to form stable complexes With metal
Ions can be attnbuted to theIr hIgh content of oxygen contammg functIonal
groups, mcludmg COOH, phenohc-, alcohohc- and enohc-OH and C=O
structures ofvanous types Results gIVen m Table 1 show that the total aCIdities
offulVlc aCIds (640-1420 meq/100 gr) are conSIderably hIgher than for hUlIDc
aCIds (560-890 meq/100 gr) Both COOH an aCIdIc OH groups (phenohc OH)
contnbute to the aCIdIc nature of these substances, With COOH bemg the most
Important

Table No. 1 - Oxygen Containing Functional groups m humic and fulvic
acids (all values ill meq/100 gr)

Material Total COOB ACidiC OB weakly C=O
aculity acidic +

alcoholic
OB

HumIC 560-890 150-570 210-570 20-496 10-560
aCIds
FulVlc 640-1420 520-1120 30-570 260-950 120-420
aCIds
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Schmzer (1969) and Gamble et al (1970) concluded that two types of
reactIOns are mvolved m metal fulVlC aCId mteractlOns, the most Important one
mvolvtng both phenohc OR and COOH groups A reactIon oflesser Importance
mvolved eOOH groups only

The two reactIons are

o OH
~I

..-l?, ~c-o-

~OH
C

2+... u

The fonnatIon ofphthalate-type complexes (bottom reaCtIon) IS hkely because
hunuc aCids have been shown to contam COOH groups that are located on
adjacent pOSItIons of aromatIc nngs (Stevenson 1982) PosItIve proof for the
formatIon of sahcl1ate-hke rmg structures (top reactIon) has yet to be acmeved
Other structures consIdered to be present m hUIDlc substances, and that have the
potentIal for bmdmg Wlth metal Ions, mclude the followmg

H
I
N

i1"ir
HOV

o

o
II

:Y)
HO 0

Results of IR spectroscopy studIes have confumed that COOH groups, or more
precIsely carboxylate (COO), playa promment role m the complexmg ofmetal
Ions byhmmc and fulVlC aCIds (Boyd et al 1981, PIccolo et al 1981, Vmkler et
al 1976) Some eVldence mdIcates that OR, C=O, and NH groups are also
mvolved (Boyd et al1979, Piccolo et al1981, Vmk1er et al1976) Complexes
may be formed WIth conjugated structures, accordmg to the followmg reactIons
(pIccolo et al1981)
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Results of electron spm resonance spectroscopy (ESR) studIes have also been
mconclusIve Lacatos et al (1977) reported that Cu+2was bound to hunnc aCId
by a mtrogen donor atom and two carboxylates On the other hand, Mcbnde
(1978) concluded that only oxygen donors (COO) were mvolved , furthennore,
a smgle bond was fonned between Cu+2 and hunnc aCId Boyd et al
(1981,1983) obtaIned eVIdence mdIcatmg that Cu+2 fonned two equatonal
bonds WIth oxygen donor atoms ofhunnc aCIds, such as would be fonned by
the reactions shown above Goodman & Cheshtre (1973,1976) obtamed
eVIdence suggestIng that Cu retamed by peat hunnc aCId after washmg WIth
aCId was coordmated to porphrm groups, from whIch they concluded that a
small fraction of Cu m peat was strongly fixed m the fonn ofporphynn-type
complexes In contrast, spectra obtamed by Bloom & McBnde (1979) for aCId
washed peat faded to show the partICIpatiOn ofgroups other than COO- m
bmdmg of Cu+2 Approaches used to detennme the bmdmg capacIties of humIC
substances for meta1Ions mclude coagulation (RashId 1971), proton release
(Stevenson 1976, Stevenson 1977, van DIJk 1971) meta1Ion retention was
determmed by competition WIth a cation-exchange resm (Crosser & Allen
1977, Zunmo et al1972), dIalYSIS (Zunmo & Martin 1977) anodIc stnppmg
volammeny (Guy & Chakrabartt 1976, O'shea & Mncy 1976) and lon-selective
electrode measurements (Bresnahan et al1978, Bufile et alI977), The
maxtmum amount of any gIven metal Ion that can be bound was found to be
approxunately equal to the content of COOH groups The COOH content
generally fall WIthm the range of 15-50 meqlg (e g 48-160 mg Culgr hunnc
aCId)

For adsorbent charactenzatIon and the strength of adsorbed metal bmdmg
estimation IS of great Importance for evaluation eIther of metal potential for
remobtltzatIon and recovery of bound metals along WIth regeneration/repeated
reuse of the adsorbent For thts purpose, assessment of metal fractionanon WIth
respect to bmdmg strength, apart from the mechamsm of bmdIng, may gIve the
most valuable mformatIon, whIch would enable opnmwn adsorbent use, reuse and
effiCIent metal recovery
sequenttal extractton- a method developed pnmary for defimng chemIcal "forms"
of metal bmdmg IS convennonally used to drfferennate between the exchangeable,
carbonatic, easily redUCIble (hydrous Mn-oXides), moderately redUCIble
(amorphous Fe-oXides), oXidtzable (sulphides and orgamc phases) and reSIdual
fractions m drfferent substrates, mostly m soil and sedtments, but also m sewage
sludge (Forstner and Kersten, 1988) In tlns study, pattern of sequenlIal extractIon
by TeSSler et ai, 1979, modtfied by Kersten and Forstner, 1988, compnsmg 7 steps,
was apphed The use of tlns sequentIal leach procedure for the enVlronmental
studIes, as well as, WIth some modtficalIons, for geochemIcal apphcations, e g for
charactenzmg drfferent types of surfiCIal geochemtcal anomahes, mcludmg
IdentrficatIon of the sulplnde phase WIthIn the Insoluble orgamc reSIdue of humus
(Hall et aI, 1996, Kaszyckt and Hall, 1996) and ItS high preCISIon tested on 10
drlferent mtematIonal CRMs I e soils, manne mud, lake sedIments and the tIll
samples (Hall et al ,1996 ab) proved It to be an extremely useful and rehable tool
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Nevertheless, drfferent chetnlcal extracllon sequences bemg m use are still subject
to arguments concernmg among others the chermcal "fonns" of bmdmg and
redIstnbunon of metals among phases dunng fracnonanon (e g TesSler and
Campbell, 1991, Tack and Verloo, 1996) In the case of hmmc-nch matters the
drrect apphcanon of tins procedure for the IdentrficatIon of bmdIng mechamsms
may be quesTIonable In substrate such as peat, COnsIStIng mamly of orgamc matter,
where the tmneral fracnon content usually does not exceed 10-12 % wt, the
bmdIng mechamsms can Mer from the mennoned above ThIs was already
pomted out WIth respect to peat matter (Twardowska and Kyztol, 1996)

Assurmng mfluencmg the quannty ofmetal Ions bound by hurmc substances
mclude pH, lome strength, molecular weIght and funcnonal group content
(FItch and Stevenson 1983, Stevenson & FItch 1981) For any given pH and
lomc strength tnvalent canons are bound m greater amounts than dtvalent
canons Canons forrmng strong coordmatIon complexes (e g Cu) WIll be bound
to a greater extent than weakly coordInated ones (e g Ca or Mg)
Avmmelech & Raveh (1979, 1982) have shown that Iron hydrOXIde solub1hty IS
raIsed by orders ofmagmtude m mumcipal solId waste effluents, due to the
bmdmg of!fon to soluble orgamc complexes The solubIhty of the metal-humIC
complexes 1S thus an essentIal feature of any proposed filter
A number ofprocesses effect the solubIlIty charactenstIc ofmetal-humate and
metal-fulvate complexes A major factor IS the extent to wmch the complex IS
saturated WIth metal10ns Other factors affectIng solubility mclude pH,
adsorptIon of the complex to rmneral matter and blOdegradanon Under proper
pH condItIons, tnvalent canons, and to some extent dIvalent canons, are
effecnve m preCIpItatIng hurmc substances from very dtlute solutIOns
Monovalent canons are generally effecnve only at relanvely hIgh partlcle
concentranons
Hmmc substances are msoluble m orgamc-nch honzons ofrmneral soIls, as
well as peat, whIch can be attnbuted to mtennolecular associatlOns mvolvmg
H-bondmg and polymenzatIOn through bndgmg by polyvalent canons Orgamc
adsorbents are known to adsorb orgamc pollutants, Thus It IS well estabhshed
that pestICIdes m the soIl are specIfically adsorbed to the orgamc matter m the
sou

The general procedure WIdely used m batch sorptIon studIes, also on peat (e g
WIeder, 1990, Allen et al, 1992), was used m tins study, ill order to evaluate the
effects ofthe hsted condtnons

In general, sorpnon capaCIty evaluated expenmentally IS the most rehable, drrect
source of mfonnanon Langmurr model IS assumed a better fit to the expenmental
data than the FreundlIch model for peat metal Ion systems (WIeder, 1990, Allen,
1996)
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The tenn Peat was used all along the prevlOUS dIScussIon Peat IS a natural
product produced as a decomposinon product of vegetanon, when thIs
decompoSInon IS lumted eIther due to floodIng and lack of oxygen, or due to
chmanc condInons (low temperature) The decomposlnon product under such
condItIons IS an array ofhUIDlc compounds, DIfferent peat sources dIffer by the
percentage of orgamc matter, the rano ofhumIC to fulVlC aCIds, the partlcle SIZe
(from collOIdal SIZe to cm scale) and by the presence ofnutnents and salts
A drfferent group of slIDllar matenals IS the vanable group ofcomposts A
compost IS the stable decomposlnon product of orgamc waste matenals
Usually the defimnon of composts IS hmIted to aerobIcally stabIhzed resIdues
The more avaIlable orgamc substrates are degraded along the compostanon
process and the resIdues are made mostly of stable hUtnlc compounds The
stability (matunty) of the compost can be adjusted by the length of the acnve
compostanon stage and that of the maturanon stage ComposItIon ofdIfferent
composts IS dIfferent accordmg to the source ofthe reSIdue The most common
composts are made ofmumclpal sohd wastes, sewage sludge, manure, food
mdustIy wastes and agncultural wastes Partlcle SIZe of the compost depends,
to a large extent on the partlcle SIZe of the parent matenals and on the presence
of stable or mert partIcles m the parent matenal In addInon, compost plant
usually SIeves the product and thus dIfferent dIstnbunon SIZe of partIcles IS

avaIlable
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3. SUMMARY OF RESEARCH WORK IN FIRST AND SECOND YEAR

3.1 General Methods

m thIs research, a number ofmajor procedures were used m order to study and
understand the adsorptIon ability of the substrates m dJ.fferent condItIons The
followmg methods were used

A. Adsorption Isotherms

The Isotherms were aunmg to show the ability of the substarte to adsorb metals
ill a constant pH The Isotherms were analysed accordmg to the Langmwr
theory, and from that data obtamed the constants-
M- the maxunal metal adsorptIon capacIty of the adsorbent
E- the factor related to free energy of adsorptIon

A.l Materials

A.Ll. Chemicals

Stock SolutIOns, havmg a metal concentratIon of 1000 mgIL, were prepared by

dIssolvmg separately 2 744 g ZnS04*H20 and 3 292 g CuS04*5H20 m 1000

mlH20

WorkIng solutions were made from the stock solutIons, by dIlutmg to

concentratIons 0-500 mgIL

Acetate Buffer was prepared by illlXIDg 125 mI2 M acetIc aCId and 87 5 m1
2 M Na-acetate and addmg dIstIlled H20 up to 1000 m1

A.L2 Adsorbents

Peat from the Hilla vally Israel, commerclaly sold North European peats,
Compost from mumcIpal waste and an aerobIcally digested sewage sludge were
tested as eu and Zn adsorbmg matenals
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A.2. Methods

A 2.1. Instruments

AtOmIC adsorptIon spectrophotometer "Vanan - Speetra 300 plus". pH meter

"Metrohm 654", Centnfuge, ConductIVIty meter, Shaker were used dunng the

work

A.2.2. Sample PreparatIon

Adsorbents were tested at constant pH ill eIther status nascendI or after washmg

WIth Hel or H20 In washmg pre-treatment Whatman #1 or #42 was placed mto

WIde Buchner funnel to wlueh one to three I of a matenal was added the

matenal was slowly leached With dIstJ.1led H20 or Hel. water to sohd ratIo

(w/w was 5 to 1 eaehed sample was vacuum dned and kept m refngerator at

5°C

DetermmatIon of buffer mIxtures for constant ph place 109 ofpeat mto

SUItable glass and add dIfferent amount (0-50 00) of 0 5 N Hel Make final

volume of samples to 50 ml usmg acetate buffer Put on shaker (100 RPM) and

shake overnIght Measure pH ill sample An aCId addItIon that ytelds desured

pH IS used m subsequent expenments

A.2.3. Method for ElUCidation ofAdsorption Isitherm on Peat and

Matenals Alike

MIXture of acetate Buffer and Hcl (50 00) was added to 109 of an adsorbmg

matenal SuspentIon was pre-eqwhbrated for 16 hrs ImmedIately thereafter 50

00 of eIther Cu or Zn workIng solutIon ofknown concentartIon C was added to

suspentIon The suspenSIOn was shaked for addItIonal 20 hrs. and then filtered

through Whatman #1

Metal concentratIo~Co = metal concentratIon at 0 tune and Ceq = metal

concentratIon m eqmhbnum after 20 hrs adsorptIon, were determmed by

atoIDlc adsorptIon
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B. Binary Systems

Expenments were conducted Wlth the bmary system ofZn-Cd and Pb-Cu both

ill equal and varymg concentratIOns TIns set of expenment was desIgnated to

examme the effect of the presence of one metal Ion on the adsorptIon of

another

B.I. Materials

B.I.I. Chemicals

Stock Solutions, havmg a metal concentratIon of 2000 mgIL, were prepared by

dIssolvmg separately
32 gr Pb(N03h,

7 86 gr CUS04,

5 49 gr ZnS04*H20 and

4 58 gr CdS04 ill 1000 ml acetate buffer at pH=5 5

Working solution was made from stock solutIon by <:hlutIng It to

concentratIons 0-1000 mgIL

Acetate Buffer was prepared by mIXlllg 88 ml 0 2 M acetIc aCid and 412 ml
02 M Na-acetate and addmg dJstI.1led H20 up to 1000 ml

B.I 2. Adsorbents

Compost from mumcIPai waste and an aerobically dJgested sewage sludge were

tested as Zn and Cd adsorbmg matenals

B.2. Methods

B.2 1. Instruments

AtOmIC adsorptIon spectrophotometer "Vanan - Spectra 300 plus", pH meter

"Metrohm 654", CentrIfuge, Shaker, Hot plate were used dunng the work
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B.2.2. Sample Preparation

Substrates were pre-treated WIth H20 and acetate buffer WashIng WIth H20,

water to sohd ratIo 3 1, as descnbed m our annual report 1993-1994 chapter

322 [2]
ConchtIonmg WIth acetate buffer by shakmg 500 gr ofwashed substrate WIth

1500 m1 buffer overmght, then filtenng through Whatman #1 filter paper

Two series were applied to evaluate adsorption in binary systems:

B.3. Metals m Equal Concentrations

10 gr samples of pre-treated substrate were placed mto sUItable glass VIalS

MIxtures of acetate buffer and metals stock solutIons m chfferent ratIos were

added to the substrates

The suspenSIon was shaked for adchtIonal 20 hrs, and then filtered through

Whatman#l

Metals concentratIon, Co = both metals concentratIon at 0 tIme and Ceq = each

metal concentratIon m equIhbnum after 20 hrs adsorptIon, were detenmned by

atOmIC adsorptIon

B.4. Metals in Varying Concentrations

10 gr samples of pre-treated substrate were placed mto sUItable glass VIalS

MIxtures of acetate buffer and metals stock solutIons m chfferent ratIos were

added to the substrates

RatIos were calculated so that m each Isotherm one of the metals will be kept m

constant concentratIon, whIle the other vanes For each metal there were four

Such constant concentratIons

The suspenSIOn was shaked for addItIonal 20 ms, and then filtered through
Whatman#l

Metals concentratIon, Co = first metal concentratIon at 0 tIme, Cconst =

second metal concentratIon m eqUIhbnum and Ceq = each metal concentratIon

m eqUIhbnum after 20 hrs adsorptIon, were detenmned by atOmIC adsorptIon
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C. Sequential Extraction

In tins chapter of the work an attempt to look mto the pattern of adsorptIon was

made The sequentIal adsorptIon procedure proVIded a tool to charactenze the

adsorptIon of each and every metal on the dIfferent substrates and to compare

them

C.I. Materials

C.I.I Chemicals

11M NH4N03 at pH=7 - prepared by dIssolVIng 40 02 gr of ~N03

m 1000 ml dIstIlled H20

2 Acetate Buffer at pH=4 5 - prepared by lDlXIng 30 5 ml ofAcetIc aCid

(02 M) and 195 ml ofNaOAc 02 M, dllutmg to total volume of 1000

ml
3 004 M NH20H*HCI m 25% acetIc aCid - prepared by dIssolVIng 361

gr ofNH20H*HCI m 1000 ml of acetIc aCid

4 001 M mtnc aCId
5 H20230%

C.l.2. Substrates

the method was nnphed on two dIfferent substrates, With three dIfferent pre­

treatments

1 No adsorptIon at all, only washIng With water and buffer

2 adsorptIon ofmetal from a solutIon of500 ppm

3 adsorptIon ofmetal from a solutIon of 1000 ppm

The metals were adsorbed on the substrates m the procedure descnbed m our

former report [1]

C.2. Methods

C.2 1. Instruments

Atonnc adsorptIon spectrophotometer "Vanan - Spectra 300 plus", pH meter

"Metrohm 654", CentrIfuge, Shaker, Hot plate were used durmg the work
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C.2.2 Method

Selecnve Sequenna1 dtssolunon Techmque was adapted from Han & Bamn (1)

a Soluble and exchangeable elements (EXC) One gram of substrate was

weIghed mto 50 m1 polycarbonate cen1nfuge tube, and 25 ml of 1 M
NH4N03 (sol #1) was added to It The suspensIon was shaken for 30 mIn

at 250 C and then centrIfuged at 10,000 rpm for 10 mID The supernatant

was decanted for analySIs and the substrate resIdue was kept for the next

step The same centnfugatIon decantanon procedure was used after each

extracnon step m the followmg procedure, although m many cases

centrIfugation was not needed for the separation

b Carbonate bound (CARE) 25 ml ofNaOAc-HOAc buffer solunon (sol

#2) were added to the substrate resIdue from preVIous step The mIxture

was agitated for 16 hrs at 250 C Excess C02 was released by frequent

openmg of the tube cap dunng the first 6 hrs Then the cen1nfuganon­

decantation was repeated
c Bound to easily-reducible oXides (ERO) 25 ml ofNH20H*HCl (sol #3)

were added to the resIdue from preVIous step and agitated for 30 rom
0Ne tbmk that the name ofthis fraction IS wrong It was found that the

same amounts of metal are extracted when the reducmg agent
NH20H*HCI IS omItted from the aCIdic extraction solution (see appendix

II as an example) Fracnon C IS probably a fraction that IS solubthzed when

the aCIdic extraction IS stronger than that used to extract fraction b)
d Bound to organIC matter (OM) the reSIdue from preVIOUS step was

transferred to a Pyrex glass test tube usmg 3 ml ofmtnc aCId (sol #4) 55
ml of 30% H202 (sol #5) were added, and the suspenSiOn was digested at

800 C for 2 hrs An additional 2 ml of 30% H202 were added, and heatmg

was contInued for another one hr The IIDxture was allowed to cool to

room temperature and 15 ml ofmtnc aCId (sol #4) were added After

agitation for 10 mID, the supernatant was separated as descnbed above
e Bound to reduCible OXides (RO) 25 m1 of°04 M NH20H*HCl (sol #3)

were added to the reSIdue, and the nnxture was dIgested at 900C for 3 MS,
then cooled, and the supernatant separated as descnbed above
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D. Desorption

In order to detennme the pheasablhty ofreusmg the adsorbent after aCldrfymg,

the pattern of desorpnon as a functIon ofpH was exammed

D.l. Materials

D.l.1 Chemicals

To control the pH, 0 5 N HCI solutIon was used

D.l.2. Adsorbents

Workmg Substrates, compost and sewage sludge, were equilibrated WIth all
metals - Zn, Cd, Cll, Pb, Fe and Cr m the same method as descnbed m OUI

former report [1]

D.2. Method

D.2.1. instruments

The mstruments used for tlus work are the same as descnbed m ch 2 1 2 1

D 2.2. Method for desorption ofmetals

10 gr samples of substrate, WIth metal adsorbed on It, were placed mto

swtable glass VIal, and a mIXture ofHel and water m dIfferent ratIos was

added The total volume was 100 ml
After 24 hrs shakmg, pH was measured and the suspenSIOn was filtered through

Whatman #1 filter paper

In order to detenmne the amount of metal desorbed from Vlfgtn matenal ill the
dtfferent pH values, the procedure was apphed to a sample of compost and
sludge, and was exammed for any traces ofmetals
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E. Column Work

Some work has been done on columns, contammg compost or sludge
Through the column a metal solutlon was passed, and the rate of flow was

measured Those columns were m fact a small scale pliot plant to detennme the
effiCIency of adsorptIon m contnnous flow The columns were tested both WIth

smthetIc solutIons and WIth mdustnal wastewater

E.l. Materials

E.l.l. Chemicals

Stock Solutions, havmg a metal concentratlon of ZOOO mgIL, were prepared by
dtssolvmg separately
7 86 gr CUS04,
549 gr ZnS04*HZO and
4 58 gr CdS04 m 1000 ml dtstilled water

Working solution was made from stock solutlon by dtlutmg It to
concentratIons 0-1000 mg/L

Industrial wastewater collected from the metal platmg plant, and measyred for
pH and metal concentratlons

E.l.2. Adsorbents

Compost from mumcIpal waste and an aerobically dtgested sewage sludge were
tested as Zn and Cd adsorbmg matenals

E.2. Method

E.2.t. instruments

Glass Columns, as descnbed m appendIx I (ch 2 3)
The column havmg actIve length of20 cm and dtameter of 4 em
Constant head bottles, havmg volume ofZ lItters
The mstruments used for detennmmg metals concentratlons are the same as
descnbed m ch 2 1 2 1
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E.2.2. Method ofwork
The column was filled WIth a thm layer of glass wool, sand (washed and dned)

and a constant volume of adsorbent Due to low HydraulIc conductIVity of

sludge, we used 95 gr of compost (aprox 200 ml), and 45 gr of sludge

In order to reach saturatIon m the column we followed a thumb rule accordmg

to wmch 2 htters ofdtstIlled water were passed through the column before

mtroducmg the workIng solutIon
Expenments were done usmg 3 metals m dtfferent concentratIons and dtfferent
flow rates



17

4. EXPERIMENTAL WORK - 3RD YEAR

4 1. Plan ofWork

The mam and most tmportant purpose oftins year's work was to bmlt a small

scale facIlIty that will determme the feasIbIlIty of actual treatment column for

metal platIng workshops

for tlns purpose we tned to find a representIng composItIon of waste solutIon of

several metal processmg workshop, and to accommodate a proper treatment to

each case

The conclUSion of thIs year was to evaluate Ifand under

what condItIons will tlns treatment facility work

4.2. Work Done So Far

hI the passmg year, we worked on two mam subjects At the first few months of

the year we conducted a survey on metal processmg facilitIes ill Israel, and the

type ofwaste water they produce

After charactenzmg the desrred waste type, we contacted a small workshop m

the HaIfa region, and sampled ItS waste stream We checked the waste for pH,

metal concentratIons and flow rate on more than one occasIOn, and started to

work With these wastes

We determmed the adsorptIon Isothenns ofthese wastes on sludge and compost

m theu natural condItIons (pH, metal concentratIon and metal concentratIon

ratIo)

The second part of the year was dedIcated to column work atmed to detenmne
the feaSIbility of commerCIal use of the columns In thIs context we conducted a
senes of column expenments m varymg conditIons to reach an optImal degree
of adsorptIon and recovery m IDlmma! cost All expenments were conducted on

sludge and later compost columns, and With the mdusmal waste water

All methods and research actIVitIes are gIVen m chapters 2 1-23
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42.1. Metals Concentrations in Metal Processing Industry Waste Water

In order to try and detenmne a typICal composItIon of waste streams from

drfferent metal processmg facilitIes, we have tned to collect data mvolvmg

waste streams of typICal metal processmg workshops ill Israel

Our somces were mamly two - The nnmstry of envuonment of Israel, the Tel­

AVlV regIon, and the "Shafdan", which IS the treatment authonty for waste

water m the Dan dtstnct

As a first step, we collected the mam metal processes used ill Israel, and

charactenzed the mam pollutants ill therr waste stream (table 2)

As can be seen from this table, there IS no common denommator between the

large vanety ofprocesses descnbed

TABLE NO.2 - MAIN METAL PROCESSING WASTE STREAMS
(from MoE, 1995)

process waste stream main components
ChemIcal wckel platmg ruckel sulfate, sodIUm hypophosphIte, complex

former and buffenng agents, stabIbzers,
dtrnethylamtnoborane, accelerators

ChemIcal coppenng copper sulfate, complex former, sodlUm hydroXIde,
stabthzers

Iron posphatmg sodIUm biphosphate, chlorate, mtrates/mtntes,
mohbden salts, complex formers, polyphosphonc
aCIds, surfactants

Zmc posphatmg phosphonc aCId, zmc salts, wtnc aCId, hydrofluonc
aCId, rutrates/mtntes, chlorate, chromate, mckel

Chromatmg - Alummum sodIUm carbonate, sodIUm chromate, chrOmIC aCId,
sodIUm dtchromate, sodIUm fluonde, phosphonc
aCId

Chromatmg - AlUmInum chromc aCId, wtnc aCId, hydrofluonc aCId, SOdIum
dtchromate, calCIUm fluonde, chrOmIC aCId,
fluondes, mtnc aCId
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process waste stream main components
Degreasmg paraffin ods, molybdenum sulfides?, propene,

butane, propylene, graphttes?, asphalt?

Degreasmg WIth orgamc tnchloroeyhylene, perchloroethylene,
solvents tnchloroethane, methylene chlonde,

tnfluorotnchloroethane, stabilizers

kerosme, wlute spmts, toluene, ethyl acetate, ethano~ xylene,
petrohum spmts, mmeral tnmethylbenzene, Isopropylbenzene, methyl
terpentme contammg Isopropylbenzene, ethylbenzene, dlethylbenzene

Water-based degreasmg sodIUm hydroXide, sodIUm carbonate, sodIUm
phosphate, sodIum pyrophosphate, SOdIum
metasthcates, sodIUm tetraborate, sodIUm
tetraborate, sodIum gluconates, non-Ion-actIve
tensides, amon-actIve tensides, orgamc complex
former, fatty aCIds, alcohols, antIOXidants, bIOcIdes,
corrOSIOn mhIbltors, wettmg agents

Ultrasomc degreasmg tnfluorotnchloroethane, methylene chlonde, water,
emulsIfiers, tensldes

EmulSIOn degreasmg solvents, water, emulsIfiers

ElectrolytIC degreasmg sodIUm hydroXide, tnsodlUm phosphate, sodIUm
carbonate, wettmg agents

PicklIng sulfunc aCId, mtnc aCId, hydrochlonc aCid,
hydrofluonc aCId, chrOmIC aCId, sodIUm carbonate,
sodIUm chlonde, sodIUm fluonde, hydrogen
peroXide

Hard chronnum-platmg chrOmIC aCId, sulfunc aCId, sugar, strontIUm sulfate,
potaSSIum hexafluorosthcate

DecoratIve chrOmIum platmg chrOmIC aCid, sulfunc aCId, sugar, strontIUm sulfate,
potassIUm hexafluorosthcate

Black chromIum-platmg chrOmIC aCId, ammomum metavanadate, acetic
aCid, banum carbonate

ElectrolytIC gildmg gold cyamde, sodIUm cyamde, sodIUm carbonate,
sodIUm phosphate, gold, ammomum mtrate, mckel,
cobalt sulfate

ElectrolytIC pohshmg phosphonc aCid, sulfunc aCId, chrOmIC aCId,
fluobonc aCId, hydrofluonc aCId
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TABLE NO.2-continuation

process waste stream main components
ElectrolytIc galvarnzmg SOdIum cyarude, sodIUm hydroXIde, gluconate,

borate, ammomum chlonde, ZInC chlonde,
alurmmum sulfate, bonc aCId, glossmg agents,
wettmg agents, surfactants, surface smoothers,
mckel fluoroborate, ammomum chlonde

Tmmng tm (ll) sulfate, sulfunc aCId, cresol sulfunc aCId,
resorcmol, pheno sulfunc aCId, betanaphtol, phenol,
formaldehyde, tm fluoborate, tm, fluobonc aCId,
sodIUm stannate, mckel chlonde, tm chlonde,
ammomum hydrogen fluonde, ammoma,
ammomum chlonde, cadrmum sulfate, ZInC cyarude,
SOdIum cyarude

Cadrmum coatmg sodIum cyarude, cadmIUm OXIde, sodIum hydroXIde,
glossmg agents, wettmg agents, cadrmum

Coppenng copper sulfate, sulfunc aCId, glossmg agents,
copper fluoborate, fluobonc aCId, copper cyarude,
sodIUm cyamde, SOdIum carbonate, potaSSIUm
cYanIde, sodIum hydroXIde, copper

Brass platmg copper cyamde, potaSSIUm zmc cyamde, SOdIum
cyarude, sodIum carbonate, ammoma, copper, ZInC

SIlvenng sodIUm cyarude, sIlver cyamde, sodIUm carbonate,
sIlver, sodIum hydrOXIde

Lead platmg lead fluoborate, fluobonc aCId, lead, sodIum
hydrOXIde

AnodIzmg chrormc aCId, sulfunc aCId, phosphonc aCId, oxalIc
aCId, pIgments, sulphosahcilic aCId, sulphophtahc
aCId, maleIC aCId

Hot-dIp galVanIZIng flux (ZInC ammomum chlonde), wettIng agents,
lead, alumInIUm-ZmC alloy, ruckel, ZInC

OXIdatIon ofsteel sodIum hydrOXIde, sodIUm mtrate, SOdIum mtnte,
copper sulfate, zmc sulfate, mercury chlonde, femc
mtrate

The next tbmg we trIed to do was to detennme the most problematlc metals m

the stream
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Table no 3 shows the maxunal concentratIons ofheavy metals m waste water,

allowed for bIOlogIcal water treatment facilitIes

TABLE NO.3 - LEVEL CONCENTRATIONS OF REAVY METALS IN

WATER TREATMENT FACILITIES (PPM)

(from MoE, 1995)

Metal nitrification activated sludge anaerobic

(concentrations treatment
in ppm)

Cd 001-15 1 5

Cu 4-150 1 5

Cr 10-118 10 5

Ph 05-20 01 05

Hg 1-150 o 1 13

NI 01-10 1 025

Zn 10 3 400

From these Data It IS pOSSIble to calculate the concentratIons ofmetals allowed

m the waste stream

The EPA (Umted States EnVIronmental ProtectIOn Agency) dIstIngwsh four

types oftypICal waste water streams (EPA, 1983) The metal processes are

classIfied accordmg to the type ofwaste they produce The four types ofwaste

streams are descnbed on table 4



TABLE NO.4 - TYPICAL WASTE STREAMS OF THE METAL
PROCESSING INDUSTRY.

(EPA. 1983)
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Type ofstream Process producin2

common metals ElectroplatIng of alummmn, brass,
bronze, cachmmn, aCid copper,
fluoborate copper and copper
pyrophosphate, ITOn, lead, mckel,
solder, tIn and ZInC

PreclOus metals Electroplatmg ofgold, stIver,
rhodiUm, palladIUm, platmmn, mdImn,
ruthemum, mdIum and OSmium

Cyamde wastes cyamde platmg of copper, cadnumn,
zmc, brass, gold, sliver, mdImn,
mdIum

Hexavalent ChrOIDlum wastes ChrOIDlum platmg

Our work will be related to the first category - common metals Table no 5
shows the concentratlOn ofVarIOUS pollutants found m the waste stream of
"common metals processes", based on a survey conducted by the EPA (EPA.
1983)
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TABLE NO.5 - POLLUTANT CONCENTRATIONS FOUND IN THE

COMMON METALS RAW WASTE STREAM

(average daily value, ppm)

(EP~ 1983)
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Toxic pollutant mm max mean

Antunony 0 043 0007

Arsemc 0 0064 0005

Beryllium () 0044 0008

Cadnuum 0 215 0613

ChrOlmum 0 354 2 1
Copper 0 500 142

Cyamde 0 2370 421

Lead 0 423 125

Mercury 0 04 0005

NIckel 0 415 194

Selemum 0 006 0007

SIlver 0 008 0006

Thallium 0 0062 0008

Zmc 0 10500 312

Alummum 0 200 274

Banum 0 0017 00032

Boron 167 4 314

CalCiUm 250 762 514

Cobalt 0 0023 0007

Fluondes 0 361 431

Iron 0 13100 500

Magnesium 56 311 161

Manganese 0059 05 0233

Molvbdenum 0 03 0102

Phosphorous 0 767 772

Sodmm 167 310 151

Till 0 147 104

TItamum 0 43 0493

VanadIum 0 0216 0066

Yttnum 0 002 0010

Oil & Grease 470 802000 40700
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Trymg to define the most common metals m waste streams ofdus kmd, table
no 6 shows a questlonnarre spread to more then a thousand metal fimshmg
workshops throughout the US (EP~ 1983)

TABLE NO.6 - COMMONNESS OF METALS IN WASTE STREAMS
(EP~ 1983)

Metal total KTBP BTBP KTBA PTBA
answers

AntImony 990 33 37 6% 200
Arsemc 996 39 18 689 226
Beryllium 986 33 37 685 208
Cadnnum 1012 272 56 479 179
Copper 1038 577 105 248 82
Chrommm 1048 633 96 219 74

Lead 1017 280 84 477 150
Mercury 1002 88 25 630 233
NIckel 1039 531 110 276 98
Selemum 990 37 28 686 215

Stiver 1007 185 54 562 182
Zinc 1032 520 74 304 112

KTBP - known to be present
BTBP - beheved to be present
KTBA - known to be absent
BTBA - beheved to be absent

The metals shaded are the ones most common, that appear m a large number of
plants

Any attempt to :find detaIled mformatIon about the metal :finIshmg mdustry ill

Israel had reached a dead end due to lack ofcooperatIon from the workshops
themselves, and the confidentIalIty of mformatIon collected by the authontIes
From the mfonnatlOn we were able to get concernmg facilitIes ill the Dan and
Tel-AvlVregIOn, we can draw several conclusIOns The results of the survey are
summanzed m table no 7



TABLE NO.7 - COMMONNESS OF METALS IN WASTE WATER IN
THE DAN DISTRICT, ISRAEL
(mformanon supphed by the Shafdan)
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Composition No of plants

Cu alone 1

Cr (only total checked) 3

Nt alone 2

Cd alone 1

Zn and Fe 1

Cu and Cr (+6) 1

CuandNt 6

Cr (+6) and total Cr 17

Cr (total) and Nt 3

Cr (total) and AI 2

Nt and Cd 1

Zn, Cu and Cr (total) 1

Zn, CuandNt 3

Nt and Cr (+6) and total 4

Cr (total), Nt and boron 1

Pb, AI, As and Mo 1
Zn, Cll, Cr (total) and Cd 1

Zn, Cll, Cr (total) and AI 1

Zn, Cr (total) Nt, Ag and B 1

Zn, Cr (total) Cd and Fe 1

Cu, Nt, Cr (+6) and total 5

Nt, Cd, Cr (+6) and total 1

AI, Fe, Cr (+6) and total 1
Cr (total), Nt, Cd, Ag., Co, Mo and Mg 1
Nl, Pb, Fe and Sn 1
Zn, Cll, Cr (total), Nt and Cd 5

Cll, Nt, Cd, Cr (+6) and total 17

Cll, Cr (total), Nt, Cd, Ag 1
Cu, Cr (total), Nt, Cd, Pb, Fe 1
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The shaded composrnons are the most common ones It IS Important to notIce

the hIgh number of facilitIes WIth waste water contammg Cr (+6 and total)

alone these are most lIkely tannery workshops, whIch are very common m thIs

specIfic mdustnal zone The other frequent combmatIon IS that of the four

metals - Cll, NI, Cd and Cr ThIs WIll also be m accordance WIth the data gIven

on table 6

From all the mformatIon gathered and shown to thIs pomt, It IS clear that the

most common composItIon found m waste streams ofmetal processmg plants IS

that of4 or 5 metals - usually Cd, Cr, NI and Cu and m some cases also Zn

DIfferent combmanons ofthese metals can be found, but It IS clear that the

most general and mteresttng case IS that of the five metals mIxed together, m

different ratIos and probably different levels of pH
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4.2.2. Characterization of the Waste Water Used in This Research

After definmg the type ofwaste stream that will mterest us most, we tned to

:find small workshops m the HaIfa regIon that WIll fit the former descnptIon

We specrlically tned to :find one that will deal With zmc platmg and maybe

other snmlar processes, Will not have a hIgh flow rate - so It WIll be practIcal to

butlt a pilot plant m hts yard, and also With a varymg composItIon of metals

concentratIon, to be able to conclude general conclusIOns from It'S

exammatIon

At thts pomt ill our research we ran mto some trouble tryIng to persuade

commercIal workshops to cooperate WIth us The fear from the authontIes and

constant exammatIon of theIr waste water caused many ofthem to refuse our

request Eventually, we contacted two workshops, and started samplmg therr

waste Due to our promtse to confidentIalIty, they will be marked here as A and

B

TABLE NO.8 - DESCRIPTION OF THE METAL FINISHING PLANTS

plant A plant B

process hard chromIUm platmg, zmc platmg WIth caustIc

sIlvermg, cadmIUm, tm soda

and zmc platmg

waste stream flow rate Apr 9 ton water / year 1 ton sludge I year

current treatment no treatment removal to reductIon of chromate,

hazardous waste facIhty preCIpItatIon and
??? neutrahzmg pH

???

From a bnef look at the data presented m table no 8 concernmg the two
facilitIes It seemed that they were both "mterestIng" from the SCIentIfic and
praCtIcal pomt ofVlew The next stage was to sample the waste stream of these
plants, and try to charactenze the nature ofthese streams
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42.2.1. Sampling Procedure

In both facilitIes waste water solutIons are kept ill closed flasks of about 1 CUbIC

meter, outdoors

Samples from plant B were taken from the storage flask placed ill front of the

treatment process

In both plants, flasks were 1DlXed to the best of our ability, and 5 hter samples

were taken from the mIddle of the flask

The samples were unmedIately taken to the lab for pH determInatIon

After pH measurement samples were filtered through a double layer of

Whatman #1 filter paper

The metals concentratIon was then determIned With the use ofan Iep

4.2.2 2. Instnunents

pH meter "El-Hama", fuductIvely Coupled Plasma AtOmIC EmISSIOn

Spectrometer "Perkin Elmer" OptIma 3000-DV

4.2.2.3. Adsorbents

Working Substrates, compost and sewage sludge, were eqwhbrated With all
solutIons m the same method as descnbed m our former reports (Avmmelech &

Twardowska, 1995)

4.2.2 4. Methods

Sequential Extracnon - as descnbed ill chapter 3 1 C

the method was lillphed on two dIfferent substrates, With two drfferent pre­

treatments

1 Raw matenal, No adsorptIon at all, only washmg With water
2 Filla! stage, Maxnnum adsorptIon ofwaste water solutIon

The solullons were adsorbed on the substrates m the procedure descnbed ill our

former reports (Avmmelech & Twardowska, 1995) With the waste water as

sampled from the plants
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Adsorption Isotherms - as descnbed m chapter 3 1 A

Workmg solutions were made from the stock solution as sampled, by ddutmg It

With acetate buffer to dIfferent concentrations The cWutLon was made ill order

to aVOId the changmg ofconcentratIOns ratIo among the metals ill the solutLon

Desorption Ability - as descnbed m chapter 3 1 D

4.2.2.5 Results and Discussion

The results of samplmg, executed through January 1996 are gIven ill table no 9

and on figures 1-2

TABLE NO.9 - COMPOSITION OF METALS IN INDUSTRIAL

WASTEWATER

Plant A DlantB

date of samphng 4196 17196 8196 24196

pH 35 36 50 69

As (ppm) 2 - - -
Cu(ppm) 340 210 - -
NI (ppm) 30 30 - -
Cd (ppm) 50 45 - -
Zn (ppm) 210 130 4 15

Cr total (ppm) 780 310 - -
Mn(ppm) - - 4 15

Mg(ppm) - - 260 250

As can be seen already from these pnmary results - the waste concentratIons of

plant B waste water are very poor m "mterestmg" metals The metal
concentratIons are relatIvely low, and only Mg appears m sIgmficant levels
Mg was not one of the metals concernmg us m thIs research, and therefor we
deCIded to contInue our research on the waste water of plant A



Figure 1 - Plant A waste water
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Figure 2 - Plant B waste water
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In addtnon to measurements and chenncaI analyses ofthe waste water, we have
performed a few tests on adsorpnon ofmetals from the waste water We have
denved the adsorpnon Isotherm of the solunon WIth accordance to the method
descnbed m chapter 3 1 A and performed sequennal extracnon on the sludge,
as descnbed m chapter 3 1 C

All the results of the adsorpnon ISotherms are gIven on figures 3 to 13

AdsorptIon Isotherm was plotted for each of the metals ill the solutIon, ill the
presence of all other metals, as collected m SIte.
Eqmhbnum adsorptIon capacItIes and maxunal adsorptIon energIes were
calculated m the same manner as for the smgle-metal-system, by perlonnmg
hnear regressIOn analySIS on the expenmental data USlllg the rearranged fonn of
Langmwr Isotherm, as descnhed m our former reports (Avmmelech &
Twardowska, 1995)
The rearranged form of Langmwr ISotherm IS given as.

IN = lib + (l/(b*a» * (11X)

where
y =the mass of metal adsorbed per mass of adsorbent at eqmhbnum
X =measured metal concentratIon m solunon at eqwhbnum
a and b = constants

b = M = the maxnnal metal adsorptIon capacIty ofadsorbent

a = E = the factor related to free energy of adsorptIon ~ e (-aGlRT)

The results are given m table no 10_

In some cases, regresIOn was not possIble smce the shape of the curve m the
tested concentratIons was not typIcal Langmmr_
In those cases we gave a freehand estImatIon to the maxnnal adsorpnon
capacIty, from the results that were measured ill the expenment
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TABLE NO 10 - RESULTS OF LINEAR REGRESSION FOR

ADSORPTION ISOTHERMS

Metal Sampling lib (constant) M llab E RZ

date maximal (x energy facter

adsorption coefficient)

Cr 41 % estnnated- 6008

Zn " O~000418 2392 0.00055 0.76 0911

Cd " 000276 362 85E-5 325 0765

As " estnnated- >12

Cu " 0000122 8197 000253 00048 0962

Nl " D000654 1529 {) {)0212 D31 {)%~

Cr 17196 estnnat-ed- >2000

Zn " 0000733 1364 0000524 14 089

Cd " estnnated- >600

Cu " estlrnated- >2500

Nl " 000283 353 000195 145 0917

Results of the sequentIal extractlon are gIven on figures 14 to 16

The amount of metal adsorbed on the substrate was calculated from the

concentratIons of stock solutIons and effluent remamed after eqUJ.hbnum.

The amount ofmetal released m each step was calculated as percent from the

total desorptIoa

From the results It IS clear that there was a Ill3jor drfference m the adsorptlon

parameters m the two samples.

The adsorptIOn capacIty - In the second samplmg (17/1I97~ FIg 15) It IS clear

that adsorptIon was Ingher

The adsorptIOn energy - for all metals the adsorpnon SItes are more stable then
m the first samplmg (411/97, FIg 14)
The drfference could be a result of a change m adsorpnon condrllon, or ill the
solutIOn Itself The overall compos1:tJ.on of the solutIons (orgamc matter, oIls,
fats and so on) was not checked and a dIfference ill those condInons could

result m a change m the adsorptIon pattern.
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The results of desorpnon expenments are gIven on figures 17 to 26.

In each figure the desorptlon IS presented as precent ofthe total metal adsorbed

(recovery) and the blank release ofvrrgm sludge ill the same condItIOns IS

shown on the same scale Hpgr/gI" metal released from clean sludge) J(~1gr
metal released from adsorbed sludge) *1OOJ
The results here show, as ill the sequen.tJ.al ex1r.actlon, that the adsorptIon m the

socond samplmg was stronger and "deeper" than ill the first one At the same

pH, less metal was desorbed -at the second samplmg (see FIg 17 vs. FIg 22, and

so on)



IFigure 3 Adsorption of Cr
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I Figure 4 Adsorption of Zn
Plant A, 4 1 96
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I Figure 5 Adsorption of Ni
plant A, 4 1 96
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i Figure 6 Adsorption of Cd
Plant A, 4 1.96
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I Figure 7 Adsorption of Cu
Plant A, 4 1 96
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I Figure 8 Adsorption of As
Plant A, 4 1 96
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IFigure 9 Adsorption of Cr
Plant A, 17 1 96
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IFigure 10 Adsorption of Zn
Plant A, 17 1 96
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IFigure 11 Adsorption of Ni
Plant A, 17 1 96
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Cd In equlllbnum (ppm)
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I Figure 13 Adsorption of Cu
Plant A, 17 1 96
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Figure 14
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I Figure 15 Metals extraction from sludge
Plant A, 17/1/96
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Figure 16 Metals extraction from sludge
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Figure 18 Desorption of Zn from sludge
Plant A, 4/1/96
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I Figure 19 Desorption of Ni from sludge
Plant A, 4/1/96
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Figure 20 Desorption of Cd from sludge
plant A, 4/1/96
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Figure 21 Desorption of Cu from sludge
plant A, 4/1/96
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; Figure 22 Desorption of Cr from sludge
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Figure 23 Desorption of Zn from sludge
Plant A, 17/1/96
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Figure 24 Desorption of Ni from sludge
Plant A, 17/1/96
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Figure 25 Desorption of Cd from sludge
Plant A, 17/1/96

60 --,--------------------,

~ 50 t~~* ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ 40 +-------,-,-------'~:-::-------------j

8 30 +----------.l=F"'----------j

Q) *CC 20 ------------------------------------------------------
~

10 ----------------------------------~-----------------

o _. •• •
1 234 567

pH

I*waste release. blank release I



I Figure 26 Desorption of Cu from sludge
I Plant A, 17/1/96
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4.2.3. Column Work

4.2.3.1. Matenals

4.2.3.1 1. Chemicals

For pre-treatment of sludge and compost, acetate buffer (pH=4 5) was used

For aCl<hficatlon of substrate, HCI m vanous concentrations was used

NeutralIzmg of substrate was aclneved by applymg strong base - NaOH 5N m

some cases, and mothers - sohd Ca(OH)z

Workmg solutions was always waste water solution from plant~ filtered

through Whatman #1

4.2 3.1 2. Adsorbents

Workmg Substrates, compost and sewage sludge, were prepared as descnbed m

preVIOUS chapters, by eqrnhbratmg With buffer or aCId, as descnbed m the

procedure

4.2.3.2. Method

4.2.3.2.1. instruments

The mstruments used for thIs work are the same as descnbed m ch 2 2 2

Columns used for the adsorption process are descnbed m appendIx I

Stop watch

4.2.3.2.2. Method for adsorption of metals

250 gr of substrate, treated accordmg to procedures, were placed mto the

columns
WorkIng solutIon was passed through the column ill a constant flow rate, and
leachate was collected from the top of the column m volume fractIons of 100
ml Flow rate was controlled by the valve placed ill the bottom of the column,
and measured With stop watch as seconds per constant volume (usually 100

ml)
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After the desIred volume of workIng solutIon passed through the column, pH

was measured m every leachate bottle and the concentratIon ofmetals

measured Wlth Iep
In order to determme the percent ofmetal adsorbed on the substrate, the

concentratIon of stock solutIon was determmed also m every run of the

procedure

4.2 3.3. Research results

The expenments performed are descnbed m table no 12 Each expenment had

chfferent conchtIons, as descnbed below The concentratIons and pH values of

the workIng solutIons vaned through the expenments, smce the solutIons came

on dIfferent samplmg dates The hst of solutIons IS gIven m table no 13

The substrate's pre-treatment IS gIven m table no 12 m acronym, and specIfied

below

The results of the expenments are shown m the figures marked m the table

TABLE NO. 12 - LIST OF EXPERIMENTS PERFORMED

Experiment Substrate pre- WorkIng Flow Rate Figure No.

No. treatment SolutIon (m1/sec)

1 sludge WD 1 024 27

2 sludge W 1 062 28

3 slud~e WD 1 056 29

4 compost WD 3 047 30

5 compost WD 3 2 15 31

6 compost WD 3 078 32

7 compost SR 3 016 33

8 compost WD 3 107 34

9 compost WD 4 04 35

10 compost WD 9 042 36

11 compost WD 8 08 37

12 compost WD 8 058 38

13 compost WD 9 049 39

14 compost WD 5 168 40

15 compost AB 6 053 41

16 compost AB 7 047 42

pre-treatment readIng (m the next page)



WD - Water washed and Dramed

W - Water washed, WIth water mSlde the column

SR - Second Run on the same compost

AD - treated WIth ACId and then WIth Base

TABLE NO. 13 - WORKING SOLUTIONS USED THROUGHOUT

THE EXPERIMENTS

61

Solution Date of pH Cr Cd Cu Zn Ni

No SaDlJ)line (ppm) (ppm) (ppm) (ppm) (ppm)

1 12596 40 17855 1743 1192 8712 1564

3 11696 2359 13 76 1434 1323 1478

4 7896 37 29573 929 2989 36852 12215

5 30796 36 2456 10094 26192 25674 11188

6 10996 7509 5077 3364 18028 260

7 13 1096 560 3802 2954 1772 446

8 8896 6 1 5 10 2249 3751 10649 423

9 12896 37 28434 9728 28057 42929 12601

Dunng the work on the columns we met WIth a few d.J.fficultIes m the runnmg

ofthe columns The flow condInond m the columns were not Ideal In the

sludge columns flow was so bad that we had to gIVe up the substrate and use

only compost Duong the refreshIng process (runnmg of aCId through the

column) bubhng had accured, and the flow condItIons became even worst

By thts stage we came to the concluslOn that a batch operatIon will be more

effiCIent, smce It will not have to overcome the low hydrauhc conductIVIty of

compost and sludge



Figure 27- Adsorption in sludge column
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Figure 28- Adsorption in sludge column
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Figure 29- Adsorption in sludge column
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Figure 3D-Adsorption in compost column
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Figure 31-Adsorption in compost column
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Figure 32-Adsorption in compost column
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Figure 33-Adsorption in compost column
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Figure 34-Adsorption In compost column
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Figure 35-Adsorption in compost column
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Figure 36-Adsorption in compost column
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Figure 37-Adsorption in compost column
Flow rate­
08 m1Jsec

100 -:====="-------------------~

90
80 -+----+-

70 -I--------i'---f--c+--

i.s::. 60 - x
m 50 I -- ------ ------ --- - --------~

40 -------- ---- --------------
~ 30 ----- - -- --- - --- --- - ------ - ---~ --

20 ..-_. - ------- ---P_A--·
1~ tj-~~~j-~~:J- __~~~< <-- __~-I -1-1

o 1000 2000 3000 4000 5000 6000 7000 8000
m~ washed

I m& Cd
,

soh.dlon Date of pH Cd Cr Cu NI Zn
No samplma ppm ppm ppm ppm ppm

1 12596 4 1743 17855 1192 1564 8712
3 11696 1376 2359 1434 1478 1323
4 7896 37 929 29573 2989 12215 36852
5 30796 36 100 94 2456 261 9 111 88 25674
6 10996 5077 75 09 3364 26 18028
1 131096 3802 56 2954 446 1772

-~a~~i-8896~" ~6 1~~ !~"2249'-'
~"'1"....,..,............__...,....... ....~t:.,......-.......,......,

~-~~ '''r~:~1~""'5 1 '3751
I 9 I 12896 37 ! 9728 284 34 I 280 57



100 ~=========~-----------:=----------------,

90 +----- r~ ~ ~'L"F'-r%
~_ I- -P'~--+<--. _ -T~I

80 ~>::~-

~ ~~ :==~=::::-:-_-_-=--.----\\----;:lr"'/:7-X"---- -_-_-_-_- --_--_...._.--==-
o
(\1 50 -+t- --- --
; ~~ l-------- ---------~7

20 ---- - - - ------ - c""---__r
10-- - -------"1- --------

.111 lit • /Ill --\., ••.-c'-o ew-1LiO - l!l,I-f!II~. aq. - I I ••• j!W- ...,--!----I--I----I----I

o 2000 4000 6000 8000 10000 12000
ml washed

.. I

i-----·--FiQUre 38-Adsorption in compost column
Flow rate-

., 058 mlIsec
I

I

!

I 119 Cd I Cr -I- Cu ------2"]NI ->*- Zn

solution Date of pH Cd Cit" Cu NI Zn
No sampling ppm ppm ppm ppm ppm
1 12596 4 1743 17855 1192 1564 8712
3 11696 1376 2359 1434 1478 1323
4 7896 37 929 29573 2989 12215 36852
5 30796 36 10094 2456 261 9 111 88 25674
6 10996 50 77 7509 3364 26 18028
1 131096, 3802 56 2954 446 1772

-r>'!"'~?:'"'''''''''''''''~'''if--.~~~-"''''''~" ~-_.-
~2249~W

~..",..~-...

3751 -423"- 10649""8 88961 61 51
I 9 12896 I 37 9728 28434 28057 126 42929



Figure 39-Adsorption in compost column
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Figure 40-Adsorption in compost column
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Figure 41.Adsorption in compost column
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1- Figure 42-Adsorption in compost column
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4.2.4 Repeated batch cycles ofadsorption/desorption

A cycle ofbatch expenments was conducted ill order to check the ability of
substrates to recover from exposure to drfferent dIlutIons of waste water,
aCIdtficatIon, nonnahzanon ofpH and another exposure to waster water

4.2.4.1. Materials

4.2.4.1.1. Chemicals

Stock Solution, of waste water from a metal platmg plant, collected and

charactenzed as descnbed m chapter 4 2 2 1

Working solutions were made from the stock solutIons, by dIlutlng tIn

drfferent ratIos With dIstllled H20

Hydrochloric acid, concentrated, and dIluted to 15%

4.2.4.1.2. Adsorbents

Compost from murucipal waste and commercIal swage sludge were tested

4.2.4.2. Methods

4.2.4.2.1. Instrunments

rcp optIma 3000 DV Perkm Elmer ,pH meter "Metrohm 654··, Centnfuge,

Shaker and vacuum filtenng deVIce were used durmg the work

78
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4.24.2.2. Methods ofwork

work was done accordIng to the folloWIng procedure

1 Measurement ofpH and metal scannmg m rcp on all samples ofwaste

water

2 9 flasks m a volume of2 5 I were weIghed

3 5 samples of 100 g compost were added to 5 flasks

4 1 ht ofeffluents were added m the followmg dIlutIon ratIos

o1000, 250 750, 500 500, 750250, 1000 0

5 To the other 4 flasks 100 g of sludge was added

6 1 ht of effluents were added, as m stage 4

7 All flasks were shaked for 24 hrs, and than left for 24 hrs for graVImetrIc

separatIOn

8 LlqUld and sohd were separated, and m the hqUld pH was measured m a

filtered sample metals were analyzed Zn, Cd, Cn, NI, Cr)

9 All flasks were weIghed agam, and 109 of substrate were taken out the

small sample was dned (600 C overmght)to detemune the weIght of substrate

left m the flask and the volume ofhqUld left m the sohd

10 150 ml HC115% were added to each flask flasks were shaked for 24 hrs

separanon was carned out m a 250 m1 centrIfuge tube m small batches

(5000 rpm 125 rom)

11 pH and metals analyzed as m stage 8

12 Repeat stage 9

13 NeutralIzmg pH by addIng 5 g Ca(OH)2 m 200 ml H20 shalang 24 hrs

separatmg by centrIfuge In tlus stage pH was measured and 1f It was still

under 3 5, another 5 g ofbase were added

14 samples were transferred back to the flasks, weIghed, checked for water

content and than another two cycles of the same procedure were carned

out

In the thIrd cycle the volmne of effluents was only 500 m1, smce the weIght of
substrate was smaller
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4.2.4.3. Results

a After the first shakmg WIth waste water the hqwd was very turbId and there
was not a very good separation

b m the second cycle hqmd was less turbid and separatIon was good, but still
there was a small resIdual hqUld left mSIde the flask

The results of thIs work are gIven m figures 43 - 47

It was found that a hnear adsorpnon from the wastewater of Plant A connnued
for at least 3 consecutive cycles, usmg all0 sludge wastewater ratio
Accumulated adsorption of sewage sludge (certamly not maxnnal adsorption)
was 10,000,2700, 150, 1450 and 2000 Jlg/g, respecnvely



Figure 43 - Accumulation of metals - 100% waste water
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Figure 44 - Accumulation of metals - 75% waste water
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Figure 45 - Accumulation of metals - 50% waste water
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Figure 46 - Accumulation of metals - 25% waste water
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Figure 47
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4.2.5. Sequential Extraction in Cycle Batches

Thts part of our work was anned to check the changes, IfeXIst, m the nature of
metal bmdmg to substrate before and after aCIdrlicanon
metals were bound to bIoadsorbent as descnbed m the former chapters, and
samples of substrate were taken after the adsorpnon After that the rest of
adsorbent was aCIdrlied, and pH lowered to apx 1 5 The solutIOn was
analyzed and the sohd sampled
The two samples of sohd were analyzed accordIng to the method descnbed m
chapter 3 1 C
All results are shown m figures 48 - 57

The result of the sequennal extracnon gIve some mSIght mto the mechamsm of
adsorpnon and desorpnon The desorpnon leads, m most cases to a drasnc
removal of metals ned to the exchangeable sItes ThIs IS the sIte that holds most
of the adsorbed metals, yet, those are easIly removed by the aCIdIc solunon In
the case of Cr the desorpnon stage removed also a sIgm:ficant fracnon of the
carbonate and easIly reduced components (preVIOUS expenments have shown
that the "easIly reduced" components are not necessanly OXIdIzed speCIes The
3d fractIon may be consIdered a fractIon less soluble m aCId than the
"carbonate" tIed metals, that IS solubilized WIth the addItIonal aCIdIc
extractIon)



Figure 48
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Figure 50
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F!gure 51
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Figure 52

Extraction of Cu out of compost/sludge
after aCidification
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Figure 53

Extraction of Zn out of compost/sludge
before aCidification
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Figure 54
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Figure 55
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Figure 56
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Figure 57
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4.2.6. Batch Reactor for the Adsorption ofMetals from Waste Effiuents

A batch reactor was boot m order to allow the treatment of large volumes of
water

4.2.6.1. Materials

4.2.6 1.1. Chemicals

Working solutions were waste water from a metal fimshmg plant collected and

charactenzed accordmg to the method descnbed m chapter 4 2 2 1

4 2.6 1.2 Adsorbents

Composted sewage sludge was tested m thls part of the work

4.2.6.2. Methods

42.6.2.1. Instruments and appliances

rep optnna 3000 DV Perkm Elmer ,pH meter "Metrohm 654" were used dunng

the work

The expenment was carned out m reactor, whtch IS descnbed m figure 4 2 6

The reactor was bwlt from a PVC barrel, to whtch a PVC funnel was

connected, m order to allow better CIrculatIon of arr and water The bottom of

the barrel was connected through the funnel to the arr mlet, proVIded by a

compressor

4.2.6.2.2. Sample Preparation

Adsorbent was not pretreated as m the former expenments

4.2.6.2.3. Method of operation

6 kg of adsorbmg matenal was placed m the reactor, and 60 I of waste water

were added to the substrate, and the arr flow was actIvated The suspensIOn was

flwdIzed for up to 82 hrs, and sampled at measured tIme mtervals the sample

was then filtered through Whatman #1



Metal concentratIon, Co = metal concentratIon at 0 tmle and Ceq = metal

concentratIon m eqwhbnum after X hrs adsorpnon, were determmed by Iep
spectrometer

4 2.6.3. The results of these expenments are gIven m figure 58

98



Figure 58 Adsorption in batch reactor
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4.2.7 Pilot Reactor TrIals

The final "approach" toward a practIcal use ofour research, we constructed a
pIlot reactor that can be easily used m a small metal processmg workshop
The baSIC demands from the system were
The reactor should be as sImple and ngId as possIble
Due to the contact With highly corrOSIve solutIOns, the reactor should be
constructed With non-corrOSIve matenals
The operatIon should be sImple
The wastewater treatment should be cheap

4.2.7.1 The reactor - was constructed of 120 I barrel The Bottom of the barrel
was cut and the barrel was cemented, usmg silicon glue, to a funnel (See FIg
5~

4.2.7.2. Mixing - was achieved by arrflow (usmg a low-pressure blower as an
arr source) mtroduced mto the reactor from the bottom The tnlXIDg was poor m
the first runs, due to channelmg of the arrflow and accumulatIon of sludge on
shoulders at the Jomt between the barrel and the funnel Placmg a cone at the
bottom of the reactor (FIgure 59) solved thIs The cone served several purposes
FIrst, It seals the bottom ofthe reactor when arrflow stops Durmg operatIon,
the arr raised the cone, yet, once pressure was released, It sunk back Thus,
arrflow was abrupt, leadIng to a much better moong and preventIng any
channelmg, due to the Irregular arrflow

4.2.7.3. Operation

wastewater from plant A and sewage sludge (hqwd sohd ratIo of 10) were
mtroduced mto the reactor Arrflow was opened and the system was lDlxed
Samples were taken penodIcally for analysIs
At the tennmatIon, clear solutIon was decanted from an outlet located above the
bottom cone and the concentrated sludge dramed from the bottom

4.2.7.4. Results

Results of two run are presented ill FIgures 60 - 63 and m Table 14
The wastewater sample taken on 19 8 97 was rather dJ1ute Cadnuum
concentratlon was about 5 PPM and ChromIUm was about 10 PPM The final
effluent contaIned only 0 3 PPM Cd and 3 6 PPM Cr, yet the relatIve reductIOn
was tmld
The second sample, taken on 1 12 97 was more concentrated CadmIUm
concentratIon was about 53 PPM and Cr 193 PPM Cadtnlum was reduced to
3 9 PPM and Cr to 9 PPM The relatIve reductIon was very effectIve, as only
less than 5% of metals concentratIons (Zn, Cd, NI, and Cr) were left m the
solutIon Copper removal percentage was lower
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The rate of removal was very lngh The reactIOn can be consIdered completed
followmg less than 2 hours

4.2.7.5. Conclusions

We beheve that we have now an effective low cost, snnple and stable system to
treat efiluents ofmetal fimshmg workshops
The way of operation we enVisage IS to eqmp the workshops With the SImple
reactor and to supply the workshops With dned sewage sludge
The workshop owner WIll collect the wastewater m the reactor and operate the
IlllXlD.g for 2 hours The efiluents can m most cases be released to the sewer
The sludge, dramed at a volume of about 10% of the ongmal wastewater can be
treated eIther at the plant, or most probably at a central treatment facility
Metals can be recovered by leachmg With aCId and the spent sludge dIsposed at
a landfill

TABLE NO. 14 - CONCENTRATION OF METALS IN THE WASTE
WATER BEFORE AND AFTER EQUILIBRIUM

Date of sampling: 19.8.97

Zn Cd Nl Cr Cu
Co (ppm) 1216 475 339 104 19
CeQ (ppm) 139 03 13 36 10
Date ofsampling. 1.12.97

Zn Cd Ni Cr Cu
Co (ppm) 163 534 149 193 172
Ceo (ppm) 271 386 192 902 168
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Figure 60 Adsorption in a batch reactor
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Figure 63 Adsorption in a batch reactor
Date of sampling: 1.12.97
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Humus and Rush Reed-Sedge Peat) and pH changes of equilibrated solUTIons m

2 2mono-metal Zn-S04 and bmary systems (Cd+Zn)-S04 ,
Batch expenments, Input solutIon Me-SOl, pH 4 0, Co = I - 5000 mgMe dm 3,

SIL= I 10,
Peat samples (1) Alder Peat Humus WI (pH 6 45, DR 70%), (2) Brushwood Peat
Humus W9b (pH 6,32, DR 55 %), (3) Rush (Reed-Sedge) Peat W9c,(pH 6 21, DR
55%)

2+ 2+ 2+ 3+SequentIal fractIOnatIon of Zn ,Cd Cu and Cr Ions sorbed from Me-Cl
solutlon under batch condltlons, at Co = 5000 mg Me dm3 and pH 4 0 onto low­
moor peat
Peat samples Alder Peat Humus (WI), Brushwood Peat Humus (W9b) and Rush
(Reed-Sedge)Peat (W9c),
FractIons FO(PS) - pore solutIon, FI(EXC) - most labIle, F2(CARB) - labtle,
F3(ERO) - easIly redUCIble, F4(MRO) - moderately reducIble, F5(OM) - strongly
bound, F6(R) - resIdual

2+ 2-Effect of Zn and Cd . IOn competltIon for sorptIon SItes m pretreated low-moor
peats (peat Humus and Rush Reed-Sedge Peat) at fixed pH 5 5 In mono-metal Zn­
sol and bmary systems (Cd+Zn)-SOt,

2 3
Batch expenments, Input solutIon Me-S04 , pH 5 5, Co = I - 600 mg Me dm ,
SIL= 125,
Peat samples adjusted to pH 55 (1) Alder Peat Humus WI, (2) Brushwood Peat
Humus W9b, (3) Rush (Reed-Sedge) Peat W9c,

2+ 2+
SequentIal fractIonaTIOn of Zn and Cd Ions sorbed from Me-S04 solutIon m
mono-metal and bmary system onto pretreated low-moor peat at fixed pH 55,

3Batch expenments, Co = 600 mg Me dm, pH 55, SIL=l 25,
Peat samples adjusted to pH 5 5 Alder Peat Humus (WI), Brushwood Peat
Humus (W9b) and Rush (Reed-Sedge)Peat (W9c)
FractIons FO(PS) - pore solutIon, Fl(EXC) - most labIle, F2(CARB) - labIle,
F3(ERO) - easIly redUCIble, F4(MRO) - moderately reducIble, F5(0M) - strongly
bound, F6(R) - reSIdual

2+
SorptIon of Zn on Brushwood Peat Humus from the mono-metal Zn-S04
solutIOns under dynamIC flow conditlons

3Column expenments, Input solutIon (1) Co = 500 mg Zn dm (2) Co = 250 mg
3 3Zn dm , pH 4 0, flow rate q = 0 1 em s, Adsorbent W9b, mass 90 g , water

retentIOn capaCIty SIL = 1 2

2+Sorption of Zn on Rush (Reed-Sedge) Peat from the mono-metal Zn-S04
solutlOns under dynamlc flow conmnons
Column expenments, Input solutIon (1) Co = 500 mg Zn dm3 (2) co = 250 mg
Zn dm3

, pH 4 0, flow rate q = 0 I cm3 s, Adsorbent W9c, mass 90 g, water
retentIon capacity SIL = I I

2+
Sorption of Cd on Brushwood Peat Humus from the mono-metal Cd-S04
solutIons under dynamlc flow conditIons

\\<-\



Table 24

Table 25

Table 26

Table 27

Table 28

Table 29

Table 30

Table 3]

3
Column expenments, Input solutIon (1) Co = 500 mg Zn dm (2) Co = 250 mg

3 3
Zn dm , pH 4 0, flow rate q = °I cm s, Adsorbent W9b, mass 90 g , water
retentIon capacIty SIL = I 2

2+
SorptIon of Cd on Rush (Reed-Sedge) Peat from the mono-metal Zn-S04
solutIons under dynamIC flow condItIons

3Column expenments, Input solutIon (I) Co = 500 mg Cd dm (2) Co = 250 mg
o 3

Cd dm'>, pH 4 0, flow rate q = 0 I cm s, Adsorbent W9c, mass 90 g, water
retentIOn capacIty SIL = I 1

2+
SorptIOn of Cu on Brushwood Peat Humus from the mono-metal CU-S04
solutions under dynamIC flow conmtlOns

3
Column expenments, Input solutIOn (1) Co = 500 mg Cu dm (2) Co = 250 mg
Cu dm

3
, pH 40, flow rate q = 01 em"' s, Adsorbent W9b, mass 90 g , water

retentIOn capacIty SIL = 1 2

2+
SorptIOn of Cu on Rush (Reed-Sedge) Peat from the mono-metal CU-S04
solutIons under dynamIC flow condItIons

3
Column expenments, Input solutIon (I) Co = 500 mg Cu dm (2) co = 250 mg

3 3Cu dm , pH 4 0, flow rate q = 0 I cm s, Adsorbent W9c, mass 90 g, water
retentIon capaCIty SIL = 1 1

3+
SorptIOn of Cr on Brushwood Peat Humus from the mono-metal Cr-CI solutIons
under dynanuc flow condItIOns
Colu1T!? expenments, Input solutIOn (1) Co = 500 mg Cr dm' (2) Co = 250 mg
Cr dm'>, pH 40, flow rate q = 01 em'> s, Adsorbent W9b, mass 90 g , water
retentIOn capaCIty SIL = 1 2

3+
SorptlOn of Cr on Rush (Reed-Sedge) Peat from the mono-metal Cr-CI solutIons
under dynannc flow condItIons

3
Column expenments, Input solutlOn (1) Co = 500 mg Cd dm (2) Co = 250 mg
Cd dm

3
, pH 40, flow rate q = 0 I cm's, Adsorbent W9c, mass 90 g, water

retentIon capaCIty SIL = 1 1

Bmdmg of metal Ions onto low-moor peat under batch and dynanuc conditlOns m
the mono-metal systems Companson of sorptIOn capaCIty and parameters

SorptIOn and recovery of metals bound under dynannc flow condItIOns from the
peat matnx

3SorptIon Column expenments, Input solutIon (1) Co = 500 mg Me dm , pH 4 0,
flow rate q = 01 cm3 s, Adsorbent (1) Brushwood Peat Humus W9b, SIL = 12,
(2) Rush (Reed-Sedge) Peat W9c, SIL = 1 I
DesorptIon 1% HCI

2+ 2+ 2+ .>+
SequentIal fractIOnatIon ofZn ,Cd Cu and Cr Ions sorbed from mono-metal

3
solutIOn under dynamIC condItIons, at co = 500 mg Me dm and pH 4 0 onto low-
moor peat
Peat samples (1) Brushwood Peat Humus (W9b), (2) Rush (Reed-Sedge) Peat
(W9c),



Table 32

Table 33

Table 34

Table 35

Table 36

Table 37/1

Table 37/2

Table 37/3

Fractlons FO(PS) - pore solutIon, FI(EXC) - most labIle, F2(CARB) - laMe,
F3(ERO) - easIly reducIble, F4(MRO) - moderately reducIble, F5(OM) - strongly
bound, F6(R) - resIdual

Equillbnum mass adsorptlOnidesorpnon Isotherms for metal Ions bound from
electroplatmg waste onto Alder Peat Humus (WI) and pH ofeqUIhbrated solutIons,
Batch expenments, Input lIqUId waste Me-S04, pH 147, co 14985 mgFe dm 3 >

3 3 3 3
2807 mgZn dm > 235 mgCr dm > 171 mgCd dm > 122 mgMn dm

EqUIhbnum mass adsorptIon/desorptIon Isotherms for metal Ions bound from
electroplatmg waste onto Brushwood Peat Humus (W9b) and pH of eqUlhbrated
solutIons,

3
Batch expenments, Input lIqUId waste Me-S04, pH 147, co 14985 mgFe dm >

3 • 3 3
2807 mgZn dm > 235 mgCr dm 0 > 171 mgCd dm > 122 mgMn dm

EqUIhbnum mass adsorptIon/desorptIon Isotherms for metal Ions bound from
electroplatmg waste onto Rush Reed-Sedge Peat (W9c) and pH of equilibrated
solUTIons,

3
Batch expenments, Input hqUId waste Me-S04, pH 147, co 14985 mgFe dm >

3 3 3 3
2807 mgZn dm > 235 rogCr dm > 171 mgCd dm > 122 mgMn dm

SorptIon of metal Ions onto Brushwood Humus Peat (W9b) from electroplatmg
waste under dynarmc flow COndITIOnS

3
Column expenments, flow rate q = 0 1 cm s, peat mass 90 g, water retentIon
capaCIty SIL = 1 2

3 3
Input hqUId waste Me-S04, pH 147, co 14985 mgFe dm > 2807 mgZn dm >
235 mgCr dm 3> 171 mgCd dm 3> 122 mgMn dm 3

SorptIOn of metal Ions onto Rush (Reed-Sedge) Peat (W9c) from electroplatIng
waste under dynarmc flow condItIons
Column expenments, flow rate q = 0 1 cm3 s, peat mass 90 g, water retentIon
capaCIty SIL = 1 1
Input hqUId waste Me-S04, pH 147, Co 14985 mgFe dm 3> 2807 mgZn dm 3>
235 mgCr dm 3> 171 mgCd dm 3> 122 mgMn dm 3

f h d 2+ 2+ 2+
Companson 0 t e sorpTIon capaCIty ofAl er Peat Humus WI for Zn ,Cd Cu

3+
and Cr Ions sorbed m batch and dynarmc (fixed-bed) process m monometallIc,
binary and polymeta1hc systems from synthetIC solUTIOns and real electroplatmg
wastes

Companson of the sorptIOn capaCIty of Brushwood Peat Humus W9b for Zn2
+,

2+ 2+ 3-Cd Cu and Cr Ions sorbed In batch and dynamIC (fixed-bed) process In

monometallIc, bInary and polymetallic systems from synthetIC solUTIons and real
electroplatIng wastes

Companson of the sorption capaCIty of Rush (Reed-Sedge) Peat for Zn2
+, Cd2

+
2+ 3+

eu and Cr Ions sorbed m batch and dynarruc (fixed-bed) process m
monometalhc, bInary and polymetallIc systems from synthetIC solutIons and real
electroplatmg wastes



FIGURE CAPTIONS

FIgure 1

FIgure 2

FIgure 3

FIgure 4

FIgure 5

FIgure 6

FIgure 7

fIgure 8/1

FIgure 8/2

fIgure 9

figure 10

fIgure 11

DIstnbution ofpeatlands m Poland (after K BItner, 1958) and locatIon ofpeat-bogs
selected for samplmg

Peatlands database of the InstItute for Land ReclamatIOn and Grassland
Farmmg (IMUZ) Card numbers m the square network

Wetlands ofthe BIebrza Valley stratIgraphy ofpeat depOSIts

Wetlands ofthe BIebrza Valley samplIng pomts

The WJZna peat-bog stratIgraphy ofpeat depOSIts and samphng pomts

The ZboJna SIte samplmg pomts

Phase composItIOn ofmmeral fractIOn m the representatIve peat samples of dIfferent
kmd (x-ray diffractograms)

FTIR spectra ofthe representatIve peat samples of drfferent kmd
Peat matter (1) Alder Peat Humus (WI), a - unfractiopned, b - fractlOn >0 2f-ll11,
c- fractIon < 0 2 f-lm, (II) Brushwood Peat Humus (W9b), (TIl) Rush Reed-Sedge

1
Peat (W9c), Bands 1600-1630, close to 1400 and to 1040 cm - carboxyhc groups

I I
ofhurmc and fulVlc aCIds, 3380 and 1620 cm - water, 2850 and 2920 cm - CH2
and Clli groups, 1512 and 1266 cm I - orgaruc compounds contammg rutrogen
(armdes),

FTIR spectra ofthe representatIve peat samples of drfferent kmd
Peat matter (IV) Calcareous Gyttla, (V) Detntuous Gyttla, Bands 1600-1630,
close to 1400 and to 1040 cm I - carboxylIc groups ofhurmc and fulVlc aCIds, 3380

I Iand 1620 em - water, 2850 and 2920 em - CH2 and Clli groups, 1512 and 1266
em 1_ orgaruc compounds contammg rutrogen (amldes),

EqUlhbnum mass sorptIOn/desorpnon Isotherms for Zn on low-moor peats (Rush
Peat, Alder and Brushwood Peat Humus) m mono-metal systems Zn-CI, S/L=l 10
and sorptIon/desorptlOn rate (m %), Input solutIOn pH 4 0, co = 1 - 5000 mgZn
dm 3, DesorptIon 1% HCI, 1 10

EqUlhbnum mass sorptIOn/desorpnon Isotherms for Cd on low-moor peats (Rush
Peat, Alder and Brushwood Peat Humus) m mono-metal systems Cd-CI, S/L=1 10
and sorptlon/desorptlon rate (m %), Input solutIon pH 40, co = 1 - 5000 mgCd

3dm , DesorptIon 1% HCI, 1 10

EqUlhbnum mass sorptIOn/desorptIon Isotherms for Cu on low-moor peats (Rush
Peat, Alder and Brushwood Peat Humus) m mono-metal systems Cu-CI, S/L=1 10
and adsorptIon/desorptIOn rate (m %), Input solutIOn pH 4 0, Co = 1 - 5000 mgCu
dm 3, DesorptIon 1% HCI, 1 10



Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

F1-s'Ure 22

Figure 23

EqUIlibnum mass sorpTIon/desorption Isotherms for Cr on low-moor peats (Rush
Peat, Alder and Brushwood Peat Humus) rn mono-metal systems Cu-Cl, S/L=l 10
and sorption/desorpTIon rate (m %), Input solutIOn pH 40, co = 1 - 5000 mgCu
dm 3, Desorpuon 1% HCl, 1 10

ell (b)
2+ 2+ 2+

LangmUir (a) and Freun leh equnbnum Isotherms for Zn , Cd , Cu and
3-

Cr .adsorpTIon onto Alder Peat Humus (Sample WI)

2+
EqUIhbnum mass Isotherms for Zn on low-moor peats (peat Humus and Rush
Peat) and pH of eqUIlibrated solutIOns m mono-metal Zn-Cl and bmary systems
(Zn+Cd)-CI, S/L=1 10, Input solution pH 4 0, Co = 1 - 5000 mgMe dm 3,

2+
Equlhbnum mass Isotherms for Cd on low-moor peats (peat Humus and Rush
Peat) and pH of equilibrated solutions m mono-metal Cd-CI and bmary systems
(Cd+Zn)-Cl, S/L=l 10, Input solution pH 4 0, co = 1 - 5000 mgMe dm 3,

2+
Equilibnum mass Isotherms for Cu on low-moor peats (peat Humus and Rush
Peat) and pH of equilibrated solutions m mono-metal Cu-Cl and bmary systems

3
(Cu+Cd)-Cl, S/L=l la, Input solution pH 4 0, Co = 1 - 5000 mgMe dm ,

3+
EqUIhbnum mass Isotherms for Cr on low-moor peats (peat Humus and Rush
Peat) and pH of eqUIhbrated solutions m mono-metal Zn-CI and bmary systems

3
(Zn+Cd)-CI, at S/L=l la, Input solutIOn pH 40, co = 1 - 5000 mgMe dm ,

~ hEqUlhbnum mass Isotherms for Zn on low-moor peats (peat Humus and Rus
Peat) and and pH of eqUIhbrated solutions m mono-metal systeT-s Zn-Cl and Zn­
S04 , SIL=l 10, Input soluuon pH 40, Co = 1 - 5000 mgZn dm ,

2+
Equlhbnum mass Isotherms for Cd on low-moor peats (peat Humus and Rush

2
Peat) and pH of eqUIhbrated solUTIons mmono-metal systems Cd-CI and Cd-S04 ,

3
SIL=l 10, Input solution pH4 0, Co = 1 - 5000 mgCd dm ,

EqUlhbnum mass Isotherms for Zn
2
+on low-moor peats (peat Humus and Rush

Peat) and pH of equilibrated solutiOns m mono-metal Zn-S04 and brnaIJ systems
(Zn+Cd)-S04, SIL=l 10, Input solUTIon pH 4 0, CO = 1 - 5000 mgMe cIrri ,

EqUlhbnum mass Isotherms for Cd2
+on low-moor peats (peat Humus and Rush

Peat) and pH of eqUIlIbrated solutIOns m mono-metal Cd-S04 and bmary systems
(Cd+Zn)-S04, SIL=l 10, Input solution pH 40, co = 1 - 5000 mgMe dm~,

2+EqUlhbnum mass Isotherms for Zn on low-moor peats (peat Humus and Rush
Peat) and pH of equilibrated solutlOns m bmary systems (Zn+Cd)-Cl and (Zn+Cd)­

3S04, SIL=l 10, Input solutIon pH 4 0, CO = 1 - 5000 mgMe dm ,

2+
EqUlhbnum mass Isotherms for Cd on low-moor peats (peat Humus and Rush
Peat) and pH of eqUillbrated solutions m bmary systems (Cd+Zn)-CI and (Cd+Zn)­
S04, SIL=1 10, Input solution pH 40, CO = 1 - 5000 mgMe dm 3,



FIgure 24

Figure 25

FIgure 26

Figure 27

Figure 28

Figure 29

FIgure 30

figure 31

2+ 2+ 2+ 3+
SequentIal fractIonatIon ofZn ,Cd ,Cu and Cr bound from mono-metal Me-
CI solutlOn under batch conditions, at co = 5000 mgMe dm3 and pH 4 0 onto Alder
Peat Humus (WI), Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat
(W9c) accordmg to the mcreasmg bmdmg strength FractIons FO(PS) - pore
solutIon, FI(EXC) - most labile, F2(CARB) - labile, F3(ERO) - easily reduCible,
F4(MRO) - moderately reduCible, F5(OM) - strongly bound, F6(R) - resIdual

2+
EqUlhbnum mass Isotherms for Zn on low-moor peats (peat Humus and Rush
Peat) at fixed pH 5 5 of substrate and mput solutIon m mono-metal Zn-Cl and

3
bmary systems (Zn+Cd)-Cl, Co == 1 - 600 mgMe dm ,SIL == 1 25

2+
EqUlhbnum mass Isotherms for Cd on low-moor peats (peat Humus and Rush
Peat) at fixed pH 55 of substrate and Input solutIOn In mono-metal Cd-CI and

3
bInary systems (Cd+Zn)-CI, Co =1 - 600 mgMe dm , S/L = 1 25

2+ 2+SequentIal fractIonatIon of Zn and Cd bound under batch condItIons from the
pre-treated mono-metal Zn-Cl and bmary (Zn+Cd)-CI solutIOns onto Alder Peat
Humus (WI), Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat (W9c)
accordmg to the mcreasmg bmdmg strength Fixed pH 55 of substrate and mput
solutIon, Co =600

FIXed bed (column) dImensionless hqUld phase concentratIon agamst water
2+

exchange rate (ER) for Zn on Brushwood Peat Humus W9b and Rush (Reed-
Sedge) Peat W9c,
Workmg parameters Column <p 48 mm, H =285 nun
Input solutIons 2n-S04, co == 500 mgZn dm 3 and 250 mgZn dm 3, pH 40, flow rate
o1 cm3/s, saturated zone flow condltlons, Substrate solution ratIo 1 10
Adsorbent mass 90 g, water retentIon capacity SIL== 1 2 (W9b), SIL == 1 1 (W9c)

FIXed bed (column) dimenSionless hquld phase concentratIon agamst water
2+exchange rate (ER) for Cd on Brushwood Peat Humus W9b and Rush (Reed-

Sedge) Peat W9c,
Workmg parameters Column <p 48 mm, H == 285 nun

3 3
Input solutIons Cd-S04, Co == 500 mgCd dm and 250 mgCd dm , pH 40, flow
rate 0 1 cm3/s, saturated zone flow condItions, Substrate solution ratIO 1 10
Adsorbent mass 90 g, water retentIon capacity SIL= 1 2 (W9b), SIL = 1 1 (W9c)

FIXed bed (column) dimenSIOnless lIqUId phase concentratIon agamst water
exchange rate (ER) for Cu2

+ on Brushwood Peat Humus W9b and Rush (Reed­
Sedge) Peat W9c,
Workmg parameters Column <p 48 mm, H =285 nun

3 3
Input solutIons CU-S04, Co = 500 mgCu dm and 250 mgCu dm , pH 4 0, flow
rate 0 1 cm

3
/s, saturated zone flow condltlons, Substrate solution ratio 1 10

Adsorbent mass 90 g, water retentIon capacity SIL== 1 2 (W9b), SIL = 1 1 (W9c)

FIxed bed (column) dImenSionless lIqUId phase concentratIon agamst water
3+

exchange rate (ER) for Cr on Brushwood Peat Humus W9b and Rush (Reed-
Sedge) Peat W9c,



FIgure 32

FIgure 33

figure 34

Figure 35

Figure 36

Figure 37

Figure 38

Figure 39

Working parameters Column cp 48llUll, H = 285 mm
3 3

Input solutiOns Cr-CI, Co = 500 mgCr dm and 250 mgCr dm , pH 4 0, flow rate
3o1 cm Is, saturated zone flow conrutlons, Substrate solutIOn ratIO 1 10

Adsorbent mass 90 g, water retentIon capaCIty SIL= 1 2 (W9b), SIL =1 1 (W9c)

2+
SorptIon of Zn onto low-moor peats (peat Humus and Rush Peat) and pH of
output solutions under dynamIC flow condItions vs water exchange rate and Zn
concentration m the Input solution Working parameters as m FIg 28,

2+
SorptIon of Cd onto low-moor peats (peat Humus and Rush Peat) and pH of
output solutIons under dynamIC flow conditIOns vs water exchange rate and Cd
concentratIon m the rnput solutIon WorkIng parameters as m FIg 29,

2+
SorptIOn of Cu onto low-moor peats (peat Humus and Rush Peat) and pH of
output solutions under dynamIC flow condItIons vs water exchange rate and Cu
concentratIon m the Input solutIon Working parameters as III FIg 30,

3+
SorptIon of Cr onto low-moor peats (peat Humus and Rush Peat) and pH of
output SOlutIOns under dynamIC flow conrutIOns vs water exchange rate and Cr
concentration In the mput solutIOn Working parameters as m FIg 31,

2+ 2+
SeqUentIal fractIonatIOn accordmg to the mcreaSIng bmdmg strength ofZn , Cd ,

1+ 3+
Cu and Cr bound from the mono-metal Me-S04 (Cr-CI) solutIOn under dynarruc
(saturated zone) flow condItions, at co = 500 mgMe dm 3 and pH 40 onto
Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat (W9c) Fractions
FO(PS) - pore solutIon, Fl(EXC) - most labIle, F2(CARB) - labIle, F3(ERO) ­
easIly redUCIble, F4(MRO) - moderately redUCIble, F5(OM) - strongly bound,
F6(R) - reSIdual
Working parameters as In Fig 28-31,

EqUlhbnum mass sorption Isotherms for Fe and Zn on low-moor peats (peat
Humus and Rush Peat) from hqUid waste from electroplatmg process
Batch expenments, LIqUId waste Me-S04, pH 147, Co 14985 mgFe dm 3> 2807

3 dm3 3 3mgZndm >235mgCr >171mgCddm > 122 mgMmdm

EqUlIIbnum mass sorptIOn Isotherms for Zn on low-moor peats (peat Humus and
Rush Peat) from hqUId waste from electroplating process and pH of the equIlIbrated
solutIon
Batch expenments, LIqUId waste Me-S04, pH 147, Co 14985 mgFe dm

3
> 2807

mgZn dm3> 235 mgCr dm 3> 171 mgCd dm 3> 122 mgMn dm 3

EqUlhbnum mass sorptIon Isotherms for Cd, Mn and Cr on low-moor peats (peat
Humus and Rush Peat) from llqUid waste from electroplatmg process
Batch expenments, LIqUId waste Me-S04, pH 1 47, Co 14985 mgFe dm 3> 2807

, 3 3 3
mgZn dm~ > 235 mgCr dm > 171 mgCd dm > 122 mgMn dm



Figure 40

Figure 41

Ftgure42

Figure 43

SequentIal fractIOnatIon accordmg to the mcreasmg bmdIng strength of Cd, Cr, Fe,
Mn and Zn bound from the electroplatIng hqUld waste onto Alder Peat Humus
(WI), Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat (W9c)
FractIons FO(PS) - pore solutlOn, Fl(EXC) - most labIle, F2(CARB) - labIle,
F3(ERO) - easily reducIble, F4(MRO) - moderately reducIble, F5(OM) - strongly
bound, F6(R) - reSIdual

3Batch expenments, LIqwd waste Me-S04, pH 147, co 14985 mgFe dm > 2807
3 3 3 3mgZn dm > 235 mgCr dm > 171 mgCd dm > 122 mgMn dm

SorptlOn of Fe and Zn from the electroplatmg hqUld waste onto low-moor peats
(Brushwood Peat Humus and Rush Peat) and pH of the effluent under dynamtc
flow condItlOns vs water exchange rate
Workmg parameters Column cp 48 rom, H = 285 nun

3
Flow rate 0 1 cm Is, saturated zone flow condttIons,
Adsorbent mass 90 g, water retentIon capaCIty S;L= 1 2 (W9b), S;L=1 1 (W9c)

3 3LIqUId waste Me-S04, pH 147, co 14985 mgFe dm > 2807 mgZn dm > 235
, 3 3

mgCr dm ~ > 171 mgCd dm > 122 mgMn dm

SorptIon of Cd and Mn from the electroplatIng hqUld waste onto low-moor peats
(Brushwood Peat Humus and Rush Peat) and pH of the effluent under dynamtc
flow condItIons vs water exchange rate
Worlang parameters Colunm cp 48 rom, H =285 mm
Flow rate 0 1 cm3/s, saturated zone flow condItIons,
Adsorbent mass 90 g, water retentIon capacIty S;1,= 1 2 (W9b), S;1,=1 1 (W9c)
LIqUld waste Me-S04, pH 147, co 14985 mgFe dm 3 > 2807 mgZn dm ~ > 235

, 3 '
mgCr dm ~ > 171 mgCd dm > 122 mgMn dm ~

SorptIon of Cr from the electroplatmg hqwd waste onto low-moor peats
(Brushwood Peat Humus and Rush Peat) and pH of the effluent under dynamtc
flow condItions vs water exchange rate
Worlang parameters Colunm cp 48 rom, H = 285 mm
Flow rate 0 1 cm3/s, saturated zone flow condttlons,
Adsorbent mass 90 g, water retentIOn capacIty SIL= 1 2 (W9b), S;1,=l 1 (W9c)
LIqUld waste Me-S04, pH 147, co 14985 mgFe dm 3 > 2807 mgZn dm 3> 235

3 dm3 3mgCr dm > 171 mgCd > 122 mgMn dm



SUMMARY

The studIes on the effects of organogemc adsorbents of a natural and anthropogemc ongm on the
control ofmetallic pollutants m the aquatIc enVIronment were undertaken as a Jomt research project
performed m 1993/94-1997 by two research groups from TECHNION - Israel InstItute of
Technology m HaIfa, Israel and PAS-InstItute of EnVIronmental Engmeenng m Zabrze, Poland
under US AID-CDR grant No TA-MOU-C12-050 Of the natural matters, peat of dIfferent
botamcal ongm as an attractIve and abundant adsorbent has been selected for the studIes perfonned
wlthm the project by the PolIsh research group Mam objectIve of the research was developmg an
mexpensIve, yet relIable filter made out of peat to adsorb and treat heavy metals from mdustnal
effluents In order to achIeve thIs overall goal, the studIes compnsed followmg specIfic objectIves
(I) Charactenze the sorptIon ofheavy metals on the drlferent peat matters and at definIte parameters
of a sorptIOn process m order to enable predIctIon of sorptIon capaCIty and strength of metal
bmdmg on peats, (n) Evaluate potentIal of metal recovery from peat m order to reuse both the
heavy metals and peat as adsorbent, (m) Try hIgh metal waste treatment

The studIes on adsorptIon/desorpnon propertIes of peats were camed out for Zn2
+, Cd2

+,

ci and Cr3
+, whIch are the most ommpresent trace metals m the enVlfonment The potentIal of

peat for these metals bmdmg and release was studIed as a functIon of the baSIC parameters that may
affect bmdmg capacIty of matnces These parameters compnsed genetic/botanIcal ongm,
decomposItIon rate (DR), pH ofthe mput solutIon and substrate, metal mput concentratIons, effect
of amons and competmg mteraction of other metal IOns for sorptIOn SItes m synthetIc bmary and
real hIgh aCId polymetallIc systems (electroplatIng wastes) SorptIon was conducted as batch and
dvnamIc (fixed-bed) process The bmdmg strength of selected peat matter for metal Ions was
evaluated by means of sequentIal extractIon and desorptIon expenments PrelImInary studIes
compnsed 26 peats of dIfferent genetIc/botamcal ongm, decomposItIOn rate (DR) and ash content
(AC) sampled from 3 peatlands ofPoland Further research on metal sorptIon m monometallIc and
bmary systems and on the selected representatIve samples of peats under batch Isothenn and
dynamIC (fixed-bed) conditions, was focused on the effect of the parameters of a sorptIOn process
and solutIons treated for metals

The low-moor peats of a dIfferent genetIc ongm were found to dIsplay sIgmficant
bmdmg capacIty towards meta110ns The kInds of peat With respect to metal sorptIon capaCIty
followed the general order Wood Peat Humus ~ Rush Peat (Reed/Sedge Peat) > Hypnum Moss
Peat (Sedge-Moss Peat) ~ Boggy SOli> Sphagnum Moss Peat (hIgh-moor peat), whIle FTIR
spectra for these peats showed hIgh slmIlanty Some peats (e g GyttIa), appeared to be hIghly
specIfic and dIfferent from the general pattern ofmetal sorptIon General trends showed decrease of
sorption capacIty ofpeat matter m parallel With the decrease of pH, decompOSItion rate DR and ash
content AC, though the correlation was not clear enough due to the diverse sl1llultaneous effect of
these parameters The bmdmg capaCitIes of metal Ions 0n mass uruts) onto peat m monometallIC

2+ 2+ 2+ ",+system depIcted the sequence Zn < Cd <Cu < Cr The decrease of pH value of the
eqUlhbrated solutIons followed the same order The pattern of metal ennchment 10 fractlOns of a
defimte bmdmg strength and susceptIbIlIty to desorptlOn appeared to be hIghly speCific for
particular metal Ions bound onto a Wide range of peat matnces In general, the hIgher was
sorptIOn capaCIty and the extent of aCIdIficatIOn of eqUIlIbrated solutIon, the stronger was
metal bmdmg and the less effiCIent was Its removal from peat matnx Metals show
predommance of dIfferent modes ofbmdmg onto peat matter the role of electrostatic bmdmg and
chelatmg complex formatIOn seems to be of a comparable but dIverse Importance With respect to
different metals It was found, that both the solubIlIty of "soluble orgaruc" fractIOns and theIr abIlity
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to unmobIl.lzatIonlreIease metals dtffer consIderably Tlns suggests the occurrence of sorptIon sItes
of dIfferent vulnerability to sorptlOnlmobthzatIon Wlthm each fractIOn The most metals ennched m
fractIOn of the highest bmdIng strength were assumed to be assOCIated "WIth "msoluble orgamc"
reSIdue of peat compnsmg humms, cellulose and hgmn The competmg effect of metals "WIth each
other for sorptIOn Sites onto peat was found to depend strongly on the kmd ofmetal Ions occumng
In the system Weak competItIon between Zn and Cd Ions ennchIng the same fractlons was
explamed by a probable preferentIal metal Ions affimty to the dIfferent sorptIOn SItes WithIn the
fractIon ofthe defimte bmdmg strength The observed mcrease ofstrongly bound Zn and Cd rate m
a bmary system and of a total bmdmg capaCIty for both metals suggested also occupymg by these
metals other aval1able sorptIon SItes of lesser affimty under stress caused by cOmpetItIOn Opposite

2+ 2+
to eqUIvalent and relatively weak competItIve mteractIOn of Zn and Cd , a very strong
competItlOn of Cu

2
+ and Cr

3
+was observed, With a profound dommatlon of Cr over Cu for the

sorptIon SItes It resulted In a displacement of Cu from the sorption SItes by Cr IOns, Without
sIgmficant mcrease of a total sorptIon capaCity of a matnx The kmd of amon m the Input solutIOn
appeared to have strong effect on the sorptIon capaCIty for metal onto peat Chlonde amon causes
Its eVident suppreSSIOn as a result ofthe ability ofcWondes to act as complexmg agents

Sorption capacIty and behaVior of metals bound m the dynamIC process dIffer slgmficantly
from those In batch sorptIon These dIfferences compnse both adsorption capaCity and the bmdIng
strength ofmetals In the dynarrnc process, formatIon ofa more strongly bound metal complexes m
tIme show that the process of metal bmdIng IS more complex and compnse reactIons of the
dIfferent kmetics mvolVing chemsorptIon of a more strong type The metal most vulnerable to
time-dependent transfonnations appeared to be Cd and Zn These metals expand theIr sorption
capaCIty mamly as a result of the high mcrease of ennchment In the "Insoluble orgamc" fractIon
The ennchment occurs either dIrectly, or due metal depletIOn III "soluble orgamc" fractIOns In the
dynamIC sorptIOn metal Ions react to the pH changes m a speCific way For the full bmdmg phase,
pH 5 8 appears to be a firm IImt equal for all the studied metals At tills value, the breakthrough
phase starts The pH range for a breakthrough phase dIffers for dIfferent metals and IS the
narrowest for Zn and Cd and the broadest for Cr The fixed constant pH for the full sorptIon and
dIsslffillanty of the pH range for the breakthrough phase deterrmnes the rate of metals bound onto
the peat matter The load of metals bound onto peat and the bmdmg strength largely depends,
beSIdes pH, on the concentratIon ofa metal m the mput solutIon SorptIOn behaVior ofmetals m real
electroplatmg wastes both m batch and m the dynamtc (fixed bed) process shows clearly, that the
major factor controllIng sorptIon IS pH Despite occurrence III waste from electroplatmg process
of several metals m hIgh concentrations, WIth strong predommance of Fe, the bmdmg
effiCiency of metals does not seem to be affected by a competIng Impact of theIr co-presence
10 solutIon Peat appears to be a good sorbent for metals from a strongly aCIdiC lIqUId waste
applted 10 batch process as undIluted solution S L=1 10 The hIghest sorptIon capacity and
effiCiency of removal from waste displayed metals tolerant to low pH values, III partIcular Cr,
Fe and Cd Reduced abilIty of removal from the strongly aCidIC solutIOn dIsplayed Mn and Zn,
partIcularly senSItIve to pH In general, dynamiC (fixed-bed) sorptIon at the same parameters of
the mput solutIon dIsplays higher effiCiency than a batch process The total sorption capaCIty
for metal Ions m the dynamIC process IS higher and metal Ions are bound stronger In the fixed­
bed conditIons and m the systems With cntlcal parameters (low pH, high metal competitIon)
partIcularly Important role appeared to play an "msoluble orgamc" fractIon F5(OM) Metals m the
condItIOns of a stress show high enrIchment m this fractIOn, both due to the dIrect bmdmg and as a
result of the transfonnatlon ofa pnmary fractional structure Metals can be bound from peat even
from a very aCIdIC SOlutIOn SorptIon potentIal of peat m these conditions IS detennmed mamly by
the buffenng capaCIty of the matter m the pH range ~ 5 8, the pH hrrut for a breakthrough phase
speCIfic for a partIcular metal IOn, as well as by a metal concentratIon In the mput solutIOn The
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higher IS metal content m the mput solutIon, the larger IS sorptIon potential of peat for thls metal at
other equal parameters The results of expenments did not confirmed statements concernmg easy
metal recovery and reuse WIth respect to low-moor kInds ofpeat, I e Peat Humus and Reed-Sedge
Peat The aCid desorptIon effiCiency was not lngh enough for metals bound m batch process and
appeared unsatIsfactory WIth respect to any metal bound m dynamlc (fixed bed) flow condItIOns
For these condItIOns, the respectIve values were 57-75 % Zn, 33-57 % Cd, 28-51 % Cu and 12-13
% Cr Currently, no cost-effectIve and effiCient metal recovery and adsorbent reuse WIth respect to
peat IS developed, and thus spent peat adsorbent should be rather disposed ofby mcmeration

The pOSItIve results of the desorption process apphed to untreated lngh aCIdIC, lngh-metal
electroplatmg wastes show lngh effiCIency of peat use for mdustnal waste treatment, m partIcularly
m a dynanuc process Strong bmdmg of metals onto peat matnces and low metal recovery create
problems m metal recovery and reuse ofthe peat adsorbent Tlns feature, though, suggests the most
promIsmg field of peat applicatIon as permanent protectIve lmers m dISPOsal SItes of hlgh-metal
mdustnal wastes potentIally susceptIble to release metals The use of peat m constructed wetland
systems IS another attractive applIcatIon BeSIdes, abIhty of peat to act as an effectIve adsorbent III

cntlcal conditions ofextremely low pH and hlgh metal concentrations may be utilized m emergency
cases for spill control
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1 INTRODUCTION

1 1 Alms and objectives

Smce enVIronmental protection dtrectives of many countnes put forward tighter restnctlOns on
pollutant enussion to the aquatic enVIronment, the appltcation of mexpenSive and omrupresent
natural and anthropogeruc adsorbents has receIvmg mcreasmg attention worldWide due to illgh
potential for removal of orgamc compounds, dyes and heavy metals from contammated/waste
waters Although the employment of adsorptIon process for contanunant removal from water has
been realtzed for a long time, adsorptiOn still remams one of the more novel chenucal engmeenng
processes due to the lack of adequate knowledge of adsorptIon mechamsm and fundamental
charactenstrcs ofthe adsorbents ThIs knowledge IS mdispensable for development of new effectIve
adsorbents, optimIZatlOn of adsorptlOn process and applIcatIon of adsorbent m specIfic condItIons
and purpose ofapplicatiOn

To contnbute to thIs knowledge, the studies on the effects of organogeruc adsorbents of a
natural and anthropogemc ongIn on the control of metallic pollutants m the aquatIc envrronment
were undertaken as a Jomt research project performed m 1993/94-1997 by two research groups
from TECHNION - Israel InstItute of Technology m HaIfa, Israel and PAS-InstItute of
EnVironmental Engmeenng In Zabrze, Poland under US AID-CDR grant No TA-MOU-C12-050
Ofthe natural matters, peat ofdrlferent botamcal ongm has been selected for the studies performed
wlthm the project by the Pohsh research group as an attractive and abundant adsorbent Mam
ObjectIve of the research was developIng an mexpensIve, yet reliable filter made out of peat to
adsorb and treat heavy metals from mdustnal eflluents In order to aclueve tlus overall goal, the
studies compnsed the followmg speCIfic objectives

(I) Charactenze the sorptiOn of heavy metals on the drfferent peat matters and at defimte
parameters of a sorption process m order to enable predicaon of sorption capaCity and
strength ofmetal bmdIng on peats,

(n) Evaluate potentIal ofmetal recovery from peat m order to reuse both the heavy metals and
peat as adsorbent,

(m) Try lugh metal waste treatment With use ofpeat

It is well known that tills matenal can unmobthze heavy metals by means of cheffilcal bmdtng
and adsorptIon Despite relatively long-lastIng mterest m peats as natural sorbents, the knowledge
concernmg mechamsm of contanunant bmdmg m tills matenal is extremely hffilted Wide practIcal
apphcatlOn ofpeats as cost-effective and effiCient adsorbents ofcontanunants from mdustnal wastes
reqUires elUCidatiOn of sorptIon behaVIor of an adsorbent The resultant effect of a vanety of
parameters determmes sorpaon capaCIty, bIndIng strength, effiCIency of metal sorption under the
competmg co-occurrence of other metals, desorptiOn mode, possIbihty of multiple recyclmg of
adsorbent and its long-term behaViOr under conditions of the Impact of dIfferent natural and
anthropogemc factors

1 2 General concept

Peat IS defined as a young Quaternary, mamly Holocene, organogemc sedimentary rock In

the first stage of coahficatIOD, fallIng m rank as one of the lowest grades of solId carbonaceous
fuels
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Total peat resources of the world are roughly estImated for over 1,000 bIllIon tones (dry
weIght), covenng about 275 106 ha The nchest m peat deposIts IS the Northern Hermsphere
Accordmg to Incomplete lIst of the world resources of peat (Speddmg, 1988), about 77 % of peat
deposIts occur m Canada and the USA, and another 7 5 % are found In ScandmaVIa In the
Southern Hermsphere, the nchest m peat deposIts IS regarded IndonesIa (above 6 %) and some
other subtroPICal regrons ofCentral and South Amenca and Afuca

Over the past years peat has receIved mcreasmg attentIon due to the potentIal to act as an
UbIqUItous effectIve agent eIther for metal IOns removal from wastewater or for retrospectIve
momtonng of theIr mIgratIon and accumulatIon In the enVIronment (e g WIeder et a1, 1990, Stack
et al 1993, Allen, 1996) PotentIal for a recovery of valuable metals adsorbed from the metal-nch
wastewater IS no less attractIve, takmg mto consIderatIon stIll growmg need m metals
SImultaneously, huge amounts of metals are bemg dIscharged WIth solId or lIqUId wastes to the
disposal SItes or waters, posmg threat to the enVIronment and human health and mcreaSIng costs of
dIsposal due to the requrrement of the speCIal protectIon measures For these purposes, sorptIon
capacity and bmdmg strength ofpeat With respect to dtfferent metal Ions under dIfferent condItIons,
as well as the mechanIsm ofbmdmgl release should be thoroughly known To date, thrs knowledge
IS stIll Inlllted, and the understandmg of the adsorption mechanIsm IS yet to be reached (Allen,
1996) The companson of the avaIlable data IS also dIfficult among other because of the great
varIety of peat types Investigated, whIch has a certam effect on the adsorptIOn capaCIty (Brown et
al, 1992) Unfortunately, most of authors have not paId much attentIon to the IdentIficatIon of a
genetIC ongm and other baSIC parameters that 1lllght have Influence upon the abIlIty of peat to
adsorb metals

BeIng a plentIful and eaSIly accessIble matenal, peat can find a vast applIcatIon 10 water
punficatlon, waste treatment In natural or constructed wetlands and fixed beds, as protectIve lIners
and layers m dumpmg SItes, for 1lllneral beneficiaclOn, soli remediatIon and metal recovery from
wastes It should be mentIOned, though, that due to vanable peat dlstnbutlon throughout the world,
as well as a fact, that wetlands are generally conSIdered of great Importance for nature protectIon,
111 many areas peat extractIon IS restncted IncreasIngly mtensive agncultural practIces, dramage,
cutroficatlon and enVIronmental pollutIOn, mfrastructural measures, changes m local management
and land use pose an mcreasmg threat to peatlands Slffiultaneously, the efforts focused on their
preservatIon and conservatIon are groWing and requrrements for peat extractIon have become more
stnngent The dIrect unhrntted use of peat as adsorbent m many regrons IS therefore problematIC
However, the knowledge on contallllllant bmdmg onto peat [S of a much WIder nature and bigger
lmportance, bemg applIcable to all natural matrIces ommpresent m the vadose zone and shOWing a
substantIal content of organIc matter (e g soIl humus) These matenals play an Important role as
protectIve bamers agamst contallllllants 1lllgratlOn to ground waters through natural and
anthropogemc vadose zone BeSIdes natural adsorbents, SImIlar propertIes show also a number of
matenals of anthropogeruc ong111, e g organogemc sohd wastes contarmng hUmIc-lIke substances
Peat as an almost pure hUmIc-nch orgamc matter creates a uruque opportumty of studIes of
adsorptIon mechamsm on orgamc matnces Research scope of the PolIsh research group was thus
focused on peat matnces In parallel, adsorptiOn studIes were conducted by the Israel! research
group on fresh hurntc sewage sludge and compost, I e anthropogemc waste matenal also nch In

humIC substances
In thIS part of the final report, the authors present results of the studIes on

adsorptlOnldesorption properties of peat samples for Zn, Cd, Cu and Cr, whIch are the most
ommpresent trace metals m the enVIronment The potentIal of peat for these metals bmdmg and
I elease was studIed as a functIon of the basiC parameters that may affect bmdmg capaCIty of
matrices These parameters compnsed genetlclbotamcal ongrn, decomposItIon rate (DR), pH ofthe
mput SolutIon and substrate, sorptIOn condItIons (batch or fixed bed), competmg effect of other
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Ions for adsorptIOn centers and bmdIng strength BesIdes, the effects of the adsorbent/adsorbate
contact conditlOns, as well as metal sorpnon from real complex solunons were mvestIgated as
pnonty tasks

2 MATERIAL

2 1 SIte selection

2 j 1 General assumptlOns

Poland IS nch m peat depOSits of dIfferent ~es and genetic ongm (FIg 1) In Poland, In

over 50 thousand peat-bogs In total area of 13*10 hectares, peat resources have been estImated
9 '

for about 18*10 m', which places It at the seventh pOSItIon In the Northern HemIsphere Peat
deposIts are located m the area ofthree proVInceS Southern BaltIC seashore proVInce of high-moor
peatlands, Northern Poland proVince oflow-moor and lugh-moor forest peatlands, PolIsh-Northern
Gennan proVince oflow-moor and hIgh-moor peatlands (FrankIeWiCZ, 1980, LIpka, 1980)

Peat-bogs for samplIng were selected from the database developed by the InstItute ofLand
ReclamatIOn and Grassland Farnung (Th1UZ) In Falenty nlWarsaw, Poland (FIg 2) The Inventory
compnses currently 50807 peat-bogs, predommantly oflow-moor type (41931 peat-bogs, whIch
accounts for 825 %) Peat-bogs ofhigh-moor and tranSItory type account for 8876, Ie 174% of
the total The dIstnbutIOn of peat depOSIts In Poland IS shown m FIg 2 Further development of
mformation on peatlands m Poland was accomplIshed WithIn the research "CharactenzatIOn and
valuatIon of wetlands and grasslands m Poland In the aspect of natural environment protection"
coordmated by IMUZ as a bIlateral PolIsh-Dutch project (1JMUZ report, 1996) The mam purpose
ot the project was to evaluate (I) PolIsh peatlands and theIr natural resources, (n) Impact ofland
use In wetland areas on hydrolOgical changes III the natural enVironment, (m) degradanon of
wetlands and theIr natural ecosystems Key research goals of the project compnsed (1) elaboratmg
1 000 000 map of PolIsh wetlands and grasslands, (n) generatmg 1 300,000 computer atlas of
PolIsh wetlands, (m) Illventory of phytosoClologIcal data,(Iv)IdentIfymg geomorpholOgical and
hydrographIcal factors governmg the natural water regIIne,(v) valIdatIon of wetlands With respect
of theIr umqueness The project proVided a basIS for dIagnOSIS of the wetlands condItIon and
hazards to ecosystems, as well as defined the drrectIons of wetland protectIOn measures and
pOSItIon of Poland m the European program of wetland preservatIOn These data, collected m the
developed database, enabled to select the most charactenstic and representatIve peat matnces

The general assumptIons for SIte selectlOn were as follows

The mam factors whIch may affect sorptIon propertIes of peat are ItS type, genetIC and
flonstic ongm, decompOSItIon rate (DR), pH and ash content (AC),
SamplIng pOInts should be placed III the known SItes, of well-defined kmds of peat and theIr
charactenstics With respect to basIC propertIes

2 1 2 ~lte e-haractellstlcs

Takmg these assumptIons IlltO conslderauon, three different low-moor peat-bogs SIted m
the north-east of Poland, m the area of BIalystok regIOn were selected for samplmg the BIebrza
Valley Wetlands, the Wlzna peat-bog and the ZboJna peat-bog The SItes are located m the dIstance
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of about 100 km from each other (FIg 1) For many years, these peatlands have been objects of
mvestIgatlon of the Institute of Land ReclamatIon and Grassland Farmrng (IMUZ), and hence are
well charactenzed

Wetlands of the BIebrza Valley are the only one m Poland where the bIggest part of the
nver valley retaIns In the natural state Thrs sIte compnses three basIns upper, nnddle and lower
ones of the total area 116 577 hectares, oftlus peat deposIts occupy 88 530 hectares In the upper
basm lands have never been amelIorated (Okruszko, 1990, OSWIt et al, 1994) Great vanety of
peat kmds and detntal gyttIa at small depths IS specIfic for thIs SIte Major kInds of peat deposIts m
the upper basIn of the Blebrza Valley are presented m FIg 3 In FIg 4, locatIOn of samplIng pomts
IS also shown

The WIzna peat bog (9 000 hectares) IS sIted m the draInage basms of the Narew and Blebrza
Rivers Average thickness of peat deposIts IS 3 m, maxImum 7 m The area was reclaimed 300
years ago and used for an mtensive meadow cultIvatIOn In thIs SIte, peats of four basIc lands of
low-moor type occur, 1 e Hypnum Moss Peats (Brynzetl) Rush Peat (Llmno-phragmltlOm),
Sedgeous Peat (MagnacarlclOm), Peat Humus (A/mom), as well as dIfferent stratIgraphIc profiles
of mIxed peats (FIg 5)

The ZboJna sIte IS located In a trough separated from the PIsa and Narew Rivers by the mrneral
Islands Dramage water IS dIscharged to these nvers by dItches The total area covers 1200
hectares, of that peat occupIes 700 hectares, whIle the rest IS rnrneral/orgamc SOlI Smce 7 years the
slte has been reclaimed (amehorated) and currently used as meadows and grassland for lrvestock
Here occur deep and medIUm peats ofa high decomposItIon rate (FIg 6)

Accordmg to the genetIc ongm, Hypnum Moss peat, Rush Reed-Sedge and Alder peat of
different fiber content (decomposItIon rate) prevail In all three SItes

Israel belongs to two wetland - peat-bog proVInces East-MedIterranean and Highland
Desert proVince, which covers eastern area ofthe country Both proVinces are poor In wetlands and
peat-bogs Peat deposIts overgrown With halophyte and rush occur mamly close to lakes At the
Dead Sea shore, papyrus peat forms a rather tbm layer on manne muds In rnrres ofthe Lakes Hula
and Keneret, upper layer of papyrus peat 4-6 m thick lays on lrmmc sedIments, With another thick
peat layer underneath For samphng, the Hula Valley peat bog (upper layer) was selected by the
Lsraeh research group

In this part of the report, the researches conducted by the PolIsh research group are
presented and dIscussed

2 2 Peat samplIng

2 2 f ~amplmgprogram

Ln total, 25 samples of low-moor peat and one sample of high-moor peat representIng
major genetIc types of dIfferent botanlcal ongm and the decomposItIon rate were collected In three
"Ites m Poland In Apnl, 1994
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I The Blebrza Valley Wetlands (Fig, 4)

In the Blebrza Wetlands, 11 samples were taken m 9 pomts (B I-B9), m tlus m pomt B I three layers
of peat were sampled along the vertieal profile from the depth 20 to 150 em (Bl,a,b) One sample
(B9) represented lugh-moor peat Samples taken from the pomts presented m FIg 4 are speerlied m
the hst below

Sample
symbol

Samphng
depth, em

SIte charactenstles

Profile B1
B1 20-30 em
8la 30-50 em
8lb 50-130 cm

82 35-45 cm

83 below 28 em

cultivable meadow, Hypnum Moss peat
Sedgeous peat
Brushwood Peat Humus

Alder-bITch forest, no fertilization

expenmental plot ofTh1UZ, meadow,
fertlhzed by PK for 35 years

84

85

B6

87

88

89

30-80 em

below 80 em

45-100 em

36-60 em

20-40 em

below 90 em

expenmental plot ofTh1UZ, degraded sad,
not fertilIzed for 35 years

cultivable meadow

meadow by the nver

meadow partIally fertlllzed

meadow

lugh-moor peat, swamp

11 The Wlzna Peat-bog (FIg 5)

In the WIzna Peat-bog, 11 peat samples (WI-W9a,b,e) were taken m 9 pomts from the depth
rangmg from> 6 em to > 60 em and along a vertIcal profile (W9), where three subsequent layers of
peat were sampled SamplIng pomts are presented m FIg 5 and eharactenzed m the lIst below
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Sample
symbol

WI

W2

W3

W4

W5

W6

W7

W8

Profile W9
W9a
W9b
\V9c

Samplmg
depth, em

below 28 em

15-50 cm

below 27 cm

below 20 cm

17-50 cm

below 35 cm

below 35 cm

below 33 cm

6-20 cm
20-60 cm
below 60 cm

SIte charactensncs

cultIvable meadow, mtensively fertIlIzed,
ground water-table below 35 cm

cultIvable meadow, mtensively fertIlIzed

cultIvable meadow

meadow fonnerly cultIvated, now barren land

cultIvable meadow

forest reservatIOn, overgrown WIth bIrch trees

cultIvable meadow, frequently flooded

cultIvable meadow

cultIvable meadow (boggy SOlI)
Humus peat
Reed-Sedge peat

1II The Zbojna Site (FIg, 6)

In the Zbojna SIte, 4 samples were taken m 3 pomts, m thIs m pomt Z2 two layers of peat
were sampled along the vertIcal profile SamplIng pomts are presented m FIg 5 and specIfied m the
lIst below

Sample
symbol

21

Profile 22
22a
Z2b

23

Samplmg
depth, em

25-100 em

45-90 em
100-200 em

50-70 cm

SIte charactenstics

meadow fertIlIzed for 5 years

meadow fertIlIzed for 5 years

degraded meadow, defiCIency ofK, excess ofN
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Israeh peat from Hula valley was sampled by the Israeh research group from the upper layer of the
peat deposIts, at the sot! surface (Surface-peat) and 120 cm below the SOll surface (Bottom-peat,
two samples (b) and (c)

In comparanve studIes, anaerobIcally digested (after sedlffientanon) sewage sludge from
Hatfa sewage treatment plant and compost samples from mumclpal waste from Afula and Naman
mUnICIpal waste treatment plants (Israel) were tested as alternative easily avaIlable orgamc
adsorbents for heavy metals

3 METHODS

3 1 Charactenzatlon of peat samples

3 j j Peat classification

Peat samples were classified With respect to the botamcal ongm and dommatmg specIes
accordIng to the Polish Standards (1976, 1985) based on the genetic dIVlslOn of the matenal, and
ASTM D 2607-69 based on the genetic ongm and fiber content adequate to the decomposItIon rate
(DR, %) It should be mentlOned that PolIsh Standards use more developed and detailed
classIfication than ASTM D 2607-69, wruch specmes only five types of peat, 1 e Sphagnum Moss
Peat Hypnum Moss Peat, Reed-Sedge Peat, Peat Humus and Other Peats Polish Standard PN­
85/G-02500 (1985) classlficanon compnses 3 types of peat depOSits low-moor (N), tranSitory (P)
and high-moor (W) Within these major types, 10 kmds of peat are differentiated accordIng to the
peat-formmg groups of plants specific for a habItat Peat deposIts are marked by symbols 1-5 for
kmds specific for the low-moor type, by symbols 10-11 for kinds representIng the tranSItory type,
and by symbols 20-22 for kinds representIng the rugh-moor type These baSIC kinds are dIVlded m
233 speCIes groups m accordance With dommatIng specles!vegetatlOn UnIts (12 for low-moor peats,
4 for tranSItory types and 7 for high-moor types)

3 j 2 PhySIcochemIcal characterzstIcs ofpeat samples

The methods used for peat samples charactenzanon, have been presented elsewhere
(Twardowska and KYZlOl, 1996) Here, for converuence, their bnef descnptlOn has been given The
methods not presented preVlously are descnbed In a more detal1ed way

The samples were charaetenzed With respect to major phYSICal properties by standard
methods used for peat charactenzation (FrankieWiCZ, 1980) These properties were descnbed by
"uch parameters as decomposltlon rate (DR), natural mOisture content, porosity and ash content

3(AC), all m % (dry weight), as well as bulk denSIty and specIfic graVlty, m gem, and pH (fuO)
Decomposition rate (DR) IS a parameter specIfic for peat descnption and expressed as a percent
ratiO ofthoroughly decomposed amorphous part ofpeat sample to ItS total volume

Further InvestIgatiOns and expenments were conducted USIng homogemzed mr-dned peat
matenal, finely crushed In a beater laboratory mIll and sieved through Q> 1 rom mesh sieve

To charactenze the samples, analyses of phase composition of mmeral fractIons and the
IdentificatIOn of functional groups In orgaruc fractIon were camed out PreparatIon of samples for
analySIS of phase compositlOn compnsed heatmg of the sample for 2 h at 350°C In an electnc
furnace separation of fractIon ennched With mmeral matter from water suspensIOn after pnor
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ultrasomc dIsperSion and separatIon of mmeral matter by use of heavy lIqUid (sym­
tetrabromoethane) Phase composItIon of mIneral concentrates was analyzed by use of an X-ray
dIffractometer TUR With a gomometer HZG4 Radiation CUKa and counter rotatIon speed l°s/mm
was applIed

FunctIOnal groups III organIc matter were lllvestigated by use of FTlR- so1J.d state
spectroscopy The samples were analyzed in a fonn of pressed pellets ofKBr, except fractIOn < 2
J..un Sample WI was analyzed dIrectly and after ultrasomc separatIon of two fractions> 2 J..UTI and
< 2 J.llTI Spectra were registered by use of a Founer Spectrometer BIO-RAD FTS 165

ACid-digested (ASTM, D 5198-92) peat samples, as well as alternatIve organIc substrates
(sludge and compost Afula and Naman) were analyzed for the total Imtlal metal content usmg
r AAS techmque by both research groups The PolIsh research group used AAS TJA AA-Scan 1
for metal analysIs III PolIsh peats Israeli researchers analyzed peat from Hula valley and
anthropogemc organIC substrates for metals, usmg FAAS Vanan-Spectra 300 Plus

3 2 Scope of adsorptIOn studIes

2+
The scope of the studies on adsorptIOn/desorption properties of peat samples for Zn ,

T 2 3+
Cd ,Cu and Cr whIch are the most onunpresent trace metals m the enVironment, compnsed

Batch Isotherm adsorption studIes on metal cations bmdmg onto peat
(a) on untreated matnces of all 26 sampled peats from monometalhc solutiOns Me-C!, on
the baSIS of these expenments, peat samples of the hIghest adsorptIon capaCIty were
selected for further studtes,

2- 2+ 2+ 3+
(b} on untreated matnx m mono-metal and bmary systems (Zn - Cd , Cu - Cr )
eqUilIbratmg amon m mput SolutIon Cl and S04, pH ofthe Input solutIOn pH 40,
(c) on pre-treated matnx at pH 5 5 adjusted to that of the mput solutiOn, systems studted

~ ~ 2
monometallIc Zn and bInary systems (Zn - Cd )

Column (fixed-bed) expenments on metal catIons bmdmg onto untreated peat from
synthetiC monometallic solutIon ofMeS04, at pH 4 0,

Batch Isotherm studIes on metal catiOns bmdmg onto untreated peat from real polymetallic
lIqUId wastes from electroplatmg process, at pH 1 47

Column (fixed-bed) expenments on metal cations bmdmg onto untreated peat from real
polymetallIc lIqUId wastes from electroplatmg process, at pH 1 47

Sequential fractIOnation ofbound metals accordmg to bmdmg strength
(a) In batch experrments,
(b) In column expenments,

3 3 Batch Isotherm studIes on metal catIons bmdmg onto peat from the synthetIc
solutIOn at pH 4 0

Batch expenments were conducted to evaluate the bmdmg capacity of metal cations onto
peat samples of the dIfferent genetIC ongm
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The general procedure WIdely used ill batch sorptIOn studies, also on peat (e g WIeder,
1990, Allen et al, 1992), and dtffenng only m detatls dependmg on the appltcatlon target, has been

2~ 2+ 2+ 3+
applted also ill thts study on the sorptIon of the metal Ions Zn , Cd , Cu and Cr onto peat
matter To evaluate Its bmdmg capacity towards these catIons, 2g replIcate samples of
homogemzed, aIr-dned and crushed peat were placed mto 125-ml Erlenmeyer flasks To each flask,

320 rn1 of a solutIon contarnmg 1, 100, 1000, 2000, 3000, 4000, 5000 mg Me dm (mput
3 3

concentratIon eo), as CI salts, adjusted to pH 40 WIth 0 1 Mol dm HCI or 0 1 Mol dm KOH,
were added All flasks were shaken for 24 hours (actually, for eqUIlibratIOn up to 1 5 hours IS
reqUIred, 24 hours' penod IS used conventIOnally III SImllar batch expenments) After eqUlhbratlon,
the solutIon was filtered through 0 45~ Sartonus filter paper (I of two) or centnfuged (II of two
replIcates) In both dIfferent methods of separatIOn, very good confOrmIty of results was obtaIned
In the eqUIlIbrated filtrates, pH, conductlVIty and non-bound cation concentratIon (Ceq) were
determmed by FAAS (perkm Elmer FAAS Mod 1100 Band TJA AA-Scan 1) An arr-acetylene
flame was used for all determmatIons DetermmatIon procedure was carned out accordmg to
standard recommendatIOns of the manufacturer SpecIfic amount of metal bound on peat was
calculated usmg the mean value of 3 replIcates Dunng measurements, qualtty control (QC)
procedures were performed as recommended, I e at least once With each analytIcal batch WIth a
mllumum of once per 20 samples and compnsed spIkes, blanks, duplicate samples and standard
addition

On the baSIS ofbatch Isotherm stuches descnbed above, the general conclUSions concermng
adsorptIOn capaCIty vs genetic ongIll and other phySical parameters of the lDvestIgated Pohsh peats
were denved Among these samples, matnces of the lughest adsorption capaCIty WIth respect to

2+ 2+ 3+ 2~

four mdlvldual cations (Cd ,Cu, Cr and Zn ) were selected for further detaIled studtes on
untreated and pre-treated matnx

A general scope of the batch Isotherm adsorptIOn studies on the selected samples IS
presented above m the chapter 3 2 The studIes compnsed evaluatmg the effect on Me bmdmg on
the selected peat matter (I) of the type ofamon equlltbratmg Me cation III the monometallIc mput
solution (n) the competmg for adsorption centers of other metal Ions m bmary systems In the

2
studIes on the effect of amon, CI and 804 amons were used For assessment of competmg effect,

2 2T 2+ 3+
Zn and Cd ,as well as Cu and Cr as competIng metals m bmary systems were selected as
Ions dlsplaymg SImIlar mobIlity m the terrestnal and aquatic enVlfonment In the studIes on the

2
effect ofamon, Cl and S04 amons have been used

Batch expenments on untreated samples of selected peats followed the pattern presented
2

above For preparation of monometallic mput solution, also S04 salts of metals were used For
studIes of metal Ions adsorptIon m bmary systems Zn-Cd and eu-Cr, mput solutIOns of both
elements III equal mass concentrations were apphed ThIs means, that eqUIvalent concentratIOns of

2 2+ 2~
Cd m solutIon were 1 7 times lower than that ofZn , and eqUIvalent concentratIon of Cu was
I 8 times lower than that of Cr3

+ The expenments on the bmary system Zn-Cd were conducted m
2parallel runs WIth mput solutIons of both metals as CI and 804 salts For bmary system Cu-Cr,

only CI salts of metals were used Batch Isotherm studies on representatIve peat samples were
conducted on aIr-dned and crushed peats

The bmdmg of metal Ions to the selected peat samples was presented as ongrnal sorption
Isotherms and descnbed also by the LangmUIr and Freundltch equations As algebraIC
transformation of the Isotherm equations can affect negatIvely the estimates of constants, the
untransforrned equations were fit to the data usmg nonlmear least squares regreSSIon The fitness of
the Isotherms was then compared on the basiS of standard errors of the parameter estimates
obtamed from the nonlmear regressions
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3 4 Batch Isotherm studIes on Zn2
+ and Cd2

+ bmdmg onto peat wIth adjusted pH 5 5
from the synthetIc solutIon at pH 5 5

The parallel set of batch Isotherm expenments on selected PolIsh peats and on Hula Valley
peat (Israel) was conducted usmg also substrates pre-treated pnor to the expenment, to obtam
umform pH 5 5 of both substrate and mput solunon Tms part of sorptIon studIes on the Pohsh

nl 2+ 2+ 2+
peats was earned out usmg 0 y Zn m monometallic solutIon and Zn - Cd m bmary system
SorptIon expenments were carned out on solutIon of sol salt, usmg pre-treatment procedure
developed Wlthm tms project by the Mam Grantee and proposed as a standard method The
concept of the pre-treatment was to measure heavy metal adsorptIon on orgamc substrates at
constant major external chermcal vanables affectmg the process first at all pH, as well as the
electrolyte concentratIon, lomc composlnon and the solid/solutIon ratIos Substrates were pre­
treated Wlth H20 and acetate buffer At washing pre-treatment step, Whatman #1 filter paper was
placed mto WIde Buchner funnel to wmch 1000 g of homogemzed peat sample was added The
matenal was slowly leached Wlth dIstIlled water or HCI, at water to sohd ratIo 5 1 Leached

o
sample was vacuum dned and stored ill refngerator at cca 5 C, 1000 g of washed substrate With
05 N HCI added ill amount that Yields pH 55, was next condItIOned by shakmg (loa RP:M)
overrught Wlth acetate buffer added to final volume 5000 ml After checkmg the rrnxture for pH
5 5, It was filtered through 45 ~ Sartonus cellulose rutrate filter paper In case of hIgh buffenng
capaCIty of the matenal, wmch dIsplayed most ofthe illvestlgated peats, pH of the suspenSIon was
kept constant after pre-treatment ennrely With HCI

Batch expenments on the Hula Valley peats, as well as on the fresh hurmc sludge, compost
2+ (2Afula and Naman, were conducted usmg Zn concentratIon m mput solutIon eo) as S04 salt from

oup to 600 mgll and substrate solutIon ratIO 1 10 Another mvestlgated metal Ion m thIs part of
2+

e"'<penments earned out by Israeh research group was Cu In the procedure apphed to Pohsh
peats the parameters used for the Israeli substrates for monometallIc and bmary systems, mcludmg
concentratIon of metal Ion m the mput solutIon as well as substrate hqUId ratIO were conSIdered to
be followed As PolIsh peats dIsplayed much mgher adsorptIOn capaCIty than Israeh substrates, to
obtam comparable results m satIsfactory range of adsorpnon capaCIty of adsorbent, eIther more
concentrated solutIon, or a hIgher substrate solutIon ratIO were to be apphed Fmally, It was
deCIded to keep the concentratIOns at a mgher substrate solutIOn ratIO (l 25), assummg that tms
parameter Wlll affect the results to the lesser extent The other details of procedure were the same
WIth respect to all mvestlgated matnces

To 10 g of pre-equIlIbrated adsorbmg matenal, mput solutIons of Zn or both Zn-Cd of
reqUIred concentratIon eo were added The suspenSIOn was shaken for addItiOnal 20 hours and then
filtered through 45 flll1 Sartonus cellulose rutrate filter paper Metals concentratIOn, eo at 0 tIme and
Ceq metal concentratIOn m eqUllibnum after 20 hrs adsorptiOn, was determmed by flame atormc
adsorptIon

The results of the expenments were presented the same way as descnbed above m the
chapter 33

3 5 Batch Isotherm studies on metal catIOn recovery from peat With non-adjusted pH

To evaluate potentIal of a metal release or recovery from the peats used as adsorbents for
regeneratIon and repeated reuse of the peat adsorbent, desorptIon expenments were carned out
Desorption was performed by the aCId treatment of the selected samples of peat Wlth metal bound
onto peats dunng the Isotherm batch expenment The peat matter With adsorbed metal Ion (as
descnbed m chapter 322) was treated by the dIstIlled water at pH 60 adjusted WIth HCI
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(desorption cycle I) and by the 1% HCI (desorption cycle II) at solid liqUld ratio 1 10 Desorption
cycle II was conducted sequentially after the cycle I or as a smgle desorptIon cycle

The desorptIOn procedure was carned out as follows
2g replIcate samples of peat WIth Me Ions adsorbed m monometallic and bmary systems

2from Cl or S04 solutiOn as descnbed m the chapter 3 2 2, were separated from the suspensIOn and
leached tWice With distilled water m 125 ml Erlenmeyer flasks Next, to each flask, 20 ml ofdlstJlled
water at pH 6 0 (desorptIOn cycle I) or 1% HCI (desorptIon cycle II) were added Two replicate
flasks for each solutIOn were used All flasks were shaken for 24 hrs and, after eqUIlIbratIOn, filtered
through 0 45~ Sartonus filter paper In the equllibrated filtrates, pH, conductl\llty and desorbed
catIOn concentratIon (Ceq) were determmed on FAAS Perkm Elmer Mod 1100 B and TJA Scan-l
An aIr-acetylene flame was used for all detennmatIOns The amount of remobIlIzed metals With
respect to the urnt of sample mass (D) was then calculated

3 6 Column (fixed bed) expenments

To evaluate adsorption pattern ofmetal IOns m the dynanuc condluons, column (fixed bed)
expenments were earned out For the studIes, open glass columns <p 48 rnm, total heIght 285 rnm,
effective heIght 230 rnm, packed With selected peats ofmass 90 g, dry weIght, were used Working
parameters solutIOn flow m saturated conditions upward from bottom to top of the column, flow
rate 0 1 cm

o
s 1 The flow rate was deternnned by the stability of the peat bed dunng the upward

flow The expenments were conducted m a full adsorptIOn cycle, compnsmg thorough adsorptIon
phase (1) and breakthrough phase (II)

The column expenments were conducted (1) on the synthetIC monometalhc solution and
(n) wIth use ofreal polymetallIc hqUld wastes from the electroplatmg process

The synthetic Input monometallIc solutIOns ofMeS04, at pH 4 0, mput Me concentrations
250 mg dm and 500 mg dm 3, were used For expenments on real solutIOns, lugh-acld, lugh-metal

2+ 2+ .>+ 2+ 2+ 3)lIqUId wastes of pH 1 47, Me mput concentratIons Fe »Zn »Cr > Cd > 1'v1n (mg dm
and Fe2 as a major component ofthe SOlutIOn, were selected

The results were presented as a dunenslonless function of concentratIons In a lIqUId phase
1

ctlco 1'\ volume exchange rate and as adsorbed loads of metal Ion m mg kg of peat matter (dry
weIght) v\ volume exchange rate

3 7 SequentIal fractIOnatIOn of bound metals

For adsorbent charactenzatIOIl, beSides adsorptIon capaCity, also bmdmg strength of an
adsorbed metal IS of partIcular Importance It determmes the metal vulnerabilIty to remobllizatIOn
trom permanent protective bamers m the dumpmg sites due to the changmg controllIng factors
PotentIal ofbound metals for recovery and thus pOSSibility of regeneratton and repeated reuse of an
adsorbent IS also controlled by tills parameter Therefore, the assessment of metal fractlOnatlOn With
respect to bIndmg strength along With the elucldatlon of the mecharusm of binding, may give the
most valuable mformatlOn, willch would enable opumum adsorbent use, reuse, effiCIent metal
I ecovery and ensure the relIabIlIty ofprotecttve barners

To determme fractIOns of different bmdmg strength where metal Ions are bound, the
IIlvestlgated untreated and pretreated peat samples loaded With metal Ion at Co = 5000 mg dm 3 m
batch adsorptIOn studies m monometallIc and bmary systems were treated by sequentlal extractIOn
rhe method, developed pnmary for defimng cheffilca1 "forms" of metal bmdlng, IS conventIOnally
used to dIfferentiate between the exchangeable, carbonatlc, eastly redUCible (hydrous 1'v1n-oXldes),
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moderately reducible (amorphous Fe-modes), modlZable (sulfides and orgamc phases) and resIdual
fractions m different substrates The method is apphed mostly to SOli and sediments, but also to
urban particulate matter and sewage sludge (Kersten and Forstner, 1988) Smce 1973, more than
ten sequential extractiOn procedures usmg dIfferent extraetants for distmgUlshmg from 3 to 9
extractIOn steps to identIfY cheIDlcal "fonns" of metal bmdmg have been elaborated In this study,
pattern of sequential extraction by TeSSier et al, 1979, modlfied by Kersten and Forstner, 1988,
compnsmg 7 steps, was used This sequential leach procedure IS bemg Widely applIed for the
environmental studies With some modrficatlOns it is used also for geochermcal applIcations, e g for
charactenzmg drfferent types of surfiCial geochermcal anomalies, mcludmg JdentificatiOn of the
redUCible phase Within the msoluble orgamc residue of humus (Hall et al, 1996 b, KaszyckI and
Hall, 1996) A hIgh precIsion of the method tested on 10 drfferent mternatIOnal CRMs 1 e sods,
manne mud, lake sediments and the till samples (Hall et al, 1996 ab) proved It to be an extremely
useful and rellable tool Nevertheless, drfferent cheIDlcal extractIOn sequences bemg m use are still
,>ubject to arguments concernmg mamly the cheIDlcal "fonns" of bmdmg and redlstnbution of
metals among phases dunng fractIOnation (e g TeSSier and Campbell, 1991, Tack and Verlao,
1996) In case ofhurmc-nch matters, the drreet applicatIOn ofthIs procedure for the identrficatiOn of
bmdmg mechanIsms may be questionable In substrate such as peat, consistmg mamly of orgamc
matter, where the IDlneral fraction content usually does not exceed 10-12 % wt, the bmdmg
mecharusms can drffer from the mentioned above This was already pomted out With respect to peat
matter (Twardowska and KyzIOI, 1996)

Many authors are focused on the use of sequentIal extractiOn procedure mmn1y for the
IdentificatIOn of chemical aSSOCiatIOns of pollutants m different orgamc/morgamc matnces The
greatest advantage of the sequential extractiOn is, though, a posslblhty to dIfferentiate between
the "pools" of metal ennchment dlsplaymg bmdmg strength adequate to the referred fractIOns
It enables to compare effiCiency of dIfferent adsorbents apart of the possIble diverSIty of
bmdmg mechamsms For thIS purpose, the method was apphed m thiS study on peats

For reference, the abbreVlated symbols of ongmal names reflectmg eqUlvalently mcreasmg
bmdmg strength of the consecutive fractions were retamed, Ie FO (PS) (pore solutIOn), Fl(EXC)
(exchangeable), F2(CARB) (carbonatic), F3(ERO) (easily redUCible OXides), F4(tv1RO)
(moderately redUCible OXides), F5(OM) (orgamc) and F6(R) (resIdue) The same symbols were
used also preVlously (Twardowska and KYZlOL 1996) The first three steps, Ie FO (PS), Fl(EXC)
and F2(CARB) Hall et al, 1996ab proposed to combme together as the most mobile fractions of
the bound metal (AEC) The leach on the F4(rv1RO) step, beSides amorphous Fe-oxyhydroXides,
was assumed to remove slgnrficantly also soluble orgamcs such as hurmc and fulVlc complexes
(Hall et al, 1996ab) This assumptIon, though, should be proved This would create a lInkage
between thIs SImple operatIOnal tool and the understandmg of the real bmdmg mechanIsms Wlthm
each fractiOn
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4 RESULTS AND DISCUSSION

4 1 Characteristics of the sampled material

4 J J GenetIc orzgm

In all three selected sItes, samples compnsed 4 basIC kInds of low-moor peats charactenstlc
for the Northern HemIsphere and for Poland m partIcular

Moss Peat (Bryalo-ParvocanclOm), belonging mainly to Sedge-Moss (CancI-Bryaletz) (9
samples) and moss (Bryaletl) (1 sample) speCIes groups It occurred m a weakly decomposed form
(DR =: predommantly 18-40%), which should have consIderably reduced ItS sorptIOn capaCity,

Rush Peat (Llmno-Pragmltlonz) and Sedgeous Peat (MagnocarzclOnz), both clasSIfied by
ASTM as Reed-Sedge Peat These peats were represented by 3 samples of reed peat (Phragnlltetl)
and 2 samples of Reed-Sedge peat (Carlcl-Phragmltetl), of a moderate decompositIOn rate
(DR=30-65 %),

Peat Humus (Almom) belonging to highly decomposed (DR == 55-80 %) wood peat (5
samples) ongInatmg maInly from alder (Alnen), OSler (Salzcetl) and mIXed alder-bIrch (Alno­
Betuletz) species (Alder Peat, Alder Brushwood Peat, Forest Wood Peat)

One sample of high-moor peat belonged to poorly decomposed Sphagnum Moss Peat
(Ombro-SphagnlOm) BesIdes, also thorougWy decomposed GyttIa (detntuous and calcareous)
typical for peat bogs (2 samples) and Mellow Boggy SoIl (1 sample) was also taken

IsraelI peat from Hula valley, which was sampled by the IsraelI research group from the
upper layer of the peat depOSIts, at the soIl surface (Surface-peat) and 120 em below the SOlI
surface (Bottom-peat, two samples (b) and (c), belonged to one kmd of peat speCIfic for the area It
represented hIghly nunerallzed low-moor peat, ongmated from moderately decomposed papyrus
and accordmg to ASTM D 2607-69 should be classIfied as Other Peats

For comparatIve studIes, anaerobIcally dIgested (after sedimentatIOn) sewage sludge from
Haifa sewage treatment plant and compost samples from mumclpal waste from Afula and Naman
murnclpal waste treatment plants (Israel) were tested by the IsraelI research group as alternatIve
easily aVaIlable orgamc adsorbents for heavy metals This part of studIes has been subject to
dIScussIon by the IsraelI research group

-I 1 2 PhySIcochemIcal characterzstzcs ojthe sampledmaterzal

ClaSSIficatIon of peat samples accordmg to the botamcal ongIfi compnses also some
charactenstIc propertIes vs genetIc kmd The numencal range of the phYSICal paraIneters for the
PolIsh and IsraelI peat samples belongmg to the particular genetic kmd, and also for the waste
organogernc substrates (Table 1, 1/1) shows general regular trends WIth respect to the
decompOSitIOn rate (DR), besIdes Gyttla, wluch IS thoroughly decomposed matenal of urudentified
genetIC ongm, the InvestIgated PolIsh peats followed the descendmg order GyttJa>Wood Peat
Humus (AlnlOm»Rush Peat (Llmno-PhragmltlOnz) > Sedgeous Peat (lvfagnocaricionz) > Hypnum
Moss Peat (Blyalo-ParvocarzclOnz) > Sphagnum Moss Peat (Ombro-SphagnlOm) Generally, m
the same order decreases also ash content (AC) of the mvestigated matnces, though as a rule In all
PolIsh low-moor peats AC IS low and ranges from 710 to 14 10 %

All mvestIgated PolIsh peat samples of low-moor type were moderately to slIghtly aCIdIc
(pH 5 02-645), except GyttIa wluch showed slIghtly alkalme reactIon (pH 726-7 46) HIgh-moor
,\pha~num Moss peat was posItively aCIdic (pH 4 60)
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Such parameters as POroSity, mOIsture content and specIfic graVIty does not show any
regular correlatIOn WIth the peat kInd and DR POroSity ranges from 8073 to 9087%, specIfic

3graVIty from 1 432 to 1 627 g em and mOIsture content from 61 28 to 8492% Bulk density IS
{5enerally the lowest for Rush, Sedgeous Peat (0 18-0 ?7 g cm 3) and Peat Humus (0 22-0 31 g cm
'), and hIgher for Hypnum Moss Peat (143-1 58 g cm"')

As It was already mentIOned, IsraelI low-moor peat from the Hula Valley accordmg to
ASTM D 2607-69 should be classIfied as Other Peats In comparIson WIth Pohsh peats, It displays
consIderably lesser content of orgaruc matter and natural mOIsture, and hIgher AC The peat IS
moderately or slIghtly aCidiC (pH 5 30-6 50), pH falling WltInn the range typiCal for Pohsh low­
moor peats

InvestIgated organogeruc substrates exhIbit lower content of orgaruc matter and natural
mOIsture content and hIgher AC, compared both to Polish and IsraelI peats, while pH was close to
neutral and ranged from slIghtly aCidiC to slIghtly alkalme values (pH 6 71-7 44) (Table 1)

The background metal concentrations m PolIsh and IsraelI peats were low, typical for
pnstme areas, and reflected natural concentratIons of these elements m SOlIs (Kabata-PendIas and
PendIas, 1992) Compost and sludge showed dlstmct ennchment WIth metals, particularly m sludge
Zn concentratIons m compost were ofabout an order of magrutude higher, and m sludge of almost
two orders ofmagrutude hIgher than m peats Also Cd and Cu were hIgWy ennched m compost and
sludge, exceedmg those detected m peat for an order ofmagrutude or higher

The data on metal concentratIOns m soIls, pnstme or affected by a long-range atmosphenc
transport, showed a consequently high correlatIon for the paIr of elements Zn-Cd (Krosshavn et al ,
1993 Stemnes et ai, 1997a,b) Irutlal concentratIons of Zn and Cd m mvestigated peat matnces
from Poland, Israel and m European commercIal peats of undefined ongm (mvestlgated by the
IsraelI research group) are also mime WIth this statement ConcentratIons of Cd m peat are
mvanably two orders of magrutude lower than Zn contents At high anthropogeruc contammation
of matnx or m organogeruc matnces of anthropogemc ongm (e g compost, sewage sludge) thIs
relatIon can be less clear due to generally heaVIer loadmg by Zn, more rarely by Cd Nevertheless,
the general ratIO order remams unchanged (Table 1/1) Cu m natural peat matnces occurs
predommantly m lesser amounts than Zn, these metals show weak correlatlOn ConcentratIons of
Fe, Mg and Mn are hIghly vanable no correlatIon has been observed eIther m natural, or m
anthropogemc matnces

-I f 3 Phase characterIstzcs

X-ray structure analysIs of a mmeral fraction of 9 selected peat samples representmg maIn
okmds of the studIed peats, pre-heated at 350 C, showed occurrence of small quantitIes of calCite,

quartz and presumably kaolirnte (FIg 7) These mmerals were present m amounts somewhat above
the detectIon IUTIlts TIns IS due to a low total content of mmeral fractIOn m the untreated (raw)
sample Only the compOSItion ofmmeral fractlOn ofCalcareous Gyttra dlstmctly dIffered from other
samples shOWIng almost 100%, dry wt , ofcalCIte

FTIR spectra exemplIfied mthe samples ofdIfferent kmds of peat representatIve for studIed
matenal (FIg 811-8/2), are slIrnlar to each other and typICal for a low-moor type of peat (except
Gyttla) In general, IR spectra of peats are comparable to those of other hUffilc substances In these
spectra the followmg absorption bands can be distmgUIshed

1 1In the area 1600-1630, close to 1400 cm and to 1040 em , ongmatmg from carboxylic
functIOnal groups ofhuffilc and fulVIC aCIds,

1A band With the maxImum at about 3380 and 1620 em , ongmatmg from water,
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Bands at 2850 and 2920 cm I whIch correspond WIth hannomc components of Cfu and
Clli groups,
Small bands at 1512 and 1266 cm-I attnbuted to the absorptIOn of orgarnc compounds
contammg rutrogen (anudes),

The FTIR spectra ofthe unfraetlonated sample WI (Alder Peat Humus) and offractlOns > 02 J..llTI
and < 0 2 f.l1l1 (FIg 8/1) does not dIffer much from each other Nevertheless, the bands of a
coarser fractIon are more dlstmct and developed In the finer fractIOn < 0 2f...lm, the bands 1512 and
1266 cm 1 attnbuted to arnxdes are almost extmct, substantIalli lesser are the bands 1040 cm I

(carboxylIc functIOnal groups) and the bands 2850 and 2950 cm ofCH2 and CH, groups

The FTIR spectra of Gyttia (samples BS and Z2b) dIsplay strong predommance of a band
close to 1430 cm 1, attnbuted to carboxyhc functIOnal groups ofhulTIlc and fulVlc aCids (Fig 8/2)
Detntuous Gyttla shows also well developed smaller band at 1035 cm I(carboxyhc groups), as well
as bands at 2850 and 2920 cm I, specIfic for Cfu and CH3 groups In IR. spectra of Calcareous
Gyttla these bands are also present, though m a less developed shape BeSIdes, m the spectra of
both Gyttra matnces can be dIstmgUIshed

I- Sharp bands 876 and 713 cm specIfic for calCIte,
Weak band at 2511 cm I, whIch may ongmate from the organIC compounds contammg
sulfur (thIol)

4 2 Prellmmary batch experiments on metals bmdmg onto peat

-f. 2 1 )OrptlOn capacity ofPolzsh peats for Zn2
+, Ccf+ Cu2

+ and C/- zn monometallic system
Me-U pH40

4 2 1 1 General trends

2+ 2+ 2+ 0+ fThe senes of batch expenments on Zn ,Cd ,Cu and Cr bmdmg onto 26 samples 0

Poh~h peats of dIfferent botanIcal ongm from the monometallIc solutIon ofMe as Cl salt at pH 4 0
confirmed the substantIal bmdIng capacIty ofpeats towards these catIons (Table 2,3,4, 5)
WIth respect to sorptlOn onto peat, the studIed metals (m mass uruts) follow the order Zn < Cd <
Cu < Cr The strong effect on bmdmg capacIty for metals appears to have the type and genetIc
ongIn of peat matter Low-moor peat shows the best sorptIon propertIes The kInds of peat WIth
respect to Me sorptIOn capacity may be ranged In the order Peat Humus ~ Rush Peat (Reed/Sedge
Peat) > Hypnum Moss Peat (Sedge-Moss Peat) and Boggy SoIl> Sphagnum Moss Peat (hIgh­
moor peat) Metal bIndmg capacity of thoroughly decomposed GyttIa (both Detrtuous and
Calcareous one), IS hIghly specIfic It occupIes a top ofthe row as an adsorbent ofer and Cu, fallmg
10 range of 491-500 g/kg (98 1-999 %) and dIsplays a smnlanty of an adsorptIon capacIty for
both metals At the same tIme, It appears to be a very weak adsorbent of Zn , adsorptIOn capacity
of Calcareous GyttIa beIng more than two tImes hIgher than that ofDetntuous one

Alignment of the peat samples accordIng to the sorptIon capacIty WIth respect to the
studied metals does not show clear correlatIon WIth pH, decomposItIon rate DR and ash content
AC, apparently due to the SImultaneous effect of these parameters ThIs effect IS addItIonally
Influenced by the dIverse sorptlOn centers m the orgarnc fractIon related to the peat kmd The
general trends, though, show decrease of adsorptIOn capacity m parallel WIth the decrease of AC,
pH and DR

The mcrease of mput concentratIOns and metal loads bound onto peat resulted m the
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changes of pH value of the eqUilIbrated solutIon Contact of the solutIOn at pH 4 0 With low-moor
peat matnces (except Gyttla) at pH 502-654 With the lowest applIed Me concentratIOns Co = 1 mg
Me m ' results m mcreasmg pH value of the equilibrated solutIon to pH 5 80-7 99 The pH values
of eqUlhbrated solutIon after contact With both alkalIne matnces of GyttIa and clearly aCIdIc lngh­
moor peat fall m the above range and account for pH 7 17-7 97 for Gyttla and for pH 5 80-7 26 for
hIgh-moor Sphagnum Moss Peat The mcrease ofpH apparently IS not strongly mfluenced by metal
Ions m solutIOn and caused mamly by buffenng effect of dlsplacmg Ions from sorptIon centers m
peat matnx by hydrogen Ions from solution In turn, contact With the same matnces of high-metal

3
solutIon at Co = 5000 mg Me dm shows effect of displacmg catIOns, mcludmg also hydrogen Ions,
from sorption centers of matnces mto solution The resultant pH value of eqUIlibrated solutIOn
ranges from 2 52 to 5 22, and depends upon the two baSIC factors the kInd ofa metal ion and imtlal
pH ofpeat matnx The highest resultant pH range shows eqUilibrated Cd-solutIon (pH 4 07-582),
somewhat lower one (pH 401-522) displays Zn-solutIOn EqUIlibrated solutIons ofCu and Cr Ions
are clearly aCIdIC and fallIng WithIn the ranges pH 3 03-4 44 and pH 2 52-3 68, respectIvely The
lowest pH of the eqUIlibrated solutions (pH 2 52 - 401 and pH 2 99-3 88) IS aSSOCiated With the
most aCIdIC low-moor peat matnx B2 (Hypnum Moss Peat, pH 5 02) and high-moor peat B9
(~phagnumMoss Peat, pH 4 60), respectIvely Resultant pH of the high-Me solutIOn eqUIhbrated
With alkalme Gyttla (pH 7 26-7 46) ranges from pH 5 35 to 6 38, showmg weak affimty to the
sorbed metal ion

Adsorpnon Isotherms m the numencal and graphical form for this senes have been
presented m detail m the annual report 1993-1994 (Avmmelech and Twardowska, 1995)

2+
4 2 1 2 SorptIOn capaCity for Zn

Sorption capaCIty of peats for mdlVldual Zn ions m batch condItions was, generally, the
lowest of the studIed metals and comparable With bmdmg of Cd (Table 2) It suggests a pOSSIble
Sl1llilanty ofbmdmg mecharusms The kInds ofpeat With respect to Zn sorptIOn capaCIty align m the
general order Peat Humus ~ Rush Peat (Reed/Sedge Peat) > Hypnum Moss Peat (Sedge-Moss
Peat) and Boggy SOli> Sphagnum Moss Peat> Gyttm Metal bmdmg capaCIty of thoroughly
decomposed Gyttm (both Detrtuous and Calcareous one), occupIes the end of the rank for Zn
AdsorptIOn capaCIty of Calcareous GyttIa IS more than two tnnes higher than of Detntuous one
Maximum bound Zn loads for these kInds ranged, respectIvely 33 70-2550 g/kg (674-51 0 %) >
2690 - 1580 g/kg (52 8 - 316 %) > 1530 glkg (30 2 %) > 8 50 - 40 glkg (17 0 - 80 %) (Table
2) A rather Wide range of bound loads WithIn each peat kInd displays a substantIal dIverSIty of
bmdmg capaCIty of Peat Humus, Rush Peat and Hypnum Moss peat, dependent upon an effect of
other parameters, such as AC, DR and pH of peat matnx The sorptIon ranges for dIfferent peat
kmds therefore partially comclde

InvestIgated peat rank order With regard to the maxImum obtamed Zn-bmdmg capaCIty IS
Zl> 87> W9c > Bla > WI> BIb> W9b > B3 ~ B6 > 84 > W5 ~ W6 > W2 ~ W4 ~ W7 <=::j BI
>Z2a > Z3 > B2 > B8 > W9a > W8 > W3 > B9 > B5 > Z2b (Table 2) It should be also adIDItted,
that despite ofdIstmct differences In the adsorptIon capaCIty, the total range of ffiaxmlum bound Zn
loads IS not stnlangly Wide for all InvestIgated Polish peats (except Gyttla) the lowest load (15 20 g

I IZn kg ) IS only two-fold lower than the hIghest one (337 g Zn kg) Gyttla, as It has been already
shown appeared to be a very poor adsorbent for Zn , compared to other kInds ofpeat, espeCIally to
the low-moor ones It proves that the limIted range of hUmIC aCids present In Gyttm, m particular

1that assOCiated With IR band close to 1430 cm does not readIly bmd Zn (Fig 8/2) More than
double adsorption capaCIty of Calcareous GyttIa compared to Detntous one suggests, that this
exce~slve loads, 1 e some 4 5 glkg, may be bound onto the carbonate mIneral fraction ofpeat
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2+Most of eqmlIbnum Isothenns fOT Zn IOns showed decrease of bmdIng With mcrease of
Input concentratIons above 2000 mg Zn2

+ dm 3, winch proved a rather hmtted sorptIon capaCIty for
Zn Several Isothenns, e g for the samples of Sedge peat W4, Peat Humus (ZI, B3, B4), Rush
Peat (B7) and Reed-Sedge Peat (Bla) showed stul mcreasmg trend, though close to maxnnum
value (Avrumelech and Twardowska, 1995)

The Increase of Input concentratIons and Zn loads bound onto peat resulted In the decrease
2+ 3

of pH value of the equulbrated solution from pH 6 63 - 7 83 at co = 1 mg Zn dm to pH 4 01-
2+ 3

'i 29 (except GyttIa) at co = 5000 mg Zn dm For GyttIa, sHrularly to the sorption of other
mdivIdual cations, much weaker aCIdIficatIOn occurred up to pH 5 88 (B5) and pH 6 02 (Z2b) At
Zn sorptIOn onto aCidiC rugh-moor Sphagnum Moss peat B9, the resultant pH 3 88 was adequately
lower (Table 2) In general, pH range of eqUIlIbrated solutIOns proved certaIn abIlIty of Zn to
displace hydrogen IOns from the peat matnx, though much weaker than that ofCu and Cr Ions

.c. 2+4 2 1 3 SorptIOn capacity .lor Cd

2+
Sorption capacity of peats for IndiVidual Cd Ions m batch condItIOns was surular, but

dlstmctly Ingherthan that of2n2
+ (Table 3) It suggests a pOSSible sImilanty ofbmdmg mecharusms,

and better affiruty to sorptIOn sites The kmds of peat With respect to Cd sorptIon capaCIty can be
put m the general order Peat Humus::::: Rush Peat (Reed/Sedge Peat) > Hypnum Moss Peat
(Sedge-Moss Peat) and Boggy SOli::::: Calcareous Gyttla > Sphagnum Moss Peat > Detntous
Gyttla Metal bmdmg capaCIty ofthoroughly decomposed Calcareous Gytha falls WItrun the range
displayed by Hypnum Moss Peat and Boggy SoIl, whIle Detntuous one occupIes the end of the
rank for Cd SIIDllarly as for Zn, adsorption capacity of Calcareous Gyttla IS more than two tImes
higher than that of Detntuous one The ranges of maxunum bound Cd loads for the above peat
order were, respectively 37,5-2930 glkg (750-586 %) > 322 - 202 glkg (64 4 - 404 %) > 18 1
g/kg (363 %) > 113 glkg (22 6 %) (Table 3) The bmdmg capacity of dIfferent kInds oflow-moor
peats for Cd IS vanable, and no strong correlatIon of Cd sorption With other parameters such as the
decomposItion rate (DR) , ash content (AC) and pH m peat samples has been observed due to the
<;lmultaneous effect of these vanable parameters Nevertheless, the general trend shows the
descendmg order of adsorptIOn capacity parallel to decrease of AC and pH values of substrate
InvestIgated peat samples rank order With regard to the maxImum evaluated Cd-bmdmg capaCIty IS
W9c > B7 > BIb> Zl > Wl>B1a>W2 > W9b =B3 > W7 > B6 > W4 > W5 > B 1 > B4 > B5 >
W3 = W9a > B2 > Z2a >23 >W8>B8 > B9 > Z2b (Table 3) The range ofmaxtmum bound Cd
loads IS not very broad for all mvestigated PolIsh low-moor peats the lowest load (20 2 g Cd kg 1)
IS less than two-fold lower than the rughest one (37 5 g Cd kg I) Gyttla appeared to be better and
less selectIve adsorbent for Cd than for Zn It suggests that hUIDlC aCIds present m Gyttla, m

IpartIcular those associated With IR bands close to 1430 cm , bmd Cd more readIly than Zn
Nevertheless, the last pOSItIon ofDetntous Gyttla 10 the range reflects weaker affiruty of Cd to the
available adsorption centers m tms matTlX Calcareous Gyttm dIsplays 25 times Ingher sorption
capacity compared to Detntous one Consldenng slffi1lanty of the IR spectra (FIg 8/2), It also
<;uggests conSIderable role ofcarbonate mmeral fraction m adsorption ofCd onto peat

2+
Most of eqUllIbnum Isothenns for Cd Ions showed decrease of bmdmg capacity With

d
2+ .1

1I1crease of mput concentratIOns above 3000 mg C dm, wruch also proved a rather hffilted
sorptIon capaCIty for Cd, slID1larly as for Zn Severallsothenns, e g for the samples ofRush (Reed)
Peat W2 Reed-Sedge peat W9c and Peat Humus (B3, ZI) showed sttll mcreasmg trend, close to
maxImum value (Avrumelech and Twardowska, 1995)

The mcrease of Cd loads bound to low-moor peat resulted III changes of pH value of the
equlhbrated solutIon (1) mcrease to pH 580 - 796 at co = 1 mg Cd2

+ dm.1 due to buffenng
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capacity ofpeat matnx" (n) pH 4 07-582 at Co = 5000 mg Cd2
+ dm 3 For GyttIa, that shows the

highest pH ofmatnx, pH range ofthe eqU1llbrated solutIon changes from pH 782-797 to pH 535­
638 (B5) The lugh-Cd solutIon m eqUlhbnum With lugh-moor Sphagnum Moss Peat B9 became
clearly aCIdiC pH shifted from pH 580 to 3 64 (Table 3) Compared to the pH changes at Zn
sorptIOn, somewhat higher pH range for Cd-lugh solutIon m equlhbnum With low-moor peat and
Calcareous Gyttla was observed For Detntous Gyttla and high-moor peat, pH values of the
eqUllIbrated solution were lower than for Zn These dls1:mctlons may mmcate also dIfferences m the
mecharusm ofbmdmg

2+
4 2 1 4 SorptIOn capacity for Cu

SorptIOn capacity of peats for mdIVldual Cu Ions m the batch conditIons was clearly higher
than that of Zn and Cd (Table 4) The lands of peat With respect to Cu sorptIon capacity follow
the order GyttIa > Peat Humus ~ Rush Peat (Reed/Sedge Peat) > Hypnum Moss Peat (Sedge­
Moss Peat) and Boggy Sou> Sphagnum Moss Peat Bmdmg capacity ofGyttla for Cu at Co = 5000
mg Cu dm-0 appeared to be the highest The total added load was thoroughly bound, that suggests
hIgher sorption capacity than the maXlIllUm one obtamed ill the batch expenments It IS, though,
difficult to attnbute the sorptIOn capaCIty of Gvtt1a for Cu to any of the functIOnal groups of hurrnc
substance PreCipItatIOn of Cu m the form of cupnte (CU20) or tenonte (CuO) WIthm the Eh-pH
stabIlIty field due to elevated pH ( Broola.ns, 1988) may explam hIgh bmdmg capaCIty of both
GyttJa matnces With respect to Cu The role of the carboxylIc groups of hunnc aCIds associated

I
WIth the band close to 1430 cm m Cu bmdmg can not thus be elUCIdated under the condItIons of a
pOSSible alternative mecharusm In turn, almost no dIfference m Cu sorptIOn onto Calcareous and
Detntous GyttIa suggests negligible role of carbonatlc mmeral fraction m Cu bmdmg Tills
assumptIon should be treated as prehnnnary, concernmg that full adsorptIon capacIty for Cu onto
Gytha has not been yet estImated The ranges of maxrmum bound Cu loads for the above peat
order were, respectively 498-49 1 g/kg (997-98 1%) > 47 4-377 g/kg (94 3 - 75 4 %) > 42 8 ­
273 glkg (856- 566 %) > 23 5 g/kg (470 %) InvestIgated peat samples can be ranged WIth
regard to the maxrmum evaluated Cu-bmdmg capaCIty as follows B5 ~ Z2b > W9c ~ WI> BIb ~

Zl > W9b ~ W2 ~ Bla~B7 > W5 == B3 ~ B4~B6 > W7 ~B1 > W6 > W4 ~ W9a> Z2a~B8
> W3 > B2 > W8 > Z3 > B9 The range ofmaxrmum bound Cu loads IS relatively as narrow as the
loads of Zn and Cd bound onto mvestigated Pohsh low-moor peats the lowest load (27 3 gCu kg
I I
) IS less than two-fold lower than the illghest one (49 8 g Cu kg ) Most of equilibnum Isotherms

for Cu2
' IOns showed mcrease of bmdmg capaCIty With mcrease of mput concentratIOns m full

applIed range, up to 5000 mgCu dm 3, willch also proved hIgh sorptIon capaCIty for Cu Most of
Isotherms, e g for the samples of Peat Humus WI, W9b, BIb, B3, B4, ZI Rush Peat W2, W9c,
B6 B7 Sedgeous Peat Bla, Hypnum Moss Peat W5, Gyttla B5 and Z2b, showed sull mcreasmg
trend

Bmdmg of Cu loads onto low-moor peats resulted m changes of pH value of the
eqUIlIbrated solutIon (1) mcrease to pH 6 68 - 7 99 at Co = 1 mg eu dm 3 due to buffenng capaCIty
of peat matnx" (11) aCldrficatIOn up to pH 3 03 - 4 44 at co = 5000 mg Cu dm 3 resulted from
dlsplacmg hydrogen Ions m functional groups by Cu For GyttIa, slrrularly to the sorptIon of other
mdIvldual catIons, much weaker aCidIficatIon occurred up to pH 638 (B5) and pH 6 14(Z2b)
(Table 4) In these conditIons, at the border ofthe pH-Eh stabIlity field, the preCIpitatIon may be the
major bmdmg mecharusm Tills dIssembles the role of the functIOnal groups occumng m the Gytha
matnx
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(2-2-3-1)
(5-2'-3-6)
(5"-5-5-5)

3+4 2 1 5 SorptIon capacIty for Cr

SorptlOn capaCIty of peats for mdlVldual Cr IOns m batch condiTIons was the hIghest of
studied metals (Table 5) The kInds of peat With respect to Cr sorptlon capacity follow the same
order as Cu GyttIa > Peat Humus::::; Rush Peat (Reed/Sedge Peat) > Hypnum Moss Peat (Sedge­
Moss Peat) and Boggy Soil> Sphagnum Moss Peat The ranges of maximum bound Cr loads for
the above peat order were, respectIvely 50 glkg (100%) > 48,0-38 4 glkg (96 0- 78 8 %) > 44 8
- 35 9 glkg (856- 35 9 %) > 24 2 glkg (48 5 %) Investigated peat samples alIgn With regard to
the maxImum evaluated Cr-bmdmg capaCIty as follows B5 = Z2b > W9c > W2 > BIb > W2 >
BIa~ W9b> WI> ZI > B7 ~B4::::;B3 >W3 >B6>W5::::; W6 > Z3 ~Bl ~ W7 > B8 =W9a >
W7 ::;:: B2 > Z2a > W8 The range of maximum bound Cr loads IS more narrow than the loads of
Zn Cd and eu bound onto mvestigated Pohsh low-moor peats the lowest load (35 9 g Cu kg I) IS

I ~lust I 4 times lower than the lughest one (500 g Cr kg ) Most of eqUlhbnum Isotherms for Cr~

Ions still showed mcrease of bmdmg capacity With mcrease of mput concentratIons m full apphed
range up to 5000 mg Cr dm \e g the samples ofPeat Humus WI, W9b, BIb, B3, B4, Zl Rush
Peat W2, W9c, B6, B7, Sedgeous Peat Bla, Hypnum Moss Peat W3, W5, W6, GyttIa B5 and
Z2b)

The same observatIons and conclusIons as for Cu bmdmg onto GyttIa matnx can be
denved for Cr (I) Bmdmg capaCIty ofGyttta for Cr exceeds the maximum sorptIon obtamed m the
batch expenments, (II) Due to pH range WItlnn the narrow stabIlIty field for Cr, the major sorptlOn
mecharusm for tms matnx may be preCIpItatIon Therefore, affiruty to Cr bmdmg of the funetlOnaJ
groups occumng m Gyttm matnx, m partIcular ofcarboxylIc groups ofhuIIllc aCids aSSOCiated With

Ithe band close to 1430 cm can not be defined, (111) The role of carbonatIc mmeral fractIOn m Cr
hmdmg IS conSidered neghgIble The last assumption needs evaluatmg the full sorptIon capacity of
both matnces and then analyzmg the pOSSible differences

The Cr bmdmg onto peat matter resulted m the deepest chan~~s o~ pH value of the
eqUIlIbrated solutIOn (I) mcrease to pH 6 11 - 7 87 at Co = I mg Cu dm' due to buffenng
capaCIty ofpeat matnx,(ll) deep aCidIficatIon rangmg from pH 252 to 368 at co = 5000 mg Cu dm

wlthm thIs range falls also pH value of Cr solutIon m eqUIhbnum With hIgh-moor Sphagnum
Moss Peat (pH 2 99) For Cr sorption onto GyttIa, deeper pH decrease compared to other metal
Ions occurred up to pH 5 95(B5) and pH 5 67 (Z2b) (Table 5) It mdIcates extenSIve hydrogen
dlsplacmg by Cr from functIonal groups ofpeat orgaruc fractIon

4 3 SelectIOn of peat matter for the sorptIOn studIes

For the further detailed studIes, three samples of peat were selected As can be denved
from the analysIs of the metal Ion sorptIon onto peat m batch conditions, the mvestigated samples
exhibIt conSIderable diverSIty With regard to the rank order of bmdlOg capaCity for dIfferent Ions m
monometallIc systems Probably, It results from drlferent preVaIllOg mecharusms of bmdmg and
occurrence of dIfferent bmdmg phases Nevertheless, It was also shown, that the sorptIOn capaCIty
for metal Ions oflow-moor peats vanes m a rather narrow range Therefore, among the ten samples
c;howlOg the best sorptIon propertIes were selected the three ones, all from Wlzna peat-bog WIth

2+ 2+ 2+ 3+
I egard to sorptIon capaCIty for Zn ,Cd ,Cu and Cr m the batch conditIons, the samples occupy
the tollowmg places m a rankmg lIst

Rush (Reed-Sedge) Peat W9c
Peat Humus (Alder Peat) WI
Peat Humus (Brushwood) Peat W9b
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All three selected peat samples W9c, WI and W9b represent low-moor type (Table 1) Among
them, the htghest degree of transformatIon of the ongmal plant matenal (DR 70 %, AC 1255%)
shows sample WI belongmg to Peat Humus accordmg to ASTM and to Alder Peat (A/mom kInd,
A/netl class) accordmg to PolIsh Standards The dornmatmg peat fonrung plants are strongly
decomposed Alder (Alnus glutmosa), but also mmor amount of reed (Phragmltes commums) and
sedge (CaJex) Other two samples of the lower decompositIOn rate (DR 55 %) and ash content
(AC 95% and 104 %, respectively) represent Rush Peat (Lmmo-PhragmltlOnI kmd) belongmg to
Reed-Sedgeous (Phragmltell-Cancl) class (sample W9c) and to Brushwood Humus Peat, AlnIom
kmd Sabeetl class (sample W9b) In the sample W9c the dommatmg peat-formIng plants are reed
(Phl agl1lltes communis) and m lesser amount sedge (Carex), In the sample W9b peat-formmg
species are wl1low (SalIx cmerea) and bITch (Betula humIlla) With adrmxture of reed (Phragmltes
communis) and sedge (earex)

pH value ofall three samples IS snrular and ranges from pH 621 (W9c) to pH 6 45 (WI)
ThiS suggests also similanty of buffenng propertIes, whtch was confirmed by measurements of
buffenng capaCIty

The pattern of FUR. spectrum IS also slmliar, m partIcular of W9b and W9c samples (FIg
8/1), FTIR spectrum of WI sample displays some dIfferences m the SIZe of peaks (FIg 8/1) In
companson With the spectra ofW9b and W9c, the area close to 1040 cm I ISSUed from carboxylIc

1groups of fulVlc aCIds, as well as bands 2850 and 2920 cm correspondmg With harmomc
components ofCfu and Clli groups are much smaller Small bands at 1512 I are not present, band

I
1266 cm IS dIstllletly smaller - both bands reflect absorptIOn of orgamc compounds contamlllg
mtrogen (armdes) Some dlfferences m peak SIZe dIsplay fractIOnated particles « 2 !JIIl and> 2 !JIIl)
of the same matenal (FIg 8/1) More detarled analySIS of these differences IS given m the chapter
4 I 3

These dIfferences were not reflected m the metal bmdmg capacity of these peats evaluated
2+

In batch Isotherm studies The sorption capaCities of the peats W9c, WI and W9b for Zn m
monometallIc system Zn-Cl, at pH 4 0 were estImated for 32700, 32500 and 32050 mg Zn kg \

~ I ~
respectively For Cd ,the respective values were 37520,35100 and 33200 mg Cd kg For Cu

I 3+ I
47390 47150 and 45540 mg eu kg For Cr 49380, 47370 and 47620 mg Cr kg (Tab 2-5)
Therefore, these matnces seem to be SImilar regardmg metal bmdlllg potentIal evaluated m batch
Isotherm studies, whtle W9c shows the htghest sorptIon capaCIty for all four mvestlgated metals

The selection of matters shOWing slffillar potentIal to metal sorption m the batch
expenments despite belongmg to two dIfferent genetIC types and kInds was mtended to IdentIfy
eventual dlsslrmlantIes m sorptIon behaVlor of these matters m different systems and condItIOns It
would also prove the relIabIlIty ofbatch Isotherm studies for evaluatlllg actual sorptIon capaCIty of
the systems workIng mostly In the dynarmc (fixed bed) operatIOnal condItIons

Adsorption expenments on these samples were carned out m parallel WIth IsraelI samples
of Hula peat and anthropogeruc hunuc substrates (sludge and composts Afula and Naman)
conducted by IsraelI group

4 4 EvaluatIOn of sorptIOn /desorptlOn potential of selected peat matters for metals vs
different parameters m batch conditions

Among the factors that nught have slgruficant effect on the metal bmdmg capaCity, the
botamcal OrIgm of a peat matter, a kmd of amon eqUIlIbratIng metal cation m the mput solutIOn, as
well as pOSSible competItion of other metal catIOns for adsorptIon SItes onto peat were conSIdered
For sorptIOn/desorption batch expenments, two dIfferent amons, C1 and sol m monometalhc

2 2+ 2+ 2+
systems WIth Zn , Cd and In bmary systems With (Zn - Cd ) were selected Due to the
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comparably hIgh lability of both metals m the enVIronment, the affimty of both metals to the same
sorption SItes and therefore strong competItIve mteractlon was antIcipated

Other senes of batch sorptIon/desorptIon expenments was carned out on selected peats
2+ 3+ - 2+3+ 1usmg monometalhc systems Cu - CI, Cr - CI and the bmary system (Cu -Cr )-C m equal mass

concentratIOns apphed as CI solutIon, at pH 4 0

4 4 1 Effect ofthe botanIcal orzgm ofpeat matrIX anda landofmetalzon

The results of expenments carned out m order to elUCidate qualItatIvely and quantItatIvely
the studIed metal bmdmg on the selected peats are presented m Tables 6,7 and 8 and m FIg 9,10,11

2+ 2+ 2+ 3+and 12 as eqUlhbnuffi adsorptlonidesorptlOn mass Isotherms for Zn , Cd ,Cu and Cr , along
Vvlth pH of an eqUlhbrated solution The analysIs of Isotherms shows hIgh sHmlanty, both of a
pattern and the numencal results of each metal sorptIOn/desorption onto all three studied peat
matters ThIs suggests a rather llIllited effect on the metal bmdIng of such factors as the peat­
fonmng speCIes of hIgh-moor peats, m partIcular In wood, reed and sedge peats There IS a
probabllIty of the bIgger dIverSIty of metal bmdmg mechamsms between the above matters and
peats ongmated from mosses, whIch IS suggested by consIderably lower sorptIon capaCIty of
mosses (Table 2-5) ThIs assumptIOn, though, IS not supported by the data from FTlR studies lR
spectra ofMoss Peat (e g Moss Peat W8) does not dIffer from the spectra ofpeat ongmated from
wood, reed and sedge, IncludIng the selected peats (FIg 8/1) The role of hUmIC aCids, and
mechamsms of metal Ion reaction Vvlth the specIfic functIonal groups of hUmiC aCIds are stIll far
from bemg clear and subject to controversy There IS an eVIdence, that the surface area of orgamc
substance may also play an Important part m metal sorptIOn, both as a separate process, and due to
facilltatmg access of metal Ions to functIOnal groups of hUmiC aCIds (Ong and Swanson, 1966)
Stack et al, 1993 came to the conclUSIOn that the controllmg factor for most metal Ions sorpnon
onto dIfferent peat types IS fiber content Accordmg to their observatIons, the more fibrous peats
adsorbed most metals (except Cu2+) better than the less fibrous ones The coarser peat fracnons
appeared to dIsplay lesser adsorption potentIal than the finer gramed samples Tills also suggests an
Important role of the specIfic surface In metal sorptIon At the same time, the same authors
observed that the degree of decompOSitIOn of peat (DR) might not always be the controllmg factor
In ItS sorption ablhtles Slm11arly as m these studies, they observed that peats of the same DR
exhtblted greatly different sorption potentIal that mIght be attnbuted to the dIfferent botanical
phYSICal and chemical compOSItion These observatIons, though, are of the more general character
and do not explam any mechanIsms of the sorptIon process There IS, therefore, a strong need for
elUCidatIon of the diversIty of the sorption/desorption behaVIor of metals bound onto organIc
matter

ThIs study has been focused on the IdentIficatIOn of specIfiCity of the studied metals
sorption under different conditIons Sumlanty of bmdmg and mobilIzatIon of metals onto the three
different kInds of peat matter IS a proof, that the sorption behaVIor IS speCIfic for the metal Ion
Wlthm a WIde range of orgamc matnces of hIgh-moor peat matter In the further studies, the
selectIon of matnces showmg clear drfferences WIth respect to propertles, such as occurrence of
functIOnal groups reflected m the adequate dIfferences In sorption behaVIOr of metals (e g Peat
Humus and Gyttta), may be helpful mthe Identification ofbmdmg mecharusms

The eqUlhbnum Isotherms for different smgle metal Ions onto Investigated peat samples
2+ 2+ 2+ 3+depict the general order of the bmdmg capacities (m mass umts) Zn < Cd <Cu < Cr The

decrease ofpH value of the eqUlltbrated solutions follows the same order the hIghest dlsplacmg of
3+

hydrogen Ions mto solution occurs at Cr sorptIon The order of the bmdmg capaCitIes expressed m
eqUIvalent umts IS somewhat dIfferent Cd2

+< Zn2
+<ci~< Cr3

+ Tlus senes IS In good agreement
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With a known order of IncreasIng bIndIng to SOll orgaruc matter of monovalent alkah
catIOns<H30+< alkalme earth catIOns< transitional group monovalent catIOns < transITIOnal group

2+ 2~ 3+dIvalent cations (among them Cu and Zn ) < tnvalent cations (Cr ) (Tallbudeen, 1981) Other
results obtamed by Wieder, 1990, confirm tms conclusIOn, too

Desorption expenments displayed dIfferent suscepnblhty of metals to release from peat,
clearly reflecnng drlferent mechamsms of bIndIng Identically With adsorption pattern, also
desorption Isotherms for smgle metals showed mgh slmIlanty of bIndIng strength on all three
matnces Dlst111ed water at pH 30 appbed to all metal-loaded matnces gave neghgtble effect
ApplicatIon of 1% HCl resulted In pH <1 of equllibrated solution and the removal of maxnnum
sorbed metal loads from peat matter, whIch ranged from 869 -92 8 % of bound load of Cd, 73 3­
862 % ofZn, 59 5-614 % ofCu and only 611-638 % ofCr The dIfferent susceptlblhtyto release
from peat matnces appears therefore to be mgWy speCific for particular metal Ions bound onto a
Wide range of peat matnces In general, the mgher IS sorptIon capacity and the extent of
aCidificatIOn of eqUIlIbrated solution, the less effiCIent IS metal removal from peat matnx (Tab 6-8,
FIg 9-12) Tms conclUSIOn appears to be valId also With respect to other stnppIng processes from
matters of hIgh orgamc fractIon, e g to desorptIon of metals from SOils With chelatmg agents such
as sIlage eftluents (Fischer et al, 1993) The extractIon rates reported for the SOll bound metals at
self-regulatmg pH values (final pH 4 4-4 9) were Cd 74 7%, Zn 55 7 %, Cu 53 5 % and Cr 12 7 %
These values well correspond With the aforementIOned desorptIOn rates obtaIned for peat treated
With l%HCl

Some rough Idea about the mechamsm of metal bIndmg mIght be given by the fittmg the
actual values to the LangmUIr or Freundhch Isotherms LangmUlr Isotherms are based on the
assumptIon that the sorbed layer IS one molecule tmck and all sorptIOn sites have equal affimtles for
molecules of adsorbate The empmcal Freundhch model assumes that the adsorbent has a
heterogeneous surface composed of dIfferent kmds of adsorptIOn sItes It was found that LangmUIr
Isotherms showed better fitness to the obtamed results than the Freundhch equatIOn (Table 9, Fig
13) Thrs conclUSIon IS In agreement With that of Benchelkh-Lelocme (1989) who found the
LangmUlr model was a better fit to the expenmental data than the Freundhch model for peat metal
Ion systems In tum Bhattacharya (1983) studymg Cd removal from solution by sorption on
crushed coal noted that sorptIon data could be also descnbed by Freundlich Isotherm AccordIng to
the results of these studIes, apart from a better fitness of the LangmUIr model, neither tills model,
nor Freundhch Isotherm does descnbe sorption data for peat-metal Ion systems correctly enough It

2+ 2+ 2+should be pomted out that the bmdIng capacity for Zn Cd and Cu evaluated expenmentally IS
rougWy by 35 % higher than calculated by the LangmUlr Isotherm Therefore, the standard error IS
too high to conSider these models satisfactory for the descnptlon ofthe metal bmdIng onto peats

-! 4 2 CompetItzve effect ojmeta/zan Interactzon In bInary systems

The results ofcomparatIve studIes on metal bmdmg onto peat matnces III smgle component
and bmary systems showed that the presence ofthe competmg Ion m the mput solution had dIstmct,
but vanable effect on the sorptIOn capaCIty for each metal The sorptIOn capaCIty for Zn m
monometalhc system Zn-Cl was evaluated expenmentally for 32050-32700 mg kg \ which
accounted for 64 1 to 654 % of the maximum load applIed (for all three studied peats) The

~ fr 1sorptIon capaCIty for Cd m Cd-Cl system ranged om 33200 to 37250 mg kg , Ie 664 to 75
2+0% of the load apphed CompetItive effect of Cd Ions present m mput solutlOn m equal mass

2+ f 2+concentratIOn With Zn also resulted m decrease 0 Zn sorptIon capaCity, whIch m (Zn-Cd)-CI
system for the studIed peats ranged from 11 to 22 % (Table 10, Fig 14) The effect of Zn on Cd
bIndmg was slrmlar mthe presence ofZn, sorption capacity for Cd decreases m the range from 8 to
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20 % (Table 11, Fig 15) The total sorptIon capaCIty for two co-occumng metals m the bmary
system was, though, slgmficantly hIgher (for 55-73 %) than for a smgle Zn Ion m the monometalhc
Zn-CI system, and for 36-66 % hIgher than for a smgle Ion m the monometalhc Cd-CI system Also
a deeper decrease ofpH ofthe equilibrated solution was observed To summanze, the competitIve
effect of these two metal Ions on bmdmg of each other IS almost equal and IS much weaker than
could have been antICIpated Slgmficantly hIgher total sorptIon capacIty of both IOns m the bmary
system mdlcates lack of competItIOn m a substantIal part ofbmdmg centers and pOSSIble occurrence
of spare capaCIty m the centers JOIntly OCCUpIed by both metals Very charactenstlc for Zn and Cd
bmdmg In the bmary system IS a dIstmct mcrease of the both metals load strongly bound to the
matrix and reSIstant to stnppmg by aCId For Zn, desorptIon rate III the bmary (Zn-Cd)-Cl system
decreased from 73 3-862 % to 53,1-644 % ofthe adsorbed load The Zn load strongly bound on

I I
peat incredsed from 4500-8550 mg kg In the monometalhc solutIon to 9318-13312 mgkg m the
condItIOns of compet1Og With Cd An 10crease of the Zn load strongly bound onto matnx 10 the

I
bmary system for the mvestIgated peats ranged from 1318 to 6334 mg kg

For Cd2
+, desorptIon rate m the bmary system (Zn-Cd)-Cl decreased from 92 8-86 9 % to

747-629 % of the adsorbed load (Tab 11, FIg 15) The Cd load strongly bound onto peat
1

mcreased from 2400-4600 mg/kg m the monometallic Cd-Cl system to 8916-9466 mg kg under
the condltIons ofcompetmg With 2n2

+ The mcrease ofthe Cd load tIghtly bound onto matnx m the
bmary system for the particular mvestIgated peats ranged from 1548 to 6516 mg kg-1 The decrease
of pH of equilIbrated solution m bmary (Zn-Cd)-CI system dunng sorptIOn and mcrease of strongly
bound Zn and Cd loads may suggest an occurrence of the spare sorptIon capaCIty for these IOns m
the phases of the matnx, whrch display hrgh bmdmg strength These phases are probably more

2~ 2+
reSIstant to sorption of Zn and Cd Ions and bmd these metals under the stress caused by
competItion

2+ 2+
OppOSIte to eqUIvalent and relatIvely weak competitive mteractlOn ofZn and Cd ,m the

2 3+
bmary system (Cu-Cr)~CI a very strong competItIon between Cu T and Cr was observed, With a
profound dommatlOn of Cr over Cu for the sorptIon centers (Tab 12, 13, Fig 16, 17) Thrs
competitive behaVIor of Cr confirms the known mcreasmg order of catIons With respect to bmdmg

3+
onto orgarnc matter of soil Accordmg to thIs order, the tnvalent catIOns, among them Cr are
placed at the top ofthe rank (Tallbudeen, 1981)

2+The sorptIon of Cu m the monometallic system Cu-Cl was evaluated expenmentally for
47390-45540 mg kg 1, whrch accounted for 948 to 94 1 % of the maxImum load apphed (for all

"+ 1
three studied peats) The sorptIon for Cr' m Cr-Cl system ranged from 49380 to 47620 mg kg ,
I e from 98 8 to 95 2% of the load applIed Almost full bmdIng of both metal Ions mdIcates that
sorption capacity of peat for these Ions IS hIgher than the maxImum loads evaluated from the
expenments CompetItive effect of Cr3+ Ions present m mput solution In equal mass concentratIons

2-
With Cu resulted m the dramatIC decrease ofCu sorption capaCIty, up to 48 8 - 52 9 % of the load
apphed Thrs means, that the decrease of Cu sorption m (Cu-Cr)-CI system for the studIed peats
ranged from 38 to 46 %,1 e sorption capacity was reduced almost III ha1f(Table 12, FIg 16) The

2+ "'+
effect of Cu on Cr~ bmdmg was much weaker In the presence of Cu, sorptIon capacity for Cr
decreased m the range from 160 to 198 % (Table 13, FIg 17) Therefore, suppressmg effect ofCu
on Cr bmdIng 15 some three tImes lower than that ofCr on Cu, and comparable With the decrease of
Zn and Cd Ions m the bmary system Zn-Cd

The total sorptIon capacity of the studied peat matters for two co-occumng metals III

bmary system (Cu-Cr)-Cl was only for 12-14 % hrgher than for a smgle Cu Ion m a monometallIc
Cu-CI system It was also 10-12 % higher than for a smgle Ion m a monometallIc Cr-CI system,
whIle a decrease of pH of the eqUIlIbrated solution was also observed To summanze, the
competitIve effect of these two metal Ions on bmdmg each other IS very strong, With the hIgh
dommation of Cr over Cu Opposite to Zn-Cd mteractlon, the total sorption capacity of both Ions
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In a bmary system proves strong suppreSSiOn of Cu by Cr m bmdmg sItes and an extremely hffilted
spare capacIty m the centers Jomtly OCCUpIed by both metals Tills results m occupymg sorpnon
sites mamly by Cr, and m a lower extent also by Cu The character of these metals bmdmg onto
peat seems to controvert the assumptIOn ofsequentIal adsorption ofmetals ill accordance With lomc
potential expressed by Ong and Swanson (1966) There IS much illgher probability of the
Simultaneous occupymg the free SItes avatlable on the orgarnc matter and pamal dlsplacmg the
weaker Ions by stronger ones mJomt bmdmg SItes Also drlferences m the affiIllty of the competlng
metals to bmdmg SItes should be consIdered The SeleCtIVIty of metals With respect to such sites
gIves also the weaker metals an OPPOrtuIllty of a partIally non-competItIve sorptIon Tills
conclUSIOn confirms also desorptlon behaVIor ofCu and Cr m a bmary system (Tab 12,13) Unhke
Zn and Cd, no changes m the desorptIon rate of both metals, eIther In a mono-, or m a bmary
system have been observed The desorptIon rate for Cu m both systems Invanably ranged m a
narrow hffiltS of 57 4-61 4 % ofthe IIlltIalload ThIs means the decrease ofthe bound load of Cu of
a strong type from 18290 -18440 mg/kg to 7578-8990 mglkg, I e more than two-fold (for 9450­
10712 mg/kg, 1 e 512-586%) (Tab 12, FIg 16)

3+
The siffillar desorpnon pattern shows also Cr (Tab 13, FIg 17) The desorpnon rate for

both systems IS very low and ranges from 608 to 645 %, the major amount of Cr IS strongly
bound onto the peat matrIX The bound load of Cr m bmary system shows lesser extent of

I I IreductIon, from 44382-46230 mg kg to 30052-32962 mg kg ,Ie for 13268 to 14657mg kg,
that IS for 287-328%) Due to the lesser strongly bound loads ofboth metals In the bmary system,
an mcrease of pH of eqUlhbrated solutIon from pH<l m monometalhc system to pH>1 m bmary
system after desorptIon was observed It should be also mentIoned that m bmary system, also total
strongly bound load ofCu + Cr decreases for 123-127 % m companson With the respective load
of Cr m a monometalhc system For all three studIed peat matters, the adsorptIon-desorptiOn
behavlOr of Cr and Cu m monometalhc and bmary systems IS remarkably sirmlar, along With the
numencal values ThIs suggests hIgh stabIlIty of bmdmg-mobIhzation mecharnsm and propertIes
With respect to sorptIon SItes ofhIgh bmdmg strength

-I -I 3 Effect ojthe kmd ojanzon

The k10d of amon m the mput solutIon appeared to have strong effect on the sorptIOn
capaCIty for metal Ion onto peat Chlonde amon causes ItS eVIdent suppreSSIOn, most probably as a
result of the ability of chlondes to act as complexmg agents The sorptIon capacity for Zn In

I
monometallIc system Zn-Cl was evaluated expenmentally for 32050-32700 mg kg , that IS 64 1 to
654 % of the total mput load (for all three studIed peats) In the system Zn-S04 at the same
workmg parameters estImated expenmentally maxImum adsorbed load ranged from 36370 to
37208 mg Znlkg, was stIll far below the adsorptIon capaCIty and compnsed from 82 5 to 84 7 % of
the mput Zn load Pattern of Cd Ion bmdmg onto peat also shows an mcrease of sorpnon capaCIty
from 33200-37520 mg Cd kg I (664-75 %) m Cd-CI solutIOn to 45029-46285 mg Cd kg 1(93 1­
9') 7 %) In Cd-S04 solutIOn (Tab 14, 15, 16, 17, FIg 18, 19) Chaney and Heendemann (1979)
observed the mfluence of amons on the metal sorptIon also They noted, that chlonde, reSIdual
cyamde, or other strong complexmg agents rmght reduce the effiCIency of Cd removal from peat
columns Janta-Koszuta and Twardowska (1994,1996) reported sigruficant suppressmg effect of
Cl amon on metal sorptIon also on morgarnc matnces

In case of the monometalltc Zn-S04 and bmary (Zn-Cd)-S04 system m sulfate
solutIOn, the patterns of eqUlltbnum mass Isotherms also show reductIOn of Zn sorptIon due to
competItive effect of Cd (Table 14, 17, FIg 20) For (Zn+Cd)-S04 bmary system maxImum
adsorbed loads of Zn evaluated expenmentally, were dlstmctly hIgher than Zn loads bound from
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chlonde solutIon (FIg 22), but stIll below the adsorptIon capaCIty for Zn on the studIed peats (Fig
20) The extent of decrease was not though very hIgh, and generally dId not exceed some 10 % of
the mput load (Table 16, 17) The total maxunum bound load for both metals was about two tImes
higher than for a sIngle Zn IOn, whIle no SIgru:ficant decrease of pH values of eqrnhbrated solutIOn
was observed A companson of eqUIhbnum mass Isotherms for Zn In bInary systems (Zn-Cd)-Cl
and (Zn-Cd)-S04 (Table 16, 17, Fig 22), displays theIr sumlanty for all three studIed high-moor
peats, and reflects suppressIng effect of both factors (1 e land of amon and competItIve effect of
Cd) on the adsorptIon capaCIty For these systems, charactenstlc IS almost IdentIcal resultant pH
values of eqUIlIbrated SolutIons, changmg m the range from pH 6 50 to 4 69 at Me concentratIon
range m mput solutlon 1-5000 mg dm 3 at pH 40 Cd sorptlon onto peats from monometallIC and
bmary (Cd+Zn) sulfate solutIOn follows the same pattern as Zn bmdmg m the smnlar systems (Tab
15, 17, FIg 19, 21, 23) The suppressmg effect of both metals on sorptIon capaCIty onto peats for
each other, and the SImultaneous substantIal Increase of the total sorptIon capaCIty of these
substrates for both metals ill the presence of S04 Ions, confirms competItIOn of both these metals
for the same sorptIOn centers of lmuted capaCIty On the other hand, relatIvely low decrease ofZn
and Cd sorptIon IndIcates non-competItive bmdmg of both metals onto peat matnces by dIfferent
mechamsms, or m centers WIth undersaturated bmdmg capaCIty, capable to bound both metals
WIthIn the apphed concentratIon range In turn, sumlanty of pH values of eqUIlIbrated solutIOn m
(Zn-Cd)-Cl and (Zn-Cd)-S04 systems suggests saturatIon of adsorptIon capaCIty of peats for both
Ions caused by dIsplacement ofH+ m adsorptIon SItes available for these Ions (FIg 22,23)

-! -I -I SequentzaljractIOnatzon ojmetal IOns boundontopeat

In the background ofthe attempts ofldentrlymg sorptIon mechamsms and chemrcal "forms"
of bmdmg lays the need of correct predICtIon of adsorbent - adsorbed metal mteractlOns m actual
changeable condItIons and systems In the SItuatIOn, when the nature of metal bmdmg IS stul subject
to arguments, selectIve extractIOn scheme appears to be an extremely useful tool It may be used for
dlstmgUIshIng the "pools" of metal ennchment In the matnx where the metal Ions are bound In the
fractlOns of an IdentIfied, sequentially Increasmg bmdmg strength and decreaSIng susceptIbIlIty to
release Such fraCtiOnatIon enables also IdentIficatIon of probable competitIon of metals m
multImetalhc systems for dIfferent adsorption centers and charactenzes the propertIes of orgamc
substrate (such as peat) as adsorbent

The dlstnbutlon of metals bound m batch expenments onto selected klllds of low-moor
peat matters representmg Rush Reed-Sedge Peat (yV9c), as well as two kmds of Peat Humus of
different botamcal ongm Alder Peat (yVl) and Brushwood Peat (yV9b), exhibIts high slImlanty of
tractIOns ennchment m all three matnces (Table 18, FIg 24) At the same tIme, It shows the
diverSity ofprevailmg fractions ofthe dIfferent bondmg strength for the metal IOns studIed

WIth respect to speCIes dlstnbutIon (m % of mass uruts) m the studIed peat matters
accordmg to the bmdmg strength, Zn and Cd generally show affiruty to the same fractions These
metals are SImIlarly bound m the most labIle forms Fl(EXC) (403 - 520 %) and F2(CARB)
(194-33 5 %), This well explams the susceptibIltty of these metals to mobIlIZatIon due to changes
of the cherrucal enVIronment The pattern of pH changes of eqUIlIbrated solutIon mdlcates
replacement by these Ions, beSides iliO+, of exchangeable alkalme earth catIOns and probably also
monovalent baSIC catIons (mamly Na+) Other fractIOns were poorly ennched by Zn and Cd In the
stable F5(OM) fractIOn these metals also occurred In the slffillar range (37-10 2 %), shOWIng
some varIabIlIty m the studied peat WIthIn these lImIts Zn was somewhat more ennched m the
moderately redUCible F4(MRO) fraction (104-162 %), while Cd was bound there In lesser
amounts (3 4-66 %) Some amounts of Zn and Cd Ions were retamed also m pore solution F(O),
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(29-82%)
The fractIOnatIon ofeu eM not show hIgh affinIty to the partIcular fractIon thIs metal was

rather umformly dIstnbuted m fractIOns displaymg both hIgh labIlIty and hIgh bmdIng strength In
two peat matnces W9c (Rush Peat) and W9b (Brushwood Peat Humus) Cu was Inghly ennched m
the the most stable F5(OM) (303-344 %), moderately reducible F4(MR.O) (21 7-275 %), as well
as the most labile F1(EXC) (272-289 %) and F2(CARB) (127-127 %) fractIons In one peat
matter (Alder Peat Humus WI), bound Cu load appeared to be more diversely dlstnbuted between
four fractions of chfferent mobIlIty moderately reducible F4 (MRO) (37 1 %) as well as the most
lablie Fl(EXC) (26 5 %), strongly bound F5(OM) (179 %) and F2(CARB) (162 %) fractIons
In other fractIOns, Includmg pore solutiOn, Just 2 4-3 4 % of Cu was bound The equal affimty of
Cu to the fractIOns of dIfferent susceptIblhty to mobilizatIon explams desorptIon behaVIor of tIns
metal wInch IS released from peat matnx m about half ofthe total bound load

Cr was firmly bound predOmInantly m F5 (OM) fractIon (54 7-69 5 %) fomnng presumably
stable orgaruc complexes Lower amounts of Cr occupied moderately reducible phase F4(MR0)
(152-283%) MInor loads ofCr were bound In the labile F1(EXC) (84-107%) and F2(CARB)
(40-54%) Some 0 4-34 % were dIstnbuted mamly m easily redUCible F3(ERO) phase, while the
amounts retaIned m pore solutIons were neglIgible Compared to other metals, chrormum Ions were
pOSItIvely dormnatmg m FS (OM) fractIon ThIs form of ennchment appears to be specIfic for Cr,
wmch was observed m sorptIon studies mvolvrng other heterogeneous substrates (Twardowska and
Jarosmska, 1991,1992) Cr thus shows hIgh affiruty to the "msoluble orgamc" fractIon, wInch
compnse more stable forms of orgamc compounds such as hurmn., cellulose and lIgnm Probably
Cr preferentIally forms chelatmg complexes With the carboxylIc groups of hUmIC aCIds, wInch are
particularly selectlve towards multivalent catIons It has long been recogrnzed (TalIbudeen., 1981),
that carboxylIc sites show a hIgher selectiVIty towards multIvalent catIOns, when they are attached
to adjacent carbon atoms m a nng structure as If they are Widely spaced The nature ofbmdmg SItes
for Cr should be confirmed by addItIOnal studIes Strong aCidIfication of the eqUIlIbrated solution at
mdlvldual Cl\ons sorptIon expenments (Tab 13, Fig 12) IndIcates extensive displacement ofH30
mto solutIon by Cr Ions from the carboxylIc sites The nature of Cr bmdmg suggests that no strong
competltlon from other studIed metals can be expected, unless some other multivalent catIOns are
also present m the mput solutions The results of sorptIOn/desorptIOn behaVIOr of Cr m a bInary
system (Cr-Cu) -Cl (Tab 13, FIg 17) confirms tIns assumptIon
With respect to the extent of metal Ion ennchment, fractions of dIfferent bIndmg strength followed

Ithe order (m mass uIlltS, mg kg )

Zn
Cd
Cu
Cr

F1(EXC) > F2(CARB) > F4(MRO) > FS(OM) ~ FO(PS) > F3(ERO)
F1(EXC) > F2(CARB»> FS(OM)>< F4(MRO) ~ FO(PS) ~ F3(ERO)
F5(OM) > F4(Jv1RO) >< Fl(EXC) > F2(CARB»> F3(ERO)~FO(PS)

F5(OM) > F4(Jv1RO) »F1(EXC» F2(CARB) > F3(ERO) »FO(PS)

In case ofAlder Peat Humus WI, the fractIon order for Cu was different Cu was hIghly ennched m
the stable F4(MRO) and the hIghly labIle Fl(EXC) fractIOns, In the most stable F5(OM) and labtle
F2(CARB)fractlOns almost equal loads of Cu were bound The affimty of the studIed metallOflS
bound onto peat matnces to the fractIOns of a dIfferent bmdmg strength (rates In %) followed the
order (Table 18, Fig 24)

P'lactlOn
rO(PS)
FI(EXC)
F2(CARB)

%
ZIk::Cd > Cu >> Cr
C~Zn > Cu » Cr
Cd>Zn> Cu » Cr

% range
004 - 880
840 - 5204
400 - 2917
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F3(ERO)
F4(MRO)
F5 (OM)
F6(0)

Cd> Zn >Cr > Cu
Cu;;::Cr»Zn >Cd
Cr> Cu » Cd>< Zn
o

040 - 621
340 - 3710
370 - 5950
o

Of these fractIons, the easily reducIble F3(ERO) fractIon played a neglIgIble role The metal
retentIOn capacIty of pore solutIOn FO(PS) was also low, ill partIcular With respect to Cr caTIons
shoWIng narrow pH-Eh stabIllty field ill a IIqUld phase In the reSidual fractIOn F6(O) metals did not
occur In detectable amounts mamly due to lugh predommance of orgaruc matter m the substrates
The highest metal ennchment occurred In fractIOns Fl(EXC), F2(CARB), F4(MRO) and F5(OM)
The metal ennchment In the fractIons Fl(EXC) and F2(CARB) ofa weak bIndIng strength was
particularly high for Zn and Cd and appeared sigruficant also for Cu The moderately reduCible
f4(MRO) fraction and F5(OM) phase of the strongest bmdmg strength showed Iugh affiruty to Cr
and eu catIons, wIule for Cd and Zn they were ofa mmor Importance

Companng rates ofmetals ennchment In the "soluble orgaruc" phases Fl(EXC)-F4(MRO)
and "msoluble orgaruc" F5(OM) fractIOns With therr desorpTIon rates, It can be notIced that metals
vulnerable to remobIlIzatlOn are ennched mostly In Fl(EXC) fractIOn Tlus fracTIon release bound
~ ~ ~ ~Zn ,Cd and Cu IOns thoroughly, but only m 57-75 % sorbed load of Cr From F1(EXC)

all d 2+ 2+
ongmate the htghest rates of desorbed met oa S 51-66 % ofZn , 46-60 % of Cd ,43-49 %

2+ 2+ thof Cu and;;:: 99% of Cr Another fractIOn at contnbute to the desorptIon rate of Cd, Zn and
Cu thoroughly and Sigruficantly (from 21 % to 37 % of the total desorbed loads) IS F2(CARB)
From the fractIon F4(MRO), only ci- has been released In hIgher quantIties (26-31 % ofthe total
desorbed load, and 57-72 % of the total bound load of thIs Lon) Cr3

+ appears to be strongly
complexed on peat and even from the most labile Fl(EXC) fractIon can not be removed
completely

To utIlIze the sequentIal extraction not entirely as operatIOnal tool, the actual mechamsms
ot metal sorptIon adequate to the fractions of different bIndmg strength should be known, though
current state ofknowledge With tills respect IS far from bemg satIsfactory The character of bmdmg
sItes and affiruty ofparticular metal IOns to these SItes WithIn each fractIon of equal bmdmg strength
can be dIverse Therefore, despIte snmlar structure of metals ennchment ill the fracTIons, the
mteraction between the metals may be weak ThIs observatIon IS well exemphfied m Zn and Cd
sorptIOn m a bmary system These metals appeared to be weak: competItors for sorptIOn SItes WIth
respect to each other, m spIte ofa hrghly sundar structure offractIon ennchment (Tab 18)
Accordmg to the sequentIal extractIon procedure (TeSSler et ai, 1979, Kersten and Forstner, 1989,
Hall et al, 1996), developed by Hall et al, 1996, exchangeable metals, wht.ch are held through
electrostatIC attractIOn on exchange SItes on the surface and mterface of negaTIvely charged
complexes of matnces, are ennched m the most labrIe F1(EXC) fraction Hall et al, 1966 a,b, 10

their modIficatIOn of sequentIal extraCTIon methodology for SUrfiCIal geochemIcal appltcanons m
order to facIlrtate phase selectIVIty, consIdered the water-soluble fractlon FO(PS) as usually
neglIgIble

F2(CARB) fractIOn IS generally conSIdered as metals co-precipitated With carbonates In
peats tills fractIon probably reflects to some extent the actual bmdmg of metals by carbonates
present m the rruneral and orgaruc matter of peat The rate of the rruneral matter m InvesTIgated
peats ranges from 7 10 to 1410 % In the selected peat samples, It accounts for 1255 % (WI),
I0 40 % (W9b) and 9 50 % r.yf9c), willIe pH values account for pH 6 45, pH 6 32 and pH 6 21,
respectIvely As a rule, CaO contents III low-moor peats are no less than 1 5 % m general 3 - 6 %
In calcareous peats It can be as illgh as up to 30 % CaO There IS an eVidence, that CaO m peats
occurs mamly 10 orgaruc matter, bound to hUmIC substances (FrankIeWICZ, 1980) Companng
relatively high rate afZn and Cd bmdmg m F2(CARB) fraction and lesser Cr and Cu ennchment m
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tills fractIon m selected peats (Table 18, FIg 24) WIth the sorptIon capaCIty ofCa-nch calcareous
GyttIa B5 for these metals (Tab 2-5), the co-preCIpItatIon WIth carbonates does not seem to be a
sole mechamsm ofmetals ennchment m F2(CARB) phase ThIs questIon should be thus cleared up
m detailed studIes

Hall et ai, 1966 a,b suggested to group exchangeable and adsorbed metals WIth those co­
precIpItated Wlth carbonates mto one fractIon labeled as AEC (Adsorbed, Exchangeable,
Carbonate-bound metals) refemng to small proportIOn of F1(EXC) The easily and moderately
reducIble fractIons F3(ERO) + F4(.MRO) are reported by Hall et al ,1996 a, b, as the ones
compnsmg metals scavenged beSIdes the secondary amorphous OXIdes of:Mn and Fe also by
slgmficant part of hUmIC and fulVIC aCIds as complexes These fractIons are descnbed as the ones
contaImng "soluble orgamcs", Ie hUmIC and fulVlc aCId complexes WIth metals In case of peats,
which are predommantly organIc matter, the dIVISIon on AEC and "soluble organIc" fractIOns seems
to be somewhat artifiCIal The "soluble orgamc" fractIon appears to compnse all four fractIons from
F1(EXC) to F4(MRO), dlsplaymg varIety of sorptIon SItes and bIndIng mechamsms Of these,
metal Ions bound electrostatIcally and fOrmIng chelatmg complexes seem to ennch dIfferent
functIOnal groups ofthe same "soluble orgamc" compounds

The most metals ennched m F5 (OM) fractIon of the hIghest bmdIng strength IS probably
assocIated WIth "Insoluble orgaruc" reSidue of peat compnsmg hurnIns that are estImated for 10 5­
389% of orgamc matter, as well as WIth cellulose and hgmn (FrankIWlcz, 1980) These data give
rough Idea about the pOSSIble mode and forms of metal bmdIng onto orgamc matter such as peat
associated WIth pools of a dIfferent bmdmg strength Mechamsms, InteractIOn, dynamlcS of metal
bmdmg still remam unclear that creates well known dIfficulties both m controllmg metals m the
organogemc matters and m proper use oforganIc sorbents

AnalysIs of sequentIal fraCtionatIOn of metals bound onto peat m batch expenments (Table
18 Fig 24), displays clear affimty ofmetals to the defimte fractions and therefore predOmInance of
different modes of bIndIng ASSUmIng that ennchment m F1(EXC) fraction reflects the rates of
metals bound electrostatIcally and m F4(MRO) fractIon due to chelatmg complex formatIon, the
role of both mechamsms m metal bmdmg onto peat matter seems to be ofa comparable but dIverse
lmportance With respect to dIfferent metals The dIverse affimty of metals to the "soluble orgamc "
fractIon seems to be also mdIsputable FractIonatIon of Zn bound m the batch expenments (Table
18 Fig 24), shows that speCIfic for thIs Ion IS ennchment rn two separate maJor "pools" of the
defirute1y dIiferent brndmg strength dommatIng labIle fraction FO(pS)+F1(EXC)+F2(CARB),
adequate to AEC (Hall et ai, 1996 a,b), and a mInor, moderately redUCIble F4(MRO) and
strongly bound F5(OM) fractIons compnsmg hUmIC aCIds complexes ("soluble orgamc") and
hUmIns ("msoluble orgaruc") reported to be an Important smk for metals m organogeruc matenals
(Hall et al" 1996 a,b, KaszyckI and Hall 1996, Allen, 1996) There was no fluent lmkage of these
t,\'o pools by the "tranSItIOnal" fractIon F3(ERO) adequate Wlth respect to bmdmg strength to:Mn­
oAldes (Kersten and Forstner, 1988) No defirute bmdmg mechanIsm specIfic for orgaruc matter IS
attnbuted to thIs fractIon

The fractIOnatIOn of Cd appeared to be sl.ITll1ar to Zn, Wlth even hIgher predOmInance of the
labile AEC fractIOn, and a rrunor role of a more stable bound complexes eu was uruformly
dlstnbuted 10 three fractIons of the weakest (AEC), moderate F4(MRO) and the J:ughest F5(OM)
bmdmg strength For Cr charactensnc IS a predOmInant ennchment m the most strongly bound
rS(oM) phase ("msoluble orgamc") Moderately reduclble F4(MRO) phase attnbuted to the
formatIon ofRA chelatmg complexes ("soluble orgaruc") was also of a conSIderable sigruficance

It should be stressed, that batch expenments show a very hIgh reprodUCIbilIty, but does not
reflect the effect of different fractIons of orgamc matter on the dynamICS of metals m a real SUrfiCial
geocherrustry KaszyckI and Hall (1996), us10g own modification of sequential extraetlon
techmques by TeSSler et ai, 1979 and Kersten and Forstner, 1989, (Hall et ai, 1996a,b) tned to
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IdentIfY the resIdence sItes ofmetals In a vanety ofsurfiCIal matenals, mcludIng humus, m the ChIsel
Lake area They explamed the observed vertical re-dIstnbution of trace metals (Zn, Cll, Fe and
1V1n) by theIr mobIltzmg by orgamc complexes m humus, transport WIthIn organIC compounds mto
underlyIng soIl honzons, and cation exchange from metal-ennched sou solutIons In contact WIth
exchange sItes m the B honzon Also other authors suggest the controllIng role ofhumIC and fulVlc
aCids In metal mobIlIty m the near-surface enVIronment (Baker, 1986, Curtm and Kmg, 1986) They
assume that depletIon of Cu, 1V1n and other metals In the B-honzon of SOllS has been attnbuted to
orgaruc complexmg and transport of metals through the soIl system The role of humIC and fulVlc
aCIds m these processes, though, was not clearly defined and therefore concurrent blOgeocherrucal
studIes were suggested to augment dIScussIon ofthe role ofbIOlogical cyclmg of metals through the
SOlI profile

4 4 5 Metal sorptlon ontopeat In bufferedsystems atpH 5 6

It IS well known that for metal bmdIng processes, pH value IS a major controlling factor
FrankIeWICZ (1980) noted that adsorption capaCIty of alkahne or neutral low-moor peats IS
conSIderably higher than of aCidIC high-moor ones Allen, 1996, has summarIZed the conclUSIons of
several authors dlscussmg the subject ofcatIOn sorptIon onto peat as follows (1) the optImum range
of pH for metal sorptIon onto peat has been estImated for pH 3 5-6 5, (11) the pH values, at which
adsorptIOn on peat occurs, ranges from 30 to 85, (m) the upper lImIt of pH value for peat
adsorbents IS dictated by matrIX InstabIlIty at pH >8 5 This last statement was confirmed also by
own expenments WIth low-moor peat

EqUllIbnum Isotherms for studIed metals sorptIOn/desorptIOn on low-moor peat matnx at
pH 635-642 and at pH 40 of mput zmc SolutIon exhIbIt substantIal changes of pH of the
eqUIlIbrated solutIon m both dIrectIons These changes resulted from buffenng by peat matnx and
displacement ofH+ Ions mto SolutIon by bound metals (Tab 10-13, FIg 14-17) To exclude the

2T d 2+ IIeffect of the InItIal pH ofa matnx, expenments on Zn an Cd sorption In monometal c Zn-S04,
Cd-S04 and binary systems Zn-Cd-S04 at adjusted pH 5 5 of both peat and Input solution were
conducted (The method ofsamples pretreatment and parameters ofthe expenment are descnbed m
the chapter 34) The results of these expenments are presented In Tables 19,20 and In FIg 25,26
and 27

2+ 2+
From the eqUlhbnum Isotherms for Zn and Cd sorptIon on the pre-treated peats can be

assumed that m the applIed range of mput concentratIons and loads, sorptIon capaCIty for these
metals In monometallIc systems Zn-S04 and Cd-S04 has not been yet exhausted It was, though,

2+
already close to be filled, m partIcular WIth respect to Cd (Tab 19, FIg 25,26) Maxunum bound
loads of Zn evaluated expenmentally for pretreated samples appeared to be sIIDJ1ar for all three
peats (12485-13560 mg Znlkg, 85 to 89 % of the mput load) and some 27-28 tImes lower than
the adequate values for untreated samples The sorptIon behaVIOr of Cd has been very much the
same Maxrmum bound loads of Cd for studIed pretreated peats ranged from 13800 to 13970

I
mg kg (93-94 % of the mput load) and also dIsplayed sIIIUlar extent of decrease as Zn (32-33
tImes lower compared to the untreated peat matter) Such sigruficant reductIon of adsorptIOn
capaCIty IS due to the deep Interference dunng pre-treatment mto the ongmal sorptIon complex of
peat

2+ 2·In the bmary system (Zn-Cd)-S04, rather small decrease of both Zn and Cd . sorptIon
onto Alder and Brushwood Peat Humus samples (WI and W9b) has been observed compared to
mono-metal system ThIs IS an eVIdence ofa rather weak competItIon ofZn and Cd for adsorptIOn
SItes In these systems observed also In Zn and Cd bmdmg onto untreated peat Bound mass loads of
Cd were close to those of Zn Total bmdmg capaCIty for both metals In the bmary Zn-Cd-S04

32



systems for pre-treated Peat Humus was roughly two tlmes lugher than that for Zn or Cd only, but
about three tlmes lower than that for untreated peat Suppressmg effect on bmdmg capacIty of
pretreated matters besIdes pre-treatment may have also lower maxunum concentratton of both
studIed metals m mput solution The effect of adsorbent adsorbate ratio should be eluCIdated m
separate studIes

AdsorptiOn of Zn and Cd m bmary system (Zn-Cd)-S04 onto Rush (Reed-Sedge) Peat
W9c after the eqUlltbrattng adjustment to pH 5 5 appeared to be more senSItive to competmg effect
of both metals Maximum bound load ofZn evaluated expenmentally was about 50 % lower than
that m monometalltc system and more than 4 times lower than the maximum bound load m
untreated system SorptIon of Cd m tlus matnx decreased to about the same extent (~ 40 %) Also
total Zn+Cd load bound onto Reed-Sedge Peat W9c was lower than that on the Peat Humus WI
and W9b In adjusted system, pH values were practtcally the same dunng the sorptlOn

Sequential fractiOnatIOn of Zn and Cd m the samples of Alder Peat Humus (WI),
Brushwood Peat Humus (W9b) and Rush Peat (W9c) Wlth pH values non-adjusted and adjusted to
pH 5 5, confirms both slIDllanty and dtversity of prevailing bmdmg fracttons for the studIed metal
Ions The companson of these systems dtspiayed the fractIons, where the effect of pre-treatment
and competitton IS the strongest (Table 20 vs 18, FIg 27 VS FIg 24)

The fractIOnal structure ofZn and Cd bmdmg m monometalltc Zn-S04 and Cd-S04 system
IS almost IdentIcal for all three peats adjusted to pH 5 5 (Table 20, Fig 27) As the pre-treatment
procedure to the great extent was strnllar to the partIal F1(EXC) leach, a sigruficant reductIon of
thIs most labile fractiOn occurred, so that the rate of more strongly bound F2(CARB) m the labile
AEC phase (Hall et al, 1966 a,b) associated Wlth "soluble orgaruc" fractton mcreased
Pretreatment caused reduction of mass loads of Zn bound practIcally m all fractlOns, but to the
different extent Companson of sequentIal fractlOnation of Zn ennchment m untreated and pre­
treated peats exhIbits partIcular role of F4(MRO) phase of the "soluble orgamc'1 fractIon m Zn
bmdmg under changmg external Impact (Fig 27 vs 24) WhIle the proportIon of Fl(EXC) was
reduced and rate of other fractiOns was practIcally at the same level, the proportIon of F4(MRO)
substantially mcreased (from 104-1622% to 30 68-37 61 %), and Its numencal values showed the
lowest decrease For Zn sorptIOn m mono-metal system, the bmdmg fractions m pre-treated peats
followed the descendmg order

Zn F4(MRO) :2 F2(CARB) > Fl(EXC) » F5 (OM) > F3(ERO) » FO(pW)

Therefore, m the structure of fractlOns controllmg the sorptiOn capacIty and bmdmg strength
of Zn In the pretreated matter, the moderately reducIble fractIOn became dommatmg Hence,
Zn In such matter Wlll be more strongly bound and less susceptible to release than m the
ongmal untreated matter, where the sequentIal fractlOnatiOn IS as follows

Zn Fl(EXC) > F2(CARB) > F4(MRO) > FS(OM) ~ FO(PS) > F3(ERO)

Changes In sequentIal fractIOnatIon of Cd due to pretreatment, resulted In the SImIlar to
Zn reductiOn of the loads ennched In the most labIle Fl(EXC) and F2(CARB) fractions At
the same tIme, no changes or Increase of the Cd enrIchment III the fractIOn F5(OM) of the
highest bmdmg strength, and parallel reductiOn of loads bound m other stable fractlOn
f4(MRO) resulted m sigruficant dIfference of fractIOnatlOn of Cd and Zn With respect to Cd
adsorbed m mono-metal system, the fractiOn structure followed the order

33



Cd F2(CARB)~Fl(EXC»F5(OM»> F4(l\1RO»F3(ERO»FO(PS)

In the structure of fractIons controIlmg the sorptIon capacIty and bmdmg strength of Cd,
slgmficantly mcreased thus the role of F5(OM) fractIOn of the hIghest bmdmg strength
compared to the untreated matter, where the fractIon structure was as follows

Cd Fl(EXC) > F2(CARB»> F5(OM)>< F4(l\1RO) ~ FO(PS) ~ F3(ERO)

Zn and Cd ennchment 10 bInary system (Zn+Cd)-S04 compared to mono-metal systems does not
show any changes (Table 20, FIg 27, wluch confinns weak competItIon of Cd Ions for sorptIon
sites In the applIed range of metalloadmg FractIOnatIOn of Cd co-occumng In solutIon showed Its
sInllIar ennchment m fractIOns of the labrIe ACE phase, wlule In the more stable and "msoluble
orgaruc" phases the lughest Cd ennchment occurred In F5(OM) and low m F4(MRO) phase Tlus
well explams weak competItIon of these two metals III the studIed system, at metal concentratIOn
range and loads applIed In case of lugher applIed metal loads, when the sorptIOn capaCIty In
fractIons of ACE phase IS lnmted, a stronger competItIve Impact of Cd IS antICIpated Also III

eqUlmolar concentratIons ofthese two metals the competitIOn of Cd for the sorptIon SItes avaJ1able
may be stronger Accordmg to Ong and Swanson (1966), Cd as a metal haVIng greater IOlliC
potentIal than Zn should be bound first, and next Zn would be sorbed m sequence The presented
results for a system With undersaturated sorption capaCIty suggest rather parallel bmdmg and next
re-dlsplacmg part ofweaker Ions by stronger ones

4 5 Column (fixed bed) experIments on metal bmdmg onto peat from the synthetIc
solutIon

-I 5 1 SorptIOn pattern

The condItIOns of metal bmdmg m the fixed bed (column) drlfer sigruficantly from those m
batch sorptIon In batch condItIons the amount of solutIon IS m great excess compared to the mass
of an adsorbent In the batch expenments presented above, the SIL (soltd to ltqUld) ratIO apphed
was 1 10 for the studIes on the untreated peat and 1 25 for pre-treated peat With adjusted pH 5 5
In columns, the SIL ratIO detennmed by the water retentIon capaCIty of peat m the saturated
conditIons was much lower For Brushwood Peat Humus (W9b) SIL ratIO accounted for 1 2, and
for Rush (Reed-Sedge) Peat W9c It was 1 I
The total amount of solutIon applIed to the sample dunng the full sorptIon cycle m a column IS,
though, a multIplIcatIon of the water retentIon capaCIty The sorption cycle compnses two baSIC
phases (I) phase of full bmdmg, when the metal load m a treated soIutlOn has been thoroughly
retamed In the peat matter, (n) breakthrough phase, when the metal IS bemg only partIally bound
onto the sorptIon SItes and appears 10 effluent m the gradually mcreasmg concentratlOns untri the
equation WIth the mput concentratIon The total water exchange rate for a colurrm packed WIth
adsorbent IS detenmned by the full break-through of the bound metals The smgle exchange of
water retention capaCIty of the Brushwood Peat Humus (W9b) lasted for 30 mIll The smgle
exchange time for Rush (Reed-Sedge) Peat W9c was two tImes shorter, 1 e 15 mID The total
contact time of substrate WIth exchangeable volumes of metal-contaIrung solutIOn dunng the
sorptIon cycle IS detenmned as total water exchange rate multIplIed by the duratlOn of a smgle
exchange cycle
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The results of Zn, Cd, Cu and Cr sorptIon from a mono-metal solutIon Me-S04 and Cr
from Cr-Cl solutIon onto Brushwood Peat Humus W9b and Rush (Reed-Sedge) Peat W9c under
the dynanuc condItIons are presented m tables 21-28 The metal concentratIons m the mput solutIon
were 500 mg Me dm-3 and 250 mg Me dm3

, at pH 4 0 In Figures 28-31 the sorptIon cycles for
each metal are shown as dimensionless hqwd phase concentranons vs summary exchange rate of
solution m peat volume The total loads of metal bound onto peat m a full adsorption cycle are
given m FigS 32-35 A companson of sorpnon effiCiency under batch and dynanuc conmnons m the
full bmdmg phase and as total sorpnon capaCity for the stumed concentrations IS shown m Table 29
DesorptIon rates are presented m Table 30 Table 31 and Fig 35 111ustrate sequential fractionation
ofbound metal accord1ng to bmdmg strength

In general, sorptIOn capaCIty for metals onto studIed peat matter under dynamIC condItIOns
dIffered conSiderably from that evaluated m the batch expenments (Table 29) Under batch
condInons, equIhbnum Isotherms and the numencal values of the sorpnon capacity for each metal
on Peat Humus and Rush Reed-Sedge Peat were surular for Zn and Cd For Cu and Cr, Reed­
Sedge Peat showed better potentIal as adsorbent of Cu and Cr than Peat Humus The capaCIty of
these matnces to bmd metals (m mass uruts) followed the descend1ng order Cr>Cu>Cd>Zn The
dIfference between the highest (Ser) and the lowest value of adsorption capaCity (SZn) was not
stnkmgly high for Brushwood Peat Humus W9b and Rush (Reed-Sedge) Peat W9c, the ratIo
SeT SZn was 1 31 and 1 36, respectJ.vely

In column expenments, the sorptIon behaVIor showed much bIgger mverslty dependent
upon the botamcal ongm and the concentratIon ofthe solutIon applted It also dIffered substantIally
from the results obtamed m batch expenments Brushwood Peat Humus appeared. to be
conSiderably better adsorbent for all the stumed metals than Rush (Reed-Sedge) Peat Total

IsorptlOn capaCIty of the Brushwood Peat Humus ranged from 50506 mg Cukg to 72514
1 3 I 1

mgCdkg at eo=500 mMedm and from 40924 mgCukg to 53122 mgCdkg at eo=250
mgMe dm 3 Therefore, two-fold decrease of mput concentratIon resulted m 20 0 % reductIon of

2+ f 2+sorbed Cu and 26 7 % lower sorpnon 0 Cd
IThe range ofthe sorpnon capaclnes ofRush (Reed-Sedge) Peat was from 38399 mgCrkg

to 63958 mgCdkg-1 and from 33297mgCrkg 1 to 45032 mgCdkg \ respecnvely For this peat
matter, two-fold decrease of the mput concentranons caused rather weak effect on Cu and Cr
sorptlOn (6 6 % Cu and 13 3 % Cr) Slffiultaneously, sorption capacity for Cd decreased for almost
30 % This companson dIsplays d1fferent sensitiVity of metals to the changes of the operanonal
parameters and also the mverse reactlon ofmetal IOns to these parameters

WIth respect to the total bmd1ng capacity onto peats, metals (m mass umts) m both applted
concentrations followed an order (Table 29) Cd> Zn > Cr> Cu (for Brushwood Peat Humus
W9b) and Cd > Zn> Cu > Cr (for Rush Reed-Sedge Peat W9c) The order was the same for both
metal lOns mput concentrations, but drlferent from that obtamed m batch expenments and d1ffered
also for the studIed peat matters Under the dynanuc condItIOns, the highest total sorption capacity
onto peats dIsplayed thus Cd and Zn The same metals occupy the end of the sorption capaCity
order under batch condltions The drlferences ofsorption capaCIty for Cu and Cr are not so expltcit
Under the dynarruc condItIOns, Cr and Cu bmdmg on the Rush (Reed-Sedge) Peat were
slgmficantly lower than batch sorption The batch sorption capaCIty of Brushwood Peat Humus for
these metals was somewhat mgher m column expeflffients (13 and 11 %, respectIvely)

Under dynanuc condItions, the relative range of numencal values between the rughest and
3the lowest total sorpnon capaCIty was ru~er for co= 500 mgMe dm and comparable to that from

batch expenments for eo=250 mgMedm For Brushwood Peat Humus, the ratIO Sed SCu was 1,44
3 3at co=500 mgMedm and 130 at co=250 mgMedm For Rush Reed-Sedge Peat, the respectlve

values of Sed SCr were 1 66 and 1 35
The dispanty between the sorption pattern of metals onto Peat Humus and Rush Peat IS
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partIcularly lugh WIth respect to the value and the rate of the full bmdmg phase compared to the
total sorptIon capaCIty for the gIven metal SorptIon pattern for metals on Rush (Reed-Sedge) Peat
agamst the summary solutIon exchange rate has a longer full sorptIon phase than the Brushwood
Peat Humus For the both matnces, full adsorpTIon phase lasts longer also for the mput solutIons of
a lesser metal concentratIon The sorpTIon pattern ofthe Rush (Reed-Sedge) Peat dIsplays a steeper
breakthrough phase than the Brushwood Peat Humus, therefore the fillmg of both full bmdmg
phase and the total sorptIon capaCIty lasts shorter and reqUIres less metal solutIon to be apphed
(Table 29, FIg 28-32) The metal loads thoroughly bound onto both studIed peat matter m the full
bmdmg phase fell httle short of the respectIve values for each matnce For Brushwood Peat
Humus, they ranged from 24556 mgCrkg 1 to 51975 mgCdkg 1 at Co=500 mgMedm 3 and from
13293 mgZnkg 1 to 34687 mgCd kg 1 at eo=250 mgMedm-3 For Rush (Reed-Sedge) Peat, the

fr 1 1 3respectIve ranges were om 18800 rngCrkg to 51810 m~Cdkg at eo=500 mgMe dm and from
18730 mgZnkg 'to 36707 mgCd kg 1at co=250 mgMedm At the same nme, no regulanty m the
order ofmetals WIth respect to the value ofthe load thoroughly bound m the full sorptIon phase has
been observed Only Cd mvanably OCCUpIed the first POSITIOn, whIIe the other metals showed qUIte
lugh vanability, m particular for drlferent concentratIons of mput solUTIons For Brushwood Peat
Humus, the full bmdmg capacIty for metals followed an order Cd>Zn>Cu>Cr at eo=500 mgMe dm
3 dm3and Cd>Cr>Cu>Znat eo=250 mgMe
For these metals, the full bmdmg phase compnsed 71 7%, 71 3%, 67% and 45 8% of the total
sorptIon capaCIty at eo=500 mgMe dm 3 and 65 3%, 73 4%, 49 0% and 28 I% at 250 mgMe dm-3

3For Rush (Reed-Sedge) Peat, the respectlve ranges were Cd>Zn>Cu>Cr at eo=500 mgMedm
3and Cd>Cu>Cr>Zn at eo=250 mgMedm For these metals, the full bmdmg phase compnsed

810%,836%,685% and 49,0% of the total sorption capaCIty at eo=500 mgMedm 3 and 65 3%,
373 4%, 49 0% and 28 1% at 250 mgMe dm Therefore, mgeneral, the lugher IS the metal sorptIon

m the full bmdmg phase, the lower IS the load bound m the breakthrough phase
It was found that the cntical parameter for the sorptIon of all the studIed metals IS the pH

value of the effluent For the full bmdmg phase, pH 5 8 appears to be firm lumt equal for all the
studIed metals At tlus level, the breakthrough phase starts The pH range for the breakthrough
phase IS dIfferent for drlferent metals and IS the narrowest for Cd and Zn and the broadest for Cr
The removal of Cd from the solutIon ceases at pH 4 5-4 6 SorptIon of Zn ceases at pH 4 6-4 8
The lumt ofCu sorptIon IS pH 3 5-3 8, whIle Cr IS bound from the solutIon up to the pH 2 2-2 5 of
the effluent (FIg 29-36) The fixed constant pH of the full sorptIon and dissmnlanty of the pH
range for the breakthrough phase for the metals determmes the rate of metals bound onto the
matnx The load ofmetals bound onto the peat matter and the bmdmg phase largely depends on the
pH and the concentratIon of a metal m the mput solutIon Of all the studIed metals, Zn appears to
be most senSItIve to these parameters, whIle Cr IS the most stable WIth respect to sorptIon potential
onto the peat matter

4 5 2 Recovery ofmetals bound onto peat

The expenments on recovery metals bound onto the Brushwood Peat Humus W9b and
Rush (Reed-Sedge) Peat W9c under the dynamIC condItIOns of adsorbent (peat) contact WIth
adsorbate (mono-metallic Me solutIOn, eo=500 mgMe dm 3, pH 4 0) are presented m Table 30 The
desorptIon by 1% ReI earned out m the same procedure as m batch expenments, showed that
susceptIbIlity to desorptIon of metals bound under the dynamIC condItIons dIsplays dissmnlanty of
the both matnces compared to each other and to the results of batch expenments In general, for
both peats the relatIve susceptIbility of bound metals to release (m % of the sorbed loads) follows
the order
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Zn>Cd>Cu>Cr
The dIfferences between the results of batch and dynarmc sorption expenments COnsIst m a
defirutely lower desorption capaCIty of Brushwood Peat Humus and somewhat lower desorptIon
capaCIty of the Rush (Reed-Sedge) Peat loaded WIth metals under dynarmc COndItIons The least
receptIve to changes ofthe released absolute loads appeared to be Zn (Tab 30 vs Tab 14/2,3) The
relative effiCIency of stnppmg metals from Rush (Reed-Sedge) Peat accounted roughly for 75 %
Zn, 57 % Cd, 51 % Cu and only 2 3 % Cr (the respectIve values from batch expenments
accounted for 70 % Zn, 64 % Cd, 61 % Cu and 64 % Cr) Therefore, only Zn shows the
satIsfactory removal For Cd and Cu, somewhat more than half recovery was attaIned, whIle the
desorptIon capaCIty ofCr was neghgrble

DesorptIon effiCIency from the Brushwood Peat Humus loaded by metals m the dynamrc
condItIons was unsatIsfactory WIth respect to any metal It accounted for 57 % Zn, 33 % Cd, 28 %
Cu and Just 1 % Cr (the respective values for batch expenments were 77 % Zn, 81 % Cd, 60 % Cu
and 6 % Cr) ThIs suggests an adequate mcrease of bmdmg strength of these metals onto peat
matter compared to the batch condItIons, beSIdes of the observed remarkable ennchment of these
metals III sorptIon SItes The pH of the equilibrated SolutIon after desorptIon appeared to be hIgher
than for batch expenments and ranged for both matters from pH 1 23 to 1 46

The probable explanatIon ofthe stronger bmdmg propertIes ofthe Brushwood Peat Humus
lays In a two tImes longer contact ofthe sIngle portIon of solUTIon WIth the adsorbent and 1 2-1 6
times longer total effectIve contact t1me than WIth the Rush (Reed-Sedge) Peat (effectIve sorpTIon
cycle for Zn lasted 11 h, Cd 8 h, Cu 4 h and Cr 15 h longer)

4 5 3 SequentzaljractzonatlOn ofsorbedmetals accordmg to the bzndmg strength

The sequentIal fractIOnatIon ofmetals bound onto peat matter under dynamrc condItIons of contact
3

WIth the mono-metal solutIon at pH 4 a and eo=500 mgMe dm compared to the adequate batch
expenments confirmed these assumptIOns (Table 31, FIg 36 vs Table 18, FIg 24) The most
sIgmficant for the sorptIon under the dynannc condItIOns IS hIgh metals ennchment mamly In the
most strongly bound F5(OM) fractIon ThIs resulted m the mcrease ofthe total sorpTIon capaCIty of
the metals and decrease of therr relatIve suscepTIbility to desorptIOn The most SIgmficant changes
were observed m the Brushwood Peat Humus, whIle Rush (Reed-Sedge) Peat reacted to the
dynamIC condItIons of sorptIon In a somewhat dIfferent way

Fractlon structure ofthe Brushwood Peat Humus W9b loaded WIth Cd III the dynarmc total
sorptIon cycle shows profound ennchment III the most strongly bound F5(OM) phase (from 1262

I I
mg kg ill the batch sorptIon to 45504 mgkg m the dynarmc condItIOns) In all other fraetlons Cd
was ennched SImIlarly to the batch sorptIon ThIs resulted ill the adequate mcrease of the total
sorbed load of Cd and change m the fractIon structure for F5(OM) > Fl(EXC) > F2(CARB) »
FO(PS) > 3(ERO) > F4(MRO) compared to Fl(EXC) > F2(CARB) » F4(MRO) > F3(ERO) >
F5(OM) > FO(PS) The desorptIon rate suggests release of metals bound mamly III the most labIle
phases F1(EXC) and F2(CARB)

Fractionatlon of Zn bound under the dynamrc conditlons displays Zn ennchment 10 two
1fractions III the most labrle F1(EXC) fractIon (from 13759 mgkg III the batch sorption to 24507

1
mgkg under the dynarmc COndItions) and III the strongly bound F5(OM) fractIon (from 3040

1 1mgkg to 19383 mgkg , respectIvely) Srmultaneously, Zn bmdmg 10 the moderately redUCIble
F4(MRO) fractIon SIgmficantly decreased The fractIon structure for Zn sorbed under the dynamrc
condItIons became therefore Fl(EXC) > F5(OM) > F2(CARB) » FO(PS) > F3(ERO) >
F4(MRO) compared to Fl(EXC) > F2(CARB) > F4(MRO) > F5(OM) > FO(PS) > F3(ERO) III

batch sorptIon
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FractIOn structure ofCu bmdmg onto the Brushwood Peat Humus W9b under the dynarmc
condltIons compared to the batch sorptIon resulted m the almost two-fold decrease of the Cu load
bound ill the most labile Fl(EXC) fractIon (from 13153 mg kg 1 to 6156 mgkg 1) along Wlth the
illcrease ofCu load m the most stable F5(OM) fractIon (from 15656 mgkg I to 24768 mg kg I)
The fractIon structure for Cu bound under the dynamIC condItions IS F5(OM) > F4(MR.O) >
Fl(EXC) > F2(CARB»> F3(ERO) > FO(PS) compared to F5(OM) > Fl(EXC) > F4(MRO) >
F2(CARB) »> FO(PS) > F3(ERO) In the batch sorption cycle In the desorption cycle tlns change
of Cu ennchment reflected by the decrease ofthe released load due to the reduced load ofCu In the
Fl(EXC) fractiOn

Changes In fraction structure of Cr bmdIng under the dynarruc conditiOns are the most
extensive and compnsed, beSIdes a very lngh ennchment of Cr m the strongly bound F5(OM)
fractIon whtch became the predornmant one (87 2 %), the parallel deep decrease of the Cr bound
In Fl(EXC), F2(CARB) and F4(MRO) fract10ns Due to it, Cr sorptton dIsplayed relattvely low
Increase of the total brndIng capaCIty at the snnultaneous very SignIficant change of the fractiOn
structure on F5(OM»> F4(MRO) > F2(CARB) » Fl(EXC) > FO(PS) compared to F5(OM) >
F4(MRO) > Fl(EXC) » F2(CARB) > F3(ERO) »FO(pS) The predommance of the most
strongly bound fractiOn F5(OM) and reduct10n ofthe most labile fractIons to 3 04 % m total caused
that the susceptibility ofthIs metal to desorption practIcally ceased

Therefore, In the transfonTIatIons of the fractIon structure of the metals bound onto the
Brushwood Peat Humus under the dynanuc conditIons mamly three fractions are Involved the
most strongly bound F5(OM) fractIOn, wlnch mvanably mcreases, and moderately reducIble
F4(.MRO) fractIOn, wlnch shows decrease ofZn, Cd and Cr ennchment The most labile Fl(EXC)
fractIOn, dIsplays an Increase of Zn , decrease of Cu and Cr and practically stable level of Cd
ennchment The most stable fract10ns are F2(CARB) that undergo substantIal changes only rn Cr
ennchment and F3(ERO) fractIOn, that plays ill the fractIon structure only a marginal role

Rush (Reed-Sedge) Peat, as It was reported, does not show the same urndIrectIonal
changes of sorptIOn propertIes under the dynamIC condItIOns of contact With Me-solutIon as
Brushwood Peat Humus, where an mcrease of sorptIOn capaCIty With respect to all studIed metals
was observed, though In a dIfferent extent Here, only sorptIon capaCity for Cd Increased
comparably hIgh Zn bmdIng remamed practIcally at the same level, whIle Cu and Cr sorptIon
decreased It was found that both Cd and Zn under dynamIC condItIons exhIbIts decrease of
F4(.MRO) and F2(CARB) fractIons and htgh ennchment In the strongly bound F5(OM) and labile
F2(EXC) fractIons, The fractIon structure for Zn bound m dynamIC condItions onto both peat
matters was IdentIcal For Cd, due to the parallel ennchment In two fractIons of the dIverse bmdmg
strength, the fractIon structure appeared to be more balanced than for the Brushwood Peat Humus
ThIs was reflected in the hIgher susceptIbility of Cd to desorptIon from the matnx, evaluated for
573 % ofthe sorbed load (Table 30) ThIs load IS adequate to Cd bound ill the most labile fractions
FO(PS), Fl(EXC) and F2(CARB) that accounted for 588 % In total

Fraction structure of Cu bIndIng on the Rush (Reed-Sedge) Peat under the dynanuc
conditIons remamed almost unchanged compared to the batch sorption cycle The decrease of the
bound load was due to the relatively uruformly lower Cu ennchment in every fractIon except
F4(.MRO) ThIs fractIon showed the hIghest, over 2-fold extent ofCu reductIon

Slnl1lar extenSIve decrease of loads bound In all the fractIons except F5(OM) occurred In
the Cr sorptIOn cycle under the dynarmc comhtlOns In the F4(MRO)fracnon, the reductIon of Cr
ennchment was also the hIghest SImultaneously, an increase of F5(OM) fractIOn occurred Tlns
deternuned donunance of the strongly bound F5(OM) fractIOn ill the structure of Cr sorption A
very low rate ofthe labile fractIons (9 63 % m total) resulted in the negligible susceptIbility ofCr to
desorptIOn also from thIs matnx
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To summanze, chenucal partltIomng of peat samples loaded WIth metals under dynarrnc
condrtIons shows vrrtual drlference WIth respect to batch systems (Table 31, FIg 36 vs Table 18,
Fig 24) consistIng mamly m metal ennchment m the Itmsoluble orgamc" fraction Metal sorption
under dynamIC conditIOns mostly exlnblts depletion of F4(MR0) fractton and sluftmg the major
load mto more strongly bound F5(0M) fractton Tills phenomenon specrfic to the dynamIC
condItIons of metal sorptIOn occurred ill both studIed low-moor peats, 1 e Brushwood Peat Humus
W9b and Rush Reed-Sedge Peat, therefore the casualness of It should be excluded The
companson of fractIon structure m batch and column expenments leads to the assumption, that
chenucal forms of F4(MR0) phase compnsmg Me complexes WIth hUmIC and fulVIc aCIds m
"soluble orgaruc" fractIOn are not stable and tend to transformatIon WIth tIme mto stronger bound
compounds m "msoluble orgaruc" fractIon ThIs assumptIon, though, disagrees WIth the changes
occumng III the fractIOn structure of Cr and Cu ill the dynamIC sorptIon onto Rush (Reed-Sedge)
Peat compared to the batch cycle SIgmficant reductIon of the Cu and Cr loads ill the F4(MR0)
fractIon lid not result there ill the adequate Cu and Cr ennchment m the F5(0M) fractIon It,
therefore, suggests also parallel mechanISms and dtfferent kmetlcs of metal bmdmg onto sorptIon
SItes, whtch results m dtssumlanty of sorptIon capaCIty and fractlOn structure of metals WIth respect
to the bmdmg strength The dtverslty between batch and dynamIC sorptIon at drlferent exchange
rates ofMe-contammg solutIon IS clearly illustrated m FIg 24 and 36

4 5 4 Concluchng remarks derIVedfrom the column expenments

In general, there IS an eVIdence from many sources, denved from batch expenments (Ong,
1966, Lee and Low, 1989, Stack et al, 1993, Allen, 1996) that the rate of adsorptIon IS rapId, and
maxImum adsorption can be achIeved WIthIn 20 mm to 1 hour of contact between the peat and
dIssolved contact solute It IS generally agreed that for batch process, a I-hour reSIdence trme IS
necessary for completing the process Stack et al, 1993, tested the batch kmetlc data for adsorption
ofZn, Cr, Cu and Cd for a first order reactton They mdtcated that different peat types have dtstmct
adsorptlOn charactenstlcs and concluded that peats responded stmtlarly only to copper (WIthIn the
aforementioned trme of contact) Some authors reported much more rapId kmettcs of metal Ion
bmdmg on peat, than the data quoted by the most researchers Ahmad and QureshI, 1989, Bunzl,
1974, and Bunzl et al, 1976, Cited also by Allen, 1996, found that the trme reqUITed to reach
adsorption equllibnum between the sohd and hqUld phases was 10 s to 2 mm

The reported companson between batch and column expenments undermmes these
statements The observed transformations ofmetal Ions fractIonatIon, dIrected to formatIOn ofmore
strongly bound complexes m trme show that the process of metal bmdtng IS more complex and
compnse reactIOns of the drlferent kmetIcs mvolvmg chenusorptlOn of a more strong type that
occurs m course of a longer ttme Hence, the observed sIgnrficant drlferences between the long­
term column expenments and batch process These dtfferences compnse both adsorptIon capacity
and the bmdmg strength of metals The metal most susceptible to time-dependent contact
condltlons of adsorbent adsorbate system appeared Cd, and to a lesser extent Zn These metals
show ablhty to expand theIr sorptIon capaCity mamly due to a hIgh mcrease of ennchment ill the
"msoluble orgarnc" F5(Ol\1) fraetton This well explams lack ofcompetItIve effect ofthese metals m
batch sorptIon process The "msoluble orgarnc" F5(0l\1) fractIon shows mvanably hIgh ennchment
of all studIed metal Ions m dynamIC sorptIon condItions The mechamsm ofthe ennchment seems to
be dIverse, dependent on the metal Ion It occurs eIther mdependently, willch results m high
Increase of the sorptlon capaCIty (Cd, Zn) or SImultaneously WIth the decrease of a metal
enrIchment m "soluble organIC" fractIOns In particular, decreasmg moderately redUCIble F4(MR0)
fractIOn assocIated WIth chelatmg complex formatIon WIth HA and FA, or Fl(EXC) fractIOn,
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wluch supposed to mdtcate electrostancally bound metal IOns suggests the transformanons of
bmdmg mechanIsms from the weaker to the stronger bmdmg ones (e g Zn, Cd, Cr)

Batch process seems to be much less sensttIve to such factors as peat type, land or
decompOSItIon rate, than the long-term process m the dynannc flow condttIons In batch condJ.tlOns,
sorptIon potentIal of the Brushwood Peat Humus and Rush (Reed-Sedge) Peat appears to be
almost IdentIcal, whereas m the dynannc sorptIon these two substrates drlfer SIgmficantly both With
respect to sorptIon capaCIty and fractIon structure ofmetal bmdmg strength

The cntIcal factor controlImg sorptIon abilitIes ofpeat IS pH value In general, tlus IS a long
recogruzed statement, and all authors studymg the subject agree With It (Ong and Swanson, 1966,
Chaney and Heendemann, 1979, Gossett et al, 1986, Wieder, 1990, Allen, 1996) Surpnsmgly
enough, up to now there IS still lack ofmore preCIse data on the threshold pH values Probably, tlus
1S due to focusmg the most authors on the batch expenments, whtch give only rough estnnatlOn
Gossett et al (1986) noted that the pH operational range for the metal sorption process vanes
WithIn pH 4 0 to 5 0 UIllts Lee and Low (1989) evaluated optunurn adsorptIon range for pH 3 5 to
65 on the basIS ofbatch sorptIon expenments ofCu onto peat Ong and Swanson (1966), Coupal
and Lalancette (1976) and Lee and Low (1989) estImated also the threshold pH range Accordmg
to these authors, for metal sorptIon on peats, pH should be no lower than pH 3 0-3 5 and no lugher
than pH 8 0-8,5 Below pH 3 0-3 5 the metal sorptIon ceases due to the stnppmg from the peat by
hydrogen IOns At pH above 85 peat Itself IS unstable Benchetkh-Lehocme (1989) reported
enhancmg effect ofhIgh pH on Zn adsorptIon

The dynarrnc expenments reported here showed that metal Ions react to the pH changes m
a specIfic way that was not noted by the aforementioned authors It was found that for the full
bIndIng phase, pH 5 8 appears to be firm hmtt equal for all the studIed metals At tlus level, the
breakthrough phase starts In tum the pH range for the breakthrough phase IS dIfferent for dIfferent
metals and IS the narrowest for Cd and Zn and the broadest for Cr The removal of Cd from the
solutIon ceases at pH 4 5-4 6 SorptIon ofZn ceases at pH 4 6-4 8 The hIDlt ofCu sorptlOn IS pH
3 5-3 8, wlule Cr IS bound from the solutIon up to the pH 22-2 5 ofthe effluent The fixed constant
pH ofthe full sorptIon and dIsslIDllarIty of the pH range for the breakthrough phase for the metals
detefIDlnes the rate ofmetals bound onto the matm The load ofmetals bound onto the peat matter
and the bmdmg phase largely depends on the pH and the concentratIon of a metal m the mput
solutIon Ofall the studIed metals, Zn appears to be most sensItive to these parameters, whIle Cr IS
the most stable With respect to sorptiOn potentIal onto the peat matter

Gossett et al (1986) and Allen (1996) after Gossett et al suggested that metals may be
easIly removed from peat durmg an aCId treatment Accordmg to these authors, except for NI, that
gives only 50 % of attamment ofdesorption at pH 1 2 to 20 due to strong complexation on peat,
other metals may be easIly removed from peat dunng an aCid treatment The cations adsorbed were
reported to be easIly released With a small volume of aCId and the peat repeatedly used as an
adsorbent The strrppmg effect was reported to be SIgmficant at pH<3 The results of our
expenments have not confirmed these statements With respect to the mvestlgated kInds of peat, 1 e
Peat Humus and Reed-Sedge Peat The hard aCId desorptIon effiCIency (by 1%HCl, output
pH<l 0) was not lngh enough for metals bound In batch process It accounted for 70-77% Zn, 64­
81 % Cd, 60-61 % Cu and only 6-6 4 % Cr and appeared unsansfactory With respect to any metal
bound In dynamIC (fixed bed) flow condItIOns For these condItions, the respectIve values were 57­
75 % Zn, 33-57 % Cd, 28-51 % Cu and 1-23 % Cr Moreover, already peat pretreatment, wluch
was reported In the chapter 4 4 5 caused reductIon up to 70 % of the peat matter adsorptIon
capaCIty Hence, It IS rather unlIkely that after aCId desorptIon metal bmdmg potentIal can be eaSIly
restored to the level acceptable for the repeated reuse ThIs problem has, though, to be proved, as
In the reported expenments the repeated desorptIon was not studIed Nevertheless, the expenments
With organiC extractants showed the metal strrppmg effiCIency from SOlIs and peat to be very strntlar
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to the data reported here These data are also m a good confomnty WIth the expenments on
desorption of heavy metals from sou and peat WIth orgamc chelatmg agents (FIsher et al, 1992,
1993, 1994) The remobtltzanon rate from peat by glycme followed the sequence Cd < Pb < Zn <
Ni < Cu and accounted from 40-60 % for Cu to 7 7 % for Cd For other chelatmg agents (silage
eflluents) the extractIon rates from peat followed the sequence Cd 747 % > Zn 55 7 % > Cu 53 5
% > Ni 389 % > Cr 127 % > Pb 89% For food engmeenng resIdues as extractant, maxnnum
desorptIon rate Yielded Cu 50 3 % > Ni 387% Hence, currently no cost-effeetlve metal recovery
and adsorbent reuse WIth respect to peat IS developed, and thus spent peat adsorbent should be
rather dIsposed ofby InCIneratIon

4 6 Metal bmdmg onto peat from lIqUid wastes from electroplatmg process In batch
condItIons

4 6 1 CharactenstIcs ofwastes

LIqUld wastes used for expenments were typICal for the technolOgIcal process of
electroplating and contamed several metals (Fe, Z11, Cr, Cd, Mn) In VarIOUS concentratIons, In
strongly aCId (pH 1 47) sulfate solunon. The concentranons of metals followed descendIng order
14985 mgFe dm 3 > 2807 mgZn dm 3 > 235 mgCrdm-3 > 171 mgCd dm 3 > 122 mgMn dm 3 The
sequence shows therefore a profound dommatIon of Fe over other metals present In the solutIon
The concentratIon ofZn IS an order ofmagmtude lower than that ofFe The next In a rank Cr IS In
the same relatIon to Zn, whlle Cd and Mn occur m amounts comparable to Cr concentratIon

Expenments on the metal sorpnon were earned out under batch and dynamtc condItIons (as
fixed bed column studIes)

4 6 2 Batch experzments on metal sorptionfrom electroplating lzquIdwastes

Results of the dynamtc expenments on metal sorptIon onto peat from synthetIc solunons
showed, that WIthm the range of pH 4 8-22 under dynamlc condItIons the sorptIon ofZ11, Cd, eu
and Cr termmates The pH hmtts, at whIch sorptIon ceased, were estlmated as follows (chapter
451)

I
II

Phase of a:full bmdIng
Breakthrough phase
Zn
Cd
Cu
Cr

pH58

pH4 6-4 8
pH45-46
pH3 5-3 8
pH22-25

Raw wastes from the electroplating process have much lower pH than the tolerable llnnts
for metal sorptIOn It was though assumed, that peat matter Itself has satIsfactory buffenng capaCIty
to nse pH to the level reqUlfed for metal sorptIon to occur

The eqUlltbnum mass adsorptIon Isotherms for metals occurnng 10 the solutIon (Cd, Cr, Fe,
Mn and Zn) for the studled peat matters WI, W9b and W9c and pH of equilibrated solutIons are
presented 10 Tables 32-34 and FIg 37-39 The mput solutIOns obtamed from the subsequent
dIlutIon of electroplatIng waste WIth dIstilled water 10 the range from 1 10 to 1 1 had pH rangmg
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from 2 30 to 1 47 and pH ofeqtuhbrated solutton from 440 to 1 67 The sorptton conchnons were
thus mostly below the tolerable hnnts for Zn and Cd, and below the lrrmt for full sorptton phase for
all the studIed metals Therefore, sorptton conchtIons were extremely mappropnate

462 1 Fe sorptIon

The equillbnum mass Isothenns for Fe from electroplatmg aCId wastes on stuched Alder
Peat Humus WI, Brushwood Peat Humus W9b and Rush (Reed-Sedge) Peat W9c under batch
condItIons showed maxunum sorptton capaCIty rangmg m very narrow wts from 101090 to
107330 mg kg-1 (FIg 37) That accounted for 675-716% of the 10put load, at pH of the

1eqmhbrated solutIOn 167-168 Full sorptton (996-998 %) accounted for 29851-29928 mgFekg ,
at pH 2 47-3 13 ofequthbrated solution Under batch condItions almost mstant strong aCHhficatlon
ofequilibrated solutIon occurred Fe was bound at relatIvely lugh rates even at pH < 2 Decrease of
pH of eqUlhbrated solutIon from 441 to 167 caused decrease ofFe sorptIon rate from 99 9010 to
67 5-71 6 % All three matnces show lugh slJlll1anty of Fe sorptIOn behaVIOr and may be
conSIdered as effectIve adsorbents ofFe from aCIdIC Fe~nch wastes

4 6 2 2 Zn sorptlOn

The eqmhbnum mass Isotherms for Zn from aCId raw electroplatmg wastes on stuched peats WI,
W9b and W9c 10 batch conchtIons showed sorpnon capaCIty rangmg m a narrow lrrmts from 2258
to 4093 mg kg 1 (FIg 38) at a very low pH and mcreasmg aCIchty of eqtuhbrated solutIon Under
batch condItions almost Instant strong aCIchficanon of eqtuhbrated solunon occurred Zn was
observed to be bound even at pH < 2, but 10 a very low rates Decrease of pH of equilibrated
solution from 4 41 to 1 67 caused reductton ofZn sorpnon rate from 80 4-91 3 % to 11 9 -12 7 %
Tlns shows lngh senSitIVity of Zn sorptlOn to pH values Of the studIed matnces, Alder Peat

Humus WI appears to have somewhat better sorptton potennal for Zn from hIghly aCIchc
electroplatmg wastes Correctton of pH of the mput solutlon would probably hIghly enhance the
sorptIon process At the stuched parameters ofmput solunon, Zn sorptIOn m batch conchnons onto
stuched peats IS a low-effiCIent process

4623 Cd sorptIon

The effiCIency of Cd sorption m batch condItIons from the same wastes appeared to be
relatively hIgher than that ofZn due to the somewhat lower pH hIDlt for thIs metal (Table 32­
34, FIg 39) Almost full sorptIon occurs at pH 44 For tills pH value, sorpnon capaCIty

I
accounted for 1660-1693 mgCdkg (962-984 % of the load applIed) The pH decrease to
1 67-1 68 caused reductIon of sorption effiCIency to 613-63,3 % The sorptIOn effiCIency
WithIn the range 65 8-61 3 % was adequate to pH range of eqmlIbrated solutIon 2 01-1 67 that
covered most of the applIed mput concentrations at pH 1 88-147 The maxImum sorptIOn
capaCIty for Cd onto studIed peats from unchluted waste 1 10 was 1053-2064 mgCdkg-I With
the effiCIency 61 3-63 3 % As a sorbent of cadIlllum from waste, peat thus appears to be a
promlsmg matenal

4624 Cr sorptIon

The eqmhbnum mass Isotherms for Cr from electroplatmg aCId wastes on stuched Alder
Peat Humus WI, Brushwood Peat Humus W9b and Rush (Reed-Sedge) Peat W9c under batch
condItIons showed maxunum sorptton capaCIty rangmg from 1982 to 2038 mger kg 1 for unchluted

42



waste 110 (FIg 39) That accounted for 843-867 % of the mput load, at pH of the equilibrated
solutIon 1 67-1 68 Full sorptIon (991-994 %) accounted for 466-700 mgCrkg-I, at pH 2 43-2 47
ofthe equilibrated solution As m batch condItions almost mstant strong aCIdIficatIon ofequilibrated
solutIon occurred, lngh tolerance ofCr to low pH values IS ofpartJ.cular Importance Cr was bound
at lngh rates even at pH < 2 Decrease of pH of equilibrated solution from 4 41 to 1 67 caused
reductIOn of Cr sorptIon rate from 99 8% to 84 3-86 7% All three matnces show slIIll1anty of Cr
sorptIon behaVIOr and may be conSidered as effiCIent adsorbents of Cr from aCIdIC metal-nch
wastes Somewhat mgher sorptIOn propertIes for Cr dIsplayed Alder Peat Humus WI

4 6 2 5 Mn sorptIon

The effiCIency ofMn sorptIon m batch condItIOns from the same wastes appeared to be
umformly low (Table 32-34, FIg 39) The rughest sorptIon rate occumng at pH 4 4 dId not
exceeds 59 2-66 7 % ofthe mput load For thIs pH value, sorptIon capaCIty accounted only for
72 3-813 mgMnkg I The pH decrease to 1 67-1 68 caused reductIon of sorption effiCIency to
277-304% The sorptIOn effiCIency WithIn the range 24 4-32 2 % was adequate to pH range
of eqUlhbrated solUTIon 205-1 67 that covered most of the apphed mput concentratIOns at pH
188-147 The maxunum sorptIOn capaCIty for Mn onto studied peats from undIluted waste
1 10 was 338-371 mgMnkg-1 With the effiCIency 277-304 % Therefore, beSides the major
heavy metals, a partIal reductIon of Mn In wastes treated by peat m batch COndITIOnS may be
expected

4626 Concludmg remarks

Tu summanze, peat appears to be a good sorbent for metals from a strongly aCId hqUld waste
apphed In batch condItIons as undIluted solutIOn 1 10 DespIte occurrence m waste from
electroplatIng process of several metals m lngh concentratiOns, WIth strong predommance of
Fe, the bmdmg effiCIency of metals does not seem to be affected by a competmg Impact of
theIr co-presence m solutiOn The factor strongly controlhng the effiCIency of sorptIon IS pH
The hIghest sorptIon capaCIty and effiCIency of removal from waste dIsplayed metals tolerant
to low pH values, m partIcular Cr, Fe and Cd Reduced abtlity of removal from the strongly
aCIdIC solutIon displayed Mn and Zn, particularly senSItive to pH

4 6 3 Metal recovery

Adsorbed loads ofmetals were partially recoverable by 1% HCl treatment, Wlthm the pH range of
eqUlhbrated solutIon pH 149-260 (Tab 32-34) DesorptIon was conducted as II-step process In
the first step, the metal-loaded peat matter was washed Wlth dIstilled water pH 6 0 The second
step was desorptIon by means of 1% HCl treatment After washIng With dlstilled water, pH of the
eqUilIbrated solutIon mcreased Wlthm the range from pH 3 64-3 80 to pH 2 86-2 88 for peat loaded
With the maxlmum sorbed loads ACId treatment resulted m the renewed decrease of pH of the
eqUilIbrated solutIOn from pH 255-260 to pH 138-149 The dIfferences between pH values of
eqUlhbrated solutIOn at sorptIon and aCid desorptIon cycles ranged from 1 8 to 0 18 umts, that
shows stIll hlgh buffermg capaCIty of the system The suscepubility of the studIed matnces to metal
release was slJrular

In these condluons, the hIghest desorpuon potentIal showed Zn, Mn and Fe For these
metals, up to more than half of the maxunum sorbed load was recovered (49 6-81 5 % of Zn, of
tlus 40,6-62 0 % was recovered dunng the aCId treatment) Mn recovery accounted umforrnly for
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580-589 %, by aCid treatment for 477-507 %, respec1Jvely MaxImum sorbed load of Fe was
stnpped m 47 5-63 9 %, by aCid treatment for 394-49,0 % The recovery of Cd accounted for
200-237 % m total, m aCId stnppmg only 6 7-7 4 % at pH close to that of sorptIon Cr showed
the weakest susceptIbility to release, from 11 4 to 127%, mamly m aCId leach step (80-88 %)
Rush Reed-Segde Peat exhIbIted the hIghest susceptIbIlIty to Zn desorptIon (81 5 % of the
sorption capaCIty) ThIs suggested hIgher rate of ZInC ennchment m the labde fractIons ThIs
assumptIOn IS bemg confirmed by a relatIvely hIgh rate of Zn release In the first step (washIng
wIth dIst1l1ed water at pH 6 0) Sumlarly hIgh proportIon of metal release m thIs step dIsplayed
also Cd, where the desorptIon appeared to be hIgher m the first step and very low m the aCId
leach Comparable proportIons of desorptIOn dunng the washmg WIth dIstIlled water showed
also Mn and Fe For Cr, washIng out was neglIgtble (3-4 %) In general, the results confirm
the strong bmdmg of metals onto peat matter and generally low desorptIon rates

4 6 4 Sequentzalfractzonatzon ojmetals sorbedfrom electroplatmg wastes En a batchprocess

SequentIal fractIOnatIon of metals bound onto peat matter from the polymetalhc electroplatIng
wastes m a batch process dtsplays a pattern m many aspects sumlar to the sequentIal fraettonatIon
ofZn, Cu, Cd and Cr bound m the dynanuc condttIons from a monometalhc solutIon (Table 34, FIg
40) ThIs confinn the assumptIon, that under the stress caused by the competItion, the
transformation of metal ennchment m bmdIng SItes occurs, As a result, some more fleXible metal
Ions dIsplaced from therr preferred bmdIng SItes enter to the SItes not readdy occupIed by them m a
less stressed condItIOns

The studIed system (polymetalhc e1ectroplatlng wastes) exhIbIts two cntlcal parameters
creatmg condttIons of a stress (1) low pH 147 of mput solutIOn, much below the opnmum and
threshold ranges requrred for a sorptIon process to occur, (11) overwhelmmg dommatlOn ofone Ion
(Fe2+), occumng m the solutIon m concentratIon 1-2 orders ofmagmtude hIgher than other 4 IOns
(Zn2+> Cr3+ > Cd2+> Mn2

) AnalYSIS ofsorptIon behaVIOr ofmetals both m batch (Tab 3233, FIg,
37-39) and m the dynamIC (fixed bed) process (Tab 35,36, FIg 41-43) shows clearly, that the
factor controllmg sorptIon IS pH The competIng effect ofFe under the crrcumstances IS of a rmnor
Importance Hence, the loads bound onto the peat matter were detenmned by the buffenng capacity
of peat and the concentratIon of a metal m the mput solution The bound loads ofZn, Cd and Cr
are therefore some one order of magmtude lower than those sorbed from the synthetiC
monometallIc solutIon at pH 4 0 eIther m batch or m dynamtc process

In this system, most of metals were hIghly ennched and stably bound m the "Insoluble
orgaruc" F5(OM.) fractIon The rate ofmetal Ion ennchment m thIs fractlon ranges from 10 0 - 21 7
% (Zn) to 93 5-93 6 % (Cr) The illghest depletIon from metals, m partIcular Cd, Cr and Mn,
shows moderately redUCIble fractlon F4(MRO) supposed to be attnbuted to the formatIon of
hUmIC aCId complexes WIth metals and Fe oxyhydroXIdes (Hall et al 1996a,b) For thIs system,
F4(MRO) appeared to be solelyennched by Fe IOns (398-44 9 %) Zn retams specIfic for this
metal ennchment of thIs fraction at the level of 9-10 % Another fractIon shOWIng deep depletIon
of the bound metals IS a labIle F2(CARB), willeh bmds neglIgtble amounts of Cd, Cr, Fe and Mn
Zn ennches thIs fractlon In several percent, (12-14 %), The Sigruficant amounts of Cd and Zn are
bound m the most labIle Fl(EXC) fraetton High ennchment compared to other studted systems
showed pore solutIOn FO(PS), from whIch metals can be easIly released The most abundant ill this
fractlOn IS Mn, occurrmg m amounts > 50 % Therefore, m this system the major bmdmg fractIOn IS
"msoluble orgaruc" F5(OM) phase Ths well explams low desorption potentIal of metals bound on
peat" In the dIfferent studIed systems, the most conservatIve appears to be Zn, dlsplaymg the
lowest transformatIOn of the bmdmg phases dependIng on the apphed system The lowest Zn
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ennchment In the F5(OM) phase for Rush (Reed-Sedge)Peat (97 %) corresponds WIth the
relatIvely lugh desorptIon potentlal oftlus Ion sorbed m the analyzed process (81 5 %) In general,
metal bmdIng fractlOnatIon pattern for studIed peat matters appears to be sumlar Rush (Reed­
Sedge) Peat shows some drlferences In metal fractIon structure compared to Wood Peat Humus,
slImlar to those observed In the dynannc process The dIfferences are attnbuted mamly to lower
proportIons of Zn and Cd bound m stable fractIon F5(OM) and htgher ennchment mFO(pS), and
hence htgher desorptIon potentIal ofthese IOns

Regardmg the sorption capaCIty ofthe metal IOns from htgh-acIdIc polymetalhc wastes onto
the peat matters WI, W9b and W9c representIng Wood Peat Humus and Rush (Reed-Sedge) Peat,
the bmdmg fractIOns followed the sequence (Tab 34, FIg 40)

FO(PS)
Fl(EXC)
F2(CARB)
F3(ERO)
F4(MRO)
F5(OM)

Mn»Zn~Cd~Fe »Cr
Cd>Zn >Mn »Fe>Cr
Zn » Mn > Fe > Cd > Cr
Zn >< Fe» Mn > Cd >Cr
Fe»Zn »Mn>Cr>Cd
Cr>Cd>< Fe >Mn >Zn

The fractIon structure ofmetal Ion bmdIng onto peat matters m the studIed system IS as follows

Fe
Zn
Cr
Cd
Mn

F4(MRO) > F5(OM) » FO(PS) >< F3(ERO) > F2(CARB) > Fl(EXC)
Fl(EXC) > F5 (OM) » FO(PS) ~ F2(CARB) > F4(MRO) ~F3(ERO)
F5(OM) »» FO(PS) > F4(MRO) > F2(CARB) > F3(ERO) > FI(EXC)
F5(OM) >< Fl(EXC) > FO(PS»> F2(CARB) > F3(ERO) > F4(MRO)
FO(PS) > F5(OM) » Fl(EXC) > F2(CARB) > F4(MRO) > F3 (ERO)

From this sequence can be eastly defined the predommant role of strongly bound "msoluble
organIC" F5(OM) and labtle Fl(EXC)fractIons The role of F4(MRO) fractIOn has become
margmal This Illustrates the dIrectIOns oftransfonnatIons ofmetal bmdIng mechamsms mthe actual
condItIOns It also shows the lnmted rehabthty of the batch monometalhc systems for
charactenzatlon ofreal systems

4 7 Metal bmdmg onto peat from hqUld wastes from electroplatmg process m dynamIC
(fIxed bed) conditIons

4 7 1 Sorptzon pattern

SorptIon potentlal of peat matter for metals from the high-aCId polymetalhc wastes m the
dynamIC (fixed bed) condttlons appeared to be conSIderably higher than m batch process Due to
the low solutIOn substrate of subsequent portIon of wastes (Tab 35, 36, Fig 41-43), the attammg
by the system of the cntlcal pH values lasts longer than m batch process In the condItlons of a low
pH of mput solutlon, metal sorptIon onto peat IS determmed by three major factors (1) buffenng
capaCIty of a peat matter, (n) cntlcal pH values for the sorbed metal, (m) concentratIOn ofa bound
metal m the mput solution In case of the apphed waste contammg a Wide array of metal
concentratIOns, Within the range oftwo orders of magmtude, and a fast decreasmg pH value of the
system, the sorptIon effiCIency ofthe matter With respect to metals drffers substantIally

The pH threshold values for the full bmdIng and the breakthrough phases for the studIed
metals evaluated from the dynannc expenments on the monometallic synthetic wastes (chapter
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4 5 1) appeared to be valId also for the reported case of polymetallic real waste For both studted
peat matters, 1 e Brushwood Peat Humus W9b and Rush (Reed-Sedge) Peat W9c full sorption
cycle was very short and accounted for ER (exchange rate) = 3 and 4, respectIvely After the
attammg pH 5 8 by the system, the brealcthrough phase started Its duration was dIfferent for each
metal and was the shortest for Mn and the longest for Cr, m accordance to the senSItiVity of a
particular metal to pH changes Speetfic for the threshold phase was hIgh mstab:t1Ity ofpH values of
leachates, probably caused by the IITegularIty of the dtsplacement of buffenng IOns m the peat
matnx by ThO due to the dIfferent avaliabIhty of the exchange SItes m the peat matnx: m the
extremal conditlOns It should be mentioned, that wlnle the threshold pH value for a full sorption
phase remamed unchanged (pH 5 8), the threshold hrrntIng pH values for a breakthrough phase for
thIs system appeared to be lower Hence, the pH hrrnts, at whIch sorptIon ceased, were re­
estImated for tlus complex system as follows

I Phase ofa full bmdIng pH58

II Breakthrough phase
Mn pH49
Fe pH42-43
Zn pH42-43
Cd pH22-24
Cr pHI 75-1 8

The reasons for the clearly lower threshold pH values for the breakthrough phase for this
system lay m the InstabIlIty of pH In thIs phase Also a lack of the sharp border between the
minImUm sorptIOn at the end ofthe phase and a complete termmation ofbmdmg (Tab 35,36,
Fig 41-43) results m the extendtng the borders ofa breakthrough phase The threshold values
evaluated m the stable process (chapter 4 5 1) and lIsted m the chapter 4 6 2 seem to be the
most relIable (Tab 22-29, FIg 28-35) Nevertheless, the pH changes dunng the dynamIC
sorption process reflect the real condltlons occumng m the breakthrough phase at extremal
parameters of metal stnppmg onto peat from high-acId solutIOns

.f 7 2 Fe sorptzon

Also for Fe, threshold pH value for full bmdmg phase onto both peat matters appeared to be
the same as for the studIed four metals (pH 5 8) The sorptIOn capacIty for tIns phase
accounted for about 90 and 60 % of that obtamed 10 batch process (89649 mg Fe kg I for

IBrushwood Peat Humus W9b and 59939 mg Fe kg for Rush Peat W9c) For both substrates
sorptIOn cycle was very short and compnsed ER = 3 and 4 (S L = 1 6 and 1 4) for full
bmdmg phase and ER = 5 and 8 (S L = 1 10 and 1 8) for the total sorptIon cycle Includmg
breakthrough phase The total sorptIOn capaCIty for Fe m the dynamIC conditlOns was very

I
close to the value estImated for batch process (125877 mgFekg ,Ie 125 % for W9b and
90288 mg Fe kg \ i e 84 % for W9c) In both processes, therefore, Iron was a donunatIng
sorbed metal

.f 7 3 Zn sorptzon

SorptIon of Zn from the polymetallIc lIqUId wastes under dynamIC condItIOn exhibits
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much higher efficiency due to the low solutIon substrate ratio of subsequent portions of
wastes (FIg 41-43) In full bIndIng phase, from 11200 to 14000 mgZn kg I were bound at pH
range 6 33-5,81, wInle total Zn load bound onto peat compnsmg break-through phase ranged
from 19000 to 24000 mgZn kg I (lower values pertain to bmdmg capaCIty of Rush Peat) In
companson WIth the batch process, the sorptIon capacIty m dynanuc conditIOns IS thus >3-4
tImes Ingher In full bIndIng phase and 7-6 tImes Ingher m both phases The drfference m the
bIndmg pattern for both matnces (Brushwood Peat Humus W9c and Rush Peat W9c) consists
maInly In a Ingher sorptIOn capaCIty of Brushwood Peat Humus In the breakthrough phase,
whIle In a full bIndIng phase the sorptIon capacity IS very close to each other Zn bIndIng In
these systems defimtely ceased at pH 407 Identically as for Fe, for both substrates sorptIon
cycle was very short and compnsed ER = 3 and 4 (S L = 1 6 and 1 4) for full bIndIng phase
and ER = 5 and 8 (S L = 1 10 and 1 8) for the total sorption cycle IncludIng breakthrough
phase It can be thus concluded that pH IS the major controllmg factor In Zn bIndIng under
dynamiC conditLOns, wInle other factors e g competitIon of other Ions IS of a mInor effect In
thiS system The pH hrrut values for Zn appeared to be rather hIgh pH;;;: 5 8-6 0 for full
bIndIng phase and pH ;;;: 4 2 for full sorptIOn cycle compnsIng break-through phase Therefore,
the sorption capaCIty of peat for Zn can be mghly enhanced In less aCIdIC systems

4 7 4 Cd sorptzon

Sorption of Cd from the polymetalhc hqUId wastes under dynarruc condItion appeared
to be much lower than that of Zn, maInly due to the low concentratIOns of thIs Ion In the Input
solutIOn, more than an order of magmtude lower than that of Zn (Tab 35,36, Fig 41-43) In
the full sorptIOn phase (ER=3-6, L S = 6, pH range 6 82-5 85 and 633-490) sorptIOn
capacity of both peats for Cd was almost IdentIcal With that m batch process and accounted
for 1026 mg Cd kg I Total sorption capaCIty for Cd reached the value apprmamately two
tImes as Ingh as for full bmdIng phase, at ER =9 and 14, S L =1 18 and 1 14) For these two
matnces, total sorptIOn capacity for Cd accounted for 2167 and 2031 mg kg I The pH II:mlt
values for Cd were comparatIvely low and reached pH 2 19 - 2 4 The sorption behaVIor of Cd
m the condItIOns of hIgh stress caused by a low pH and a competltion of other metals
occurnng In much Ingher concentratLOns In the Input solutIOn, dIsplays hIgh fleXIbIhty of tIns
metal, m partIcular In a break-through phase For the studIed system pH values are In tms
phase mghly unstable and range from 3 8-4 3 Wltmn these values, CdiS stdl bound, though
With decreaSIng effiCIency The reSIdual concentratIons of Cd m effluent below 10 % of the
mput content occur up to pH 4 2-4 25 In further portIons of effluent, effiCIency of Cd bIndIng
falls down from < 90 % up to 0 % For the operatIOnal reqUirements, pH 43 should be
conSidered as a cntical threshold value for an effective Cd removal

4 7 5 0 sorptIOn

SorptIOn cycle for Cr from the polymetalhc hqUId wastes under the dynanuc condItIons
displays a wery short phase of a full bmdmg, hrruted by pH 5 8, and a long break-through
phase, up to the threshold value pH 1 85 At thIs value, Cr sorption defimtely ceased The
respectIve solutIon exchange rates were

for full bmdmg phase ER=3 and 4, I e S L = 1 6 and 1 4
for both phases ER =44 and 66, I e S L = 1 88 and 1 66
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Compared to the batch process, m the dynannc condItIOns full bmdmg capacIty of peat for Cr
was lower but the total one was roughly 6- 9 ttrnes Ingher For a longer part of the process,
Wltlnn pH range between pH 2 5-1 85 the resIdual concentratIOns of Cr m the leachate
exceeded 10 % of the mput values, and therefore the efficIency of Cr removal was below 90
% For the operatIOnal requIrements, therefore, the threshold value of pH 22-25 that has
been estImated for a stable process (chapter 4 6 2) seems to be the most acceptable

4 7 6 Mn sorptwn

Mn appeared to be most senSItIve for pH The sorptIOn process defimtely ceased at pH 4 90
The breakthrough phase was therefore extremely short and did not exceed 2 exchange rates
after full sorptlOn At hrmt value pH 5 8 for full sorption phase, first effluent appeared
contalmng <5% of the Illltlal concentration of Mn m efiluent, The next portIOn showed still
effiCIency ~ 90 %, whIle the subsequent portIOn was close to the extmctIOn of a sorptIOn
capacIty (effiCIency < 30%) The full bmdmg phase for Mn onto Brushwood Peat Humus W9b
m tms system accounted for 482 mg Mnkg (136 % of bmdmg capacIty m a batch process)
and a total sorptIOn capacIty was as hIgh as 783 mg Mnkg II e 2 2-fold higher than m a batch
process The same values for Rush (Reed-Sedge) Peat W9c were 483 and 627 mg Mnkg 1,

Ie 130 % and 170 % of the sorptIon capacIty m a batch process These data confirm mgh
senSItIVIty of Mn sorptIOn to pH value and a low fleXlbIllty of this Ion m the conditIOns of a
high stress

4 7 7 Concludmg remarks

The results of the expenments on metal bmdIng from high-acId polymetallIc hqmd
wastes showmg high dommatIOn (1-2 orders of magrutude) of Fe content over other four
metals (Zn, Cr, Cd, Mn) occumng m dIfferent concentratIOns, prove generally high effiCIency
of peat as an adsorbent also m extremal condItIons For each metal the controllmg factor,
whIch determmed a full bmdmg phase was pH 5 8 WIth respect to the mput loads of metals m
wastes, the full bmdmg capacIty for Brushwood Peat Humus accounted for 6-fold for Fe, 4­
fold for Zn, 6-fold for Cd, 6-fold for Cr and 4-fold for Mn In numencal values, full sorptIon

I 1 1capaCIty was as Ingh as 89649 mg Fe kg , 11223 mg Zn kg , 1026 mg Cd kg , 1410 mg Cr
kg 1, and 482 mg Mn kg-1 The total bmdmg capaCIty for Brushwood Peat Humus accounted
for 8-fold for Fe, 8 5-fold for Zn, 126-fold for Cd, 74-fold for Cr and 64-fold for Mn In
numencal values, the total sorptIon capaCIty was as Ingh as 125877 mg Fe kg 1, 23889 mg Zn

I I I 1kg ,2167 mg Cd kg ,17430 mg Cr kg ,and 783 mgMn kg
The full bmdmg capaCIty for Rush (Reed-Sedge) Peat accounted for 4-fold for Fe, 5-fold for
Zn, 8-fold for Cd, 5-fold for Cr and 4-fold for Mn In numencal values, full f:,orptIOn ca~acity

was as mgh as 59939 mg Fe kg r, 14035 mg Zn kg 1, 1368 mg Cd kg r, 1174 mg Cr kg , and
1483 mg Mn kg The total bmdmg capaCIty for Rush (Reed-Sedge) Peat accounted for 6-fold

for Fe, 7-fold for Zn, 12-fold for Cd, 53 5-fold for Cr and 5-fold for Mn In numencal values,
I I

the total sorptIon capaCIty was as hIgh as 90388 mg Fe kg , 19006 mg Zn kg ,2031 mg Cd
1 1 1kg , 12566 mg Cr kg , and 625 mg Mn kg Consldenng the controllIng role of pH and a

constant pH value lumtmg the full sorptIon phase, the sorptIon capaCIty for metals from the
polymetallIc solutIOn of about pH 1 5 will be deterrmned, m general, by the concentratIon of
metal m the mput solutiOn multIplIed by the exchange rate reqUIred for attainment of the
threshold value pH 5 8 at a WIde range of the mput concentratIons It should be, though,
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consIdered, that the metals haVlng htgh potentIal for dlsplacmg hydrogen Ions from the matnx
mto solutlOn (Cu, Cr) would enhance aCIdIficatlOn of matnx and therefore the sIgmficantly
hIgh concentratIon of these metals m the mput SolutIon would cause the decrease of the
exchange rate At the undersaturated sorptIon capaCIty, pH Will be the only controlhng factor
In case of the metal concentrations close to the sorptlOn capaCIty of a metal at a gIven pH of
the mput solutlOn, the competItIve effect sImIlar to that observed m the bmary systems on the
synthetIc solutIons should be antICIpated also The kmd of a dommatmg amon can have an
effect on the sorptlOn capaCIty as well It IS, though, most unlIkely m the real wastes, that the
metals there occur all In the same maximum concentratlOns The real system most often
resembles the lIqUId waste InvestIgated wlthtn thts project

To Illustrate the dIverSIty of the sorptIon parameters and theIr mfluence on the bmdmg
capaCIty of metals, m Table 37/1,2,3 the sorptIon capaCItIes of the studIed peat matter (WI,
W9b and W9c) are presented for dIfferent systems

In general, the dynamIC (fixed-bed) sorption at the same parameters of the mput
solutIOn dIsplayed htgher efficIency than a batch process The total sorbed loads of metal were
hIgher and metal Ions were bound stronger than m a batch process In the fixed-bed condItIons,
partIcularly Important role appeared to have an "InSoluble organIc" fractIon F5(OM) Metals m thts
fractIon show hIgh ennchment, both due to the dIrect bmdIng and as a result of the transformatIon
ofa pnmary fractIonal structure

Metals can be bound from peat even from a very aCidIc solutIon SorptIon potentIal ofpeat
m these condItIons IS determmed mamly by the buffermg capaCIty of the matter m the pH range ~

5 8, the pH hmIt for a breakthrough phase specIfic for a particular metal and Its concentratIon m the
mput solutIon The hIgher IS metal content m the mput solutIon, the larger IS sorptIOn potentIal of
peat for thIs metal at other equal parameters

Of the studIed metals, the most senSItive to the condItIons of sorptIon process IS Cd,
dlsplaymg hIgh vanability dependIng on the parameters ofthe system

The pOSItIve results of the desorption process apphed to untreated hIgh aCIdIC, htgh-metal
electroplatIng wastes show hIgh effiCIency ofpeat use for mdustnal waste treatment, m partIcularly
m a dynamIC process Strong bmdIng of metals onto peat matnces and low metal recovery create
problems mmetal recovery and reuse ofthe peat adsorbent ThIs feature, though, suggests the most
prOmISIng field of peat apphcanon as permanent protectIve hners In dIsposal SItes of htgh-metal
mdustnal wastes potentially suscepnble to release metals The use of peat In constructed wetland
systems IS another attractIve applIcatIon BeSIdes, ability of peat to act as an effectIve adsorbent In
cntlcal conditlOns ofextremely low pH and hIgh metal concentratIons may be utIhzed m emergency
cases for spill control

49



5 CONCLUSIONS

d fb d d
2+ 2+ 2+ 3+

From the presente senes 0 atch an ynannc studies on Zn ,Cd , Cu and Cr sorptIOn onto
peat matter carned out WithIn the reported project, the follOWIng general conclusIOns can be
denved

1 Peat appears to be an attractIve adsorbent due to Its high potentIal to bond metals from
wastewater and leachates tQ be used In the vanety of apphcatIOns In batch or fixed bed
systems

2 The low-moor peats of dIfferent botamcal ongm dIsplay sIgmficant bmdmg capacIty for
metallODS

3 The bmdmg capaCItIes ofpeat for metal IOns (m mass umts) m batch monometallic system depIct
2+ 1+ 2+ 3+ d f al f whbthe general order Zn < Cd <Cu < Cr The ecrease 0 pH v ue 0 the eq rated solutions

follows the same order The bmdmg capaCities expressed m eqUivalent umts are somewhat
2+ 2+ 2+ 3+dIfferent Cd < Zn <Cu < Cr In the dynannc process and m polymetallic systems the sorption

capaCIty and bmdmg strength ofmetals undergoes deep transformatIons, which results m changes
ofthe sequence

3 The type and genetIC ongm ofpeat matter mfluence the bmdrng capaCity for metals Low-moor
peat shows the highest sorptIon properties The kInds of peat With respect to metal sorptIon
capaCIty followed the general order Wood Peat Humus ~ Rush Peat (Reed/Sedge Peat) > Hyprmm
Moss Peat (Sedge-Moss Peat) ~Boggy Soil> Sphagnum Moss Peat (high-moor peat), whIle FTIR
spectra for these peats show mgh sImIlanty

4 Metal brndmg capaCIty of thoroughly decomposed GyttIa appeared to be mghly specIfic and
different from the general metal sorptIon It displayed the mghest sorption capaCIty for Cr and Cu,
and a very weak ability ofbmdmg Zn and Cd FTIR spectra also drffer dIstmctly from the rather
umform pattern ofFTIR spectra ofother peat matters

5 The general trends are the decrease of sorptIon capaCity of peat matter m parallel With the
decrease of pH, decompOSItion rate DR and ash content AC, though the correlation IS not clear
enough due to the dIverse sunultaneous effect ofthese parameters

6 The rncrease of mput concentrations and metal loads bound onto peat In batch Isotherm
conditIons resulted m changes of pH value of the equilibrated solutIon Contact of the solutIOn at
pH 4 0 With ongmally slIghtly aCIdic low-moor peat matnces (except GyttIa) (pH 5 0-6 5) resulted
m mcreasmg pH value ofthe equilibrated solution to pH 58-80 at low metal concentratIons Next,
decrease of pH values m parallel With the mcrease of metal concentratIons m the mput solutIon up
to pH 25-52, dependrng on the sorbed metal Ion and lDltlal pH value ofthe peat matnx occurred

7 The ImtIal rncrease ofpH IS not strongly mfIuenced by metal Ions rn solutIOn and caused mamly by
buffenng effect ofdIsplacmg IOns from sorptIon SItes rn peat matrix by hydrogen Ions from solutIon
In turn, contact With the same matnces of mgh-metal solutIon showed effect of dlsplacmg catIOns
by metals, including also hydrogen Ions, from sorptIon SItes ofmatnces Into SolutIon \
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8 The lnghest resultant pH range m a batch process showed equilibrated Cd-solutIon (pH 4 1-5 8),
somewhat lower values (pH 4 0-5 2) dIsplays Zn-solutIon Equilibrated solutIons ofeu and Cr Ions
were clearly aCIdIc and fallmg WlthIn the ranges pH 30-44 and pH 25-37, respect:lvely The
lowest pH of the equilibrated solutIons (pH 2 5 - 40 and pH 30-39) IS assoClated With the most
aCIdIC moss peat matrIces low-moor peat B2 (Hypnum Moss Peat, pH 5 0) and mgh-moor peat B9
(Sphagnum Moss Peat, pH 4 6), respectIvely

9 The pH values of equilibrated low-metal solutIOn after contact Wlth both aIkalme matnces of
GyttIa and aCIdIc mgh-moor peat fell m the common range pH 5 8-8 0, accountmg for pH 7 2-8 0
for Gyttm and for pH 5 8-7 3 for mgh-moor Sphagnum Moss Peat Resultant pH of the hIgh-metal
solutIon eqUlhbrated Wlth aIkalme GyttIa (pH 7 3-7 5) ranged from pH 5 3 to 64, showmg weak
affimty to the sorbed metal Ion

10 Deeper pH decrease of eqUIhbrated solutIon compared to other metal IOns mdIcates extenSIve
2+ 3+

hydrogen dlsplacmg by Cu and Cr from carboxyhc functIonal groups ofpeat orgamc matter

11 For the further detalled studIes, three low-moor peat lands showmg the best sOrpUon propemes
were selected Alder Peat Humus WI, Brushwood Peat Humus W9b and Rush (Reed-Sedge) Peat
W9c The matenal IS drlferent Wlth respect to botamcal ongm, but shows mgh slffil13f1ty of FTIR
spectra, pH values (pH 621-645), pattern of equilibna Isotherms and bmdmg capaCIty for metals
evaluated m batch studies The selectIon of matters showmg slffillar potentIal to metal sorptIon m
the batch expenments despIte belongmg to two dIfferent genetIc types and lands was mtended to
IdentIfy eventual dISslffill3f1tles m sorptIon behaVIor of these matters m dIfferent systems and
condItIons It would also show the relIability ofbatch Isotherm studies for evaluatmg actual sorptIon
capaCIty ofthe systems workIng mostly m the dynamIC (fixed-bed) operatIOnal condItIons

12 The study has been focused on the IdentIficatIon of SpecIfiCIty of the studIed metals sorptIon
under drfferent conditIons Slffillanty of bmdmg and mobilizatlon pattern of metals onto the
different lands ofpeat matter (Alder Peat Humus, Brushwood Peat Humus and Rush Reed-Sedge
Peat) has been a proo±: that the sorptlon behaVIor IS specIfic for the metal Ion WlthIn a Wlde range of
orgamc matnces ofmgh-moor peat matter

13 There IS a probability of the bIgger dIverSIty of metal bmdmg mechamsms between the above
matters and hIghly decomposed GyttIa, showmg strong dIfferences m metal bmrlmg and also m a
pattern of FTIR spectra SIgnIficant dIfferences m bmdmg mechanISms may occur also m peats
ongmated from mosses, wmch IS suggested by conSIderably lower sorptIon capaCIty of these peat
matters Tills assumptlon, though, IS not supported by the data from FTIR studIes IR spectra of
Moss Peat do not dIffer from the spectra ofpeat ongmated from wood, read and sedge

14 NeIther the Langmwr model, nor FreundlIch Isotherm descnbes sorptIon data for peat-metal
Ion systems correctly enough The standard error IS too hIgh to conSIder these models satisfactory
for the descnptlOn ofthe metal bmdIng onto peats

15 SequentIal extractIon scheme appears to be an extremely useful operatIonal tool for
dlstmgUlshIng the fractIons ofmetal ennchment m the matnx ofan IdentIfied, sequentlally mcreasmg
bmdmg strength and decreasmg susceptIbility to releasmg metals Such fractIOnatIOn may enable
also IdentIficatIOn of probable competltlon of metals m multI-metallIc systems for dIfferent
adsorptIon SItes and charactenzes the properties of orgamc substrate (such as peat) as adsorbent
To utIlize tills tool thoroughly, the actual mechamsms of metal sorptIOn adequate to the fractIOns of
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dIfferent bmdmg strength should be Identrfied

16 The pattern ofmetal ennchment m fractIons of a definIte bmdmg strength and susceptIbIlIty
to desorptIon appears to be hIgWy specIfic for partIcular metal Ions bound onto a Wide range
of peat matnces In general, the hIgher IS sorptIon capaCIty and the extent of aCIdIficatIOn of
eqUilIbrated solutIOn, the stronger IS metal bmdmg and the less effiCIent IS ItS removal from
peat matnx

17 AnalYSIS of sequentIal fractIOnatIon of metals bound onto peat m batch process reflects clear
affimty ofmetals to the defimte fractions and therefore predommance ofdIfferent modes ofbmdmg
AssumIng that ennchment ill Fl(EXC) fraction reflects the rates of metals bound electrostatically
and In F4(MRO) fract10n due to chelatmg complex formatIOn, respectIvely, the role of both
mecharusms In metal bmdmg onto peat matter seems to be of a comparable but dIverse unportance
With respect to dtfferent metals

18 The rughest metal ennchment In batch process occurred ill fractIOns Fl(EXC), F2(CARB),
F4(1v1RO) and F5(OM) The metal ennchment m the fractIons Fl(EXC) and F2(CARB) of a

2+ 2+
weak bInding strength was particularly lngh for Zn and Cd and appeared SIgm:ficant also for

2+
Cu The moderately redUCIble F4rMRO) fraction and F5(OM) phase of the strongest bmdIngu-- ~ ~ ~
strength showed rugh affimty to Cr and Cu catIons, wInle for Cd and Zn they were of a
mmor Importance

19 The most metals ennched ill FS (OM) fractIon of the rughest bmdIng strength are probably
assOCIated With "Insoluble orgaruc" reSIdue of peat compnsmg humms, cellulose and lIgnm The
mode and mechamsm ofmetal bIndIng onto tills fractIon reqUIres elUCidation

20 The fractIon array from Fl(EXC) to F4(MRO) With respect to predommantly orgaruc matter
such as peat can be defined as a "soluble orgamc" one as a whole, though both the solubility of
these fractIons and ability of ImmobilizatIon/release metals dIffer consIderably ThIs suggests the
occurrence of diverse sorptIon SItes of dIfferent vulnerability to sorptIon/mobilization WithIn each
fraction

21 The mechamsm ofbmdIng on the labile F2(CARB) fraction of peat IS unclear and also reqUIres
elUCIdatIon

22 Metal IOns vulnerable to remobilizatIon are ennched mostly In Fl(EXC) fraetron Another
fractIOn that contnbute to the desorptIon rate of Cd, Zn and Cu thoroughly and SIgm:ficantly (from

2+
21 % to 37 % of the total desorbed loads) IS F2(CARB) From the fraetron F4~O), only Cu

gh 3+has been released m hI er quantItIes (26-31 % of the total desorbed load) Cr appears to be
strongly complexed on peat and even from the most labile Fl(EXC) fraction can not be removed
completely

23 The competmg effect ofmetals With each other for sorptIon SItes onto peat strongly depends on
the metal Ions occumng In the system

2+ 2
24 The competItIve effect ofZn and Cd on bmdIng onto peat In a bInary systems (Zn-Cd)-CI and
(Zn-Cd)-S04 appeared to be almost eqUlvalent (decrease of sorptIon capaCIty for each of both
metals In the range from 8 to 22 %) It was much weaker than could have been antICIpated from the
affimty of both metals to the same sorption centers SIgm:ficantly rugher total sorptIon capaCIty of
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both lons m the bmary system mmcates lack ofcompetItIon m a substantIal part ofbmdmg sltes and
an occurrence ofa spare capaclty mthe Sites Jomtly OCCUpied by both metals

25 Very charactenstIc for Zn and Cd bmdIng m the bmary system IS a mstJ.nct mcrease of the both
metals load strongly bound to the matnx and resIStant to stnppmg by aCId It suggests an
occurrence ofthe spare sorptIon capaCity for these lOns m the phases of the matnx, wInch msplay
hJ.gh bmdmg strength

26 Preferentlal metal complexation With particular functJ.onal groups may drlferentlate the metal
lOn afIimty to the drlferent sorptIon sltes Withm the same fractJ.on of the definIte bmdmg strength
Tills may explam the weak competltIOn between metallons ennchmg the same fractlon Within therr
full sorptlon capacity The observed mcrease of strongly bound Zn and Cd rate m a bmary system
suggests also occupymg by these metals other avaIlable sorptlon sites of lesser affimty under stress
caused by competItIon

270pposlte to eqUIvalent and relatIvely weak competitive mteractJ.on of Zn2
+ and Cd2

+, m the
bmary system (Cu-Cr)-Cl a very strong competItIon between Cu2

+ and Cr was observed, With a
profound dommabon of Cr over Cu for the sorptIon sites The low mcrease of a total sorptIon
capacity ofboth IOns m a bmary system (for 10-14 % Ingher than m a smgle metal system) proves a
l1ll11ted spare capacity mthe Sites Jomtly OCCUPled by both metals

2+ 2+ h28 Unltke Zn and Cd ,no C anges m the desorptlon rate of both metals m a bmary system
1h ~compared to the monometa c ones have been observed The desorptiOn rate for Cu m both

systems mvanably ranged m a narrow lImits of 57-61 % of the lmtlal load Cr3
+ The

3+
desorption rate for both systems for Cr IS very low and ranges from 6 0 to 6 5 %, the major
amount of Cr bemg strongly bound onto the peat matnx

29 For all three studled peat matters, the adsorptIon-desorption behaVIOr ofmetals m monometalhc
and bmary systems was remarkably smnlar, along With the numencal values ThIs suggests htgh
stability of bmdIng-mobilizatlon mechamsm and propertIes With respect to sorptIOn sites of htgh
bmdmg strength

30 The kmd of amon ill the mput solutIon appeared to have strong effect on the sorptIOn capacity
for metal Ion onto peat Chlonde amon causes ItS eVident suppressIon, most probably as a result of
the ability ofchlondes to act as complexmg agents

2+ 2+31 Expenments With Zn and Cd bmdIng onto pre-treated peat With pH 5 6 adjusted to that of
Input solution showed dramatiC reductIon (roughly 3-fold for each metal) of adsorptIon capacity
compared to the untreated matter due to the deep mterference dunng pre-treatment mto the
ongInal sorption complex of peat It consisted m the reduction of a bmdIng capaCity practJ.cally In
all fractiOns, but to the greatest extent In the most labtle one Fl(EXC) In the fractJ.on structure of
Zn and Cd ennchment In pre-treated peats the less labJ.1e fract10ns become dommatIng Zn became
ennched mostly In F4 (MRO) and F2(CARB) fractlOns wlnle Cd showed the lnghest affiruty to
F2(CARB)fractlOn

32 Different ennchment m the F4(MR.O) fractJ.on may explam a weak competltlOn of Zn and Cd
metal ions In the bmary system (Zn-Cd)-S04
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33 Sigruficant drlferences between the long-term dynarrnc and batch processes were observed
These drlferences compnse both adsorptIon capacIty and the bmdmg strength ofmetals

34 The metals most susceptIble to tIme-dependent transformatIons of the bmdmg capaCIty and
fraction structure resulted from a drlferent mode of a contact of adsorbent adsorbate m a dynannc
process appeared to be Cd, and to a lesser extent Zn These metals show ablhty to expand therr
sorptIOn capacity mamly due to a htgh mcrease of ennchment m the "msoluble orgaruc" F5(OM)
fractIOn ThIs well explams lack ofcompetiTIVe effect ofthese metals mbatch sorptIon process

35 The observed transformatIons of metal Ions fractIOnation, drrected to formaTIon of more
strongly bound complexes m tIme show that the process of metal bmdmg IS more complex and
compnse reactIOns of the drlferent kmetlcs mvolvmg cherrusorptlon of a more strong type that
occurs In course of a longer tIme Tins sorption behaVIor underrrunes the OpInIOn about the rapId
kmetlcs ofthe process

36 The "msoluble orgaruc" F5(OM) fractIOn shows Invanably htgh ennchment of all studIed metal
IOns In dynannc process The mecharusm of the ennchment seems to be diverse, dependent on the
metal Ion It occurs eIther mdependently, whIch results m hIgh mcrease of the sorption capaCity
(Cd, Zn) or slllluitaneously With the decrease of a metal ennchment m "soluble orgamc" fractlons
In parncular, decreasmg moderately redUCIble F4(MR.O) fraeuon associated With che1atlng complex
formatIon WIth hurruc and fulVic aCids or Fl(EXC) fraeuon, whIch supposed to mdIcate
electrostatically bound metal IOns suggests the transformatIons of bmdmg mecharusms from the
weaker to the stronger bmdmg ones (e g Zn, Cd, Cr)

37 Batch process seems to be much less senSItive to such factors as peat type, kInd or
decompOSItIOn rate, than the long-term process mthe dynarruc flow condttlOns In batch condttlons,
sorptIon potential of the Brushwood Peat Humus and Rush (Reed-Sedge) Peat appears to be
almost IdentIcal, whereas m the dynannc sorptIon these two substrates drlfer SIgmficantly both With
respect to sorption capaCIty and fraeuon structure ofmetal bmdmg strength

38 The cntIcal factor controlling sorption abiliTIes of peat IS pH value The dynarruc process
reported here showed that metal IOns react to the pH changes m a specIfic way It was found that
for the full bmdmg phase, pH 5 8 appears to be firm hmtt equal for all the studted metals At this
level, the breakthrough phase starts In tum the pH range for the breakthrough phase IS dIfferent for
dIfferent metals and IS the narrowest for Cd and Zn and the broadest for Cr The removal of Cd
from the solution ceases at pH 4 5-4 6 Sorpnon of Zn ceases at pH 4 6-4 8 The hmIt of Cu
sorptIon IS pH 3 5-3 8, whIle Cr IS bound from the solutIon up to the pH 22-2 5 ofthe effluent

39 The fixed constant pH of the full sorpnon and dIssmnlanty of the pH range for the
breakthrough phase for the metals deterrrunes the rate ofmetals bound onto the matrIx The load of
metals bound onto the peat matter and the bmdmg phase largely depends on the pH and the
concentratIOn of a metal m the mput solUTIon Of all the studIed metals, Zn appears to be most
senSitIve to these parameters, whIle Cr IS the most stable WIth respect to sorptIon potenTIal onto the
peat matter

40 In the dynarruc condttlons, the bIgger disslIllilanties of sorption capaCIty and bmdmg pattern
occur between the peats ofa dIfferent kInd, e g between Brushwood Peat Humus and Rush (Reed­
Sedge) Peat In the bath process, a sorptIon behaVior ofthese two matters IS almost IdentIcal
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41 The results of our expenments have not confinned statements concernmg easy metal recovery
and reuse of the InvestIgated lands of peat, I e Peat Humus and Reed-Sedge Peat The aCId
desorptIon effiClency (With 1%HC~ output pH<1 0) was not Ingh enough for metals bound m batch
process It accounted for 70-77% Zn, 64-81% Cd, 60-61 % Cu and only 6-6 4 % Cr and appeared
unsatIsfactory With respect to any metal bound m dynamlc (fixed bed) flow condItions For these
condItions, the respectIve values were 57-75 % Zn, 33-57 % Cd, 28-51 % Cu and 1-23 % Cr

42 Peat pretreatment to fixed pH 5 6 caused reductIon up to 70 % of the peat matter adsorptIOn
capacIty Hence, It IS unlIkely that after aCId desorptlon metal bmdIng potential can be easily
restored to the level acceptable for the repeated reuse TIns problem has, though, to be proved
Currently, no cost-effectIve and effiCIent metal recovery and adsorbent reuse With respect to peat IS
developed, and thus spent peat adsorbent should be rather dIsposed ofby mcmeratlon

43 PolymetallIc electroplatIng wastes exlnbit two cntlcal parameters creatIng condItlons ofa stress
(1) low pH<2 of mput solutIOn, much below the opnmum and threshold ranges requrred for a
sorptIon process to occur, (n) overwhelmmg dommation ofone Ion (Fe2+), occumng mthe solutIon

2+ 3+ 2+ 2+mconcentratIon 1-2 orders ofmagmtude Ingher than other IOns (Zn > Cr > Cd > J\1n )

44 SorptIon behaVIor of metals m electroplatIng wastes both m batch and m the dynamIC (fixed
bed) process shows clearly, that the factor controllmg sorptIon IS pH DespIte occurrence m waste
from electroplatmg process of several metals m lngh concentratIOns, With strong predommance
of Fe, the bmdmg effiCIency of metals does not seem to be affected by a competmg Impact of
theIr co-presence In solutIOn

45 The loads bound onto the peat matter were determmed by the buffenng capaCIty ofpeat and the
concentratIon of metals m the mput waste The bound loads ofZn, Cd and Cr are therefore some
one order ofmagrutude lower than those sorbed from the synthetlc monometalhc solutIOn at pH 4 0
eIther m batch or ill dynamIC process

46 In batch process, pH value of eqUIhbrated solutions for Ingh-acidIc electroplatIng wastes due to
a hIgh L S ratlo are mostly below the tolerable hmIts for Zn and Cd, and below the hrmt for full
sorptIon phase for all the metals occurrmg ill wastes m drlferent concentratlons Therefore, sorptlon
condItIons are extremely mappropnate It was found, though, that peat matter itselfhas satlsfactory
buffenng capaCIty to nse pH to the level requrred for metal sorptlon to occur

47 Peat appears to be a good sorbent for metals from a strongly aCIdiC hqmd waste apphed III

batch condItIons as undIluted solutIon S L=1 10 The Inghest sorptIon capaCIty and effiCIency
of removal from waste dIsplayed metals tolerant to low pH values, III partIcular Cr, Fe and Cd
Reduced abIhty of removal from the strongly aCIdIC solutIOn dIsplayed J\.1n and Zn, pamcularly
senSitIVe to pH

48 The maxImum sorptIon capaCIty of peat matters m a batch process from undIluted waste at
S L = 1 10 and pH < 2 accounted for 12-13 % for Zn, 24-32 % for Mn, 61 - 63 % for Cd,
68-72 % for Fe and 84-87 % for Cr CorrectIon of pH of the mput solutlOn would lugWy
enhance the sorption process for Mn and Zn

49 Metal recovery from the peat matter used for hIgh aCImC electroplatmg waste treatment ill a
batch process confirmed the strong bmdIng of metals and generally low desorptIOn rates
DesorptIOn conducted as a II-step process (I step - washIng With mstI1led water, II step - 1% HCI
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treatment) showed the lughest desorptIon potentIal ofZn, Mn and Fe For these metals, up to more
than half of the maxunum sorbed load was recovered (mostly Wltlun the range from 50 to 64 %),
predommantly m the aCId treatment step The recovery of Cd and Cr was very low (20-24 % and
11-13 %, respectIvely)

50 Rush Reed-Sedge Peat exlubited the hIghest susceptIbIhty to Zn desorptIOn (81 5 % of the
sorptIOn capaCIty) ThIs was an effect ofa hIgher rate ofzmc ennchment m the labIle fractIons
A relatIvely hIgh rate ofZn release m the first step (waslung With dIstIlled water at pH 6 0) and
a sequential fractIonatiOn of sorbed metals confirmed thIs assumptIon

51 Sequential fractIonatIon ofmetals bound onto peat matter from the polymetallic electroplatIng
wastes III a batch process dJ.splays a pattern ill many aspects smnlar to the sequentIal fractIonatlon
ofZn, Cu, Cd and Cr bound ill the dynamIC conmtlons from a monometallic solutIon TIns confinns
the assumptIon that the stress caused by the compe1:rtIon ofhydrogen Ions or other metals effects m
the transformatIOn of metal ennchment m bmdIng sites As a result, some more fleXible metal IOns
displaced from therr preferred bmdIng SItes enter to the SItes not readIly occupIed by them m a less
stressed condItIons

52 The polymetallic high aCIdtc system shows the fractIon structure of metal bmdmg onto peat
matter, whIch dIffers considerably from that obtamed m the batch process for the monometallIc
solutIon In this system the predommant modes of metal bmdmg are strongly bound "msoluble
orgamc" F5(OM) and labile Fl(EXC)fractIons The role of F4(MRO) fractIon has become
margmal ThIs Illustrates the drrectIons oftransformatIons ofmetal bmdmg mechamsms mthe actual
condItIons It also shows the hnnted rehability of the batch monometallic systems for
charactenzation ofreal systems

53 The dommance of "InSoluble organIc" F5(OM) phase m metal bmdmg from hIgh aCId
polymetallic solutIons well explams low desorptIon potentIal of metals bound on peat In the
dIfferent studied systems, the most conservatIve appears to be Zn, displaymg the lowest
transformation ofthe bmdmg phases dependmg on the apphed system

54 In general, metal fractIonatIon pattern for bmdIng onto studIed peat matters appears to be
SImIlar Rush (Reed-Sedge) Peat shows some dIfferences m metal fractIon structure compared to
Wood Peat Humus, stmIlar to those observed m the dynamIC process The dIfferences are attnbuted
mamly to lower proportIons ofZn and Cd bound m stable fractIon F5(OM) and hIgher ennchment
III FO(PS), The lowest Zn ennchment m the F5(OM) phase for Rush (Reed-Sedge)Peat (97%)
corresponds With the relatIvely lugh desorptIon potentIal of thIs Ion sorbed m the analyzed process
(81 5 %)

55 Metal bmdmg from hIgh-acId polymetallIc lIqUId wastes III a dynarmc process, proves
conSIderably hIgher effiCIency of peat as an adsorbent than m a batch process For each metal
the controllmg factor, whIch determmed a full bmdmg phase was pH 5 8, that seems to be a
constant threshold value for thIs phase

56 Due to a constant threshold pH value IImItmg the full sorptIOn phase, the full sorption
capaCIty for metals from the hIgh aCIdIC polymetallic solutIOn Will be adequate, m general, to
the relative concentration of metal m the mput solution multIplIed by the threshold exchange
rate It should be, though, conSIdered, that at htgh mput concentratIons the metals haVing hIgh
potentIal for displacmg hydrogen IOns from the matnx mto solutIon (Cu, Cr) would enhance
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aCidificatiOn of matnx Therefore, the slgmficantly hIgher concentration of these metals In the
mput solutiOn would cause the decrease ofthe threshold exchange rate

57 Consldenng the vanable pH hmIt m a breakthrough phase for different metals, the total
sorptIon capacIty may be much hIgher than the full sorptiOn, up to more than an order of
magmtude for Cr tolerant to low pH

58 In general, dynamIc (fixed-bed) sorptIon at the same parameters of the mput solutiOn
dIsplays higher efficIency than a batch process The total sorptIOn capacIty for metal Ions In the
dynamIc process IS hIgher and metal Ions are bound stronger In the fixed-bed condltlOns and m
the systems wIth cntlcal parameters (low pH, illgh metal competItIon) particularly Important role
appeared to have an "msoluble orgamc" fractIon F5(OM) Metals m the condItions of a stress show
lugh ennchment m tills fractIon, both due to the direct bmdmg and as a result of the transformatlOn
ofa pnmary fractIOnal structure

59 Metals can be bound from peat even from a very aCidIC solutIon SorptIon potentIal of peat m
these condItions IS determmed mamly by the buffenng capacity of the matter m the pH range ~ 5 8,
the pH hffilt for a breakthrough phase specIfic for a particular metal lOn, as well as by a metal
concentratlOn m the mput solutIOn The htgher IS metal content m the mput solutlOn, the larger IS

sorptlOn potentIal ofpeat for tills metal at other equal parameters

60 Of the studied metals, the most senSitive to the sorptIon conditIOns IS Cd, willch shows illgh
\ anablhty ofbmdmg mode and sorptIOn capacity dependmg on the parameters ofthe system

61 Peat can be successfully used as an effective filter for heavy metal stnppmg from illgh metal,
high aCidiC wastes, though Its potential for metal recovery and repeated reuse IS low Currently, no
cost-effewve and effiCIent metal recovery and adsorbent reuse with respect to peat has been
developed, and thus spent peat adsorbent should be rather disposed ofby mcmeratlOn

GENERAL CONCLUSION

The positive results of the desorptIOn process applied to untreated high aCidiC, high-metal
e]ectroplatmg wastes show hIgh effiCiency of peat use for mdustnal waste treatment, m
particularly m a dynamiC process Strong bmdmg of metals onto peat matnces and low
metal recovery create problems m metal recovery and reuse of the peat adsorbent ThIS
feature, though, suggests the most promlsmg field of peat applicatIon as permanent
protectIve liners m dIsposal sites of hlgb-metal mdustnal wastes potentIally susceptIble to
I elease metals The use of peat m constructed wetland systems IS another attractive
apphcatlOn BeSides, ability of peat to act as an effectIve adsorbent m CrItical conditIOns of
extremely low pH and high metal concentratIOns may be utilized m emergency cases for spill
control
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Table 1
PhysIOchemIcal properties of Investigated peats

Nr Peat DecomposItion pH (H2O) Natural Bulk density SpecIfic Porosity (%) Ask content
Rate (DR), (%) mOIsture (g/cm3) gravity (AC), (%)

Type Kmd content (%) (g/cm3
)

WIZNA SITE

WI Pedt HlImu~ Alder Peat 70 645 7360 0310 1 609 8073 1255

W2 Rush Peal Reed Peat 5S 628 8492 0217 1609 8651 1260

W3 Hypnum Moss Sedge-Moss Peat 3S 603 81 27 o 182 1576 8845 980
Peat

W4 Sedgeous Peat Sedge Peat 30 5 81 7845 o 195 1587 87 11 9 10

W5 Hypnum Moss Peat Sedge-Moss Peat 25 608 8351 o 157 1557 8992 820

W6 Hypnum Moss Peat Sedge-Moss Peat 40 609 7850 0149 1 432 9087 880

W7 Hypnllm Moss Peal Sedge-Moss Peat 30 6 19 7627 o 188 1 552 8789 780

W8 Hypnllm Mos~ Peal Moss Peal 18 S 76 9280 o 156 I 551 8994 720

W9a Mellow Boggy SOil 6 11 73 31

W9b Peat Humus Brushwood 55 632 7967 0295 1587 81 88 1040

W9c Rush Peal Reed-Sedge Peat 55 621 75 11 0247 1597 8554 950

BIEBRZA SITE

Bl Hypnum Moss Sedge-Moss Peat 60 621 6881 0281 1541 81 84 740

Bla Sedgeous Peat Reed-Sedge Peat 60 654 74 11 0278 1554 82 11 800

BIb Peat Humus Brushwood Peat 65 6 18 7521 0232 1598 83 12 1020

82 Hypnum Moss Peat Sedge-Moss Peat 40 502 7368 0198 1565 8735 890

B3 Peat Humus Forest Wood 80 581 7000 0248 1599 8449 11 70
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Nr Peat DecomposItion pH (H2O) Natural Bulk density Specific Porosity (%) Ask content
Rate (DR), (%) mOisture (g/cm3) gravIty (AC), (%)

Type Kmd content (%) (g/cm3)

B4 Peat Humus Forest Wood 60 552 7895 o257 1 585 8378 1055

BS Gyttja Calcareous 746 6128

B6 Rush Peat Reed Peat 50 646 8345 o 189 1 569 8795 925

B7 Rush Peat Reed Peat 65 624 8490 o 187 t 587 8822 10 70

88 Hypnum Moss Peat Sedge-Moss Pedt 40 605 6932 0151 I 468 80 12 710

89 Highmoor Peat Sphagnum Mo...... IS 460 7891
Pedt

ZBOJNA SITE

ZI Pedl Humus Alder Pedl 60 642 83 10 0228 I 627 8599 14 10

Z2" H\ PIlUIll Mlh~ Pc,l\ Seucie Mo~~ P..d( 40 630 b960 o 137 1549 91 16 755

Z2b G)lIl rl DellltllOU<, 726 72 69 0261

Z3 Hypnum Mo~~ Ped! SeJge-Moss Pedt 65 5 82 80 10 o 146 I 582 92 12 790



Table 1/1 Physlcochermca1 propertIes ofmvestIgated peat and organogemc substrates

Peat Decompo pH (H20) Natural Bulk Speclfic POroSity Ash content
-sinon mmsture denclty graVity (%) (Ae), (%)

rate (DR), content (glcm3
) (glcm3

)

(%) (%)

Type Number
of

samples

Low-moor peats

Peat humus 6 55- 80 552-645 7000- 022-031 1 58-162 8073- 10 20-14 10
8310 8599

Rush peat 4 50-65 621-646 7511- 018-024 156-160 8554- 925-1260
8492 8822

Sedgeous peat 2 30-60 581-654 7411- 019-027 1 55-1 58 8211- 800- 910
7845 8711

Hypnum moss peat 10 18- 60 502-630 6881- 1 13-128 143-158 8012- 710- 980
9280 9212

GytJa 2 90-100 726-746 6128- nd nd nd nd
7269

High-moor peat 1 15 460 7891 nd nd nd nd

Selected substrates Dry Ash pH (H20) lronal metal concentranon
matter content

DR(%) (AC), (%)

Cu Zn Cd Mn Fe

Alder peat humus - 2240 1255 645 502 2083 0243 1869 5125
WI

Brushwood peat 2033 10 40 632 495 2422 0291 1739 5324
humus- W9b

Rush (Reed-Sedge) 2499 950 621 370 5945 0370 1539 26705
peat - W9c

Peat Hula
Up peat 489 530 137 368 025 691 23146
Bottom peat 419 650 105 275 036 860 15834
Bottom peat 688 386

Sludge 882 526 671 3065 19435 1070 2007 17562

Compost Afula
0-5mm 749 547 678 3624 4909 248 7745 9568
0-8mm 718 720 744 364 3 6287 242 192 7 10402
8-18 mm 759 677 718 3364 4691 13 03 2162 15456

Compost Naman
A 561 710 1320 6463 910 1269 5797
B 692 403 737
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Table 2 Bmdmg capacIty of PolIsh peats for Zn2+ m mono-metal system Zn-CI, pH 40,
evaluated from batch expenments,

Peat Decomposltlon pH H20 pH Ash content SorptIon of Zn S
Rate (DR) (%) (AC),(%) (mg/kg)

Peat Humus

Alder Peat ZI 60 642 703-480 14 10 33700 (67 4%)

Alder Peat WI 70 645 750-5 15 1255 32500 (65 0 %)

BlUshwood Peat W9b 55 632 755-5 15 10 40 32050 (64 1%)

BlUshwood Peat BIb 65 6 18 7 15-487 1020 31400 (628%)

FOJest Wood Peat B3 80 581 7 13-459 11 70 28500 (57 0 %)

Forest Wood Peat B4 60 552 7 15-437 10 55 27300 (54 6 %)

Rush Peat

Reed Peat B7 65 624 711-524 10 70 33200 (664%)

Reed Sedge Peat W9c 55 621 772-5 16 950 32700 (65 4%)

Reed Peat B6 50 646 696-529 925 28300 (56 6 %)

Reed Peat W2 55 628 722-522 1260 25800 (51 6%)

Sedgeous Peat

Reed Sedge Peat Bla 60 654 736-504 800 32600 (65 2%)

Sedge Peat W4 30 581 783-462 910 25500 (51 0%)

Hypnum Moss Peat

Sedge Moss Peat W5 25 608 6 90-455 820 26900 (53 8%)

Sedge-Moss Peat W6 40 609 7 15-454 880 26400 (52 8 %)

Sedge-Moss Peat W7 30 6 19 7 16-452 780 25100 (50 2%)

<;edge-Moss Peat Bl 60 621 749506 740 24800 (496%)

Sedge-Moss Peat Z2a 40 630 706-434 755 23250 (46 5%)

St.dge-Moss Peat Z3 65 582 695-440 790 20250 (40 5%)

SLdge-Moss Peat B2 40 502 663-401 890 18200 (36 4%)

Sedge-Moss Peat B8 40 605 7 70-509 7 10 17850 (357%)

Moss Peat W8 18 576 7 24-441 720 16600 (332%)

Sedge-Moss Peat W3 35 603 726-464 980 15800 (31 6%)

Mellow Boggy SOli

Mellow Boggy SOlI W9a 611 727-462 17400 (34 8%)

High-moor Peat

Sphagnum Moss B9 15 460 6063 88 15200 (30 2%)
PLat

Gyttja

Cllclreous B5 746 7 17-588 8500 (170%)

Derntuous Z2b 726 763-602 4000 (8 0%)



Table 3 Bmdmg capacIty of PolIsh peats for Cd2+ m mono-metal system Cd-CI, pH 40,
evaluated from batch expenments,

Peat DecomposltIon pH H2O pH Ash content SorptIOn of Cd S
Rate (DR) (%) (AC),(%) (mg/kg)

Peat Humus
Brushwood Peat BIb 65 6 18 690-565 10 20 37160 (743%)

Alder Peat ZI 60 642 7 41-5 10 14 10 36800 (73 6 %)

Alder Peat WI 70 645 7 95-601 1255 35100 (70 2%)

Brushwood Peat W9b 55 632 7 96-5 01 10 40 33200 (66 4 %)

Forest Wood Peat B3 80 581 744-5 10 11 70 33200 (66 4 %)

Forest Wood Peat B4 60 552 687-440 10 55 29300 (58 6 %)

Rush Peat

Reed-Sedge Peat W9c 55 621 742-530 950 37520 (75 0%)

Reed Peat B7 65 624 767-546 1070 37200 (74 4%)

Reed Peat W2 55 628 7 10-505 1260 33400 (668%)

Reed Peat B6 50 646 7 18-495 925 31500 (630%)

Sedgeous Peat

Reed-Sedge Peat Bla 60 654 776-532 800 34000 (68 0%)

Sedge Peat W4 30 581 745-483 9 10 29800 (59 6 %)

Hypnum Moss Peat

Sedge-Moss Peat W7 30 6 19 724-450 780 32200 (64 4%)

Sedge Moss Peat W5 25 608 685-487 820 30800 (61 6%)

<'edge Moss Peat Bl 60 621 789-5 82 740 30160 (60 3%)

Sedge-Moss Peat W6 40 609 720-4 16 880 27800 (55 6 %)

Sedge Moss Peat W3 35 603 660-488 980 27600 (552%)

Sedge-Moss Peat B2 40 502 580-407 890 25200 (50 4 %)

Sedge-Moss Peat Z2a 40 630 688-440 755 24500 (49 0%)

Sedge-Moss Peat Z3 65 582 660-459 790 22000 (44 0%)

Moss Peat W8 18 576 655-483 720 21900 (438%)

Sedge-Moss Peat B8 40 605 769-572 710 20200 (40 4%)

Mellow Boggy SoIl

Mellow Boggy SOlI W9a 611 740-480 27600 (55 2%)

Hrghmoor Peat

Sphagnum Moss Peat B9 15 460 5 80-3 64 18150 (36 3%)

Gyttja

C,(careous B5 746 782-638 28000 (56 0%)

Detntuous Z2b 726 797535 11300 (22 6%)



Table 4 Bmdmg capacIty of PolIsh peats for Cu2+ m mono-metal system Cu-CI, pH 40,
evaluated from batch expenments,

Peat DecomposItIon pH H2O pH Ash content SorptIOn of eli S
Rate (DR) (%) (AC) (%) (mg/kg)

Peat Humus

Alder Peat WI 70 645 778-4 11 1255 47150 (94 3%)

Brushwood Peat BIb 65 6 18 764-387 10 20 46690 (93 4 %)

Alder Peat ZI 60 642 707-406 14 10 46100 (92 2%)

Brushwood Peat W9b 55 632 760377 10 40 45540 (91 1%)

Forest Wood Peat B3 80 581 726-352 11 70 42780 (85 6%)

Forest Wood Peat B4 60 552 751-348 10 55 42560 (85 1%)

Rush Peat

Reed-Sedge Peat W9c 55 621 754-444 950 47390 (94 8%)

Reed Peat W2 55 628 726-3 80 1260 45300 (90 6%)

Reed Peat B7 65 624 743-366 10 70 45000 (90 0 %)

Reed Peat B6 50 646 733-3 67 925 42260 (84 5%)

Sedgeolls Peat

Reed-Sedge Peat Bla 60 654 7 59-3 81 800 45260 (90 5%)

Sedge Peat W4 30 581 775-378 910 37700 (75 4 %)

Hypnum Moss Peat

Sedge Moss Peat W5 25 608 799-355 820 42800 (85 6%)

Sedge-Moss Peat W7 30 6 19 697-3 53 780 40800 (81 6%)

Sedge-Moss Peat Bl 60 621 767-3 80 740 40700 (81 4%)

Sedge Moss Peat W6 40 609 744-3 50 880 39540 (79 1%)

Sedge Moss Peat Z2a 40 630 6 68 3 41 755 34800 (69 6%)

Sedge-Moss Peat B8 40 6 05 7 87-3 57 710 34700 (69 4%)

Sedge-Moss Peat W3 35 603 747-3 48 980 33400 (66 8%)

Sedge Moss Peat B2 40 502 688-303 890 30100 (60 2%)

Moss Peat W8 18 576 685336 720 28700 (57 4%)

Sedge-Moss Peat Z3 65 582 678347 790 27300 (54 6%)

Mellow Boggy SOlI

Mellow Boggy SOli W9a 611 736-3 85 37400 (74 8%)

HIgh-moor Peat

.sphagnum Moss Peat B9 15 460 7 15-3 50 23500 (47 0%)

GyttJa

C<tlcareous B5 746 769638 49845 (99 7%)

Duntuous Z2b 726 785-6 14 49100 (98 1%)



Table 5 Bmdmg capacity of Polish peats for Cr3+ m mono-metal system Cr-Cl, pH 40,
evaluated from batch expenments,

Peat DecOmpOSItiOn pHH?O pH Ash content Sorptton of Cr S
Rate (DR) (%) (AC), (%) (mglkg)

Peat Humus

BlUshwood Peat BIb 65 6 18 759-302 10 20 48010 (96 0%)

Brushwood Peat W9b 55 632 787-3 18 10 40 47620 (95 2%)

Alder Peat WI 70 645 695-3 11 1255 47370 (94 7%)

Alder Peat Zl 60 642 665-3 10 14 10 46850 (93 7%)

Forest Wood Peat B4 60 552 7 13-272 10 55 45230 (90 3%)

Forest Wood Peat B3 80 581 726-287 11 70 45130 (90 3%)

Rush Peat

Reed-Sedge Peat W9c 55 621 765-322 950 49380 (98 8%)

Reed Peat W2 55 628 707-3 43 1260 48900 (97 8%)

Reed Peat B7 65 624 734-287 10 70 45530 (91 1%)

Reed Peat B6 50 646 733-3 68 925 43890 (87 8%)

Sedgeous Peat

Reed-Sedge Peat B1a 60 654 763-3 00 800 47890 (95 8%)

Sedge Peat W4 30 5 81 756-2 98 9 10 38420 (78 8%)

Hypnum Moss Peat

Sedge-Moss Peat W3 35 603 746-306 980 44750 (89 5%)

Sedge-Moss Peat W5 25 608 728-279 820 43680 (87 4%)

Sedge-Moss Peat W6 40 609 7 11 2 83 880 43640 (87 3%)

Sedge-Moss Peat Z3 65 582 731-285 790 43060 (86 1%)

Sedge-Moss Peat B1 60 621 764-281 740 43040 (86 1%)

Sedge-Moss Peat W7 30 6 19 721-272 780 42960 (85 9%)

Sedge-Moss Peat B8 40 605 735-273 710 39460 (78 9%)

~edge-Moss Peat B2 40 502 698-252 890 39200 (78 4%)

Sedge-Moss Peat Z2a 40 630 691-2 69 755 37500 (75 0%)

Moss Peat W8 18 576 7 12-276 720 35920 (71 8%)

Mellow Boggy SOlI

Mellow Boggy SOli W9a 611 745-293 39450 (78 9%)

Hlghmoor Peat

Sphagnum Moss Peat B9 15 460 726-299 24250 (48 5%)

GyttJa

Derntuous Z2b 726 754-567 49999 (99 9%)

C Ilcareous B5 746 747595 49998 (99 9%)

j

nJ.''1 \\



Table 6 EqUIlIbnum mass adsorptIon-desorptIOn Isotherms for heavy metals (Zn2+, Cd2+,

Cu2+ and ct+) bound on low-moor Alder Peat Humus and pH of eqUIlIbrated
SOlutIOns In mono-metal systems Me-CI ,

Batch expernnents, Input solutIOn pH 40, Co = I - 5000 mgMe dm 3, S/L = I 10
Peat sample WI (pH 6 45, DR 70 %)

Peat Humus (Alder Peat) - WI (DR 70%) pH 6 45

Sam- DesorptIon by distIlled
pie SorptIon

DesorptiOn by distilled
water adjusted to pH 3

Desorption by
water, pH 6 1% HCl

Co pH EC Ceq S pH EC D pH Ee D pH EC D

Zn

1 750 301 003 97 702 211 000 670 287 000 099 41700 555
(970) (000) (000) (5722)

100 763 611 149 985 687 326 65 645 312 101 094 43700 6805
(985) «0 66) (0 10) (6909)

1000 678 3680 110 9100 631 1048 38 a 617 496 282 089 49400 5918
(910) (043) (0 31) (6503)

2000 625 5320 404 17760 611 1811 3880 594 628 1468 089 49600 13622
(888) (2 18) (083) (7670)

3000 569 8250 730 25260 571 2370 1290 5 13 809 188 088 49300 18217
(842) (5 11) (074) (72 12)

4000 559 10400 1210 28900 547 3360 2545 5 11 1219 788 084 49800 23300
(72 2) (8 81) (2 72) (8062)

5000 5 15 11300 1750 32500 504 3810 2855 5 03 1430 957 084 53400 24500
(650) (878) (2 94) (7538)

Cd

1 795 180 000 100 722 177 012 675 337 006 098 53100 968
(100) (1 2) (0 6) (9680)

100 761 340 061 994 728 223 1 35 650 333 251 094 53100 8668
(994) (0 14) (025) (8720)

1000 655 1250 114 9886 677 704 369 6 19 352 1962 092 49800 8581
(987) (037) (020) (8680)

2000 6 16 2860 960 19040 6 12 1440 1051 558 523 7925 091 47600 17612
(952) (055) (042) (92 50)

3000 672 6010 338 26620 561 1288 395 1 556 524 1323 095 51500 23379
(887) (1 48) (050) (8782)

4000 611 7120 679 33210 568 1780 1028 1 511 621 1920 094 55100 28360
(830) (309) (058) (8539)

5000 601 7940 1490 35100 555 2110 2271 0 5 16 750 454 093 57600 30500
(702) (647) (l 29) (8689)

\Q(
I'



Peat Humus (Alder Peat) - WI, (DR 70%) pH 6 45

Sam- DesorptiOn by dIstilled
pIe SorptiOn

Desorption by dIstIlled
water adjusted to pH 3

Desorption by
water, pH 6 1% HCl

Co pH EC Ceq S pH EC D pH EC D pH EC D

Cu

1 778 316 000 10 720 238 000 625 243 02 096 51000 1 83
(100) (000) (200) (1830)

100 729 650 026 997 689 352 230 610 392 1 5 090 55400 391 6
(997) (023) (0 15) (3928)

1000 605 4330 1 78 9982 645 1107 630 568 498 77 088 55300 6848
(998) (006) (008) (6860)

2000 505 6740 9 15 19908 585 1750 114 531 590 15 6 087 51600 13660
(995) (006) (008) (6862)

3000 542 8540 390 29610 558 2090 270 523 710 298 084 55500 19067
(987) (009) (0 10) 5

(6439)

4000 476 10670 920 39080 5 15 2650 111 5 15 720 492 083 50200 24630
(977) (028) (013) (6302)

5000 411 13360 285 47150 5 11 3430 452 5 02 820 1267 083 65000 28750
(943) (096) (027) (6096)

Cr

1 695 211 000 10 743 137 000 697 316 o 1 098 47300 465
(100) (000) (100) (4650)

100 757 705 006 999 678 333 02 632 371 05 095 48000 8904
(999) (002) (005) (8 91)

1000 734 4630 022 9998 6 19 1447 05 592 757 08 093 54000 7989
(999) (0005) (0008) (800)

2000 624 7990 047 19995 552 2148 09 511 896 09 086 56200 1421 5
(999) (0 004) (0004) (7 11)

3000 478 10550 1 16 29988 501 3310 1 6 425 1193 27 085 61600 20493
(999) (0005) (0009) (683)

4000 3 91 12930 532 39947 467 4340 29 368 1370 4 1 094 64300 24500
(999) (0007) (001) (6 13)

5000 311 16030 260 47370 420 5950 176 331 1530 74 093 65800 29880
(947) (004) (002) (6 31)



Table 7 EqUlhbnum mass adsorptIOn-desorptIon Isotherms for heavy metals (Zn2 +, Cd2 +,

Cu2+ and Ci3+) bound on low-moor Brushwood Peat Humus and pH of eqUllIbrated
solutIons III mono-metal systems Me-Cl ,

Batch expenments, Input solutIon pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L = 1 10
Peat sample W9b (pH 6 32, DR 55 %)

Sam
Peat Humus (Brushwood) - W9b (DR 55%) pH 632

pIe SorptiOn
Desorption dlstlllled DesorptlOn dlstlllled

DesorptiOn 1% HCI
water pH 6 water pH 3 (adjusted)

Co pH EC Ceq S pH EC D pH EC D pH EC D

Zn

1 755 292 003 97 634 160 000 6 18 361 01 093 46100 880
(970) (000) (l00) (9072)

LOO 750 536 052 995 634 265 112 6 12 393 24 091 48600 5785
(995) (1 13) (024) (58 14)

1000 642 3590 10 17 9898 622 851 750 606 457 642 088 54800 6095
(989) (076) (065) (61 58)

2000 652 5500 248 17520 591 1415 5975 547 630 2164 087 55500 12771
(876) (341) (l 23) (72 89)

3000 535 8330 680 23200 623 2380 1570 532 811 354 085 57200 16908
(77 3) (677) (l 53) (72 88)

4000 558 10850 1105 28950 542 3510 2740 5 08 1110 1008 084 56000 22360
(72 4) (946) (348) (77 24)

..,000 5 15 12230 1795 32050 547 3750 2631 5 08 1185 1302 083 57900 23500
(64 1) (8 21) (406) (73 32)

Cd

I 796 280 000 10 672 124 o 14 626 310 037 092 53800 901
(100) (1 4) (3 7) (9020)

100 724 395 060 994 627 194 1 67 599 466 1 89 091 64000 6508
(994) (0 17) (0 19) (6547)

1000 680 1462 10 6 9894 590 739 3891 577 432 2245 090 42100 8518
(989) (039) (0 23) (8609)

2000 653 2880 106 18940 572 1319 2490 534 494 7890 088 54800 17027
(947) (1 31) (042) (8990)

'1000 650 5790 457 25430 547 1740 8588 531 535 1672 086 57000 22362
(848) (338) (066) (87 94)

4000 566 6480 900 31000 522 2240 783 502 1000 2868 084 53800 28450
(775) (253) (0 93) (91 77)

')000 501 7820 1680 33200 501 2260 954 488 1149 5400 084 54750 30800
(664) (287) (1 63) (9277)



Sam-
Peat Humus (Brushwood) - W9b, (DR 55 %) pH 6 32

pIe Sorption
DesorptIOn dIstlllled DesorptIon dlstlllled

DesorptIon 1% HC1
water pH 6 water pH 3 (adjusted)

Co pH EC Ceq S pH EC D pH EC D pH EC D

Cu

I 760 294 000 10 683 186 o 1 604 216 o 1 092 60200 782
(100) (l00) (1 00) (7820)

100 7 16 620 042 996 654 273 1 7 602 262 3 1 090 62200 6255
(996) (0 17) (031) (6280)

1000 496 3810 273 9973 545 1108 94 525 455 112 089 56800 7081
(997) (009) (0 11) (71 00)

2000 487 6690 166 19833 508 1660 234 498 690 15 6 088 67500 11226
(992) (0 12) (008) (5660)

3000 466 9000 580 29420 479 2450 843 429 720 342 075 56900 20123
(98 1) (029) (0 12) (6840)

4000 474 10620 166 38340 451 2600 172 5 440 760 685 074 60300 23997
(95 8) (045) (0 18) (6259)

5000 377 13510 446 45540 423 3410 6570 411 1130 138 072 61200 27100
(91 1) (144) (030) (59 51)

Cr

1 787 264 000 10 663 146 000 653 310 000 094 50800 509
(100) (000) (000) (5090)

100 776 604 o16 998 653 296 1 1 6 18 479 06 092 51400 1652
(998) (0 11) (006) (16 55)

1000 653 4450 036 9996 546 1572 14 542 863 1 3 078 52600 1037
(999) (0 014) (0013) (10 37)

2000 592 7810 072 19993 5 15 2620 1 7 484 1054 1 9 076 57100 1749
(999) (0008) (0009) (875)

3000 547 10450 107 29990 440 2820 2 1 429 930 34 085 58700 2041
(999) (0007) (0011) (681)

4000 443 12870 640 39936 4 15 4320 89 350 1440 38 084 63000 2417
(998) (0022) (0009) (605)

5000 3 18 13400 238 47620 4 12 5420 330 341 2250 106 083 65400 2911
(95 2) (006) (0022) (6 11)



Table 8 EqUIlIbnum mass adsorption-desorption Isotherms for heavy metals «Zn2 +, Cd2+,

Cu2+ and c2+) bound on low-moor Rush (Reed-Sedge) Peat and pH of eqUIlIbrated
solutIOns III mono-metal systems Me-Cl

Batch expenments, Input solutIon pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L = 1 10
Peat sample W9c (pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) - W9c, (DR 55%), pH 621

Sam DesorptIOn by
pte SorptIOn

DesorptIOn by
dIstIlled water

DesorptIOn by
dIstIlled water pH 6

adjusted to pH 3
1% HCl

Cn pH EC Ceq S pH BC D pH Ee D pH Ee D

Zn

I 772 289 000 10 720 226 000 660 370 000 086 44700 529
(100) (0 00) (000) (5290)

LOO 742 551 030 997 678 420 46 645 420 1 1 092 46500 555
(997) (0 46) (0 11) (5567)

1000 643 3650 56 9440 6 12 1020 415 542 520 282 090 43600 5013
(944) (044) (030) (53 10)

2000 620 5490 178 18220 556 1555 2920 547 658 149 1 088 43400 13240
(91 1) (1 60) (082) (72 67)

3000 532 8330 360 26400 541 2400 8840 540 1149 350 085 50900 19275
(880) (335) (l 32) (73 01)

4000 565 10610 1040 29600 546 3710 1088 522 1283 822 083 54200 23464
(740) (368) (278) (7927)

'i000 5 16 11900 1730 32700 527 4360 1360 509 1561 1294 082 55100 28200
(654) (4 16) (396) (8624)

Cd

J 742 195 000 10 671 123 005 625 291 007 092 54200 911
(100) (0 5) (070) (91 10)

100 610 365 025 997 693 260 120 6 16 344 1 28 091 64000 6902
(997) (0 12) (0 13) (6923)

1000 5 94 1510 126 9874 609 736 3376 599 365 2092 088 49900 8746
(984) (034) (021) (88 58)

2000 598 2870 107 18925 654 1284 2123 578 566 72 50 087 55400 15278
(94 6) (1 12) (038) (8073)

1000 567 5640 301 26990 5 12 1670 5466 509 694 169 1 o85 54600 24780
(900) (202) (062) (91 81)

4000 535 6790 696 33040 506 2100 15125 499 731 2490 084 53900 26230
(826) (458) (075) (7939)

5000 530 7960 1248 37520 506 2520 1904 480 1025 6320 092 61000 33200
(750) (507) (1 68) (8849)



Rush Peat (Reed-Sedge Peat) - W9c, (DR 55%), pH 6 21

Sam- DesorptIOn by
pIe SorptIon

Desorption by
dlStllled water

Desorption by
dIstilled water, pH 6

adjusted to pH 3
1% Hel

Co pH EC Ceq S pH EC D pH EC D pH EC D

Cu

1 754 290 000 10 710 222 o1 591 266 o 1 088 52000 782
(100) (l00) (1 00) (7820)

100 729 665 028 997 661 382 08 571 460 1 1 086 49200 6064
(997) (008) (0 11) (6082)

1000 630 4060 280 9972 548 1094 39 537 565 55 092 53300 7063
(997) (004) (006) (7083)

2000 494 6620 928 19907 468 2221 17 1 453 740 220 089 51900 13990
(995) (009) (0 11) (7028)

3000 484 9070 320 29984 457 2760 528 434 920 245 086 52700 21077
(999) (0 18) (008) (7029)

4000 467 10340 810 39190 444 3040 120 441 1150 425 o85 53900 23760
(979) (031) (0 11) (6063)

5000 444 13300 261 47390 435 4320 480 424 1310 116 084 60400 29100
(948) (1 01) (025) (61 41)

Cr

1 765 365 000 10 677 174 000 663 271 000 091 48600 345
(100) (000) (000) (3450)

100 753 706 008 999 664 316 02 630 329 02 089 50900 1094
(999) (002) (002) (1095)

1000 654 4620 029 9997 5 65 1850 07 543 740 07 087 52000 6388
(999) (0007) (0007) (639)

2000 600 7840 041 19996 539 2730 08 483 1091 1 0 085 55100 1362
(999) (0004) (0005) (681)

3000 498 10560 080 29992 467 3280 1 7 452 1111 25 084 62000 1851
(999) (0006) (0008) (6 17)

4000 456 12750 321 39968 411 4500 24 369 1540 4S 083 64500 2417
(999) (0 006) (0 011) (605)

5000 322 13640 620 49380 345 6300 260 340 2080 13 7 083 65400 3150
(988) (005) (003) (638)



Table 9 Maxunum bound metal loads evaluated experunentally and parameters of LangmUIr
and Freundhch equIhbnum ISotherms for Zn2+, Cd2+, Cu2+ and cr3+ sOIpnon onto
Alder Peat

S (max)

Langmmr eqmhbnum Isotherm FreundlIch eqUIlIbnum Isotherm
S = bKLceql(l +KLCeq) S = KFCeqlln

(exp)
b KL R Kp Rn

mg/kg (%) mg/kg dm3/mg dm3/mg

Zn 32500
22899 0018 0985 1574 2542 0984(650%)

Cd 35100
25889 0152 0963 5304 3716 0970(702%)

Cu 47150'
39946 0159 0991 9507 3405 0972(943%)

Cr 47370' 61253 0426 0961 20817 6035 0768(947%)

S - bound quantIty of metal per UnIt of adsorbent Ceq - eqUIlIbnum concentratIOn of metal m solution, S{max) ­
maXimum bound metal loads evaluated expenmentally (m mass umts or m percent of mass applIed), b - constant
correspondmg to the surface concentratIon and monolayer coverage and representmg the maxIIDum adsorptIon, ~ ­
constant related to the energy of adsorption, KF - constant related pnmanly to the capaCIty of adsorbent R­
regressIOn coefficIent
• - Below the adsorption capaCIty



Table 10/1 EqUIlIbnum mass adsorptIon/desorption Isotherms for Zn2+ on low-moor peats
(Peat Humus and Reed-Sedge Peat) and pH of eqUIlIbrated SOlutIOns 10 mono­
metal Zn-Cl and bInary systems (Zn+Cd)-CI,

Batch expenments, Input soluTIon pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10 ,
Peat sample Alder Peat Humus WI (pH 6 45, DR 70%),

Peat Humus (Alder Peat) - WI (DR 70%) pH 6 45

Sample DesorptiOn by DesorptIOn by
DesorptIOn by

Sorption dIstIlled water, dIstilled water
pH 6 adjusted to pH 3

1% HCI

C" pH Ceq S pH D pH D pH D

Zn

1 750 003 97 702 000 670 000 099 555
(970) (000) (000) (5722)

100 763 149 985 687 65 645 1 01 094 6805
(985) (066) (0 10) (6909)

1000 678 110 9100 631 380 617 282 089 5918
(91 0) (043) (031) (6503)

2000 625 404 17760 611 3880 594 1468 089 13622
(888) (2 18) (083) (7670)

3000 569 730 25260 571 1290 513 188 088 18217
(842) (5 11) (074) (72 12)

4000 559 1210 28900 547 2545 511 788 084 23300
(72 2) (8 81) (272) (8062)

5000 5 15 1750 32500 504 2855 503 957 084 24500
(65 0) (878) (2 94) (75 38)

Zn In presence of Cd

I 6 15 0025 975 640 000 102 711
(975) (000) (72 92)

995 636 099 985 1 635 270 098 4856
(990) (027) (4929)

435 600 1675 4182 562 24 11 095 26872
(962) (058) (6503)

1005 570 10987 8951 559 9262 093 5469
(89 1) (l 03) (61 09)

29705 5 16 5800 23905 5 19 2979 092 12770
(805) (l 34) (53 42)

-\.620 475 19986 26214 489 371 9 090 16896
(567) (l 42) (6445)



Table 10/2 EqUlhbnum mass adsorption/desorptIon ISotherms for ZIt4- on low-moor peats (Peat Humus and Reed­
Sedge Peat) and pH of equIlIbrated solUtIOns In mono-metal Zn-CI and bmary systelllS (Zn+Cd)-Cl

Batch expenments, Input solution pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10 ,
Peat samples Brushwood Peat Humus W9b (pH 6,32, DR 55 %)

Peat Humus (Brushwood) - W9b (DR 55%), pH 6 32

Sample DesorptIon by
DesorptIOn dIstIlled

Desorption by
SorptIOn

dIStilled water, pH 6
water adjusted to pH

1% Hel
3

C" pH Ceq S pH D pH D pH D

Zn

1 755 003 97 634 000 6 18 o1 093 880
(970) (000) (1 00) (9072)

100 750 052 995 634 112 6 12 24 091 5785
(995) (l 13) (024) (58 14)

1000 642 10 17 9898 622 750 606 642 088 6095
(989) (076) (065) (61 58)

2000 652 248 17520 591 5975 547 2164 087 12771
(876) (3 41) (l 23) (72 89)

3000 535 680 23200 623 1570 532 354 085 16908
(773) (677) (l53) (72 88)

4000 558 n05 28950 542 2740 508 1008 084 22360
(72 4) (946) (348) (77 24)

5000 5 15 1795 32050 547 2631 508 1302 083 23500
(64 1) (821) (406) (7332)

Zn III presence of Cd

1 650 0033 967 658 000 109 833
(967) (000) (86 14)

995 628 096 9854 655 1 70 096 539 1
(990) (0 17) (54 71)

435 600 1478 4202 564 3251 094 2692
(966) (077) (6406)

1005 568 92 16 91284 560 121 1 o 93 5201
(908) (l 33) (5698)

29705 5 15 5868 23837 511 338 1 092 11692
(836) (I 42) (4904)

4620 475 1781 28390 490 4762 085 15078
(614) (I 68) (53 11)



Table 10/3 EqUilIbnum mass adsorptIOn/desorptIOn Isotherms for Zn2+ on low-moor peats
(Peat Humus and Reed-Sedge Peat) and pH of eqUilIbrated solutIOns ill mono­
metal Zn-CI and bmary systems (Zn+Cd)-CI,

Batch expenments, Input solutIon pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10 ,
Peat sample Rush (Reed-Sedge)Peat W9c,(pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) - W9c (DR 55%) pH 6 21

Sample DesorptIon by
DesorptlOn by

DesorptlOn by
Sorption

dIstilled water pH 6
dIstilled water

1% HCl
adjusted to pH 3

C" pH Ceq S pH D pH D pH D

Zn

1 772 000 10 720 000 660 000 086 529
(100) (000) (000) (5290)

100 742 030 997 678 46 645 1 1 092 555
(997) (046) (0 11) (5567)

1000 643 56 9440 6 12 41 5 542 282 090 5013
(944) (044) (030) (53 10)

2000 620 178 18220 556 292 0 547 149 1 088 13240
(91 1) (l 60) (082) (72 67)

3000 532 360 26400 541 8840 540 350 085 19275
(880) (3 35) (1 32) (73 01)

4000 565 1040 29600 546 1088 522 822 083 23464
(740) (3 68) (278) (7927)

5000 5 16 1730 32700 527 1360 509 1294 082 28200
(654) (4 16) (396) (8624)

Zn In presence of Cd

1 546 0037 963 6 16 000 090 757
(963) (000) (78 61)

995 570 o 83 9867 584 202 090 5077
(992) (0 21) (51 45)

435 567 1848 41652 536 3409 088 2416
(95 7) (082) (5802)

1005 547 12377 88123 551 141 04 087 4356
(877) (l 50) (4943)

29705 495 5836 23869 500 338 1 088 10054
(803) (1 34) (42 12)

4620 469 2072 25480 464 5803 085 14646
(55 15 (228) (5748)



Table 11/1 EqUIlIbnum mass adsorpnon/desorption Isotherms for Cd2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIOns m
mono-metal Cd-Cl and bmary systems (Cd+Zn)-Cl,

Batch expenments, Input solutIon pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10 ,
Peat sample Alder Peat Humus WI (pH 6 45, DR 70%),

Peat Humus (Alder Peat) - WI, (DR 70%) pH 645

Sample DesorptIon by DesorptIon by
Desorption by

SorptIon dIstIlled water dIstIlled water
pH 6 adjusted to pH 3

1% HCI

CO pH Ceq S pH D pH D pH D

Cd

1 795 000 100 722 o12 675 006 098 968
(100) (l 2) (06) (9680)

100 761 061 994 728 1 35 650 251 094 8668
(994) (0 14) (025) (8720)

1000 655 114 9886 677 369 6 19 1962 092 8581
(987) (037) (020) (8680)

2000 6 16 960 19040 6 12 105 1 558 7925 091 17612
(952) (055) (042) (92 50)

3000 672 338 26620 5 61 395 1 556 1323 095 23379
(887) (l 48) (050) (8782)

4000 6 11 679 33210 5 68 1028 1 511 192 0 094 28360
(830) (309) (058) (85 39)

5000 601 1490 35100 555 2271 0 5 16 454 093 30500
(702) (647) (1 29) (8689)

Cd In presence of Zn

1 00 6 15 0024 976 640 000 102 803
(976) (000) (8227)

100 636 032 9968 635 1 51 098 664 2
(997) (0 15) (6663)

463 1 600 552 4576 562 1632 095 3626
(988) (036) (7924)

12425 570 1702 10723 559 72 20 093 6948
(863) (067) (64 79)

2860 5 16 6444 22156 5 19 748 8 092 15004
(77 5) (3 28) (6772)

4644 475 2210 24340 489 1411 5 090 18192
(524) (580) (74 74)



Table 11/2 EqUIlIbnum mass adsorptIOn/desorptIOn Isotherms for Cd2+ on low-moor peats
(peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIOns m
mono-metal Cd-CI and bmary systems (Cd +Zn)-Cl,

Batch experIments, Input solutIOn pH 4 0, Co = 1 - 5000 mgMe dID 3, S/L= 1 10 ,
Peat sample Brushwood Peat Humus W9b (pH 6,32, DR 55%),

Peat Humus (Brushwood) - W9b, (DR 55%), pH 6,32

Sample DesorptIon by
DesorptIon distIlled

DesorptIon by
SorptIon

dIstIlled water, pH 6
water adjusted to

1% HCl
pH 3

Co pH Ceq S pH D pH D pH D

Cd

1 796 000 10 672 014 626 037 092 901
(100) (1 4) (3 7) (9020)

100 724 060 994 627 167 599 1 89 091 6508
(994) (0 17) (0 19) (6547)

1000 680 106 9894 590 3891 577 2245 090 8518
(989) (039) (023) (8609)

2000 653 106 18940 572 2490 534 7890 088 17027
(947) (l 31) (042) (89 90)

3000 650 457 25430 547 8588 5 31 1672 086 22362
(84 8) (338) (066) (87 94)

4000 566 900 31000 522 783 502 2868 084 28450
(775) (253) (093) (91 77)

5000 501 1680 33200 501 954 488 5400 084 30800
(664) (287) (1 63) (9277)

Cd m presence of Zn

100 650 00 998 658 000 109 690
(998) (000) (69 14)

100 628 033 9967 655 160 096 7202
(997) (0 16) (72 26)

463 1 600 746 45564 564 2301 094 3248
(984) (051) (71 23)

12425 568 4746 10950 560 1326 093 6222
(962) (1 11) (5207)

2860 5 15 6374 22226 511 2946 092 14228
(777) (l 33) (6402)

4644 475 19436 27004 490 57536 089 18088
(582) (2 31) (6698)



Table 11/3 EqUIlIbnum mass adsorptIon/desorptIOn isotherms for Cd2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUilIbrated solutIOns ill

mono-metal Cd-CI and bmary systems (Cd+Zn)-CI,

Batch expenments, Input solutiOn pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10 ,
Peat sample Rush (Reed-Sedge) Peat W9c,(pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) W9c (DR 55%), pH 6 21

Sample DesorptIon by Desorption by
DesorptIOn by

SorptIOn
dIstIlled water pH 6

dIStilled water
1% HCI

adjusted to pH 3

Co pH Ceq S pH D pH D pH D

Cd

1 742 000 10 671 005 625 007 092 911
(100) (05) (070) (91 10)

100 610 025 997 693 120 6 16 1 28 091 6902
(997) (0 12) (0 13) (6923)

1000 594 12 6 9874 609 3376 599 2092 088 8746
(984) (034) (021) (8858)

2000 598 107 18925 654 2123 578 72 50 087 15278
(946) (1 12) (038) (8073)

3000 567 301 26990 5 12 5466 509 169 1 085 24780
(900) (202) (062) (91 81)

4000 535 696 33040 506 15125 499 2490 o 84 26230
(826) (458) (075) (7939)

5000 530 1248 37520 506 1904 480 6320 092 33200
(750) (507) (l 68) (8849)

Cd In presence of Zn

1 546 0016 984 6 16 000 090 599
(984) (000) (60 87)

100 570 02533 9975 584 1 89 090 6802
(997) (0 19) (68 19)

463 1 567 54 16 4576 536 2404 088 3226
(988) (053) (7049)

12425 547 6157 11883 551 123 1 087 5874
(9564 (I 04) (4943)

2860 495 20936 22443 500 3757 088 13024
(7847 (1 67) (58 03)

4644 469 19436 25504 464 7706 085 16038
(549) (302) (6288)



Table 12/1 EqUIlIbnum mass adsorptIon/desorptIOn Isotherms for Cu2+ on low-moor peats
(peat Humus and Rush Reed-Sedge Peat) and pH of eqUIhbrated solutIOns m
mono-metal Cu-Cl and bmary systems (Cu+Cr)-CI,

Batch expenments, Input solutIOn pH 4 0, Co = 1 - 5000 mgMe dID 3, S/L= 1 10,
Peat sample Alder Peat Humus WI (pH 645, DR 70%),

Peat Humus (Alder Peat) - WI (DR 70%) pH 6 45

Sample Desorption by DesorptIOn by
DesorptIOn bySorptlOn dIstIlled water, pH dIstIlled water

1% HC1
6 adjusted to pH 3

Co pH Ceq S pH D pH D pH D

Cu

1 778 000 10 720 000 625 02 096 1 83
(100) (000) (200) (1830)

100 729 026 997 689 230 610 1 5 090 3916
(997) (023) (0 15) (3928)

1000 605 178 9982 645 630 568 77 088 6848
(998) (006) (008) (6860)

2000 505 9 15 19908 5 85 114 531 15 6 087 13660
(995) (006) (008) (6862)

3000 542 390 29610 558 270 5 23 298 084 19067 5
(987) (009) (0 10) (64 39)

4000 476 920 39080 5 15 111 5 15 492 083 24630
(977) (028) (0 13) (6302)

'i000 4 11 285 47150 511 452 502 1267 083 28750
(94 3) (096) (027) (6096)

Cu In presence of Cr

082 760 0065 755 7 12 007 1 30 057
(92 1) (1 15) (7 56)

665 7 19 037 661 1 680 250 1 25 3555
(994) (038) (53 78)

4503 670 058 4497 666 435 1 21 24126
(999) (009) (53 64)

7389 601 145 7375 620 595 1 20 4433
(998) (008) (60 11)

1920 356 153 1 17665 373 4437 III 10556
(920) (251) (5976)

3991 266 1888 21030 299 4976 106 12764
(527) (237) (6069)



Table 12/2 EqUlhbnum mass adsorptIOn/desorptIOn Isotherms for Cu2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIOns m
mono-metal Cu-CI and bmary systems (Cu+Cr)-CI,

Batch expenments, Input solutIOn pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10,
Pedt sample Brushwood Peat Humus W9b (pH 6,32, DR 55 %),

Peat Humus (Brushwood) - W9b (DR 55%), pH 6 32

Sample DesorptIOn by Desorpuon by
DesorptIOn by

SorptIOn dlstl1led water dIstilled water
pH6 adjusted to pH 3

1% Hel

C" pH Ceq S pH D pH D pH D

eu
I 760 000 10 683 01 604 o 1 092 782

(l00) (100) (l00) (782)

100 7 16 042 996 654 1 7 602 3 1 090 6255
(996) (0 17) (031) (6280)

1000 496 273 9973 545 94 525 112 089 7081
(997) (009) (0 11) (71 00)

2000 487 16 6 19833 508 234 498 15 6 088 11226
(992) (0 12) (008) (5660)

3000 4 66 580 29420 479 843 429 342 075 20123
(98 1) (029) (0 12) (6840)

4000 474 166 38340 451 172 5 440 68 5 074 23997
(95 8) (045) (0 18) (6259)

5000 377 446 45540 423 6570 411 138 072 27100
(91 1) (144) (030) (59 51)

Cu m presence of Cr

082 763 0096 723 735 0062 1 32 081
(882) (086) (11 1)

665 7 18 023 6626 710 1 91 122 1675
(996) (029) (2526)

4503 665 039 4499 671 374 1 19 15692
(999) (008) (34 88)

7389 5 14 225 7366 620 9 19 1 15 38885
(997) (0 13) (5279)

1920 336 2714 16482 353 3788 1 09 11108
(857) (230) (6739)

3991 254 1878 21122 274 5052 1 05 12132
(529) (239) (5744)



Table 12/3 EqUilIbrIum mass adsorptlOn/desorptlOn Isotherms for Cu2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUilIbrated solutIOns III

mono-metal Cu-CI and bmary systems (Cu +Cr)-CI,

Batch expenments, Input solutIon pH 4 0, Co = 1 - 5000 mgMe dID. 3, S/L= 1 10,
Peat sample Rush (Reed-Sedge) Peat W9c,(pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) - W9c (DR 55%) pH 6 21

Sample DesorptIOn by DesorptIOn by
Desorption by

Sorption dIstilled water, pH dIstIlled water
6 adjusted to pH 3

1% HCI

Cll pH Ceq S pH D pH D pH D

Cu

1 754 000 10 710 01 5 91 o 1 088 782
(100) (l00) (l00) (7820)

100 729 028 997 661 08 571 1 1 086 6064
(997) (008) (0 11) (6082)

1000 630 280 9972 548 39 537 55 092 7063
(997) (004) (006) (7083)

2000 494 928 19907 468 17 1 453 220 089 13990
(995) (009) (0 11) (7028)

3000 484 320 29984 457 528 434 24 5 086 21077
(999) (0 18) (008) (7029)

4000 467 810 39190 444 120 441 425 085 23760
(979) (031) (0 11) (6063)

5000 444 261 47390 435 480 424 116 084 29100
(948) (l 01) (025) (61 41)

Cu In presence of Cr

082 6 68 0027 793 745 0013 124 046
(967) (0 16) (583)

665 656 024 6624 720 221 122 13089
(996) (033) (19 76)

4503 621 053 4498 690 302 1 18 12572
(999) (007) (27 95)

7389 5 10 207 7368 627 892 1 14 31688
(997) (0 12) (4300)

1920 322 1788 17408 370 6852 1 10 9264
(907) (394) (5322)

3991 252 2042 19486 294 5884 108 11908
(488) (302) (61 11)



Table 13/1 EqUIlIbnum mass adsorptIOn/desorptIOn Isotherms for Ci'+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of equilIbrated solutIons ill

mono-metal Cr-CI and bInary systems (Cr+Cu)-CI,

Batch experIments, Input solutIon pH 4 0, Co = 1 - 5000 mg Me dIn 3, S/L= I 10,
Peat sample Alder Peat Humus WI (pH 6 45, DR 70%),

Peat Humus (Alder Peat) - WI (DR 70%) pH 6 45

Sample DesorptIon by DesorptIOn by
Desorptlon by

SorptIon dIstIlled water, dlstllled water
1% HCIpH 6 adjusted to pH 3

C" pH Ceq S pH D pH D pH D

Cr

I 695 000 10 743 000 697 o1 098 465
(100) (000) (1 00) (4650)

100 757 006 999 678 02 632 as 095 89 04
(999) (002) (0 OS) (8 91)

1000 734 022 9998 619 05 592 08 093 7989
(999) (0005) (0008) (800)

2000 624 047 19995 552 09 511 09 086 1421 5
(999) (0004) (0004) (7 11)

3000 478 1 16 29988 501 1 6 425 27 085 20493
(999) (0005) (0009) (6 83)

4000 3 91 532 39947 467 29 368 4 1 094 2450 a
(999) (0007) (0 01) (6 13)

5000 311 260 47370 420 176 3 31 74 093 2988 a
(947) (004) (002) (6 31)

Cr In presence Cu

073 760 0072 658 7 12 0005 1 30 043
(90 1) (004) (647)

7525 7 19 0107 751 4 680 0703 1 25 4933
(999) (009) (656)

392 670 0301 3916 666 767 1 21 237 1
(999) (0 19) (605)

760 601 0474 7592 620 5048 1 20 4042
(999) (066) (532)

1978 356 1254 19659 373 8075 III 1032
(994) (0 41) (525)

4253 266 9874 32660 299 144 1 106 2002
(768) (044) (607)



Table 13/2 EqUIlIbnum mass adsorptIOn/desorptIOn Isotherms for C:r3+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIons m
mono-metal Cr-Cl and bmary systems (Cr+Cu)-Cl,

Batch experIments, Input solutIon pH 4 0, Co = 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat sample Brushwood Peat Humus W9b (pH 6,32, DR 55 %),

Peat Humus (Brushwood) - W9b (DR 55%) pH 6 32

Sample DesorptIon by
DesorptIOn dlstulled DesorptIOn bySorptIon distIlled water,

pH6
water pH 3 (adjusted) 1% Hel

Co pH Ceq S pH D pH D pH D

Cr

I 787 000 10 663 000 653 000 094 509
(100) (000) (000) (5090)

100 776 016 998 653 1 1 6 18 06 092 1652
(998) (0 11) (006) (1655)

1000 653 036 9996 546 1 4 542 1 3 078 1037
(999) (0014) (0013) (1037)

2000 592 072 19993 5 15 1 7 484 19 076 1749
(999) (0008) (0009) (875)

3000 547 107 29990 440 2 1 429 34 085 2041
(999) (0007) (0 011) (6 81)

4000 443 640 39936 4 15 89 350 3 8 084 2417
(998) (0022) (0009) (605)

5000 3 18 238 47620 4 12 330 341 106 083 2911
(952) (006) (0022) (6 11)

Cr III presence of Cu

073 763 0035 695 735 0027 132 051
(95 2) (039) (7 34)

7525 7 18 0095 7516 710 1 78 122 72 84
(999) (024) (969)

392 665 0306 3916 671 422 1 19 2235
(999) (0 11) (5 71)

760 5 14 0457 7592 620 13 13 1 15 4048
(999) (0 17) (5 33)

1978 336 2386 19545 353 44 22 109 1051
(988) (023) (5 37)

4253 254 10476 32058 274 5534 105 2006
(754) (0 17) (688)



Table 13/3 EqUJ.hbnum mass adsorptIon/desorptIOn Isotherms for Cr3+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIons In

mono-metal Cr-CI and bmary systems (Cr+Cu)-CI,

Batch expenments, Input solutIon pH 4 0, Co = 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat sample Rush (Reed-Sedge) Peat W9c,(pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) - W9c, (DR 55%), pH 6 21

Sample DesorptIOn by DesorptIOn by
DesorptIon by

SorptIon dIstIlled water, pH dIstilled water
1% HCl

6 adjusted to pH 3

C" pH Ceq S pH D pH D pH D

Cr

1 765 000 10 677 000 663 000 091 345
(100) (000) (000) (3450)

LOO 753 008 999 664 02 630 02 089 1094
(999) (002) (002) (1095)

1000 654 029 9997 565 07 543 07 087 6388
(999) (0007) (0 007) (639)

2000 600 041 19996 539 08 483 10 085 1362
(999) (0004) (0005) (681)

3000 498 080 29992 467 1 7 452 25 084 1851
(999) (0006) (0008) (6 17)

4000 456 321 39968 411 24 369 45 083 2417
(999) (0006) (0 011) (605)

5000 322 620 49380 345 260 340 137 083 3150
(988) (005) (003) (638)

Cr In presence of Cu

073 668 0010 720 745 0039 124 042
(986) (055) (590)

7'525 656 o 163 7509 720 110 122 4489
(998) (0 15) (597)

392 621 0417 3915 690 227 1 18 1873
(999) (006) (478)

760 510 0628 7591 627 4 12 1 14 3156
(999) (005) (4 16)

1978 322 1558 19628 370 3884 110 7768
(992) (020) (396)

4253 252 730 35234 294 1864 108 2272
(828) (053) (645)

<II



Table 14/1 EqUIlIbnum mass adsorptIon/desorptiOn Isotherms for Zn2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIOns 10

mono-metal Zn-SO/- and bmary systems (Zn+Cd)-SOl ,

Batch expenments, Input solutIOn pH 4 0, Co = 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat samples Alder Peat Humus WI (pH 6 45, DR 70%),

Peat Humus (Alder Peat) - WI, (DR 70%) pH 645

Sample
SorptIOn

Desorption by dIstIlled DesorptIOn by
water pH 6 1% HCl

Co pH Ceq S pH D pH D

Zn

1 560 0034 966 651 0066 098 851
(966) (068) (8809)

1062 573 096 10526 649 491 095 6763
(99 1) (047) (6425)

4928 596 449 4883 599 2501 098 3181
(99 1) (051) (65 14)

9974 5 85 2682 97058 550 7890 096 6810
(973) (081) (70 16)

2800 550 2428 25572 555 8162 093 15380
(91 3) (3 19) (60 14)

4394 521 6732 37208 530 13976 098 32752
(847) (376) (8802)

Zn m presence by Cd

1 626 006 940 6 18 000 104 849
(940) (000) (9032)

995 579 049 9897 634 254 1 03 5188
(989) (026) (5242)

4977 569 867 48903 590 31 79 095 31752
(982) (065) (6493)

l053 570 4654 10065 552 166 1 100 6293
(956) (l 65) (6253)

2650 554 3899 22601 529 2776 100 16030
(853) (l 23) (7093)

5138 500 1588 35500 510 6229 098 25848
(69 1) (1 75) (72 81)



Table 14/2 EqUIlIbnum mass adsorptIOn/desorptIon Isotherms for Zn2 + on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated SOlutIOns m
mono-metal Zn-SOl- and bmary systems (Zn+Cd)-SO/,

Batch expenments, Input solutIOn pH 4 0, Co = 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat sample Brushwood Peat Humus W9b (pH 6,32, DR 55 %),

Peat Humus (Brushwood) - W9b, (DR 55%), pH 6 32
Sample

SorptIOn
DesorptIOn by DesorptIOn by

dIstilled water, pH 6 1% HCI

Zn

1 570 0025 975 678 0068 090 691
(975) (069) (7087)

1062 658 039 10588 655 678 092 6522
(996) (0 64) (61 59)

4928 536 538 48742 599 2416 089 30395
(989) (049) (62 36)

9974 587 2785 96955 559 11448 090 6588
(972) (1 18) (67 95)

2800 547 2958 25041 558 8942 081 14264
(894) (3 37) (56 96)

4394 5 18 7570 36370 530 17064 080 28176
(828) (469) (77 47)

Zn m presence of Cd

1 638 0046 950 669 000 1 04 8 16
(950) (000) (85 89)

995 6 14 062 9884 640 2 17 099 6695
(994) (022) (67 74)

4977 5 81 1011 48759 568 40 19 1 00 3142
(979) (082) (6444)

1053 570 51 65 10014 5 35 2026 095 6897
(95 1) (202) (68 88)

2650 520 32285 23272 5 30 12272 091 14238
(878) (527) (61 18)

5138 491 1589 35484 504 270232 088 26608
(69 1) (7 61) (7498)



Table 14/3 EqUlbbnum mass adsorptIOn/desorptIon lsothenns for Zn2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUlllbrated solutIons m
mono-metal Zn-SOl- and bmary systems (Zn+Cd)-SOl ,

Batch expenments, Input solution pH 4 0, Co = 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat sample Rush (Reed-Sedge)Peat W9c,(pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) - W9c, (DR 55%), pH 6 21

Sample
SorptIon

DesorptIon by dIstIlled
DesorptIon by 1% Hel

water pH 6

C" pH Ceq S pH D pH D

Zn

1 598 0067 933 6 16 000 088 587
(93 3) (000) (6291)

1062 570 1004 10522 6 15 5 12 094 5869
(99 1) (049) (5578)

492 8 6004 528 48752 540 2044 090 29565
(989) (042) (6064)

9974 570 3154 96586 5 18 121 11 088 5524
(968) (1 16) (57 19)

2800 525 341 65 24584 540 5044 090 14194
(878) (205) (5774)

4394 510 7676 36264 5 17 1414 086 25096
(825) (3 89) (6920)

Zn In presence of Cd

l 596 0052 948 656 000 1 00 5 12
(948) (000) (54 01)

995 584 054 9892 590 293 098 4159
(995) (029) (4204)

4977 572 10 05 48765 534 3860 097 27852
(979) (079) (57 11)

lO53 563 642 9888 510 2366 095 5118
(939) (239) (51 76)

2650 5 19 3992 22508 5 16 7185 100 13062
(849) (3 19) (5803)

')138 480 1460 36776 492 9634 094 21456
(71 6) (262) (5834)



Table 15/1 EqU1lIbnum mass adsorptIon/desorptIon Isothenns for Cd2 + on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of equlllbrated solutlOllS m
mono-metal cd-sal and bmary systems (Cd+Zn)-SO/ ,

Batch expenments, Input solutIOn Me-Sal, pH 40, Co = 1 - 5000 mg Me dID 3, S/L= 1 10,
Peat sample Alder Peat Humus Wi (pH 6 45, DR 70%),

Peat Humus (Alder Peat) - WI (DR 70%) pH 645

Sample
Sorption

DesorptlOn by dIStilled Desorptlon by
water pH 6 1% HCl

Co pH Ceq S pH D pH D

Cd

1 631 007 930 646 009 098 861
(930) (096) (9247)

90 2 623 039 898 1 6 12 1 21 095 7566
(996) (0 13) (8424)

4624 6 18 166 46074 610 109 098 3844
(996) (0 24) (8343)

1075 6 17 599 10690 569 26 17 094 7282
(994) (025) (68 12)

25465 600 61 89 24846 590 1560 093 18612
(976) (068) (74 91)

48355 570 207 46285 560 13664 090 33126
(957) (295) (71 56)

Cd in presence of Zn

100 6 18 004 960 6 18 009 104 893
(960) (094) (0302)

102 634 044 10156 634 223 103 695 1
(996) (022) (6844)

5002 590 441 49579 590 15 12 095 3333
(99 1) (031) (6723)

1088 552 26 1 10619 552 78 97 100 7964
(976) (074) (74 99)

2256 529 111 2 21443 529 6925 100 16944
(9505 (323) (7902)

4645 510 8085 38365 510 2424 098 30588
(826) (632) (7973)



Table 15/2 EqUilIbrIum mass adsorpnon/desorptIOn Isotherms for Cd2+ on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUilIbrated solutIOns III

mono-metal Cd-SOl and bmary systems (Cd +Zn)-SOl,

Batch experIments, Input solutIOn Me-SOl, pH 4 0, Co = 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat samples Brushwood Peat Humus W9b (pH 6,32, DR 55 %),

Peat Humus (Brushwood) - W9b, (DR 55%), pH 632

Sample
SorptIon

DesorptIon by distllled Desorptlon by
water, pH 6 1% HCI

Co pH Ceq S pH D pH D

Cd

1 698 003 970 670 0081 098 717
(970) (085) (7392)

902 630 029 899 1 661 167 097 6898
(997) (0 18) (7672)

4624 641 262 45978 583 881 095 3589
(994) (0 19) (7806)

1075 625 749 10675 573 2666 093 8008
(993) (025) (7502)

25465 600 8536 24611 555 201 1 088 16232
(966) (082) (65 95)

48355 557 3326 45029 525 17946 081 36408
(93 1) (3 98) (80 85)

Cd In presence of Zn

J 00 638 0026 974 669 0051 104 902
(974) (052) (9261)

J02 6 14 o 63 10137 640 2 14 099 7080
(994) (0 21) (6984)

5002 5 81 400 49620 568 2132 1 00 3355
(992) (043) (67 61)

J088 570 256 10624 535 1109 095 8470
(976) (l04) (7973)

2256 520 1427 21133 530 428 1 o 91 18792
(93 7) (202) (8892)

4645 491 1175 34700 504 17064 088 26668
(747) (492) (76 85)



Table 15/3 EqUIhbnum mass adsorptIon/desorptIOn Isotherms for Cd2 + on low-moor peats
(Peat Humus and Rush Reed-Sedge Peat) and pH of eqUIlIbrated solutIOns In

mono-metal cd-sal and bInary systems (Cd+Zn)-SO/ ,

Batch expenments, Input solutIon Me-SOi, pH 40, Co == 1 - 5000 mg Me dm 3, S/L= 1 10,
Peat sample Rush (Reed-Sedge) Peat W9c,(pH 6 21, DR 55 %)

Rush Peat (Reed-Sedge Peat) - W9c, (DR 55%)

Sample
SorptIon

DesorptlOn by dIstilled Desorption by
water pH 6 1% HC1

Co pH Ceq S pH D pH D

Cd

I 670 0017 983 645 0084 090 750
(983) (085) (7629)

902 644 027 8993 560 III 097 5246
(997) (0 12) (58 33)

4624 630 1 69 4607 1 524 10 94 095 32395
(996) (024) (70 31)

1075 6 14 602 10405 520 3662 088 6658
(994) (035) (6399)

25465 583 7956 24669 580 2493 094 15480
(969) (1 01) (6275)

48355 538 2466 45889 540 1856 083 29352
(949) (404) (63 96)

Cd In presence of Zn

100 596 002 980 656 006 100 644
(980) (0 63) (65 71)

102 584 034 10166 590 1 96 098 632 1
(997) (0 19) (62 18)

5002 572 475 4955 534 2139 099 2794
(99 1) (023) (56 38)

1088 563 25 12 10629 510 12941 096 7220
(977) (1 22) (6793)

2256 5 19 1057 21503 5 16 32258 091 20104
(953) (1 50) (9349)

4645 480 7189 39261 492 672 6 087 29892
(845) (I 71) (76 14)



Table 16 Effect of Zn2+ and Cd2+ Ion competItion for sorptIon sItes m low-moor peat (peat
Humus and Rush Reed-Sedge Peat) and pH changes of eqUIlIbrated SOlutIOns m
mono-metal Zn-Cl , Cd-CI and bmary systems (Cd+Zn)-CI,

Batch experIments, Input solutIOn Me-Cl , pH 40, Co = 1 - 5000 mgMe dID 3, S/L= 1 10 ,

Peat samples (1) Alder Peat Humus WI (pH 645, DR 70%), (2) Brushwood Peat Humus W9b
(pH 6,32, DR 55 %), (3) Rush (Reed-Sedge) Peat W9c,(pH 6 21, DR 55 %)

No Substrat pH Zn Added Cd Added Zn Adsorbed Cd Adsorbed
ppm ppm ~g/g (%) fJ-g/g (%)

1 Alder Peat Humus 615 100 100 975 (975) 976 (976)

2 Alder Peat Humus 636 9950 100 985 1 (990) 9968 (99 7)

3 Alder Peat Humus 600 4350 463 1 4182 (96 2) 4576 (98 8)

4 Alder Peat Humus 570 1005 12425 8951 (89 1) 10723 (86 3)

5 Alder Peat Humus 5 16 2971 2860 23905 (805) 22156 (77 5)

6 Alder Peat Humus 475 4620 4644 26214 (56 7) 24340 (52 4)

7 Alder Peat Humus 750 1 0 970 (97 0)

8 Alder Peat Humus 763 100 0 9850 (98 5)

9 Alder Peat Humus 678 1000 0 8900 (89 0)

10 Alder Peat Humus 625 2000 a 15960 (79 8)

11 Alder Peat Humus 569 3000 a 22700 (75 7)

12 Alder Peat Humus 559 4000 a 27900 (69 7)

13 Alder Peat Humus 5 15 5000 a 32500 (65 0)

14 Alder Peat Humus 7 95 0 1 100(100)

15 Alder Peat Humus 761 0 100 994 (99 4)

16 Alder Peat Humus 655 0 1000 9886 (98 7)

17 Alder Peat Humus 6 16 0 2000 19040 (95 2)

18 Alder Peat Humus 672 0 3000 26620 (88 7)

19 Alder Peat Humus 611 0 4000 33210 (83 0)

20 Alder Peat Humus 601 0 5000 35100 (70 2)

I Brushwood Peat Humus 650 1 00 100 967 (967) 998 (998)

2 Brushwood Peat Humus 628 9950 1000 9854 (99 0) 9967 (99 7)

3 Brushwood Peat Humus 600 4350 463 I 4202 (966) 4556 (984)

4 Brushwood Peat Humus 568 1005 12425 9128 (90 8) 11950 (96 2)

5 Brushwood Peat Humus 5 15 2971 2860 23837 (83 6) 22226 (77 7)

6 Brushwood Peat Humus 475 4620 4644 28390 (61 4) 27004 (58 2)

7 Brushwood Peat Humus 755 1 0 970 (97 0)

8 Brushwood Peat Humus 750 100 0 995 (995)

9 Brushwood Peat Humus 642 1000 0 9898 (989)

10 Brushwood Peat Humus 652 2000 0 17520 (87 6)

II Brushwood Peat Humus 535 3000 0 23200 (77 3)

12 Brushwood Peat Humus 558 4000 0 28950 (72 4)

13 Brushwood Peat Humus 5 15 5000 0 32050 (64 1)



No Substrat pH Zn Added Cd Added Zn Adsorbed Cd Adsorbed
ppm ppm pg/g (%) pg/g (%)

14 Brushwood Peat Humus 796 0 1 100(100)

15 Brushwood Peat Humus 724 0 100 994 (99 4)

16 Brushwood Peat Humus 680 0 1000 9894 (98 9)

17 Brushwood Peat Humus 653 0 2000 18940 (947)

18 Brushwood Peat Humus 650 0 3000 25430 (848)

19 Brushwood Peat Humus 566 0 4000 31000 (77 5)

20 Brushwood Peat Humus 501 0 5000 33200 (66 4)

1 Rush (Reed-Sedge) Peat 546 1 00 100 963 (96 3) 984 (98 4)

2 Rush (Reed-Sedge) Peat 570 9950 1000 9867 (99 2) 9975 (998)

3 Rush (Reed-Sedge) Peat 567 4350 463 1 4165 2 (95 7) 4576 (988)

4 Rush (Reed-Sedge) Peat 547 1005 12425 8812 (87 7) 11883 (95 6)

5 Rush (Reed-Sedge) Peat 495 2971 2860 23869 (803) 22443 (78 5)

6 Rush (Reed-Sedge) Peat 469 4620 4644 25480 (552) 25504 (549)

7 Rush (Reed-Sedge) Peat 772 1 0 100(100)

8 Rush (Reed-Sedge) Peat 742 100 0 997 (997)

9 Rush (Reed-Sedge) Peat 643 1000 0 9440 (94 4)

10 Rush (Reed-Sedge) Peat 620 2000 0 18220 (91 1)

11 Rush (Reed-Sedge) Peat 532 3000 0 26400 (88 0)

12 Rush (Reed-Sedge) Peat 565 4000 a 29600 (740)

13 Rush (Reed-Sedge) Peat 5 16 5000 0 32700 (65 4)

14 Rush (Reed-Sedge) Peat 742 0 1 100 (l00)

15 Rush (Reed-Sedge) Peat 610 0 100 997 (99 7)

16 Rush (Reed-Sedge) Peat 594 0 1000 9874 (98 4)

17 Rush (Reed-Sedge) Peat 598 0 2000 18925 (94 6)

18 Rush (Reed-Sedge) Peat 567 0 3000 26990 (900)

19 Rush (Reed-Sedge) Peat 535 0 4000 33040 (82 6)

20 Rush (Reed-Sedge) Peat 530 0 5000 37520 (75 0)



Table 17 Effect of Zn2+ and Cd2+ Ion competItIon for sorptIon sItes ill low-moor peats (peat
Humus and Rush Reed-Sedge Peat) and pH changes of eqUlhbrated solutIOns ill

mono-metal Zn-SO/ and bmary systems (Cd+Zn)-SO/ ,

Batch experIments, Input solutIon Me-Sal, pH 4 0, Co = 1 - 5000 mgMe dm 3, S/L= 1 10,
Peat samples (1) Alder Peat Humus WI (pH 645, DR 70%), (2) Brushwood Peat Humus W9b
(pH 6,32, DR 55 %), (3) Rush (Reed-Sedge) Peat W9c,(pH 621, DR 55 %)

No Substrate pH Added Zn Added Cd Adsorbed Zn Adsorbed Cd
ppm ppm p,g/g (%) p,g/g (%)

1 Alder Peat Humus 626 100 100 940 (94 0) 960 (96 0)

2 Alder Peat Humus 579 9946 102 9897 (98 9) 1016 (99 6)

3 Alder Peat Humus 569 4977 5002 4890 (98 2) 4958 (99 1)

4 Alder Peat Humus 570 1053 1088 10065 (95 6) 10619 (97 6)

5 Alder Peat Humus 554 2650 2256 22601 (85 3) 21443 (95 1)

6 Alder Peat Humus 500 5138 4645 35500 (69 1) 38365 (82 6)

7 Alder Peat Humus 578 100 0 966 (96 6)

8 Alder Peat Humus 588 1062 0 1053 (99 1)

9 Alder Peat Humus 596 4928 0 4883 (99 1)

10 Alder Peat Humus 585 9974 0 9706 (97 3)

11 Alder Peat Humus 550 2800 0 25572 (913)

12 Alder Peat Humus 521 4394 0 37208 (84 7)

13 Alder Peat Humus 631 0 100 930 (93 0)

14 Alder Peat Humus 623 0 902 898 (99 6)

15 Alder Peat Humus 6 18 0 4624 4607 (99 6)

16 Alder Peat Humus 6 17 0 1075 10690 (994)

17 Alder Peat Humus 600 0 2547 24846 (97 6)

18 Alder Peat Humus 570 0 4836 46285 (95 7)

1 Brushwood Peat Humus 638 100 100 950 (95 0) 974 (974)

2 Brushwood Peat Humus 6 14 9946 102 988 4 (994) 1014 (994)

3 Brushwood Peat Humus 581 4977 5002 4876 (97 9) 4962 (99 2)

4 Brushwood Peat Humus 570 1053 1088 10014 (95 1) 10624 (97 6)

5 Brushwood Peat Humus 520 2650 2256 23272 (87 9) 21133 (937)

6 Brushwood Peat Humus 4 91 5138 4645 35484 (69 1) 34700 (74 7)

7 Brushwood Peat HumusN 670 100 0 975 (97 5)

8 Brushwood Peat Humus 658 1062 0 1059 (99 6)

9 Brushwood Peat Humus 596 492 8 a 4874 (98 9)

10 Brushwood Peat Humus 587 9974 0 9696 (97 2)

I 1 Brushwood Peat Humus 547 2800 0 25041 (894)

12 Brushwood Peat Humus 5 18 4394 0 36370 (82 8)

13 Brushwood Peat Humus 698 0 100 970 (97 0)

14 Brushwood Peat Humus 630 0 902 899 1 (997)

15 Brushwood Peat Humus 641 0 4624 4598 (994)

16 Brushwood Peat Humus 625 0 1075 10675 (99 3)

17 Brushwood Peat Humus 6 00 0 25465 24611 (96 6)

18 Brushwood Peat Humus 557 0 48355 45029 (93 1)
"===



No Substrate pH Added Zn Added Cd Adsorbed Zn Adsorbed Cd
ppm ppm fLg/g (%) fLg/g (%)

1 Rush (Reed-Sedge) Peat 596 100 100 948 (94 8) 980 (98 0)

2 Rush (Reed-Sedge) Peat 584 9946 1020 9892 (99 5) 101 7 (99 7)

3 Rush (Reed-Sedge) Peat 572 4977 5002 48765 (97 9) 49545 (99 1)

4 Rush (Reed-Sedge) Peat 563 1053 1088 9888 (93 9) 10629 (97 7)

"i Rush (Reed-Sedge) Peat 5 19 2650 2256 22508 (84 9) 21503 (95 3)

n Rush (Reed-Sedge) Peat 480 5138 4645 36776 (71 6) 39261 (845)

7 Rush (Reed-Sedge) Peat 598 100 0 933 (93 3)

8 Rush (Reed-Sedge) Peat 591 1062 0 1052 (99 1)

9 Rush (Reed-Sedge) Peat 604 4928 0 4845 (98 9)

10 Rush (Reed-Sedge) Peat 570 9974 0 9659 (96 3)

11 Rush (Reed-Sedge) Peat 525 2800 0 24583 (87 8)

12 Rush (Reed-Sedge) Peat 510 4394 0 36264 (82 5)

13 Rush (Reed-Sedge) Peat 599 0 100 983 (98 3)

14 Rush (Reed-Sedge) Peat 644 0 902 8993 (997)

15 Rush (Reed-Sedge) Peat 630 0 4624 4607 (99 6)

16 Rush (Reed-Sedge) Peat 6 14 0 10465 10405 (994)

17 Rush (Reed-Sedge) Peat 583 0 25465 24669 (96 9)

18 Rush (Reed-Sedge) Peat 538 0 48355 45889 (94 9)



Table 18 SequentIal fraCtIOnatIon of zrt+, Cd2+ Cu2+ and Cr3+ IOns sorbed from Me-Cl
solutIon under batch condItIons, at Co = 5000 mg Me dm3 and pH 4 0 onto low­
moor peat

Peat samples Alder Peat Humus (WI), Bmshwood Peat Humus (W9b) and Rush (Reed­
Sedge)Peat (W9c),
Fractions FO(PS) - pore solutIon, Fl(EXC) - most labile, F2(CARB) - labile, F3(ERO) - easily
redUCIble, F4(MRO) - moderately redUCIble, F5(OM) - strongly bound, F6(R) - resIdual

SAMPLE Alder Peat Humus WI (DR 70%), INPUT CONCENTRATION CO = 5000 mg/dm3

Cr Cu Cd Zn

SORPTION mg/kg 47370 47150 35100 32500

FRACTION mglkg (%)

Pore solutlOn FO (PS) 176 452 2271 2855
(004) (096) (65) (8 8)

Most labIle F1 (EXC) 4943 20498 18265 16280
(10 4) (435) (5204) (50 1)

LabIle F2 (CARB) 1900 7640 9100 7120
(4 0) (162) (259) (21 9)

EasIly redUCIble F3 (ERO) 171 580 700 410
(0 4) (1 2) (20) (1 3)

Moderately reducIble F4 (MRO) 7200 17500 1200 3390
(152) (37 1) (34) (104)

Strongly bound F5 (OM) 28200 480 3564 2445
(595) (1 0) (102) (752

ReSIdual fractlOn F6 (R) 00 00 00 00
(00) (0 0) (00) (0 0)

SAMPLE Brushwood Peat Humus W9b (DR 55%), INPUT CONCENTRATION CO = 5000 mg/dm3

Cr Cu Cd Zn

SORPTION mg/kg 47620 45540 33200 32050

FRACTION mg/kg (%)

Pore solutIon FO (PS) 330 657 954 2631
(007) (1 44) (287) (821)

Most labIle F1 (EXC) 5083 13153 16796 13759
(1067) (28 88) (5059) (4293)

Labile F2 (CARB) 2268 5770 10200 6208
(477) (12 67) (3072) (19 37)

EasIly reducIble F3 (ERO) 1572 440 1808 1212
(330) (097) (545) (378)

Moderately reducIble F4 (MRO) 11025 9864 2180 5200
(23 15) (21 66) (657) (1622)

Strongly bound F5 (OM) 27636 15656 1262 3040
(5803) (3438) (3 80) (949)

ResIdual fractIOn F6 (R) 00 00 00 00
(0 0) (0 0) (0 0) (0 0)



SAMPLE Rush (Reed-Sedge) Peat W9c (DR 55%), INPUT CONCENTRATION CO = 5000 mg/dm3

Cr Cu Cd Zn

SORPTION mg/kg 49380 47390 37520 32700

FRACTION mg/kg (%)

Pore solutIOn FO (PS) 260 480 1904 1360
(005) (l01) (507) (4 16)

Most labIle Fl (EXC) 4150 12868 15116 14460
(840) (27 15) (403) (4420)

LabIle F2 (CARB) 2680 6012 12580 9538
(543) (12 69) (3353) (29 17)

EasIly redUCIble F3 (ERO) 1540 660 2328 1812
(3 12) (1 39) (621) (554)

Moderately redUCIble F4 (MRO) 13980 13020 2450 4320
(2831) (2747) (653) (13 21)

Strongly bound F5 (OM) 27004 14350 3142 1210
(5469) (3028) (837) (3 70)

ReSIdual fraction F6 (R) 00 00 00 00
(0 0) (00) (00) (00)



Table 19 Effect of Zn2+ and Cd2+ Ion competItIOn for sorptIon sItes In pretreated low-moor
peats (peat Humus and Rush Reed-Sedge Peat) at fIxed pH 5 5 In mono-metal Zn­
Sol and bmary systems (Cd+Zn)-SOl,

Batch experunents, Input solutIOn Me-Sal, pH 5 5, Co = 1 - 600 mg Me dm 3, S/L= 1 25,
Peat samples adjusted to pH 5 5 (1) Alder Peat Humus WI, (2) Brushwood Peat Humus W9b,
(3) Rush (Reed-Sedge) Peat W9c,

No Substrat pH Added Zn Added Cd Adsorbed Zn Adsorbed Cd
ppm ppm p.g/g (%) p.g/g (%)

I Alder Peat Humus 555 952 1022 2292 5 (963) 24375 (95 4)

2 Alder Peat Humus 545 211 5 208 5005 (946) 5026 (96 2)

3 Alder Peat Humus 545 2965 314 6768 (91 3) 7412 (94 4)

4 Alder Peat Humus 540 418 423 9445 (904) 9780 (92 5)

5 Alder Peat Humus 538 501 509 10830 (86 5) 11572 (90 9)

6 Alder Peat Humus 535 598 598 12360 (82 7) 12850 (85 9)

7 Alder Peat Humus 555 948 0 22952 (968) -<0 12

8 Alder Peat Humus 551 1982 0 4080 (96 9) -<0 12

9 Alder Peat Humus 550 2995 0 70795 (94 6) -025

10 Alder Peat Humus 546 420 0 9798 (933) -025

11 Alder Peat Humus 540 492 0 11338 (92 2) -025

12 Alder Peat Humus 538 608 0 13560 (89 2) -225

13 Alder Peat Humus 566 0 98 -<0 12 23825 (97 2)

14 Alder Peat Humus 560 0 207 -<0 12 5044 (97 5)

15 Alder Peat Humus 555 0 308 -<0 12 7432 (96 5)

16 Alder Peat Humus 549 0 429 -<0 12 10348 (96 5)

17 Alder Peat Humus 545 0 496 -<0 12 11815 (95 3)

18 Alder Peat Humus 545 0 595 -<0 12 13970 (93 9)

I Brushwood Peat Humus 580 952 1022 23047 (96 8) 2506 2 (98 1)

2 Brushwood Peat Humus 551 211 5 208 4994 (94 4) 4997 (96 1)

3 Brushwood Peat Humus 544 2965 314 68245 (92 1) 7444 (948)

4 Brushwood Peat Humus 540 418 423 9315 (89 1) 9770 (92 4)

'i Brushwood Peat Humus 538 501 509 11240 (89 7) 11440 (89 9)

6 Brushwood Peat Humus 538 598 598 12310 (82 3) 12895 (862)

7 Brushwood Peat Humus 562 948 0 2278 7 (96 1) -<0 12

8 Brushwood Peat Humus 551 1982 0 4622 (95 7) -025
l) Brushwood Peat Humus 560 2995 0 7131 5 (95 2) -025

10 Brushwood Peat Humus 548 420 0 9945 (94 7) -025

II Brushwood Peat Humus 540 492 0 11585 (94 1) -<0 12

12 Brushwood Peat Humus 538 608 0 12485 (887) -225

1'1 Brushwood Peat Humus 555 0 98 - <0 12 23905 (97 6)

14 Brushwood Peat Humus 546 0 207 - <0 12 5013 (96 9)

I'; Brushwood Peat Humus 545 0 308 - <0 12 7395 (96 3)

16 Brushwood Peat Humus 546 0 429 <012 10336 (96 4)

17 Brushwood Peat Humus 545 0 496 -<0 12 11863 (95 7)

If{ Brushwood Peat Humus 535 0 595 -<0 12 13940 (93 7)
'=



No Substrat pH Added Zn Added Cd Adsorbed Zn Adsorbed Cd
ppm ppm p.g/g (%) p.g/g (%)

1 Rush (Reed-Sedge) Peat 526 952 1022 2151 5 (90 4) 23265(91 1)

2 Rush (Reed-Sedge) Peat 535 211 5 208 4655 (88 0) 4467 (85 9)

3 Rush (Reed-Sedge) Peat 535 2965 314 5795 (78 2) 62325 (794)

4 Rush (Reed-Sedge) Peat 520 418 a 423 8060 (77 1) 8455 (79 9)

5 Rush (Reed-Sedge) Peat 525 501 509 9385 (749) 10030 (78 8)

6 Rush (Reed-Sedge) Peat 530 598 598 8800 (58 9) 10140 (67 8)

7 Rush (Reed-Sedge) Peat 544 94 8 0 22467 (94 8) -<0 12

8 Rush (Reed-Sedge) Peat 536 1982 0 4514 (93 5) -<0 12

9 Rush (Reed-Sedge) Peat 545 2995 0 6790 (90 7) -1 00

10 Rush (Reed-Sedge) Peat 540 420 0 94775 (90 2) -050

11 Rush (Reed-Sedge) Peat 538 492 0 10895 (88 6) -025

12 Rush (Reed-Sedge) Peat 535 608 0 12925 (85 0) -275

13 Rush (Reed-Sedge) Peat 550 0 98 -<0 12 2385 2 (97 4)

14 Rush (Reed-Sedge) Peat 548 0 207 -<0 12 4972 (96 1)

15 Rush (Reed-Sedge) Peat 546 0 308 -<012 7296 (95 1)

16 Rush (Reed-Sedge) Peat 544 0 429 -<0 12 10216 (95 1)

17 Rush (Reed-Sedge) Peat 552 0 496 -<012 11700 (94 3)

18 Rush (Reed-Sedge) Peat 544 0 595 -<0 12 13800 (92 77)



Table 20 SequentIal fractIOnatIOn of Zn2 + and Cd2+ lOllS sorbed from Me-S04 solutIon ill

mono-metal and bInary system onto pretreated low-moor peat at fIxed pH 5 5,

Batch expenments, Co = 600 mg Me dm3, pH 5 5, S/L= 1 25,
Peat samples adjusted to pH 55 Alder Peat Humus (WI), Brushwood Peat Humus (W9b) and
Rush (Reed-Sedge)Peat (W9c)
FractIons FO(PS) - pore solutIon, FI(EXC) - most labile, F2(CARB) - labile, F3(ERO) - easily
redUCIble, F4(MRO) - moderately redUCIble, F5(OM) - strongly bound, F6(R) - reSIdual

SAMPLE Alder Peat Humus WI (DR 70%), INPUT CONCENTRATION CO = 600 mg/dm3

Zn WIthOut Cd Cd WIthOut Zn Zn WIth Cd Cd WIth Zn

SORPTION mg/kg 13560 13970 12360 12850

FRACTION mg/kg (%)

Pore solutIon FO (PS) 562 278 1208 650
(041) (020) (098) (052)

Most labIle Fl (EXC) 2720 3830 2592 3552
(2006) (2742) (2097) (2764)

LabIle F2 (CARE) 4740 5160 3928 4624
(3496) (3694) (31 78) (3598)

EaSIly redUCIble F3 (ERO) 424 538 393 476
(3 13) (3 85) (3 18) (370)

Moderately reducIble F4 (MRO) 5100 910 4290 675
(37 61) (651) (3471) (525)

Strongly bound F5 (OM) 5198 35042 10362 3458
(3 83) (2508) (838) (26 91)

ReSIdual fractlOn F6 (R) 00 00 00 00
(0 0) (00) (00) (00)

SAMPLE Brushwood Peat Humus W9b (DR 55%), INPUT CONCENTRATION CO = 600 mg/dm3

Zn WIthOut Cd Cd WIthout Zn Zn WIth Cd Cd WIth Zn

SORPTION mg/kg 13485 13940 12310 12895

FRACTION mg/kg (%)

Pore solutIon FO (PS) 650 234 110 4 550
(048) (0 17) (090) (043)

Most labIle F1 (EXC) 3462 43834 2870 3704
(2567) (31 44) (23 31) (2872)

LabIle F2 (CARB) 4190 4752 3870 4472
(31 07) (3408) (31 44) (3468)

EaSIly reducIble F3 (ERO) 4168 532 449 620
(309) (382) (365) (481)

Moderately redUCIble F4 (MRO) 4785 820 4315 750
(3548) (588) (3505) (582)

Strongly bound F5 (OM) 5662 34292 6956 32938
(420) (2460) (565) (2554)

ReSIdual fractIon F6 (R) 00 00 00 00
(00) (00) (0 0) (00)



Sample Rush (Reed-Sedge)Peat W9c (DR 55%), INPUT CONCENTRATION CO = 600 mg/dm3

SORPTION mg/kg 12925 13800 8800 10140

FRACTION mg/kg (%)

Pore solutIOn FO (PS) 1524 23 9 2900 1659
(1 18) (0 18) (329) (l64)

Most labIle Fl (EXC) 3685 5000 2960 4064
(285) (3623) (3364) (4008)

LabIle F2 (CARB) 4080 4768 2570 3248
(31 57) (3455) (2920) (3203)

Easlly reduclble F3 (ERO) 444 514 284 334
(343) (372) (323) (329)

Moderately redUCIble F4 (MRO) 3965 930 2040 555
(3068) (674) (23 18) (547)

Strongly bound F5 (OM) 5986 2564 1 656 1773 1
(463) (18 58) (745) (1749)

Resldual fractIOn F6 (R) 00 00 00 00
(00) (00) (0 0) (0 0)



Table 21 SorptIon of Zn2+ on Brushwood Peat Humus from the mono-metal Zn-S04
solutIOns under dynamIc flow conditiOns

Column expenments, Input solutIon (1) Co = 500 mg Zn/dm3 (2) Co = 250 mg Zn/dm3
, pH

4 0, flow rate q = a 1 cm3/s, Adsorbent W9b, mass 90 g , water retentIon capaCIty S/L =
1 2

Co 500mg Zn/dm3 pH4 Co 250mgZn/dm3 pH 4

ER pH
EC C Load

pH
EC C Load

(p.S/s) (mg/dm3) (mg/kg) (p's/s) (mg/dm3) (mg/kg)

1 698 124 <0001 1020 728 121 <0001 540

2 740 713 <0001 2040 695 626 <0001 1080

3 671 1194 <0001 3060 660 753 <0001 1620

4 654 1205 <0001 4080 635 758 <0001 2160

5 641 1240 <0001 5100 636 750 <0001 2700

6 623 1208 <0001 6120 623 751 <0001 3210

7 601 1246 <0001 7140 6 19 748 <0001 3780

8 626 1248 <0001 8160 660 784 <0001 4320

9 620 1242 <0001 9180 653 765 <0001 4860

10 603 1237 <0001 10200 655 752 <0001 5400

11 625 1189 <0001 11220 642 747 <0001 5940

12 606 1239 <0001 12240 6 14 749 <0001 6480

13 600 1259 <0001 13260 622 753 <0001 7020

14 568 1255 <0001 14280 680 780 <0001 7560

15 607 1258 <0001 15300 660 762 <0001 8100

16 621 1282 <0001 16320 705 804 <0001 8750

17 609 1242 <0001 17340 697 757 <0001 9400

18 6 12 1260 <0001 18360 660 721 <0001 10050

19 648 1210 <0001 19620 656 755 <0001 10700

20 648 1212 <0001 20880 640 803 <0001 11350

21 594 1238 <0001 22140 649 716 167 11998

22 608 1247 <0001 23400 630 707 225 12646

23 6 19 1239 <0001 24660 6 10 705 357 13293

24 6 19 1257 <0001 25920 582 697 438 13939

25 568 1293 <0001 27180 620 742 490 14584

26 571 1241 <0001 28440 625 720 905 15224

27 567 1240 <0001 29700 667 829 277 158685

28 611 1248 <0001 30960 654 750 287 165128

29 636 1343 <0001 32220 630 700 447 171539

30 606 1228 <0001 33480 636 687 694 17790

31 589 1230 <0001 34740 591 686 8 18 18423 6

32 566 1238 <0001 36000 620 714 778 190580

33 548 1128 <0001 37260 600 695 938 196892



Co 500mg Znldm3
, pH 4 Co 250mgZnlffin3, pH 4

ER pH
EC C Load

pH
EC C Load

(p's/s) (mg/dm3
) (mglkg) (p's/s) (mg/dm?) (mg/kg)

34 543 1276 o 14 38520 629 696 10 57 20318 1

35 560 1388 062 39780 622 711 1076 209466

36 618 1196 18 1 410038 624 725 338 21483 8

37 6 18 1204 333 421972 690 726 475 220183

38 592 1199 627 43331 8 642 690 764 225470

39 570 1143 91 3 44251 8 631 650 955 23071 9

40 495 1146 938 451656 590 634 10 45 235950

41 5 17 1146 91 3 46085 575 630 1399 24111 0

42 466 1137 122 46943 583 638 1738 246202

43 454 1115 181 47683 526 628 1911 251259

44 420 1149 293 48199 444 635 222 256255

45 441 1250 225 48851 475 632 21 6 261263

46 453 1203 251 49451 592 671 13 0 266443

47 449 1178 248 50057 6 17 658 160 27156 3

48 434 1209 311 50537 582 685 125 276753

49 444 1246 352 50935 5 10 656 165 281863

50 434 1166 310 51417 598 657 165 286973

51 445 1156 324 51871 533 669 22 5 291963

52 449 1184 353 52267 5 83 667 240 296923

53 445 1161 364 52641 529 704 260 301843

54 434 1166 347 53049 547 692 260 306763

55 436 1159 377 53397 565 691 25 0 311663

56 441 1341 211 54077 525 693 290 316523

57 4 87 1265 447 54285 551 699 324 32131 5

58 4 87 1197 271 54845 560 868 526 325704

59 470 1174 441 55065 5 16 776 63 5 329874

60 478 1161 475 55217 476 732 679 333956

61 465 1177 347 55624 496 725 74 1 337914

62 457 1152 498 55730 499 720 963 341428

63 456 1151 510 55730 5 14 720 858 34515 1

64 449 1146 510 55730 511 720 866 348859

65 490 723 972 352354

66 475 811 536 35672 3

67 534 732 549 361064

68 531 721 703 365098

69 485 753 71 4 36911 0

70 486 751 760 373030

71 468 746 725 377020

72 483 783 868 38072 4



Co 500mg Zn/d.m3, pH 4 Co 250mgZn/clIIi!, pH 4

ER pH
EC C Load

pH
EC C Load

(p's/s) (mg/d.m3
) (mglkg) (p,S/s) (mg/d.m3) (mg/kg)

73 474 743 868 384428

74 460 744 990 387888

75 450 751 890 39154 8

76 471 787 980 395028

77 463 756 980 398508

78 470 737 940 402068

79 474 741 1178 40511 2

80 494 748 1077 408398

81 490 754 1015 411808

82 460 759 1047 41515 4

83 404 751 107 418454

84 446 755 110 421694

85 459 762 116 424814

86 440 766 121 427834

87 460 764 129 430694

88 4 63 768 133 433474

89 473 763 130 436314

90 475 759 135 439054

91 449 756 136 44177 4

92 450 754 140 444414

93 450 751 133 447194

94 450 758 1415 449804

95 450 754 1485 452274

96 460 755 149 454734

97 432 749 149 457194

98 470 745 146 459714

99 462 747 163 461894

100 429 749 163 464074

101 410 750 161 466294

102 425 756 175 468234

103 421 761 184 469994

104 4 18 764 198 471474

105 4 16 765 212 472674

106 4 15 768 243 473214

107 4 18 770 270 473214

108 4 16 755 270 473214



Table 22 SorptIOn of Zn2+ on Rush (Reed-Sedge) Peat from the mono-metal Zn-S04

solutIOns under dynaIIllc flow cOndItIons

Column experIments, Input solutIon (1) Co = 500 mg Zn/dm3 (2) Co = 250 mg Znldm3, pH
40, flow rate q = 0 1 cm3/s, Adsorbent W9c, mass 90 g, water retentIon capaCIty S/L =
1 1

Co 500 mgZnJdm3, pH 4 Co 250 mgZn/dm3 pH 4

ER pH EC C Load
pH

EC C Load
(JI,8/s) (mg/dm3) (mg/kg) (IJ-S/s) (mg/dm3) (mg/kg)

1 685 635 <0001 550 708 108 <0001 255

2 674 628 <0 001 HOO 689 300 <0001 510

3 680 111 7 <0001 1650 664 494 <0001 765

4 660 672 <0001 2200 659 857 <0 001 1020

5 620 455 <0001 2750 696 756 <0 001 1275

6 595 497 <0001 3300 684 718 <0001 1530

7 587 1229 <0001 3850 620 716 <0 001 1785

8 6 15 1246 <0001 4400 5 95 713 <0001 2040

9 620 1268 <0001 4950 667 743 <0 001 2291

10 609 1251 <0 001 5500 650 740 <0 001 2550

11 627 1326 <0 001 6050 638 726 <0001 2805

[2 600 1279 <0001 6600 621 782 <0001 3060

[3 6 17 1268 <0001 7150 677 737 <0 001 3315

14 607 1278 <0001 7700 665 722 <0001 3570

[5 624 1272 <0001 8250 660 722 <0001 3825

16 6 15 1270 <0 001 8800 649 726 <0 001 4080

17 621 1266 <0001 9350 640 717 <0 001 4335

18 605 1273 <0001 9900 6 18 716 <0 001 4590

19 603 1279 <0001 10450 630 709 <0001 4845

20 620 1279 <0 001 11000 620 791 <0001 5100

21 607 1333 <0001 11550 659 728 <0 001 5355

22 604 1287 <0001 12100 632 724 <0 001 5610

2'1 625 1284 <0001 12650 6 15 716 <0001 5865

24 604 1282 <0 001 13200 636 713 <0 001 6120

25 610 1285 <0001 13750 631 711 <0001 6375

26 610 1269 <0 001 14300 665 852 <0 001 6630

27 620 1487 <0 001 14850 687 746 <0 001 6885



Co 500 mgZnJdm', pH 4 Co 250 mgZnJdm', pH 4

ER pH EC C Load
pH EC C Load

(p's/s) (mg/dm3) (mg/kg) (p's/s) (mg/dm3) (mg/kg)

28 6 15 1318 <0001 15400 691 730 <0001 7140

29 620 1296 <0001 15950 638 722 <0001 7395

30 620 1284 <0001 16500 655 723 <0001 7650

31 620 1283 <0001 17050 621 724 <0001 7905

32 620 1287 <0001 17600 653 752 <0001 8160

33 621 1349 <0001 18110 644 722 <0001 8415

34 6 17 1289 <0001 18620 644 714 <0001 8670

35 6 18 1283 <0001 19130 6 16 711 <0001 8925

36 622 1275 <0001 19640 620 713 <0001 9180

37 6 14 1241 <0001 20150 590 706 <0001 9435

38 6 18 1202 <0001 20660 6 13 774 <0001 9690

39 620 1227 <0001 21170 663 712 <0001 9945

40 609 1231 <0001 21680 6 12 717 <0001 10200

41 588 1229 <0001 22190 604 1021 <0001 10451

42 640 1225 <0001 22700 603 741 <0001 10702

43 628 1291 <0001 23210 670 771 <0001 10953

44 6 15 1254 <0001 23720 688 692 <0001 11204

45 646 1232 <0001 24230 643 675 <0001 11455

46 632 1234 <0001 24740 640 668 <0001 11706

47 630 1237 <0001 25250 640 661 <0001 11957

48 632 1251 <0001 25760 646 821 <0001 12208

49 628 1250 <0001 26270 670 698 <0001 12459

50 600 1240 <0001 26780 600 684 <0001 12710

51 6 16 1249 <0001 27290 632 739 <0001 12961

52 606 1235 <0001 27800 630 694 <0001 13212

53 611 1253 04 283096 633 697 <0001 13463

54 583 1245 22 288174 620 670 <0001 13714

55 635 1249 67 293207 6 18 649 <0001 13963

56 620 1404 47 298260 594 660 <0001 14216

57 650 1277 73 303287 672 647 <0001 14467

58 641 1254 103 308257 603 647 <0001 14718

59 653 1252 204 31315 3 610 642 <0001 14969

60 5 81 1245 330 317923 536 642 <0001 15220



Co 500 mgZnJdm3, pH 4 Co 250 mgZnldm3
, pH 4

ER pH
BC C Load

pH
EC C Load

(11$/S) (mg/dm3) (mglkg) (pB/s) (mg/dm3) (mglkg)

61 577 1241 403 32262 a 575 645 <0 001 15471

62 584 1255 548 327172 604 700 <0 001 15722

63 580 1243 636 33163 6 610 697 <0 001 15973

64 592 1293 588 336148 553 680 <0001 16224

65 598 1236 944 340304 613 667 <0 001 16475

66 572 1230 115 344254 6 18 667 <0 001 16726

67 578 1221 140 347954 596 825 <0001 16977

68 556 1232 177 351284 580 855 <0 001 17228

69 528 1219 210 354284 6 18 741 <0 001 17479

70 525 1226 2345 357039 640 748 <0 001 17730

71 550 1188 288 359259 633 743 <0001 17981

72 565 1243 324 361119 608 731 <0 001 18232

73 546 1188 358 362639 560 728 035 184827

74 550 1187 390 363839 504 779 386 18730 1

75 550 1180 420 364739 530 774 442 189767

76 431 1240 425 365589 582 732 751 192202

77 546 1395 499 365699 547 737 802 19463 1

78 560 1202 441 366389 570 756 369 197105

79 541 1155 445 367039 5 03 740 626 199552

80 534 1141 459 367549 566 754 13 7 20192 5

81 5 25 1140 446 36189 590 738 13 9 204296

82 522 1131 500 368199 530 689 14 3 206663

83 520 1378 550 368199 520 772 15 2 20902 1

84 530 1205 550 368199 457 696 1206 21141 0

85 560 1147 550 368199 510 688 14 15 21377 9

86 495 1109 550 368199 549 694 1545 21613 4

87 496 1075 550 368199 550 698 160 218484

88 550 700 182 22081 2

89 547 712 196 22312 6

90 545 730 204 22543 2

91 540 724 21 6 227726

91 541 729 24 1 229995

93 544 734 268 232237



Co 500 mgZnldm3, pH 4 Co 250 mgZnldm3
, pH 4

ER pH EC C Load
pH

EC C Load
(p.S/s) (mg/dm3) (mg/kg) (p.S/s) (mg/dm3) (mg/kg)

94 540 733 301 23444 6

95 538 740 310 23664 6

96 539 739 323 238833

97 536 743 332 24101 1

98 530 746 41 1 24311 0

99 532 752 423 245197

100 528 749 447 247260

101 529 755 46 1 249309

102 5 20 753 495 251324

103 522 752 500 253334

104 520 758 534 255310

105 5 18 759 589 25723 1

106 5 19 756 607 25913 4

107 5 15 753 624 261020

108 5 14 755 626 262904

109 5 10 760 654 264760

110 5 15 762 683 266587

111 5 13 769 71 2 268385

112 5 12 754 85 3 270042

113 5 10 749 914 271638

114 500 748 935 27321 3

115 511 759 986 274737

116 5 10 763 1062 276185

117 511 766 111 2 277583

118 509 769 1364 27872 9

119 507 760 1204 280035

120 506 764 124 1 281304

121 508 769 131 4 282500

122 5 10 770 1386 283624

123 504 774 1389 284745

124 501 767 1424 28583 1

125 500 759 1462 286879

126 498 768 1479 287910



Co 500 mgZa/dm3
, pH 4 Co 250 mgZn/dm3 pH 4

ER pH
EC C Load

pH
EC C Load

(/lS/s) (mg/dm3) (mg/kg) (/LS/s) (mg/dm3) (mg/kg)

127 500 744 152 1 288899

128 499 756 1564 289845

129 496 759 1592 290763

130 4 95 769 1634 291639

J31 490 768 171 3 292436

132 488 767 1748 29319 8

133 492 760 1792 29391 6

J34 493 766 1799 294627

135 492 768 184 1 295296

136 490 765 1894 295912

137 4 88 761 1983 296439

138 4 89 759 2048 29690 1

139 4 85 764 2124 297287

140 486 763 2328 297469

141 485 768 2494 297485

142 483 774 255 297485

143 487 771 255 297485



Table 23 SorptIOn of Cd2+ on Brushwood Peat Humus from the mono-metal Cd-S04

solutIOns under dynarrnc flow COndItIons

Column expenments, Input solutIon (1) Co = 500 mg Znldm3 (2) Co = 250 mg Znldm3
, pH

4 0, flow rate q = 0 1 cm3/s, Adsorbent W9b, mass 90 g , water retentIOn capacIty S/L =
1 2

Co 500mg Cd/dm3 pH 4 Co 250mg Cd/dm3, pH 4

ER pH
EC C Load

pH
EC

C (mg/dm3
)

Load
(jlS/s) (mg/dm3

) (mg/kg) (p,S/s) (mg/kg)

1 713 620 <0001 920 700 798 <0001 510

2 688 745 <0001 1840 703 234 <0001 1020

3 664 760 <0001 2760 674 402 <0001 1530

4 656 753 <0001 3680 642 429 <0001 2040

5 634 732 <0001 4600 625 427 <0 001 2550

6 653 755 <0 001 5520 635 416 <0001 3060

7 644 752 <0 001 6440 612 415 <0001 3570

8 686 791 <0001 7360 658 440 <0001 4080

9 678 750 <0001 8280 670 460 <0001 4590

10 640 770 <0 001 9200 648 428 <0001 5100

11 651 759 <0001 10120 638 424 <0001 5610

12 637 749 <0001 11040 645 440 <0001 6120

13 636 741 <0001 11960 626 425 <0001 6630

14 665 782 <0001 12880 656 460 <0001 7140

15 640 756 <0001 13800 648 450 <0001 7650

16 673 750 <0001 14720 654 430 <0001 8160

17 634 748 <0001 15640 709 514 <0001 8826

18 670 829 <0001 16560 730 489 <0001 9492

19 689 836 <0001 17490 689 449 <0001 10158

20 692 783 <0001 18420 649 440 <0001 10824

21 654 768 <0001 19350 677 445 <0001 11490

22 656 764 <0001 20280 682 464 <0001 12156

23 650 788 <0001 21210 655 440 <0 001 12822

24 640 766 <0001 22140 633 439 <0 001 13488

25 644 769 <0 001 23070 635 447 <0001 14154

26 630 762 <0 001 24000 680 466 <0001 14820

27 635 779 <0001 24930 677 459 <0 001 15486

28 690 898 <0001 25860 660 588 <0001 16152

29 702 815 <0001 26790 640 508 <0001 16818

10 664 763 <0001 27720 648 441 <0001 17484

31 640 745 <0001 28650 645 428 <0001 18150

32 600 741 <0001 29580 623 428 <0 001 18816

33 602 777 <0001 30510 650 451 <0001 19482



Co 500mg Cd/dm3 pH 4 Co 250mg Cd/dm3
, pH 4

ER pH
BC C Load pH BC C (mg/dm3

)
Load

(p's/s) (mg/dm3
) (mglkg) (p.S/s) (mg/kg)

34 620 867 <0001 31440 645 431 <0001 20148

35 620 780 <0 001 32370 650 430 <0001 20814

36 630 795 <0001 33300 671 649 <0001 21310

37 710 801 <0001 34230 684 576 <0001 21806

38 640 753 <0001 35160 680 468 <0001 22302

39 650 733 <0001 36090 628 426 <0001 22798

40 630 734 <0001 37020 647 420 <0001 23294

41 648 716 <0001 37950 611 419 <0001 23790

42 564 719 <0001 39034 590 416 <0001 24286

43 580 724 <0001 40118 6 13 414 <0001 24782

44 444 756 <0001 41202 633 406 <0001 25278

45 630 742 <0001 42286 633 395 <0001 25774

46 5 93 812 <0001 43370 620 413 <0001 26270

47 592 810 <0001 44454 6 12 417 <0001 26766

48 6 19 787 <0001 45538 548 418 <0001 27262

49 6 18 818 <0001 46622 654 505 <0001 27758

50 5 93 770 <0001 47706 660 467 <0 001 28254

51 590 807 <0001 48790 543 449 <0 001 28750

52 569 799 <0001 49874 581 443 <0 001 29246

53 550 791 <0001 50958 565 443 <0001 29742

54 545 889 334 519752 6 04 483 <0 001 30238

55 532 897 384 529822 645 463 <0 001 30734

56 4 65 831 546 53957 610 448 <0 001 31230

57 502 796 763 548884 540 445 <0 001 31726

58 5 17 792 895 557934 6 18 459 <0 001 32222

59 499 801 737 56730 625 442 <0001 32718

60 534 788 1012 57611 6 628 441 <0001 33214

61 5 18 791 1194 584568 610 445 <0001 33710

62 488 824 785 593838 5 75 438 <0001 34206

63 579 793 121 6 602246 557 808 741 346872

64 56 799 1097 610892 572 579 14 7 351538

65 521 802 1245 619252 6 19 582 9 18 35631 4

66 517 811 1734 626624 595 536 199 360876

67 4 80 813 2010 633444 598 540 1352 365566

68 5 61 822 685 641274 560 523 2287 370068

69 5 93 840 752 648970 553 552 4066 37421 4

70 579 834 994 656182 550 585 580 37801 4

71 523 845 81 5 663752 509 543 639 381694

72 499 840 868 67121 6 645 703 1488 386356



Co SOOmg Cd/dm3, pH 4 Co 2S0mg Cd/dm3, pH 4

ER pH
EC C Load

pH
EC

C (mg/dm3)
Load

(p.S/s) (mg/dm3
) (mg/kg) (/lS/s) (mg/kg)

73 486 836 1187 678042 641 589 288 390740

74 481 844 1200 684842 622 545 14 3 395414

75 479 829 1240 691562 598 536 224 399926

76 475 811 1300 698162 560 549 168 404550

77 476 840 1680 70400 2 5 18 538 1645 409180

78 472 839 192 0 709362 5 15 549 296 413546

79 4 65 827 2310 713942 486 549 385 417736

80 470 818 2540 718062 546 546 362 421972

81 461 819 2860 721542 549 550 278 426156

82 450 824 3600 723542 539 549 358 430180

83 452 833 411 0 724522 540 547 468 433984

84 453 838 4340 725042 540 548 510 437704

85 450 841 4550 725142 580 553 527 441390

86 452 844 4600 725142 585 550 598 444942

87 451 843 4600 725142 542 553 614 448454

88 540 552 49 1 452212

89 570 555 640 455672

90 571 557 733 458946

91 534 560 771 462144

92 522 561 645 465594

93 560 564 586 469162

94 540 567 624 472654

95 550 569 824 475746

96 560 571 580 479326

97 540 575 683 482700

98 6 18 576 728 485984

99 570 577 794 48913 6

LOO 588 587 82 1 492234

101 575 589 844 495286

102 577 588 888 498250

103 572 586 91 4 501162

104 574 582 965 503972

105 570 580 987 506738

106 5 65 576 999 509480

107 569 577 1046 512128

108 568 579 1059 51475 0

109 570 574 III 4 517262

110 563 570 1196 51961 0

III 560 568 1263 521824



Co 500mg Cd/dIn3, pH 4 Co 250mg Cd/dm3 pH 4

ER pH
EC C Load

pH
EC C (mg/dm3)

Load
(p$/s) (mg/dID3) (mg/kg) (p.S/s) (mg/kg)

112 558 569 1392 523780

113 556 566 1454 525612

114 554 568 1588 52717 6

115 550 565 171 2 528492

116 548 560 1893 529446

117 549 562 1960 530266

118 550 565 2124 530762

119 542 567 2288 530926

120 551 564 2401 531224

121 549 562 2550 531224

122 550 564 2550 531224



Table 24 SorptIon of Cd2 + on Rush (Reed-Sedge) Peat from the mono-metal Zn-S04

solutions under dynamiC flow condItIOns

Column expenments, Input solutIOn (1) Co = 500 mg Cd/dm3 (2) Co = 250 mg Cd/dm3
, pH

40, flow rate q = 0 1 cm3/s, Adsorbent W9c, mass 90 g, water retentIon capaCIty S/L =
1 1

Co 500 mgCd/dm3, pH 4 Co 250 mgCd/dm3, pH 4

ER pH
EC C Load

pH
EC C Load

(/J-S/s) (mg/dm3) (mg/kg) (p.S/s) (mg/dm3) (mg/kg)

1 655 662 <0001 525 668 51 0 <0001 268

2 673 543 <0001 1050 675 553 <0001 536

3 710 96 <0001 1575 664 1096 <0001 804

4 664 422 <0001 2100 642 327 <0001 1072

5 624 706 <0001 2625 609 433 <0001 1340

6 623 844 <0001 3150 604 453 <0001 1608

7 6 12 806 <0001 3675 605 458 <0001 1876

8 6 12 809 <0001 4200 600 457 <0001 2144

9 624 804 <0001 4725 630 453 <0001 2412

10 6 13 799 <0001 5250 622 452 <0001 2680

11 606 801 <0001 5775 611 480 <0001 2948

12 620 805 <0001 6300 622 467 <0001 3216

13 656 808 <0001 6825 640 462 <0001 3484

l4 6 18 805 <0001 7350 643 459 <0001 3752

15 639 802 <0001 7875 632 456 <0001 4020

16 624 800 <0001 8400 632 457 <0001 4288

17 6 15 801 <0001 8925 633 457 <0001 4556

18 625 818 <0001 9450 644 459 <0001 4824

19 622 800 <0001 9975 628 456 <0001 5092

20 640 799 <0001 10500 609 456 <0001 5360

21 598 805 <0001 11025 631 481 <0001 5628

22 574 800 <0001 11550 620 484 <0001 5896

23 640 802 <0001 12075 6 14 464 <0001 6164

24 633 806 <0001 12600 629 439 <0001 6432

25 623 805 <0001 13125 633 449 <0001 6700

26 622 790 <0001 13650 622 464 <0001 6968

27 630 801 <0001 14175 620 485 <0001 7236

28 647 803 <0 001 14700 630 477 <0001 7504

29 629 825 <0 001 15225 628 475 <0001 7772

30 620 811 <0001 15750 630 466 <0001 8040

31 629 806 <0001 16275 6 15 452 <0001 8308

32 623 804 <0001 16800 6 16 460 <0001 8576

33 637 786 <0001 17325 645 460 <0001 8844



Co 500 mgCdJdm3, pH 4 Co 250 mgCd/dm3
, pH 4

ER pH
EC C Load

pH
EC C Load

(p.S/s) (mg/dm3
) (mg/kg) (p.S/s) (mg/dm3

) (mg/kg)

34 608 789 <0001 17850 627 458 <0001 9112

35 608 785 <0001 18375 6 15 450 <0001 9380

36 674 848 <0001 18890 621 462 <0001 9648

37 626 812 <0001 19405 611 452 <0001 9916

38 650 797 <0001 19920 642 487 <0001 10163

39 638 797 <0001 20435 637 473 <0001 10410

40 629 772 <0 001 20950 650 459 <0 001 10657

41 621 758 <0 001 21465 633 462 <0 001 10904

42 631 740 <0001 21980 632 451 <0001 11151

43 628 759 <0 001 22495 630 457 <0001 11398

44 645 756 <0001 23010 626 450 <0001 11645

45 642 745 <0 001 23525 630 460 <0 001 11892

46 625 794 <0001 24040 636 451 <0001 12139

47 652 785 <0 001 24555 6 27 460 <0 001 12386

48 645 767 <0 001 25070 640 466 <0001 12633

49 645 764 <0001 25585 634 459 <0001 12880

50 645 764 <0001 26100 6 34 460 <0001 13127

51 622 763 <0 001 26615 6 15 507 <0 001 13374

52 620 770 <0 001 27130 6 15 482 <0 001 13621

53 604 770 <0 001 27645 6 15 460 <0001 13868

54 625 770 <0 001 28160 645 462 <0001 14115

55 629 770 <0 001 28675 633 461 <0 001 14362

56 648 922 <0001 29190 628 462 <0001 14609

57 670 800 <0 001 29705 655 628 <0001 14856

58 672 764 <0 001 30220 650 504 <0001 15103

59 675 812 <0001 30735 676 500 <0001 15350

60 6 17 830 <0 001 31250 634 491 <0001 15597

61 642 765 <0 001 31765 632 486 <0 001 15844

62 650 765 <0 001 32280 6 08 474 <0 001 16091

63 637 771 <0 001 32795 603 468 <0001 16338

64 651 830 <0 001 33310 608 508 <0001 16585

65 658 775 <0001 33825 638 484 <0001 16832

66 652 784 <0001 34340 644 476 <0001 17079

67 637 780 <0001 34855 638 479 <0001 17326

68 6 15 768 <0 001 35370 636 477 <0 001 17573

69 620 764 <0 001 35885 591 484 <0001 17820

70 6 16 764 <0001 36400 622 474 <0001 18067

71 609 774 <0001 36915 6 15 471 <0001 18314

72 6 12 827 <0001 37430 610 485 <0001 18561



Co 500 mgCd/dm3 pH 4 Co 250 mgCd/dm3
, pH 4

ER pH
EC C Load

pH
EC C Load

(fLS/S) (mg/dm3
) (mg/kg) (fLS/S) (mg/dm3

) (mg/kg)

73 550 791 <0001 37945 617 516 <0001 18808

74 549 777 <0001 38460 640 495 <0001 19055

75 620 945 <0001 38975 615 490 <0 001 19302

76 697 793 <0001 39490 620 476 <0001 19549

77 685 772 <0001 40005 626 579 <0 001 19779

78 644 763 <0001 40520 640 541 <0 001 20009

79 583 760 <0001 41035 652 484 <0001 20239

80 634 761 <0001 41550 660 461 <0 001 20469

81 603 898 <0001 42090 635 452 <0 001 20699

82 598 813 <0 001 42630 556 447 <0 001 20929

83 596 779 <0 001 43170 628 577 <0 001 21159

84 600 700 <0001 43710 634 470 <0001 21389

85 6 00 683 <0 001 44250 610 457 <0 001 21619

86 557 682 <0 001 44790 610 451 <0001 21849

87 640 688 <0 001 45330 611 454 <0 001 22079

88 595 682 <0001 45870 6 18 425 <0 001 22309

89 6 08 677 <0 001 46410 603 579 <0 001 22539

90 630 682 <0 001 46950 613 524 <0 001 22769

91 5 96 671 <0 001 47490 6 16 509 <0 001 22999

92 577 678 <0 001 48030 580 456 <0 001 23229

93 592 681 <0001 48570 6 19 439 <0001 23459

94 560 889 <0 001 49110 625 433 <0 001 23689

95 601 911 <0001 49650 5 85 425 <0001 23919

96 538 751 <0001 50190 559 437 <0001 24149

97 5 25 725 <0001 50730 559 431 <0 001 24379

98 577 709 <0 001 51270 620 427 <0001 24609

99 535 708 033 51810 580 427 <0001 24839

100 520 708 101 52349 580 425 <0001 25069

101 555 850 1 01 52888 585 428 <0 001 25299

102 590 795 o 13 534279 5 83 430 <0001 25529

[03 5 18 786 065 539673 590 430 <0 001 25759

[04 530 749 148 545064 602 512 <0 OOl 25989

105 525 734 270 550437 494 512 <0 OOl 26219

106 502 724 490 55578 8 513 477 <0001 26449

107 489 725 753 56111 3 5 08 447 <0001 26679

108 480 721 1236 566389 623 455 <0001 26909

109 489 721 1975 57159 1 569 517 <0 001 27139

110 481 803 29 1 576700 630 476 <0 001 27369

111 471 725 383 58171 7 625 469 <0 001 27599



Co 500 mgCdldm3 pH 4 Co 250 mgCd/dm3 pH 4

ER pH
EC C Load

pH
EC C Load

(p..S/s) (mg/dm3
) (mg/kg) (p..S/s) (mg/dm3

) (mg/kg)

112 485 737 324 586793 569 448 <0001 27829

113 478 727 49 1 591702 550 455 <0001 28059

114 5 18 717 746 59636 1 506 450 <0001 28289

lIS 442 708 944 60081 7 600 469 <0 001 28519

ll6 481 705 1137 605080 585 528 <0001 28749

117 480 708 1404 609076 569 510 <0001 28979

118 490 705 1590 612886 575 531 <0001 29255

[19 450 707 1922 616364 593 507 <0 001 29531

120 441 698 1806 61995 8 5 89 483 <0001 29803

121 471 736 172 2 623636 530 528 <0001 30083

122 470 704 2190 626856 537 533 <0 DOL 30359

123 468 691 2497 629750 528 541 <0 001 30635

124 480 910 4498 630422 494 541 <0 001 30911

125 496 781 4202 631392 479 568 <0 001 31187

126 540 794 413 8 632424 560 546 <0 001 31463

127 4 85 783 4335 633259 548 547 <0 001 31739

128 485 762 4310 63411 9 528 538 <0001 32015

129 523 814 437 a 63491 9 551 558 <0 DOL 32291

[30 482 790 4700 635389 545 547 <0 DOL 32567

131 481 780 4610 635949 5 II 544 <0 001 32843

132 485 767 424 a 636879 566 542 <0 001 33119

133 4 95 900 4440 63760 9 458 539 <0 001 33395

[34 454 810 477 0 638009 536 541 <0 001 33671

135 478 757 484 a 638339 631 639 <0 001 33947

136 453 765 4870 63863 9 630 615 <0001 34223

137 453 757 5020 638789 670 584 <0 001 34499

138 444 759 4790 639169 620 553 <0001 34775

139 449 749 4750 639589 537 611 <0001 35051

140 465 931 5200 639589 546 562 <0001 35327

141 466 802 5200 639589 543 578 <0 001 35603

142 4 65 761 5200 639589 540 558 <0 001 35879

143 6 13 581 <0 001 36155

144 6 13 562 <0 001 36431

145 591 560 <0 001 36707

146 578 563 265 369804

147 5 11 599 270 372536

[48 499 548 270 375269

149 506 541 290 37800 1

[')0 492 544 310 38072 9

..



Co 500 mgCd/dm3, pH 4 Co 250 mgCd/dm3
, pH 4

ER pH EC C Load
pH

EC C Load
(p-S/s) (mg/dm3) (mg/kg) (p-S/s) (mg/dm3) (mg/kg)

151 485 547 340 383455

152 477 549 460 386169

153 481 555 5 10 388878

154 480 552 5 80 391580

155 475 558 640 394276

156 472 550 700 396966

157 470 568 750 39965 1

158 481 570 810 402336

159 495 567 890 405007

160 488 575 940 407673

161 479 563 113 410320

162 485 560 147 412933

163 486 553 195 41549 8

164 483 550 246 41801 2

165 482 547 269 420503

166 480 542 294 422969

167 475 544 354 425375

168 474 540 41 5 42772 0

169 473 538 678 429802

170 470 537 754 431768

171 474 538 888 433640

172 471 539 903 435497

173 469 546 954 437303

174 470 543 1091 438972

175 467 540 1264 440468

176 465 547 1111 3 44211 5

177 463 541 121 2 443663

178 466 549 1343 445080

l79 465 550 1589 44625 1

180 464 540 171 4 447297

181 462 551 1864 448193

182 460 553 1999 448954

183 458 556 211 4 449600

184 459 551 2268 450092

l85 455 559 245 450322

186 457 556 268 450322

187 455 552 268 450322



Table 25 SorptIOn of Cu2+ on Brushwood Peat Humus from the mono-metal Cu-S04

SOlutIOns under dynamIC flow COnditIOns

Column expenments, Input solutIOn (1) Co = 500 mg Cu/dID3 (2) Co = 250 mg Cu/dm3 , pH
40, flow rate q = 0 1 cm3/s, Adsorbent W9b, mass 90 g , water retentIon capaCIty S/L =
1 2

Co 500 mgCu/dm3 pH 4 Co 250 mgCu/dm3
, pH 4

ER pH
EC C Load

pH
EC C Load

(/l-5/s) (mg/dm3
) (mg/kg) (f-tS/s) (mg/dm3

) (mg/kg)

1 727 144 <0001 930 694 131 <0001 470

2 7 15 666 <0 001 1860 732 334 <0001 940

3 6 65 1174 <0001 2790 675 633 <0 001 1410

4 638 1213 <0001 3720 655 703 <0 001 1880

5 640 1219 <0001 4650 628 710 <0 001 2350

6 634 1216 <0001 5580 600 711 <0001 2820

7 670 1213 <0001 6510 6 15 711 <0 001 3290

8 668 1240 <0001 7440 630 709 <0 001 3760

9 645 1218 <0001 8370 644 742 <0 001 4230

10 626 1214 <0001 9300 648 720 <0 001 4700

11 630 1220 <0001 10230 620 688 <0 001 5170

12 6 12 1190 <0 001 11160 588 687 <0 001 5640

13 626 1199 <0001 12090 611 686 <0001 6110

14 642 1244 <0001 13020 637 721 <0001 6580

15 660 1195 <0001 13950 647 704 <0001 7050

[6 636 1195 <0001 14880 670 846 <0001 7522

17 578 1207 <0001 15810 678 733 <0001 7994

[8 680 1396 <0001 16810 659 684 <0001 8466

19 681 1303 <0001 17810 650 673 <0001 8938

20 648 1207 <0001 18810 650 670 <0001 9410

21 633 1147 <0001 19810 640 652 <0001 9882

22 6 15 1158 <0001 20810 587 666 <0001 10354

7~ 644 1178 <0001 21810 562 663 <0001 10826-,)

24 653 1158 <0001 22810 645 685 <0001 11298

25 633 1156 <0001 23810 651 665 <0001 11770

26 608 1156 <0001 24810 642 686 <0001 12242

27 640 1211 <0001 25810 7 07 767 <0001 12714

28 626 1152 <0001 26810 693 677 <0001 13186

29 6 60 1287 <0001 27810 636 630 <0001 13658

30 642 1138 <0001 28810 640 615 <0001 14130

11 640 1082 <0001 29810 6 15 613 <0001 14602

12 622 1093 <0001 30810 621 647 <0001 15074

33 621 1130 <0001 31810 660 627 <0001 15546



Co 500 mgCu/d.m3, pH 4 Co 250 mgCu/dm3, pH 4

ER pH EC C Load
pH

EC C Load
(p.S/s) (mg/dm3) (mglkg) (p.S/s) (mg/dm3) (mg/kg)

34 621 1116 <0001 32810 656 527 <0001 16018

35 573 1132 01 33810 677 819 <0001 16490

36 650 1163 o 17 34810 662 737 <0001 16960

37 640 1138 095 35808 680 699 <0001 17430

38 601 1097 149 36805 645 649 <0001 17900

39 554 1080 725 37791 6 12 625 <0001 18370

40 466 1080 2<0001 38751 599 606 <0001 18840

41 482 1111 202 39711 610 598 <0001 19310

42 448 1110 491 40613 544 605 <0001 19780

43 444 1084 752 41463 522 600 <0001 20250

44 444 1081 688 42259 580 600 <0001 20720

45 431 1099 105 42983 534 605 <0001 21190

46 4 17 1078 132 43653 490 620 <0001 21660

47 4 16 1062 164 44259 690 689 <0001 22130

48 408 1074 156 44881 651 660 <0001 22600

49 448 1204 156 45503 639 643 <0001 23070

50 4 11 1204 258 45921 538 640 <0001 23540

51 404 1254 193 46469 6 17 763 <0001 24010

52 390 1201 125 47153 626 648 <0001 24480

53 380 1140 128 47831 608 670 <0001 24950

54 372 1173 194 48377 613 639 <0001 25420

55 363 1196 241 48829 5 85 636 <0001 25890

56 367 1210 292 49179 561 648 <0001 26360

57 364 1260 311 49491 554 918 027 26838

58 392 1382 373 49680 527 722 227 27311 5

59 355 1246 359 49896 422 686 1636 277568

60 357 1134 372 50086 458 670 2733 28180 1

61 358 1104 381 50258 43 663 396 285789

62 356 1090 372 50448 4 1 659 586 289397

63 3 31 1116 438 50506 404 663 71 9 292737

64 354 1102 465 50506 4 19 672 507 296503
(i') 352 1103 465 50506 401 662 82 15 29964

66 400 667 844 302732

67 385 667 904 305704

68 3 83 667 1041 308382

69 380 667 1165 31081 2

70 422 702 668 314236

71 492 973 142 318732

72 493 836 105 323302



Co 500 mgCu/dm3, pH 4 Co 250 mgCu/dm3 pH 4

ER pH EC C Load
pH

EC C Load
(p.S/s) (mg/dm3

) (mg/kg) (p.S/s) (mg/dm3
) (mg/kg)

73 489 786 117 327848

74 447 826 122 332384

75 436 789 165 336834

76 490 767 228 341158

77 4 17 751 307 345324

78 410 810 283 34953 8

79 435 773 356 353086

80 404 759 42 1 356504

81 400 728 479 359804

82 404 714 57 1 362922

83 396 791 420 366342

84 3 93 739 500 369602

85 3 85 748 543 37277 6

86 381 750 563 375910

87 371 757 680 37881 0

88 4 15 754 763 38154 4

89 376 758 794 384224

90 390 759 914 38665 6

91 3 75 762 1055 388806

92 365 765 119 390686

93 366 768 116 392626

94 356 770 121 394466

95 360 772 129 39614 6

96 360 774 127 397866

97 360 777 132 399486

98 351 781 127 401206

99 357 784 138 402706

100 359 785 141 404146

101 358 780 146 405486

102 360 779 159 406566

103 355 770 162 407586

104 357 779 178 408286

105 356 783 189 408766

106 360 787 211 408806

107 358 780 213 409246

108 356 784 235 409246



Table 26 Sorption of Cu2+ on Rush (Reed-Sedge) Peat from the mono-metal Cu-S04

SOlutIOns under dynamIc flow condItIons
Column expenments, Input solution (1) Co = 500 mg Cu/dm3 (2) Co = 250 mg Cu/dm3

, pH
40, flow rate q=O 1 cm3/s, Adsorbent W9c, mass 90 g, water retentIOn capacIty S/L = 1 1

Co 507 mgCu/dm3
, pH 4 Co 245 mgCu/dm3

, pH 4

ER pH
EC C Load

pH
EC C Load

(fiB/s) (mg/dm3) (mg/kg) (p.S/s) (mg/dm3) (mg/kg)

1 649 543 <0001 507 693 599 <0001 245

2 674 627 <0001 1014 695 666 <0001 490

3 635 183 <0001 1521 681 1106 <0001 735

4 599 797 <0001 2028 629 363 <0001 980

5 590 1084 <0001 2535 6 12 589 <0001 1225

6 5 81 1148 <0001 3042 606 679 <0001 1470

7 5 93 1164 <0001 3549 603 697 <0001 1715

8 579 1167 <0001 4057 642 698 <0001 1960

9 600 1165 <0001 4563 612 698 <0001 2205

10 582 1165 <0001 5070 620 696 <0001 2450

11 603 1217 <0001 5577 607 766 <0001 2695

12 600 1182 <0001 6084 607 698 <0001 2940

13 6 18 1174 <0001 6591 617 704 <0001 3185

14 598 1173 <0001 7098 6 17 695 <0001 3430

15 6 10 1172 <0001 7605 611 697 <0001 3675

16 6 16 1277 <0001 8112 6 15 688 <0001 3920

17 610 1183 <0001 8619 620 684 <0001 4165

18 625 1167 <0001 9126 604 804 <0001 4410

19 611 1172 <0001 9633 611 719 <0001 4655

20 600 1167 <0001 10140 6 15 708 <0001 4900

21 593 1168 <0001 10647 664 698 <0001 5145

22 588 1203 <0001 11154 654 656 <0001 5390

23 598 1201 <0001 11661 646 664 <0001 5635

24 565 1166 <0001 12168 633 696 <0001 5880

25 5 99 1170 <0001 12675 630 697 <0001 6125

26 598 1179 <0001 13182 626 690 <0 001 6370

27 604 1213 <0001 13689 621 680 <0001 6615

28 6 15 1250 <0001 14196 663 730 <0001 6860

29 609 1210 <0001 14703 655 720 <0001 7105

30 605 1240 <0001 15210 656 730 <0001 7350

11 590 1207 <0001 15717 655 650 <0001 7595

32 598 1190 <0001 16224 630 670 <0001 7840

33 605 1193 <0001 16731 630 670 <0001 8085

34 620 1191 <0001 17238 632 660 <0001 8330

35 595 1187 <0001 17745 630 680 <0001 8575



Co 507 mgCu/dm3, pH 4 Co 245 mgCu/dm3 pH 4

ER pH
EC C Load

pH
EC C Load

(p's/s) (mg/dm3
) (mg/kg) (11's/S) (mg/dm3

) (mg/kg)

36 6 15 1232 <0001 18167 620 670 <0001 8820

37 6 13 1221 <0001 18589 621 650 <0001 9065

38 6 19 1199 <0001 19011 6 15 680 <0001 9310

39 6 15 1170 <0001 19433 6 19 650 <0001 9555

40 6 13 1135 <0001 19855 6 18 620 <0 001 9800

41 610 1120 <0001 20277 621 719 <0001 10045

42 609 1097 <0001 20699 623 700 <0001 10366

43 608 1086 <0001 21121 645 692 <0001 10687

44 603 1111 <0001 21543 648 666 <0001 11008

45 605 1112 <0001 21965 639 664 <0001 11329

46 5 95 1116 <0001 22387 605 642 <0001 11650

47 596 1109 <0001 22809 638 649 <0001 11971

48 6 04 1114 <0 001 23231 6 08 646 <0 001 12292

49 599 1109 <0 001 23653 630 649 <0001 12613

50 601 1119 <0001 24075 605 646 <0001 12934

51 5 93 1110 <0001 24497 629 646 <0001 13255

')2 603 1110 <0001 24919 6 15 646 <0 001 13576

51 620 1090 <0 001 25341 632 649 <0001 13897

54 653 1089 <0001 25763 607 646 <0 001 14218

55 603 1087 <0 001 26185 620 641 <0001 14539

56 600 1091 <0 001 26607 670 908 <0001 14860

57 6 09 1272 05 270285 680 689 <0001 15181

58 620 1149 1 0 274495 678 688 <0001 15502

')9 608 1127 2 1 278694 675 672 <0001 15823

60 611 1096 43 28287 1 648 649 <0 001 16144

61 601 1086 6 1 287030 6 19 655 <0 001 16465

62 5 80 1086 82 291168 6 09 649 <0001 16786

63 5 27 1089 18 1 295207 623 644 <0001 17107

()..f. 5 11 1100 282 299145 649 691 <0001 17428

()') 498 1086 459 302906 655 660 <0001 17749

66 5 18 1087 198 306928 655 654 <0001 18070

67 541 1138 31 8 310830 638 665 <0 001 18391

68 5 18 1102 575 314475 640 656 <0001 18712

69 497 1088 82 1 317874 599 644 <0 001 19033

70 4 94 1085 942 321152 610 660 <0001 19354

7 [ 4 62 1077 1170 324202 6 12 651 <0001 19675

72 452 1080 1292 32713 0 5 99 647 <0 001 19996

n 3 63 1080 1450 3299<0 6 25 722 <0001 20317
001



Co 507 mgCu/dm3, pH 4 Co 245 mgCu/dm3, pH 4

ER pH
EC C Load

pH
EC C Load

(fJ's/s) (mg/dm3
) (mg/kg) (fJ's/s) (mg/dm3) (mg/kg)

74 451 1075 1494 332626 613 663 <0001 20638

75 440 1085 171 2 33513 4 648 655 <0001 20959

76 470 1076 895 338459 598 650 <0001 21280

77 460 1151 1228 34145 1 6 15 678 <0 001 21601

78 448 1104 151 2 344159 630 785 <0 001 21922

79 445 1088 1894 346485 605 648 <0 001 22243

80 439 1069 1947 34875 8 7 08 640 <0001 22564

81 430 1071 2205 350773 642 623 <0001 22885

82 477 1064 832 35462 1 623 613 <0001 23206

83 467 1102 877 358424 603 604 <0001 23527

84 451 1061 1258 361846 621 756 <0001 23765

85 441 1037 1847 364679 670 651 <0001 24003

86 435 1039 204 36731 9 630 640 <0001 24241

87 431 1030 2465 369534 6 16 624 <0001 24479

88 3 90 1285 181 372404 620 587 <0001 24717

89 387 1130 180 375284 6 18 666 <0001 24955

90 3 83 1087 200 377964 622 890 <0 001 24193

91 381 1055 239 38025 4 622 950 <0001 25431

92 377 1036 259 382344 584 711 <0 001 25669

93 372 1015 284 38418 4 622 703 <0001 25907

94 363 1030 327 385594 6 13 637 <0001 26145

95 364 1024 336 38691 4 583 647 <0 001 26383

96 362 1029 345 388144 598 624 <0001 26621

97 361 1020 355 389274 587 622 <0 001 26859

98 362 1020 381 390144 590 619 <0 001 27097

99 365 1031 398 390844 591 621 <0 001 27335

100 362 1035 412 391404 595 620 <0 001 27573

101 364 1120 443 391654 625 715 <0001 27811

102 367 1080 441 391924 630 715 <0 001 28049

103 367 1070 435 392254 633 674 <0001 28287

104 371 1110 432 39261 4 62 661 <0 001 28525

105 372 1080 443 392864 623 651 <0001 28763

106 375 1200 445 393094 581 738 <0 001 29001

107 38 1050 435 393424 643 765 <0001 29239

108 36 1050 435 393754 640 662 <0001 29477

109 38 1040 440 394034 611 658 <0 001 29715

110 3 64 1050 441 394314 538 653 <0 001 29953

III 372 1070 450 394494 562 677 <0 001 30191

112 3 84 1070 460 394574 565 660 <0 001 30429



Co 507 mgCu/dm3, pH 4 Co 245 mgCu/dm3, pH 4

ER pH EC C Load pH EC C Load
(p.S/s) (mg/dm3) (mg/kg) (p.S/s) (mg/dm3) (mg/kg)

113 38 1080 507 394654 558 657 <0001 30667

114 3 81 1087 507 394654 487 643 <0001 30905

115 38 1090 507 394654 463 670 <0001 31143

116 379 1085 507 394654 586 718 <0001 31381

117 379 1080 507 394654 564 692 <0001 31619

118 381 1085 507 394654 565 695 <0001 31857

119 522 674 <0001 32095

120 526 676 <0001 32333

121 435 671 099 32570

122 470 676 178 328062

123 446 674 374 330405

124 426 673 586 33272 6

125 444 669 935 33501 3

126 463 697 194 337374

127 480 683 704 339683

1:28 433 674 202 34186 1

129 450 675 347 343894

130 406 676 465 345809

l3l 411 669 556 34763 3

J32 401 669 707 349306

133 395 660 81 8 350868

134 390 660 86 1 352387

135 443 795 310 354457

136 425 809 660 356177

137 396 784 820 357737

138 390 813 110 35901 7

l39 384 783 880 36051 7

140 390 783 950 361947

141 402 843 440 363887

l42 408 810 770 365497

141 401 818 165 366227

144 387 828 180 366807

145 388 766 196 367227

146 339 768 196 36764 7

147 404 792 198 368047

148 425 734 199 368437

149 445 776 245 368437

150 402 730 245 368437



Table 27 SorptiOn of er·3+ on Brushwood Peat Humus from the mono-metal Cr-Cl
solutiOns under dynaIIllc flow condItIOns

Column expenments, Input solutIOn (1) Co = 500 mg Cr/dm3 (2) Co = 250 mg Cr/dm3, pH
40, flow rate q = 0 1 cm3/s, Adsorbent W9b, mass 90 g , water retentIOn capacIty S/L =
1 2

Co 500 mgCr/dIn3 pH 4 Co 250 mgCr/dm3 pH 4

ER pH
EC C Load

pH
EC C Load

(p.S/s) (mg/dm3
) (mg/kg) (p.S/s) (mg/dm3

) (mg/kg)

1 691 148 <0001 910 720 1033 <0001 400

2 730 1179 <0001 1820 735 418 <0 001 800

3 650 2220 <0 001 2730 655 1051 <0001 1200

4 644 2280 <0001 3640 622 1157 <0001 1600

5 625 2250 <0001 4550 606 1156 <0001 2000

6 611 2250 <0001 5460 600 1165 <0001 2400

7 640 2250 <0001 6370 623 1161 <0001 2800

8 645 2250 <0001 7280 655 1228 <0001 3200

9 630 2330 <0001 8190 676 1199 <0001 3600

10 644 2240 <0001 9100 6 18 1183 <0 001 4000

11 628 2240 <0001 10010 665 1164 <0001 4400

12 620 2250 <0 001 10920 6 14 1160 <0 001 4800

13 622 2260 <0001 11830 622 1148 <0 001 5200

14 620 2210 <0 001 12740 620 1170 <0 001 5600

15 645 2230 <0 001 13650 665 1130 <0 001 6000

16 643 2400 <0001 14560 672 1130 <0001 6400

17 645 2180 <0001 15470 620 1120 <0 001 6800

18 643 2260 <0001 16380 688 1280 <0 001 7244

19 650 2360 <0001 17402 699 1180 <0001 7688

20 670 2390 <0001 18424 669 1150 <0001 8132

21 645 2350 <0001 19446 626 1120 <0001 8576

22 609 2310 <0001 20486 641 1140 <0001 9020

J~ 629 2280 <0001 21490 649 1080 <0001 9464_.1

24 637 2290 <0001 22512 646 1060 <0001 9906

25 629 2430 <0001 23534 636 1154 <0001 10352

26 6 15 2450 <0001 24556 598 1138 <0 001 10796

27 5 80 2450 055 25578 640 1195 <0001 11240

28 555 2450 060 26600 634 1156 <0001 11684



Co 500 mgCr/dm? pH 4 Co 250 mgCr/dm3, pH 4

ER pH
EC C Load pH EC C Load

(pB/s) (mg/dID3) (mg/kg) (pB/s) (mg/dm3) (mg/kg)

29 560 2510 035 27622 707 1362 <0001 12128

30 525 2330 730 286274 690 1161 <0001 12572

31 455 2300 830 296382 664 1084 <0001 13016

32 489 2310 10 14 30640 623 1065 <0001 13460

33 440 2210 3082 316004 589 1052 <0001 13904

34 397 2260 66 15 32490 1 630 1115 <0001 14348

35 384 2260 764 333593 670 1060 <0001 14792

36 383 2220 924 341965 656 1168 <0001 15236

37 357 2220 733 35071 9 628 1380 <0001 15630

38 354 2220 81 35931 9 660 1547 <0001 16024

39 343 2250 1364 36681 1 655 1217 <0001 16418

40 342 2350 1924 373183 683 1136 <0001 16812

41 3 16 2580 126 38315 1 623 1092 <0001 17206

42 313 2360 604 39216 3 581 1109 <0001 17600

43 3 16 2260 135 399683 630 1122 <0 001 17994

44 320 2260 179 406323 555 1125 <0 001 18388

45 3 01 2260 142 41344 3 6 01 1108 <0001 18788

46 303 2220 161 420143 6 19 1077 <0001 19176

47 302 2280 209 425923 561 1079 <0001 19570

48 306 2290 242 43104 3 580 1099 <0001 19964

49 288 2600 108 43616 3 585 1098 <0001 20358

50 286 3070 167 443963 545 1105 <0001 20752

51 290 2690 169 450543 628 1240 <0001 21146

52 293 2590 268 45514 3 629 1150 <0001 21540

53 278 2750 299 458703 604 1130 <0 001 21934

';4 280 2690 297 462303 622 1250 <0001 22320

55 290 2750 299 465903 610 1150 <0001 22722

56 2 88 2920 300 469443 602 1140 <0001 23116

';7 231 3640 202 474943 570 1150 <0001 23510

5H 235 3370 253 479423 624 1150 <0001 23904

59 240 3110 261 483743 610 1150 <0001 24298

60 240 3080 289 487503 5 65 1160 <0001 24692

61 245 3140 399 489063 5 95 1160 <0001 25086



Co 500 mgCrtdm3, pH 4 Co 250 mgCr/dm3 pH 4

ER pH
EC C Load

pH
EC C Load

(p.Sts) (mgtdm3) (mglkg) (p.Sts) (mgtdm3) (mg/kg)

62 202 3150 320 494943 622 1635 <0001 25494

63 200 3011 326 497583 582 1416 <0001 25902

64 2 15 3003 345 500523 564 1360 <0001 26310

65 2 18 2989 330 503243 595 1264 <0001 26718

66 2 16 2978 341 506983 5 65 1313 <0001 27126

67 224 2988 290 510503 591 1345 <0001 27534

68 220 2845 301 513743 563 1389 <0001 27942

69 221 2870 315 516803 544 1398 <0001 28350

70 228 2835 324 519323 553 1470 <0001 28758

71 221 2790 351 521583 635 1439 <0 001 29166

72 2 18 2750 364 523743 537 1453 <0001 29574

73 2 15 2830 369 525863 597 1392 <0001 29982

74 2 14 2800 371 52810 3 572 1387 <0 001 30390

75 220 2780 365 530083 569 1346 <0001 30798

76 222 2760 378 531643 545 1383 <0001 31206

77 220 2755 399 532963 575 1442 <0001 31614

78 2 18 2769 411 533943 562 1363 <0001 32022

79 220 2730 428 535283 526 1435 <0001 32430

80 225 2710 410 536163 543 1410 <0001 32838

81 223 2690 433 536263 541 1377 <0001 33246

82 220 2734 450 536263 483 1416 <0 001 33654

83 221 2670 455 536263 489 1417 <0001 34062

84 2 19 2680 455 504 1420 012 344698

85 4 97 1418 o 15 34877 5

86 4 63 1430 011 352853

87 4 82 1434 033 35692 6

88 4 89 1440 380 360930

89 400 1447 137 364736

90 364 1460 24 1 368334

91 357 1439 31 2 371790

92 326 1440 389 375532

93 3 19 1444 452 379148

94 340 1457 402 382864



Co 500 mgCr/dm3
, pH 4 Co 250 mgCr/dm3, pH 4

ER pH EC C Load
pH

EC C Load
(p's/s) (mg/dm3) (mg/kg) (p's/s) (mg/dm3) (mg/kg)

95 324 1480 367 38665 a
96 310 1489 523 390124

97 302 1470 259 394126

98 293 1486 314 39801 9

99 288 1479 55 3 40143 2

100 284 1491 655 404642

101 280 1494 641 407880

102 275 1499 708 410984

103 275 1497 769 41396 6

104 274 1495 80 a 41688 6

105 270 1510 70 a 420006

106 270 1527 97 a 422586

107 271 1520 924 425258

108 270 1530 694 428390

109 276 1534 889 43113 2

110 270 1547 52 1 43461 0

III 265 1542 765 437600

112 267 1537 82 1 440478

113 260 1498 894 443210

114 259 1491 994 445742

115 252 1489 1036 448190

116 250 1499 111 5 450480

117 265 1511 1243 452514

118 267 1521 1274 454486

119 263 1529 1326 456354

120 260 1533 1349 458176

121 258 1539 140 1 459894

122 254 1543 1560 461294

123 256 1539 1693 462428

124 254 1544 1885 463178

125 253 1530 1967 463764

[26 251 1521 200 463764

127 252 ]519 200 463764



Table 28 Sorption of Cr3+ on Rush (Reed-Sedge) Peat from the mono-metal Cr-CI
solutIOns under dynarrnc flow condItIOns

Column experIments, Input solutIOn (1) Co = 500 mg Cd/dm3 (2) Co = 250 mg Cd/dm3
, pH

40, flow rate q = 0 1 cm3/s, Adsorbent W9c, mass 90 g, water retentIOn capacIty S/L =

1 1

Co 500 mgCr/dIn3
, pH 4 Co 250 mgCr/dm3, pH 4

ER pH EC C Load pH EC C (mg/dm3)
Load

(p.8/s) (mg/dm3) (mg/kg) (p.8/s) (mg/kg)

1 686 41 7 00 455 660 886 00 220

2 697 489 00 910 664 66 00 440

3 655 267 00 1365 650 226 00 660

4 64 1278 00 1820 643 713 00 880

5 574 2260 00 2275 609 1167 00 1100

6 584 2450 00 2730 603 1286 00 1320

7 578 2510 00 3185 592 1309 00 1540

8 58 2490 00 3640 601 1321 00 1760

9 598 2500 00 4095 598 1319 00 1980

10 563 2500 00 4550 605 1323 00 2200

11 5 95 2610 00 5005 611 1452 00 2420

12 592 2560 00 5460 611 1355 00 2640

13 6 2500 00 5915 6 15 1343 00 2860

14 579 2500 00 6370 6 18 1332 00 3080

15 596 2500 00 6825 6 18 1336 00 3300

16 598 2510 00 7280 598 1330 00 3520

17 594 2500 00 7735 606 1340 00 3740

18 599 2480 00 8190 610 1330 00 3960

19 596 2500 00 8645 605 1334 00 4180

20 599 2480 00 9100 608 1326 00 4400

21 5 95 3560 00 9585 568 1437 00 4620

22 605 2580 00 10070 628 1797 00 4850

23 604 2480 00 10555 630 1380 00 5080

24 6 2550 00 11040 634 1362 00 5310

25 601 2600 00 11525 643 1345 00 5540

26 603 2770 00 12010 638 1359 00 5770

27 6 2590 00 12495 638 1346 00 6000

28 605 2430 00 12980 628 1416 00 6230

29 6 1 2500 00 13465 623 1334 00 6460

,0 6 2580 00 13950 650 1288 00 6690

31 5 91 2540 00 14435 649 1309 00 6920

,2 593 2510 00 14920 632 1320 00 7150

33 5 9 2520 00 15405 622 1321 00 7380



Co 500 mgCr/dm3 , pH 4 Co 250 mgCr/dm3, pH 4

ER pH
EC C Load

pH EC C (mg/dm3)
Load

(/1$ls) (mg/dm3
) (mg/kg) (p$ls) (mg/kg)

34 599 2510 00 15890 636 1313 00 7610

35 596 2510 00 16375 6 14 1312 00 7840

36 594 2510 00 16860 629 1309 00 8070

37 596 2630 00 17345 6 15 1311 00 8300

38 604 2460 00 17830 620 1307 00 8530

39 606 2410 00 18315 626 1311 00 8760

40 604 2500 00 18800 620 1284 00 8990

41 58 2430 1 4 192836 622 1299 00 9220

42 57 2380 35 19765 1 611 1301 00 9450

43 56 2380 6 1 20244 6 18 1308 00 9680

44 545 2290 8 1 207209 623 1308 00 9910

45 5 13 2390 9 1 211968 6 25 1294 00 10140

46 497 2360 106 216712 6 15 1359 00 10370

47 478 2310 108 221454 6 15 1315 00 10600

48 46 2250 114 22619 644 1293 00 10830

49 613 2210 1 8 231022 600 1307 00 11060

50 6 15 2190 1 2 23586 610 1298 00 11290

51 576 2130 47 240663 6 15 1317 00 11520

52 481 2300 174 245339 598 1310 00 11750

53 436 2420 348 24984 1 611 1305 00 11980

54 427 2400 61 3 254078 606 1307 00 12210

55 421 2370 580 258348 600 1336 00 12440

56 42 2480 206 262992 631 1470 00 12670

57 3 93 2280 570 267272 620 1210 00 12900

58 384 2270 102 27110 2 631 1130 00 13130

59 374 2400 91 5 275037 633 1180 00 13360

60 3 65 2430 105 278967 636 1220 00 13590

61 36 2590 886 28306 1 646 1220 00 13820

62 358 2570 106 28698 1 599 1220 00 14050

63 359 2510 109 290866 607 1200 00 14280

64 36 2550 116 294686 602 1310 00 14510

65 355 2580 950 29871 6 603 1190 00 14744

66 345 2350 134 302356 630 1140 00 14978

67 339 2310 147 305866 604 1280 00 15212

68 334 2430 187 30901 6 6 14 1340 00 15446

69 309 2910 862 313134 6 12 1460 00 15680

70 304 2340 1202 316912 605 1440 00 15914

71 3 04 2320 169 320202 600 1410 00 16148

72 296 2510 252 322662 584 1410 00 16382



Co 500 mgCr/dm3 , pH 4 Co 250 mgCr/dm3, pH 4

ER pH
EC C Load

pH
EC

C (mg/dm3
)

Load
(p$/s) (mg/dm3

) (mg/kg) (ILS/S) (mg/kg)

73 292 2590 285 324792 575 1390 00 16616

74 29 2580 282 326952 603 1530 00 16850

75 291 2590 279 329142 6 10 1370 00 17084

76 25 2720 87 7 333245 604 1340 00 17318

77 253 2690 150 1 33672 4 610 1350 00 17552

78 254 2650 212 339584 604 1430 00 17786

79 258 2690 264 2 34192 2 590 1430 00 18020

80 255 2660 265 344252 6 14 1733 00 18254

81 25 2690 264 346592 625 1344 00 18488

82 255 2650 265 34892 2 600 1189 00 18722

83 256 2610 280 351102 539 1314 o 1 18955 9

84 255 2630 310 352982 541 1345 00 191899

85 255 3210 234 355622 610 1330 00 194239

86 257 2920 245 358152 601 1533 00 196579

87 26 2840 266 360472 621 1263 o 1 19891 8

88 26 2940 312 362332 629 1198 o 1 201257

8q 26 3830 409 363222 634 1292 00 203597

90 261 3020 266 365542 610 1296 o 1 205936

91 27 2840 298 36714 2 622 1287 00 208276

92 277 3010 382 368492 632 1240 02 210614

93 275 3300 382 369442 628 1248 02 21295 1

94 275 3170 387 370342 5 93 1301 025 215289

95 28 3060 152 373592 553 1364 o1 217628

96 228 3070 239 375972 550 1350 01 219967

97 235 2940 261 37813 2 575 1352 00 222307

98 235 2980 332 379582 505 1365 008 22464 6

99 244 3050 427 380082 560 1276 011 226985

100 244 3070 403 380822 555 1332 o 14 229324

101 245 3010 417 381422 5 31 1710 007 231664

102 25 2940 432 381872 5 85 1520 00 234004

103 25 2930 423 38241 2 6 15 1360 o 16 236344

104 2S 2830 433 382852 595 1400 02 238684

105 25 2830 435 383282 579 1460 o 14 241024

106 25 2870 432 383302 575 1690 001 243364

107 25 2890 450 38377 2 600 1420 03 24570 1

108 25 2890 455 383992 5 18 1370 o 15 248040

109 251 2900 455 383992 425 1490 69 25032 1

110 249 2910 455 383992 426 1530 128 25253 1

III 448 1580 54 25481 9

zc,o



Co 500 rogCr/droJ , pH 4 Co 250 mgCr/dm3
, pH 4

ER pH EC C Load pH EC
C (mg/dro3

)
Load

(p.S/s) (mg/dmJ) (rog/kg) (p.S/s) (mg/kg)

112 411 1510 175 256984

113 381 1440 215 259709

114 385 1470 278 261184

115 358 1500 340 26317 1

116 380 1500 278 265233

117 378 1490 367 267206

118 374 1690 330 269216

119 334 1580 1 32 27154 3

120 384 1314 34 273849

121 358 1366 134 276055

122 322 1459 240 278155

123 337 1488 340 280155

124 334 1480 410 282085

125 3 13 1500 460 283965

126 330 1502 490 28581 5

127 3 18 1507 550 287605

128 305 1510 620 289325

129 305 1564 41 0 29125 5

130 304 1482 580 29301 5

131 295 1499 650 294705

132 292 1557 750 296295

133 288 1596 81 0 297825

134 280 1608 850 29931 5

135 278 1617 910 300745

136 268 1668 640 302445

137 269 1622 710 304075

138 266 1670 840 305575

139 260 1758 120 306715

140 259 1772 133 30772 5

141 260 1793 151 308555

142 260 1796 155 309345

143 253 1850 113 310555

144 253 1800 91 0 311985

145 254 1809 126 31306 5

146 254 1822 137 31403 5

147 255 1830 136 31501 5

148 199 1833 119 31616 5

[49 1 88 1840 171 316805

ISO 201 1856 135 317805



Co 500 mgCr/dIn3 , pH 4 Co 250 mgCr/dm3, pH 4

ER pH
EC C Load

pH
EC

C (mg/dm3)
Load

(J./.S/s) (mg/dm3) (mg/kg) (J./.S/s) (mglkg)

151 202 1868 166 318495

152 201 1870 159 319255

153 205 1890 164 319965

154 208 1888 168 320635

155 205 1891 140 321585

156 210 1900 143 322505

157 208 1901 146 323395

158 205 1910 151 324235

159 208 1914 135 325235

160 203 1924 145 326135

161 210 1941 153 326955

162 2 10 1950 145 327855

163 205 1948 1535 328670

164 205 1955 166 329360

165 206 1960 1485 330225

166 210 1965 171 330865

167 2 14 1976 178 331435

l68 2 12 1959 182 331965

169 210 1954 195 332365

170 208 1962 201 332705

171 206 1959 208 332975

172 209 1964 220 332975

173 207 1955 220 332975



Table 29 Brndrng of metal IOns onto low-moor peat under batch and dynarrnc condItIons rn the
mono-metal systems Companson of sorptIon capaCIty and parameters

Batch expenment Co Column expenment Co 500 Me/dm3 Column expenment Co 250 Me/dm3

5000 mg Me/dm? full total full total

Brushwood Humus Peat - W9b

Zn - S04

Sorption
36370 (82 8%) 39780 55730 (87 08 %) 13293 47321 (8763%)

mg/kg (%)

SolId solution
110 1 70 1 128 146 1 216

ratio

Changes of
670 - 5 18 6 98 - 5 60/5 43 698 - 4 57 7 28 - 6 10/5 82 728 - 4 18

pH

DesorptIon
28176 (77 47%) 32080 (5749%)

mg/kg (%)

Cd - S04

SorptIOn
45029 (93 1%) 51975 72514 (8335%) 34687 53122 (8708%)

mg/kg (%)

Sohd solutIOn
110 1 108 1 174 1 126 1 244

ratIO

Changes of
693 - 5 57 7 13 - 5 45 7 13 - 5 51 7 00 - 5 75/5 57 700-550

pH

DesorptIon
36408 (80 85 %) 36642 (57 29%)

mg/kg (%)

Cu - CI Cu - S04

SorptIOn
45540 (91 1%) 33810 (67 0%) 50506 (7891 %) 26838 40924 (76 48%)

mg/kg (%)

SolId solutIOn
110 1 70 I 128 1 114 I 214

ratio

Changes of
760-377 7 27 - 6 21/5 73 727 - 3 54 694 - 5 61 694 - 3 58

pH

DesorptIOn 27100 (59 51 %) 14080 (27 89%)
mg/kg (%)

Cr - CI

Sorption
47620 (95 2 %) 24556 53626 (6384%) 34062 46376 (73 03%)

mg/kg (%)

SolId solutIOn
110 152 1 168 I 166 1 254

ratIO

Changes of
695 - 3 11 6 91 - 6 15/5 55 6 91 - 2 21 7 20 - 5 40/4 89 720 - 2 52

pH

Desorption
2911 (6 11 %) 5545 (l 03%)

mg/kg (%)



Rush (Reed-Sedge) Peat - W9c

Zn - 504

SorptIon
36264 (82 5%) 30880 36820 (88 72%) 18730 29748 (83 21 %)

mg/kg (%)

SolId solutIon
110 158 183 174 1 143

ratIO

Changes of
598-510 685 -6 4l/5 81 685 - 4 16 7 08 - 6 08/5 60 708 - 483

pH

DesorptIOn
25096 (69 2%) 27748 (75 36%)

mg/kg (%)

Cd - S04

SorptIon 45889 (94 9%) 51810 63958 (90 72 %) 36707 45032 (96 32 %)
mg/kg (%)

SolId solutIon
1 10 199 1 141 1 145 1 187

ratio

Changes of
599 - 538 6 55 - 5 77/5 35 655 - 4 66 6 68 - 5 91/5 78 668 - 455

pH

DesorptIOn
29352 (63 96%) 36642 (57 29%)

mg/kg (%)

Cu - CI Cu - S04

Sorption 47390 (94 8%) 27028 39465 (69 23%) 32333 36844 (68 25%)
mg/kg (%)

SolId solutIOn
110 157 1 114 1 120 1 149

ratJO

Changes of 754-444 6 90 - 6 09/5 30 690-380 6 93 - 5 26/4 70 693 - 3 09
pH

DesorptIOn
29100 (61 41 %) 20040 (50 78%)

mg/kg (%)

Cr - Cl

SorptIOn
49380 (98 8%) 18800 38399 (71 11 %) 20827 33297(76 99%)

mg/kg (%)

SolId solutIon
110 140 1 108 1 91 1 173

ratio

Changes of
765 - 322 6 98 - 6 04/5 00 698 - 2 50 6 60 - 6 22/5 53 660-207

pH

Desorption
3150 (6 38%) 872 5 (2 27%)

mg/kg (%)



Table 30 SorptIOn and recovery of metals bound under dynannc flow condillons from the peat
matnx

SorptIOn Column expenments, Input solunon (1) Co = 500 mg Me elm 3, pH 4 0, flow rate q
= 0 1 cm3 S, Adsorbent (1) Brushwood Peat Humus W9b, S/L = 1 2 , (2) Rush (Reed-Sedge)
Peat W9c, S/L = 1 1
Desorption 1% Hel

SAMPLE Brushwood Peat Humus W9b (DR 55%), INPUT CONCENTRATION CO = 500 mg/dm3

Metal SorptIon DesorptIOn DesorptIOn

pH S (mg/kg) pH Dlstnlled pH 1% Hel
water pH 6

Cl 221 53626 260 3552 1 30 5545
(0066%) (1 03%)

Cu 352 50506 391 11564 1 40 14080
(229%) (2788%)

Cd 452 72514 5 14 2210 1 146 23785
(3 05%) (3280%)

Zn 449 55730 470 2786 1 1 35 32040
(4 99%) (5749%)

SAMPLE Rush (Reed-Sedge) Peat W9c (DR 55%), INPUT CONCENTRATION CO = 500 mg/dm3

Metal Sorption DesorptIon DesorptIOn

pH S (mg/kg) pH Dlstulled pH 1% HCl
water pH 6

CJ 249 38399 262 89 13 1 23 872 5
(023%) (227%)

Cll 3 80 39465 3 64 16220 1 43 200405
(4 11 %) (5078%)

Cel 465 63959 481 3310 0 1 32 36642
(5 17%) (5729%)

Zn 496 36820 457 24015 133 27748
(652%) (75 36%)



Table 31 SequentIal fractIOnatIOn of Zn2+, Cd2+ Cu2+ and Cr3+ IOns sorbed from mono-metal
solution under dynamIC COndItions, at Co = 500 mg Me dm3 and pH 4 0 onto low­
moor peat

Peat samples (1) Brushwood Peat Humus (W9b), (2) Rush (Reed-Sedge)Peat (W9c),
FractIOns FO(PS) - pore solutIon, Fl(EXC) - most labile, F2(CARB) - labile, F3(ERO) - easily
reducIble, F4(MRO) - moderately reducIble, F5(OM) - strongly bound, F6(R) - reSIdual

SAMPLE Brushwood Peat Humus W9b (DR 55%), INPUT CONCENTRATION CO = 5000 mg/dm3

Cr Cu Cd Zn

SORPTION mg/kg 53626 50506 72514 55730

FRACTION mg/kg (%)

Pore solutIOn FO (PS) 3552 11564 2210 1 2786 1
(007) (229) (305) (499)

Most labIle F1 (EXC) 2699 68535 145746 24507
(050) (13 57) (20 10) (4397)

LabIle F2 (CARE) 13216 6156 8360 7125
(246) (12 19) (11 53) (12 78)

Easl1y reducIble F3 (ERO) 2709 9639 10009 1593
(051) (l 91) (1 38) (286)

Moderately reducIble F4 (MRO) 49626 10608 864 10737
(925) (21 00) (1 19) (1 93)

Strongly bound F5 (OM) 467657 247682 455045 19383 1
(5803) (4904) (6275) (3478)

ReSIdual fractIon F6 (R) 00 00 00 00
(0 0) (0 0) (00) (00)

SAMPLE Rush (Reed-Sedge) Peat W9c (DR 55%), INPUT CONCENTRATION CO = 500 mg/dm3

Cr Cu Cd Zn

SORPTION mg/kg 38399 394654 63959 36820

FRACTION mg/kg (%)

Pore solutIOn FO (PS) 89 13 16220 3310 24015
(023) (4 11) (5 17) (652)

Most labIle Fl (EXC) 21672 113068 25032 20013
(564) (2865) (39 14) (5430)

LabIle F2 (CARE) 14452 59829 9270 6200
(376) (15 16) (1449) (1684)

Eastly reducIble F3 (ERO) 4128 11622 1983 19392
(l 07) (2 95) (3 10) (527)

Moderately reducible F4 (MRO) 5772 6 5933 20874 10167
(15 03) (15 03) (3 26) (276)

Strongly bound F5 (OM) 2851207 134575 222765 52495
(7425) (34 1) (3483) (14 01)

ReSIdual fractIOn F6 (R) 00 00 00 00
(0 0) (00) (00) (0 0)



Table 32 EqUIlIbnum mass adsorption/desorptIon lSothenns for metal IOns bound from
electroplating waste onto Alder Peat Humus (Wi) and pH of eqUIlIbrated solutIOns,

Batch experIments, Input lIqUId waste Me-S04, pH 1 47, Co 14985 mgFe dm 3 > 2807 mgZn
dm 3 > 235 mgCr dm 3 > 171 mgCd dm 3 > 122 mgMn dm 3

Alder Peat Humus - WI

Sample
SORPTION

DESORPTION
DESORPTION by 1% Hel

by dIstIlled water pH 6

C" pH Ceq S pH
D

pH
D

mg/dm3 mg/dm3 mg/kg (%) mg/kg (%) mg/kg (%)

Cd

172 440 027 1693 (98 4%) 380 217 (1 28%) 260 64 87 (38 32%)

344 313 279 3160 (918%) 361 1787 (5 65%) 241 1053 (33 32%)

51 5 243 11 10 4040 (78 4%) 338 4707 (3 38%) 220 8760 (21 68%)

687 205 2040 4830 (70 3%) 308 6640 (13 74%) 208 5955 (12 33%)

859 1 90 2940 5650(658%) 299 72 81 (12 89%) 201 5559 (984%)

103 1 1 84 3760 6550 (63 5%) 298 7548 (1153%) 200 51 60 (7 88%)

120 1 1 79 44 60 7560 (62 9%) 291 9627 (12 73%) 1 88 6576 (8 60%)

[374 1 75 4980 8760 (638%) 288 112 10 (12 79%) 1 67 52 14 (5 95%)

1546 1 71 5230 10230 (66 2%) 286 14824 (14 49%) 1 62 7641 (7 47%)

171 8 1 67 6540 1064 0 (61 9%) 286 13323 (1252%) 1 49 79 11 (743%)

Cr

235 440 003 234 7 (99 8%) 380 028 (0 12%) 260 2436 (10 38%)

470 3 13 010 4690 (99 8%) 3 61 055 (0 12%) 241 5691 (12 13%)

705 243 044 7006 (99 4%) 338 1 68 (0 24%) 220 99 12 (14 15%)

940 205 1 15 9285 (98 8%) 308 525 (0 56%) 208 9400 (10 12%)

117 5 1 90 620 1113 0 (94 7 %) 299 13 25 (1 19%) 201 1198 (10 76%)

141 0 1 84 910 13 19 0 (93 5 %) 298 19 38 (1 46%) 200 108 09 (8 19%)

1645 1 79 13 10 15140 (92 0%) 291 33 12 (2 19%) 1 88 12951 (855%)

1880 1 75 1680 17120(911%) 288 4540 (265%) 1 67 11259 (6 58%)

211 5 1 71 21 70 18980 (89 7%) 286 65 60 (3 46%) 1 62 16004 (8 44%)

2350 1 67 31 20 20380 (86 7%) 286 6337 (3 12%) 149 169 11 (829%)

Fe

14985 440 1 01 14975 (99 9%) 380 2 76 (0 018%) 260 12080 (80 67%)

29970 3 13 423 29928 (99 8 %) 361 11 57 (0 039%) 241 15276 (5104%)

449'i 5 243 143 43525 (96 8 %) 338 163 95 (0 38%) 220 24272 (55 77%)

';9940 205 999 49950 (83 3%) 308 801 2 (1 60%) 208 26512 (5308%)

74925 1 90 1571 59215 (790%) 299 16968 (2 86%) 201 34680 (58 57%)

g991 0 184 1781 72100 (802%) 298 31020 (4 30%) 200 36366 (50 44%)

104895 I 79 2135 83545 (79 6 %) 291 48630(5 82%) 1 88 38826 (46 47%)

119880 1 75 2800 91880 (76 6%) 288 59390 (6 46%) I 67 30960 (33 70%)

134865 171 3761 97255 (72 1%) 286 63660 (6 54%) 1 62 39138 (40 24%)

1498'; 0 167 4516 104690 (69 9 %) 286 85220(8 14%) 1 49 41233 (3938%)



Alder Peat Humus - WI

Sample
SORPTION

DESORPTION
DESORPTION by 1% Hel

by dlsulled water, pH 6

Co pH Ceq S
pH

D
pH

D
mg/dm3 mg/dm3 mglkg(%) mglkg (%) mg/kg (%)

Mn

122 440 407 81 3 (66 7%) 380 239 (2 43%) 260 37 10 (4563%)

244 313 1426 1014 (41 6%) 3 61 3 89 (3 84%) 241 46 20 (45 56%)

366 243 249 1170 (31 9%) 338 479 (4 41 %) 220 5760 (49 23%)

488 205 354 1340 (27 4%) 308 8 79 (6 56%) 208 64 30 (47 98%)

6[0 1 90 459 1510 (24 7%) 299 10 29 (6 82%) 201 77 20 (51 12%)

732 1 84 528 2040(279%) 298 1283 (6 29%) 200 9940 (48 72%)

854 1 79 632 2220 (259%) 291 1536 (6 92%) 1 88 115 2 (51 98%)

976 1 75 738 2380 (24 4%) 288 2099 (882%) 1 67 1264(53 11 %)

1098 1 71 808 2900 (26 4%) 286 2685 (9 26%) 162 149 6 (51 58%)

1220 1 67 882 3380 (27 7%) 286 3214(951%) 149 166 8 (49 35%)

Zn

2807 440 244 2563 (91 3%) 380 13 92 (0 54%) 260 2222 (86 70%)

561 4 3 13 211 3504 (624%) 361 115 86 (3 31 %) 241 3156 (90 07%)

842 1 243 475 3672 (436%) 338 18320 (4 99%) 220 1721 2 (46 87%)

1122 8 205 743 3797 (23 8%) 308 21849 (5 75%) 2 08 1355 1 (3586%)

14035 1 90 1015 3889 (27 7%) 299 24232 (6 23%) 2 01 1104 9 (28 41 %)

16842 1 84 1291 3936 (23 4%) 298 30465 (7 74%) 200 1121 4 (2849%)

1964 9 I 79 1566 3993 (20 3%) 291 383 70 (961 %) 1 88 1591 2 (39 85%)

22456 1 75 1839 4064 (18 1%) 288 39780 (9 78%) 1 67 1379 1 (33 93%)

25263 1 71 2117 4093 (16 2%) 286 38640 (9 44%) 1 62 20316 (49 64%)

28070 1 67 2448 3590 (12 7%) 286 32360 (9 01 %) 149 14569 (40 58%)



Table 33 EqUilibrIum mass adsorptIon/desorptIon Isotherms for metal IOns bound from
electroplatmg waste onto Brushwood Peat Humus (W9b) and pH of eqUilIbrated
solutIOns,

Batch expenments, Input lIqUid waste Me-S04, pH 1 47, Co 14985 mgFe elm 3 > 2807 mgZn
dm 3 > 235 mgCr dm 3 > 171 mgCd elm 3 > 122 mgMn dm 3

Brushwood Peat Humus - W9b

Sample
SORPTION

DESORPTION
DESORPTION by 1% Hel

by dIstIlled water pH 6

cn pH Ceq S
pH

D
pH

D
mg/dm3 mg/dm3 mg/kg (%) mg/kg (%) mg/kg (%)

Cd

172 441 060 1660 (96 5%) 368 323 (l 94%) 255 65 18 (39 27%)

344 247 939 2501 (72 7%) 340 3499 (13 99%) 249 5640 (22 55%)

51 5 205 1655 3495 (67 9%) 307 4587 (13 12%) 2 19 3081 (8 82%)

687 1 95 2432 4438 (64 6%) 299 62 57 (14 10%) 207 3873 (8 73%)

859 1 85 3060 5530 (64 4%) 294 7107 (12 85%) 200 3762 (6 80%)

1031 1 85 3480 6830 (66 2%) 293 8985 (13 16%) 1 98 6057 (8 87%)

1201 1 80 4170 7850 (65 3%) 289 10536 (13 42%) 1 88 8241 (1050%)

1374 1 75 5140 8600 (626%) 287 11771 (13 69%) 165 6264(728%)

1546 171 5820 964 0 (623%) 286 14532 (15 07%) 1 60 6987 (7 25%)

171 8 1 67 6650 10530 (613%) 286 14750 (14 01 %) 1 38 77 55 (7 36%)

Cr

235 441 006 2344 (997%) 368 000 (0 00%) 255 2783 (11 87%)

470 247 042 4658(991%) 340 081 (034%) 249 6087 (13 07%)

705 205 258 6792 (96 3%) 307 679 (0 99%) 2 19 6756 (995%)

940 1 95 633 8767 (93 3%) 299 1290 (1 47%) 207 8560 (9 76%)

117 5 1 85 949 1080 1 (91 9%) 294 1972(182%) 200 9368 (8 67%)

141 0 1 85 1110 12990(92 1%) 293 2797 (2 15%) 1 98 122 58 (944%)

1645 1 80 13 30 15120 (91 9%) 289 4049 (2 68%) 188 137 19 (907%)

1880 1 75 17 80 17020 (90 5%) 287 6692 (393%) 1 65 12990 (7 63%)

211 5 1 71 2870 18280 (86 4%) 286 7332(401%) 1 60 16952 (927%)

2350 1 67 3460 20040(85 3%) 286 77 96 (389%) 1 38 177 11 (884%)

Fe

14985 441 033 14981 7 (99 9%) 368 403 (0027%) 255 13134 (87 67%)

29970 247 11 90 29851 (996%) 340 4857(016%) 249 19068 (63 88%)

44955 205 3160 41795 (92 9%) 307 777 60 (1 86%) 2 19 25928 (6204%)

59940 1 95 8186 51754 (86 3%) 299 1395 8 (2 69%) 207 36256 (70 05 %)

74925 1 85 1488 60045 (80 1%) 294 34760 (5 79%) 200 31440 (52 36%)

8991 0 1 85 2014 69770 (77 6%) 293 40070 (5 74%) 1 98 35880 (51 43%)

104895 1 80 2436 80535 (76 8%) 289 57930(7 19%) 1 88 45582 (52 87 %)

l19880 1 75 3336 86520 (72 2%) 287 81740 (9 45%) 1 65 35790 (41 37%)

134865 1 71 4096 93905 (69 6%) 286 90460 (9 63%) 1 60 48786 (51 95%)

l4985 0 l 67 4876 101090 (67 5%) 286 150360 (14 87%) 1 38 49586 (49 05%)



Brushwood Peat Humus - W9b
Sample

SORPTION
DESORPTION

DESORPTION by 1% Hel
by distIlled water, pH 6

Co pH Ceq S pH D pH D
mg/dm3 mg/dm3 mglkg(%) mglkg(%) mglkg (%)

Mn

122 441 488 732 (60 0%) 368 561 (766%) 255 284 (38 79%)

244 247 13 76 1064 (43 6%) 340 646 (607%) 249 466(4380%)

366 205 248 1180 (32 2%) 307 10 73 (9 09%) 2 19 555 (47 03%)

488 1 95 349 1390 (28 5%) 299 976 (7 02%) 207 68 1 (48 99%)

61 0 1 85 446 164 0 (26 9%) 294 10 61 (647%) 200 738 (45 00%)

732 1 85 553 1790 (24 4%) 293 10 24 (5 72%) 198 88 1 (4922%)

854 1 80 606 2480 (29 0%) 289 2140 (8 63%) 1 88 111 6 (4500%)

976 1 75 702 2740 (281%) 287 21 21 (774%) 165 1285 (46 89%)

1098 1 71 809 2890 (26 3%) 286 27 14 (9 39%) 1 60 140 1 (4848%)

1220 1 67 865 3550(29 1%) 286 3638 (10 25%) 1 38 1694 (47 72%)

Zn

2807 441 539 2268 (80 7%) 368 2428 (0 74%) 255 21282(93 84%)

5614 247 287 2744 (48 9%) 340 13802 (5 03%) 249 10955 (39 92%)

842 1 205 554 2881 (342%) 307 16978 (5 89%) 2 19 813 60 (28 24 %)

11228 1 95 818 3048 (27 1%) 299 21450 (704%) "207 988 8 (32 44%)

14035 1 85 1080 3235 (23 1%) 294 244 16 (7 55%) 200 11865 (36 68%)

16842 1 85 1346 3380 (20 1%) 293 34725 (1027%) 1 98 1503 6 (44 49%)

19649 1 80 1613 3517 (17 3%) 289 41455 (11 79%) 1 88 19029 (54 11 %)

22456 1 75 1880 3656 (16 3%) 287 45890 (12 55%) 1 65 1853 2 (50 69%)

25263 1 71 2140 3863 (15 3%) 286 50660 (13 11 %) 1 60 20996 (54 35%)

28070 1 67 2455 3520 (12 5%) 286 54800 (1557%) 1 38 2041 1 (5798%)



Table 34 EqmlIbnum mass adsorptlOn/desorptIon Isotherms for metal IOns bound from
electroplatmg waste onto Rush Reed-Sedge Peat (W9c) and pH of eqUIlIbrated
solutIons,

Batch experIments, Input hqmd waste Me-S04, pH 1 47, Co 14985 mgFe dm 3 > 2807 mgZn
dm 3 > 235 mgCr dm 3 > 171 mgCd dm 3 > 122 mgMn dID 3

Rush (Reed-Sedge) Peat - W9c

Sample
SORPTION

DESORPTION
DESORPTION by 1% Hel

by destilled water pH 6

Co pH Ceq S
pH

D
pH

D
mg/dm3 mg/dm) mg/kg (%) mg/kg (%) mglkg (%)

Cd

172 421 066 1654 (96 2%) 364 606 (366%) 258 5330 (32 22%)

344 295 738 2702 (785%) 349 30 67 (11 36%) 240 91 90 (34 01 %)

515 2 13 1441 3709 (72 0%) 3 16 54 11 (1459%) 2 19 5845 (15 76%)

687 201 2386 4484 (65 3%) 303 72 22 (16 11 %) 205 4701 (10 48%)

859 1 92 3038 5552(64 6%) 299 8937 (16 10%) 199 5523 (9 95%)

103 1 1 87 3726 6580 (638%) 298 10029 (15 24%) 187 5691 (865%)

120 1 1 82 4860 7160 (59 6%) 295 132 18 (18 97%) 1 65 5778 (8 07%)

1374 1 76 5268 8470 (61 6%) 291 141 54 (16 71 %) 1 58 72 72 (8 59%)

1546 1 73 5424 10040 (64 9%) 288 179 13 (17 89%) 148 71 73 (7 14%)

171 8 168 6300 10880 (633%) 288 18429 (16 94%) 144 72 96 (6 71%)

Cr

235 421 038 2312 (98 4%) 364 0079 (0 034%) 258 17 22 (7 22%)

470 2 95 098 4602 (979%) 349 043 (009%) 240 5271 (11 45%)

705 2 13 1 12 6938 (98 4%) 3 16 286 (0 41 %) 2 19 8068 (11 63%)

940 201 345 9055 (96 3%) 303 1253 (1 38%) 205 93 20 (10 29%)

1175 1 92 904 10846 (92 3%) 299 2269 (2 09%) 1 99 7329 (6 76%)

1410 1 87 1620 12480 (885%) 298 3623 (2 90%) 1 87 10620 (8 81 %)

164 5 1 82 1670 1478 0 (89 8%) 295 5990 (4 05%) 1 65 12966 (8 77%)

1880 1 76 1980 16820 (89 9%) 291 8600 (511%) 158 14688 (8 73%)

211 5 1 73 2890 18260 (86 3%) 288 8700 (480%) 148 15036 (8 23%)

2350 1 68 3680 19820 (843%) 288 83 85 (4 23%) 144 158 11 (7 98%)

Fe

14985 421 110 14974 (99 9%) 364 285 (0019%) 258 7623 (5091 %)

29970 295 506 29919 (99 8%) 349 2444 (0 082 %) 240 13068 (4368%)

44955 2 13 4096 40859 (90 9 %) 3 16 1009 6 (2 47%) 2 19 20692 (50 64 %)

59940 201 6242 53698 (89 6 %) 303 15652 (292%) 205 34624 (64 48%)

74925 1 92 1002 64903 (86 6 %) 299 28236 (4 35%) 1 99 30438 (46 90%)

89910 1 87 2060 69310 (77 1%) 298 43385 (6 26%) 1 87 30978 (4469%)

104895 1 82 2471 80185 (76 4%) 295 8653 0 (10 79%) 1 65 36060 (44 97%)

119880 1 76 3424 85644 (71 4%) 291 99420 (11 61 %) 1 58 40578 (47 38%)

134865 1 73 3845 96415 (71 5 %) 288 111500 (1154%) 1 48 48468 (50 27 %)

149850 1 68 4252 107330 (71 6%) 288 123780 (11 53%) 144 49677 (4628%)

21 '



Rush (Reed-Sedge) Peat - W9c

Sample
SORPTION DESORPTION

DESORPTION by 1% Hel
by dest111ed water, pH 6

Co pH Ceq S
pH D

pH
D

mg/dm3 mg/dm3 mg/kg (%) mg/kg (%) mg/kg (%)

Mn

122 421 497 72 3 (592%) 364 502 (6 95%) 258 28 1 (38 86%)

244 295 10 60 1380 (56 6%) 349 834 (6 04%) 240 59 1 (4283%)

366 2 13 2170 1490 (40 7%) 3 16 10 67 (7 16%) 219 61 8 (41 48%)

488 201 3180 1700 (34 8%) 303 11 46 (769%) 205 745 (43 82%)

61 0 192 4150 1950 (319%) 299 1230 (6 31%) 199 889 (45 59%)

732 1 87 4720 2600 (355%) 298 19 63 (7 55%) 187 118 9 (45 73%)

854 1 82 5700 2840 (332%) 295 18 18 (6 40%) 165 126 8 (44 60%)

976 1 76 6260 3500 (359%) 291 1971 (5 63%) 158 156 1 (44 60%)

1098 1 73 7320 3660 (26 9%) 288 2653 (7 25%) 148 161 8 (44 20%)

1220 1 68 8490 3710 (30 4%) 288 2890 (7 79%) 144 188 1 (5070%)

Zn

2807 421 549 2258 (804%) 364 2855 (l 26%) 258 2102 1 (93 10%)

5614 295 314 2472 (44 0%) 349 114 80 (4 64%) 240 16875 (6826%)

842 1 213 545 2974 (353%) 3 16 2028 (6 82%) 2 19 13340(44 86%)

11228 201 823 3002 (26 7%) 303 246 66 (8 22 %) 205 1208 1 (4024%)

14035 1 92 1102 3020 (21 5%) 299 321 56 (10 65%) 1 99 14076 (46 61 %)

16842 1 87 1372 3122 (185%) 298 34725 (11 12%) 1 87 15276 (48 93%)

19649 1 82 1738 3271 (11 5%) 295 464 25 (14 19%) 1 65 16668 (50 96%)

22456 1 76 1912 3336 (148%) 291 53600 (16 07%) 158 23160 (69 42%)

25263 1 73 2182 3443 (13 6%) 288 59300 (17 22%) 148 2181 6 (6336%)

28070 1 68 2474 3330 (11 9%) 288 64900 (19 48%) 144 2065 1 (62 01 %)



Table 35 SOl ptlon of metal iOns onto BlUshwood Humus Peat (W9b) flom electlOplatmg waste undel dynamIc flow COndItions
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Column expeuments, flow late q = 0 1 cm3 s, peat mass 90 g, watel IetentIOn capacIty S/L = 1 2
Input lIqUId waste Me-S04, pH 1 47, Co 14985 mgFe dm 3 > 2807 mgZn dm 3 > 235 mgCr dm 3 > 171 mgCd dm 3 > 122 mgMn dm 3

Electroplatmg waste

Bl ushwood Peat Humus - W9b

Cr Cd Fe Mn Zn

ER pH
Co 235 mg/dm3 Co 171 mg/dm3 Co 14985 mg/dm3 Co 122 mg/dm3 Co 2807 mg/dm3

C Load C Load C Load C Load C Load
(mg/dm3) (mg/kg) (mg/dm3) (mg/kg) (mg/dm3) (mg/kg) (mg/dm3) (mg/kg) (mg/dm3) (mg/kg)

1 682 <0 0010 470 <00010 342 061 29969 <0 0017 244 <0 0010 5612

2 621 <0 0010 940 <0 0010 684 095 59937 3 12 482 010 11223

3 585 010 1410 a 10 1026 129 89649 14 0 698 102 16815

4 425 074 18786 102 13476 576 118467 794 783 4350 21557

5 400 08 2347 285 16326 11280 125877 122 783 1640 23889

6 429 011 2817 588 1857 14985 12587 122 783 2800 23889

7 356 o 12 3287 102 1995 14985 125877 122 783 2800 23889

8 224 o 19 3757 117 2103 14985 125877 122 783 2800 23889

9 2 19 023 4227 139 2167

10 1 93 031 4696 171 2167

11 1 77 033 5167 171 2167

12 1 80 036 5637 171 2167

13 178 039 6106

14 1 71 041 6575

15 1 68 044 7044

16 I 69 045 7513

17 I 70 046 7982

18 1 66 046 8451

19 1 70 049 8920

20 I 70 049 9389
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21 172 048 9858

22 1 70 049 10327

23 1 60 468 107034

24 1 64 422 11089

25 1 62 427 114736

26 1 65 425 11858 6

27 1 61 432 122422

28 1 67 44 126242

29 1 66 475 129992

30 1 63 454 133784

31 1 65 45 1 137582

32 1 63 479 141324

33 I 64 479 145068

34 1 67 485 148798

35 I 70 49 15251 8

36 I 66 485 15624 8

37 129 500 15994 8

38 1 50 565 163528

39 1 46 705 166808

40 1 42 860 16978 8

41 172 104 172408

42 1 69 174 173628

43 1 74 201 173628

44 1 83 235 174308

45 177 235 174308

46 1 68 235 174308

47 1 63 235 174308



Table 36 Sal ptlOn of metal Ions onto Rush (Reed-Sedge) Pe,lt (W9c) f10m electloplatmg waste undel dynamIc flow COndItiOnS
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Column expellments, flow rate q = 0 1 em3 s, peat mass 90 g, watel IetentlOn capacIty S/L = 1 1
Input lIqUId waste Me-S04 , pH 1 47, Co 14985 mgFe dm 3 > 2807 mgZn dm 3 > 235 mgCl dm 3 > 171 mgCd dm 3 > 122 mgMn dm 3

Electfoplatmg waste

Rush (Reed Sedge) Peat W9c

Cr Cd Fe Mn Zn

pH
Co 235 mg/dmJ Co 171 mg/dm3 Co 14985 mg/dm3 Co 122 mg/dmJ Co 2807 mg/dmJ

ER
C Load C Load C Load C Load C Load

(mg/dm3) (mg/kg) (mg/dmJ) (mg/kg) (mg/dmJ) (mg/kg) (mg/dmJ) (mg/kg) (mg/dmJ) (mg/kg)

1 633 013 234 9 <00010 171 <00015 14985 <00013 122 <00010 2807

2 645 o 16 4697 <00010 342 o 14 29970 <00013 244 <00010 5614

3 6 02 o 15 7045 <0 0010 513 027 44955 o 16 3658 <0 0011 8421

4 5 81 o 18 9394 <00010 684 1 1 59939 511 4827 <00011 11228

5 540 020 11742 <00012 885 71 2 74853 12 1 5926 o 12 14035

6 490 140 14078 <00013 1026 1723 88115 894 6252 2008 16641

7 4 07 290 16399 a 17 1196 8 12948 90152 120 6272 1325 18124

8 3 87 290 1872 023 13676 14849 90288 122 6272 1925 19006

9 421 270 21043 570 15329 14985 90288 122 6272 2807 19006

10 376 280 23365 192 1684 7 14985 90288 122 6272 2807 19006

11 425 270 25689 21 5 1834 2 14985 90288 122 6272 2807 19006

12 4 14 290 28009 768 19284 14985 90288 122 627 2 2807 19006

13 430 340 30325 1026 19968

14 3 81 035 3267 1 1368 2031

15 238 18 9 34832 171 2031

16 250 132 3705 171 2031

17 205 226 39174 171 2031

18 1 83 276 41248 171 2031

19 1 71 292 43306
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20 1 60 3<0001 45356

21 1 71 284 47422

22 1 66 307 49465

23 1 60 32 8 51487

24 1 65 35 2 53485

25 1 62 29 0 55545

26 1 60 33 0 57565

27 1 65 320 59595

28 1 65 320 61625

29 1 63 34 0 63635

30 1 66 34 5 6564

31 1 70 335 67655

32 1 67 325 6968

33 1 70 37 1 71659

34 1 46 433 73576

35 1 65 34 9 75577

36 1 64 37 3 77554

37 1 64 383 7952 1

38 1 64 40 1 8147

39 1 64 392 83428

40 1 65 394 85384

41 1 54 41 5 8731 9

42 1 58 34 5 89324

43 1 61 399 91275

44 I 59 407 9321 8

45 1 60 40 1 95167

46 1 62 548 96969

47 1 65 430 98889

48 1 65 404 10083 5



~

49 1 65 41 5 10277

50 1 70 41 0 10471

51 1 70 44 a 10662

52 1 35 500 10847

53 1 44 540 11028

54 1 60 605 112025

55 1 60 640 11373 5

56 1 50 665 11542

57 1 55 730 11704

58 1 57 850 11854

59 1 50 920 11997

60 1 52 105 12127

61 1 57 112 12250

62 1 60 120 12365

63 1 67 150 12450

64 1 77 185 12500

65 1 89 200 12535

66 1 85 205 12565

67 1 84 235 12565

68 1 80 235 12565

69 1 81 235 12565

70 1 80 235 12565
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Table 37/1 Compallson of the sOlptlOn capacIty of Aldel Peat Humus WI fOl Zn2+, Cd2+ Cu2+ and Cr3+ Ions sOlbed III batch and dynamIc (fixed­
bed) plOcess III monometallIC, bmary and polymetallIc systems flOm synthetIc solutIOns and real electlOplatmg wastes

Cr Cu Cd Zn

S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%)

Alder Humus Peat - WI (DR 70%)

Batch expenment 47370 3013 47150 293287 35100 33225 32500 26227
Input solutIon pH 40, S/L=l 10, co=I-5000 mg/dm3, (947%) (636%) 943%) (6220%) (702%) (9466%) (65 0%) (807%)
Me-CI, mono-metal system

Batch expenment 32660 2002 21030 12764 24340 18192 26214 16882
Input solutIOn pH 4 0, S/L= 1 10, co= 1-5000 mg/dm3, (768%) (607%) (527%) (6069%) (524%) (7474%) (567%) (644%)
Me C1, bInary system

Batch expenment 46285 34492 37208 34149
Input solutIon pH 4 0, S/L=l 10, co=1-5000 mg/dm3, (957%) (7452 %) (847%) (91 8%)
Me-S04' mono-metal system

Batch expenment 38365 30588 35500 25847
Input solutIOn pH 4 0, S/L= 1 10, Co= 1 5000 mg/dm3, (826%) (7973%) (69 1%) (72 8%)
Me-S04, bmary system

Batch expenment 13970 13560
Peat samples adjusted to pH 5 5, mput solutIOn pH 5 5, (939%) (892%)
co=1-600 mg/dm3, S/L=1 25, Me 504'
mono-metal system

Batch expenment 12850 12360
Peat samples adjusted to pH S 5, mput solutIOn pH 5 5, (85 9) (827%)
co= 1-600 mg/dm3, S/L= 1 25, Me 504,
bInary system

Batch expenment 2038 1064 3590
electroplatIng wastes (8672%) (61 93%) (1279%)
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Cl Cu Cd Zn

S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) o mg/kg (%)

Column expenment 46376 40924 53122 47321
Input solutlOn pH 4 0, co=250 mg/dm3, q=O 1 cmJ/s, (73 03%) 7648%) (8708%) (8763%)
S/L=12
total

Batch expenment 2004 1053 3520
e1ectroplatmg wastes (8528%) (61 29%) (1254%)

Column expenment 1410 1026 11223
electroplatmg wastes, q =0 1 cm3/s, S/L= 1 2
full

Column expenment 174308 2167 23889
electroplatmg wastes, q =0 1 cmJ/s, S/L= 1 2 (84 28%) (7040%) (85 11 %)
total

Column experIment 33297 36844 45032 29748
Input solutlOn pH 40, co=250 mg/dm3, q=O 1 cm3/s, (76 99%) (6825%) (9632%) (8321 %)
S/L=1 1
total

Batch expenment 1982 1088 3330
electroplatmg wastes (8434%) (63 33 %) (11 86%)

Column expenment 1174 1026 14035
electroplatmg wastes, q =0 1 cmJ/s, S/L= 1 1
full

Column expenment 12565 2031 19006
electroplatmg wastes, q =0 1 cmJ/s, S/L= I 1 (8226%) (8484%) (8464%)
total
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Table 37/2 Companson of the sorptIOn capacIty of Brushwood Peat Humus W9b fOI ZnZ+, CdZ+ CuZ+ and CI3+ IOns SOlbed III batch and dynamIc
(fIxed-bed) plOcess 111 monometallIc, b111aly and polymetallIc systems flOm synthetIc solutIOns and leal electlOplatmg wastes

CI Cu Cd Zn

S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%)

Brushwood Humus Peat W9b (DR 55%)

Batch expenment 47620 29546 45540 27305 33200 32294 32050 27403
Input solutIon pH 4 0, S/L= 1 10 co= 1 5000 mg/dm3, (952%) (620) (91 1%) (5996%) (664%) (9727%) (64 1%) (85 5%)
Me-Cl, mono-metal system

Batch expenment 32058 2006 21122 12132 27004 18088 28390 15075
Input solutIOn pH 4 0, S/L=1 10, co= I 5000 mg/dm3, (754%) (688%) (529%) (5744%) (582%) (6698%) (61 4%) (53 1%)
Me-CI, bInary system

Batch expenment 45029 382026 36370 29882
Input solution pH 4 0, S/L=l 10, co= 1-5000 mg/dm3, (93 I) (8484%) (828%) (82 16%)
Me-S04, mono-metal system

Batch expenment 34700 26668 35484 26608
Input solutIOn pH 4 0 S/L=llO, co=I-5000 mg/dm3, (74 70%) (7685%) (69 1%) (7498%)
Me-S04, bInary system

Batch expenment 13940 12485
Peat samples adjusted to pH 5 5, mput solutIon pH 5 5 (937%) (897%)
co=1 600 mg/dm3, S/L=1 25, Me S04
mono metal system

Batch expenment 12895 12310
Peat samples adjusted to pH 5 5, mput solution pH 5 5, (862%) (823%)
Co= 1-600 mg/dm3

, S/L= 1 25, Me-S04,

bmary system

Column expenment 24556 33810 51975 39780
Input solutIon pH 4 0, co=500 mg/dm3

, q=O 1 cm3/s,
S/L= I 2
full

Column expenment 53626 5545 50506 14080 72514 36642 55730 32080
Input solution pH 4 0, co=500 mg/dm3, q=O 1 cm3/s, (6384%) (l 03%) (78 91 %) (27 89%) (83 35 %) (5729%) (87 08%) (5749%)
S/L=12
total
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C, Cu Cd Zn

S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%)

Column expenment 34064 26838 34687 13293
Input solution pH 4 0, co=250 mg/dm3

, q=O I cm3/s,
S/L=l 2
full

Column expenment 46376 40924 53122 47321
Input solutIOn pH 4 0, co=250 mg/dm3, q=O 1 cm3/s, (7303%) 7648%) (8708%) (87 63 %)
S/L=l 2
total

Batch expenment 2004 1053 3520
electroplatlllg wastes (8528%) (61 29%) (1254%)

Column expenment 1410 1026 11223
electroplatlllg wastes q =0 1 cm3/s, S/L= 1 2
full

Column expenment 17430 8 2167 23889
electroplatlllg wastes, q=O 1 cm3/s, S/L=l 2 (8428%) (7040%) (85 11 %)
total

Column expenment 33297 36844 45032 29748
Input solutlon pH 4 0, co=250 mg/dm3, q=O I cm3/s, (7699%) (6825%) (9632%) (83 21 %)
S/L=l I
total

Batch expenment 1982 1088 3330
electroplatIng wastes (84 34 %) (6333%) (II 86%)

Column expenment 1174 1026 14035
electroplatIng wastes, q =0 1 cm3/s S/L = 1 1
full

Column expenment 12565 2031 19006
electroplatIng wastes, q=O I cm3/s, S/L=l 1 (8226%) (8484%) (8464%)
total
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Table 37/3 Compallson of the sOlptJOn capacIty of Rush (Reed-Sedge) Peat fOl Zn2+, Cd2+ Cu2+ and Ct3+ Ions SOl bed Il1 batch and dynamIc
(fIxed-bed) plocess m monometallic, bmaly and polymetallic systems flom synthetic solutIOns and leal electloplatmg wastes

Cr Cu Cd Zn

S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) D mg/kg (%) S mg/kg (%) 0 mg/kg (%)

Rush (Reed-Sedge) Peat W9c (DR 55%)

Batch experiment 49380 31897 47390 29696 37520 35736 32700 30854
Input solutIOn pH 40, S/L=l 10, co=1-5000 mg/dml, (98 8%) (6 46%) (94 8%) (6266%) (750%) (9524%) (654%) (9435%)
Me-CI, mono-metal system

Batch experiment 35234 2272 19486 11908 25504 16038 25480 14646
Input solutIOn pH 4 0, S/L= 1 10 co= 1-5000 mg/dml , (828%) (645%) (488%) (61 11 %) (549%) (6288%) (55 15%) (5748%)
Me-el, bmary system

Batch experiment 45889 31208 36264 26510
Input solutIOn pH 4 0, S/L=1 10, co=I-5000 mg/dml, (949%) (6801 %) (825%) (73 10%)
Me-S04, mono-metal system

Batch experiment 39261 29892 36776 21456
Input solutIOn pH 40, S/L=1 10, co=I-5000 mg/dml, (845%) (76 14%) (71 6%) (5834%)
Me-S04, bmary system

Batch experiment 13800 12925
Peat samples adjusted to pH 5 5 mput solution pH 5 5, (9277%) (85 0%)
co=I-600 mg/dml, S/L=l 25, Me 504'
mono-metal system

Batch experiment 10140 8800
Peat samples adjusted to pH 5 5, Il1put solutlon pH 5 5, (678%) (589%)
co=I-600 mg/dm3, S/L=125, Me 804,
bmary system

Column expellment 18800 27028 51810 30880
Input solution pH 4 0, co=SOO mg/dmJ

, q=0 I cml/s,
S/L= 1 1
full
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Colullm expellment 38399 872 5 39465 20040 63958 36642 36820 27748
Input solution pH 4 0, co=500 mg/dm q=O 1 cmJ/s, (7111%) (227%) (6923%) (5078%) (9072%) (5729%) (8872%) (7536%)
S/L= 1 I
total

Colullm expenment 20827 32333 36707 18730
Input solution pH 4 0, co=250 mg/dmJ, q=O I cmJ/s
S/L= I I
full

Column expenment 33297 36844 45032 29748
Input solutIon pH 4 0, co=250 mg/dmJ q=O I cmJ/s, (7699%) (6825%) (9632 %) (83 21 %)
S/L= I I
total

Batch experIment 1982 1088 3330
electroplatmg wastes (8434%) (6333%) (II 86%)

Column expenment 1174 1026 14035
electroplatmg wastes, q =0 I cm3/s, S/L= I I
full

Column experIment 12565 2031 19006
electroplatmg wastes, q =0 1 cmJ/s, S/L= 1 1 (8226%) (8484%) (8464%)
total

..
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EqUIlIbnum mass isotherms fOl Cd on low-moor peats (Peat Humus and Rush
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FIgure 24 SequentIal fractIonatIOn of Zn2+, Cd2
+, Cu2

+ and Cr3
+ bound from mono-metal

Me-CI solutIOn under batch conditIons, at Co = 5000 mgMe dm3 and pH 4 0 onto
Alder Peat Humus (WI), Brushwood Peat Humus (W9b) and Rush (Reed-Sedge)
Peat (W9c) accordmg to the mcreasmg bmdmg strength FractIOns FO(PS) - pore
solutIOn, FI(EXC) - most labIle, F2(CARB) - labIle, F3(ERO) - eaSIly reducIble,
F4(MRO) - moderately reducIble, F5(OM) - strongly bound, F6(R) - reSIdual
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FIgure 25 2+EqU1lIbnum mass Isotherms for Zn on low-moor peats (peat Humus and Rush
Peat) at fixed pH 5 5 of substrate and mput solutIOn m mono-metal Zn-CI and
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FIgure 26
2+Eqmhbnum mass Isotherms for Cd on low-moor peats (Peat Humus and Rush

Peat) at fixed pH 5 5 of substrate and rnput solutIOn rn mono-metal Cd-Cl and
brnary systems (Cd+Zn)-CI, co = I - 600 mgMe dm-3
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SequentIal fractiOnatIOn of Zn2
-'- and Cd2

+ bound under batch condltlOns from the
pre-treated mono-metal Zn-CI and bmary (Zn+Cd)-Cl solutIons onto Alder Peat
Humus (WI), Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat
(W9c) accordmg to the increasmg bmdmg strength FIxed pH 5 5 of substrate and
mput solutIOn, Co = 600
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FigUle 28 FIxed bed (column) dImenSIOnless lIqUId phase concentratIOn agamst watel
2+exchange rate (ER) for Zn on Brushwood Peat Humus W9b and Rush (Reed-

Sedge) Peat W9c,
Workmg parameters Column <p 48 mm, H = 285 mm

~ 3
Input solutIons Zn-S04, Co = 500 mgZn dm.J and 250 mgZn dm , pH 4 0, flow late
o1 cm"'/s satUlated zone flow condItIOns, Substrate solutIOn ratIO 1 10
AdsOlbent mass 90 g, water retentIOn capaCIty S/L= 1 2 (W9b), S/L = 1 1 (W9c)
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FigUIe 29 FIxed bed (column) dImenSIOnless lIqUId phase concentratIOn agamst watel
£ 2+exchange rate (ER) or Cd on Brushwood Peat Humus W9b and Rush (Reed-

Sedge) Peat W9c,
Workmg parameters Column <p 48 nun, H =285 mm

3 3
Input solutIons Cd-S04, Co = 500 mgCd dm and 250 mgCd dm ,pH 40, flow late
o1 cm3js, satlllated zone flow condItIOns, Substrate solutIOn Iatlo 1 10
AdsOlbent mass 90 g, watel IetentIOn capaCIty S/L= 1 2 (W9b), SIL = 1 1 (W9c)



Brushwood Peat Humus - W9b

2.---------------------~

1 8

1 6

14

o 1 2
UI _ ~

[J08 ~ r
I 0

~ : Ji! _Ji oQ~f
02 .I ~ I{ L '¥"-<v

..t l /'0-1==='*""==.=......Jt---=::........L----~--____1
o 20 40 60 80 lOO 120

Water exchange, ER

1-- CuSOO ~ Cu2S0 I
----------------_._--------

Rush (Reed-Sedge) Peat - W9c

180160

2,-----------------------
18 i

4
16 T
14 t

81~tl _
U08T ,~

06! '

~ ~ t"""",,,,,,,,,,<l'>:~=ljm=_=:!!Na;r"'"rn=rm~ ~""'t...!="'ij="'"""=m=.K;.....f_v,,~_l~~~~---l-'---
o 20 40 60 80 100 120 [40

Water exchange, ER

1-- Cu500 ~~ Cu250 I

FIgure 30 FIxed bed (colunm) dImensIOnless hqUId phase concentration agamst watel
2+exchange rate (ER) fOI Cu on Brushwood Peat Humus W9b and Rush (Reed-

Sedge) Peat W9c,
Workmg parameters Colunm <p 48 mm, H = 285 mm

3 "Input solutIOns CU-S04, Co = 500 mgCu dm and 250 mgCu dm .>, pH 4 0, flow
rate a 1 cm3is, satwated zone flow condItions, Substiate solutIOn ratIO 1 10
AdsOl bent mass 90 g, water retentIOn capacIty SIL= 1 2 (W9b), SIL = 1 ] (W9c)
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Figme 31 FIxed bed (colwlll1) dImensIOnless hqUId phase concentratIOn agamst water
exchange rate (ER) fOl cl+ on Brushwood Peat Humus W9b and Rush (Reed­
Sedge) Peat W9c,
Workmg paiameteis Column cp 48 mrn, H = 285 mm
Input solutIons Cr-CI, Co = 500 rogCr dm 3 and 250 mgCr dm 3, pH 40, flow late
o1 cm3/s, satUlated zone flow condItIOns, Substiate solutIOn ratIo 1 10
AdsOl bent mass 90 g, watel retentIOn capacIty S/L= 1 2 (W9b), S/L = 1 1 (W9c)
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FigUle 32 2+
SorptIon of Zn onto low-moor peats (Peat Humus and Rush Peat) and pH of
output solutIOns lUlder dynamIc flow condItIons vs water exchange rate and Zn
concentratlOn 111 the mput solutIOn
Workmg parameters as 111 FIg 28,
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FigUle 33 2+
SorptIon of Cd onto low-moor peats (Peat Humus and Rush Peat) and pH of
output solutIOns under dynamIC flow condItIons vs water exchange late and Cd
concentlatlOll m the mput solutIon
Workmg parameters as m FIg 29,
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FIgure 34
?+

SorptIOn of Cu- onto low-moor peats (Peat Humus and Rush Peat) and pH of
output solutions undel dynamIC flow condItIOns vs water exchange rate and Cll
concentIatlOl1 m the mput solutIOn
Workmg palametels as m FIg 30,
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Figure 35 SorptIOn of Cr3
+ onto low-moor peats (Peat Humus and Rush Peat) and pH of

output solutIOns wIder dynamlc flow condltIons vs water exchange rate and Cl
concentlatlon m the mput solution
Workmg parameters as m Fig 31,



FIgure 36

Brushwood Peat Humus - W9b

53626 50506 72514 55729 mg/kg
100%

80%

60%

40%

20%

0%
Cr Cu Cd Zn

.F6(R) ~F5(OM) 1m F4(MRO) [[[[[] F3(ERO)
~ F2(CARB) [3 FI(EXC) DFO(PS)

Rush (Reed-Sedge) Peat - W9c
38399 39465 63959 36820 mg/kg

100%

80%

60%

40%

20%

0%
Cr Cu Cd Zn

.F6(R) ~F5(OM) 11m F4(MRO) [[[[[] F3(ERO)
~ F2(CARB) fEE PI (EKC) DFO(PS)

Sequentlal fractIonatIOn accordmg to the mcreasmg bmdmg strength of Zn2
+,

Cd2
+, Cu2

+ and Cr3
+ bound from the mono-metal Me-S04 (Cr-Cl) solutlOn under

dynamIc (saturated zone) flow condItions, at Co = 500 mgMe dm 3 and pH 40
onto Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat (W9c)
Fractlons FO(PS) - pore solutlOn, Fl(EXC) - most labl1e, F2(CARB) - lablle,
F3(ERO) - easIly reduclble, F4(MRO) - moderately reducIble, F5(O:M) - strongly
bound, F6(R) - resldual
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FigUle 37 EqUlhbnum mass sorptIon 1sothenns fOl Fe and Zn on low-moor peats (peat Humus
and Rush Peat) from lIqUId waste from electroplatmg process
Batch expeuments, LIqUId waste Me-S04, pH 147, Co 14985 mgFe elm 3 > 2807, , , 3
mgZn elm ~ > 235 mgCr dm ~ > 171 mgCel elm ~ > 122 mgMn dm
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FIgure 38 EqUIlIbnum mass sorptIOn Isotherms for Zn on low-moor peats (Peat Humus and
Rush Peat) from lIqUId waste from electroplatmg process and pH of the eqUlhbrated
solutIOn
Batch expelllnents, LIqUId wa!>te Me-S04, pH 147, Co 14985 mgFe dm 3 > 2807
mgZn dm 3> 235 mger dm 3> 171 mgCd dm-3

> 122 mgl\1n dm 3
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FIgure 39

I. Cd '7' Mn IIIiII! Cr I

EqUlhbnum mass sorptlOn Isothenns for Cd, Mn and Cr on low-moor peats (Peat
Humus and Rush Peat) fi.om hqrud waste from electroplatmg process
Batch experIments, LIqUid waste Me-S04, pH 1 47, co 14985 mgFe dm 3 > 2807

, " 3 3
mgZn dm ' > 235 mger dm ' > 171 mgCd dm > 122 mgMn dm
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SEQUENTIAL EXTRACTION FOR
BRUSHWOOD PEAT - W9b
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SEQUENTIAL EXTRACTION FOR RUSH PEAT
W9C

100%1
80%

60%

40%

20%

0%
Cd Cr Fe Mn Zn

I~v OM iIIJIIj1lV MROOID 1II ERO mil eARB~ I Exe Do PW

Figure 40 Sequential fractiOnatiOn accordmg to the mcreasmg bmdmg strength of Cd, Cr, Fe, Mn
and Zn bound from the electroplatmg liqUid waste onto Alder Peat Humus (WI),
Brushwood Peat Humus (W9b) and Rush (Reed-Sedge) Peat (W9c)
Fractions FO(PS) - pore solutiOn, Fl(EXC) - most labile, F2(CARB) -labile, F3(ERO) ­
easIly reducible, F4(MRO) - moderately reduCible, F5(OM) - strongly bound, F6(R) ­
reSidual
Batch expenments, LiqUid waste Me-SO'!, pH 147, Co 14985 mgFe dm 3> 2807 mgZn
dm 3> 235 mgCr dm 3> 171 mgCd dm 3> 122 mgMn dm 3
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FIgure 41

Brushwood Peat Humus - W9b
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SorptIOn of Fe and Zn from the electroplatmg hqUld waste onto low-moor peats
(Brushwood Peat Humus and Rush Peat) and pH of the effluent undel dynamIc flow
conditlOns vs watel exchange rate
Workmg P31ameteis Column q:> 48 mm, H = 285 nun
Flow rate 0 1cm3/s, saturated zone flow condItIOns,
AdSOlbent mass 90 g, water retentIOn capacIty S!L= I 2 (W9b), SIL=l I (W9c)
LIqUld waste Me-S04, pH 1 47, co 14985 mgFe dm 3 > 2807 mgZn dm 3 > 235

, 3 '
mgCr dm' > 171 mgCd dm > 122 mgMn dm'



Brushwood Peat Humus - W9b
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Rush (Reed-Sedge) Peat - W9c
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FIgure 42 SOlptlon of Cd and Mn from the electroplatmg hqUld waste onto low-moor peats
(Brushwood Peat Humus and Rush Peat) and pH of the effluent undel dynanuc flow
condittons vs water exchange rate
Workmg parameters Column q> 48 rom, H = 285 mm
Flow late 0 1 cm-'/s, saturated zone flow condItIOns,
Adsorbent mass 90 g, water retentIOn capacIty S/L= 1 2 (W9b), S/L=l 1 (W9c)
LIqUid waste Me-S04, pH 147, Co 14985 mgFe dm 3 > 2807 mgZn dm -' > 235

3 ~ 3
rogCr dm > 171 mgCd dm -' > 122 mgMn dm



Brushwood Peat Humus - W9b

.l...:-+--I--+----r--+--+--+--+-+---1!--t-+-+--1--+----I!--t-+l

10 15 20 25 30 35 40 45 50
Water exchange, ER

18000

16000

14000

O£i 12000
.!:l:--t:lD 10000g
'" 8000

eo:
0 6000
~

4000

2000
"0

0
.,.

0 5

- -- ------ - - ---- ------"l

Rush (Reed-Sedge) Peat - W9c

18000 7
16000 +-\ t6
14000 +\ "

OD 12000.1.. \ r(""-- w-

1+ 5.."...""*.!:l: 'i ."..,.:,..).7'#'or , Cr-- \-r 10000 - - - ---- 4 --~
"0 8000 - -

ce
6000 1..

\ _f

IPHlt~
0
~ 1 V4000 f-

2000 - -'"
JY

o j/; I I I I I I I I I I I I l 1
0 10 20 30 40 50 60 70 80

Water exchange, ER

FIgure 43 SOl-ptlon of Cr from the electroplatmg liqUid waste onto low-moor peats
(Brushwood Peat Humus and Rush Peat) and pH of the effluent undeI dynamIC flow
condItIons vs water exchange rate
Workmg parameters Colunm cp 48 Mm, H =285 mm
Flow rate 0 I cn/Is, saturated zone flow condItions,
Adsorbent mass 90 g, water retentIon capaCIty S!L= 1 2 (W9b), S!L=1 1 (W9c)
LIqUid waste Me-S04, pH 147, co 14985 mgFe dm 3 > 2807 mgZn dm ~ > 235
mgCI dm ~ > 171 mgCd dm 3 > 122 mgMn dm:3


