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3) Executive Summary 

The objective of this project was to develop a cost effective and simple microbial process 

for the removal of nitrate from contaminated dnnklng water by uSing cellulose-nch substrates 

as the sole carbon and energy source The project comprised three years of laboratory work and 

a final year of fieldwork In Hungary 

In the laboratory, columns were packed with newspaper, wheat straw, corn husks or 

unprocessed short-fiber (low quality) cotton, Inoculated and then continuously supplied with 

nitrate-amended tap water Various operational parameters (water velOCity, amount of 

substrate, temperature) and the quality of the effluent water (bacterial numbers, concentration 

of nitrate, nitrite and dissolved organic carbon (DOC)) were studied In order to select the most 

adequate substrate for the field expenments The highest rates of denltnflcatlon were observed 

In the cotton reactors Second In effiCiency was wheat straw although In thiS case the 

denitrification rates declined more rapidly With time Color and DOC washed out from fresh 

straw, but these could be removed by activated carbon, a process routinely used In most water 

plants 

Cotton IS not grown In Hungary, the Hunganan partners deCided to use wheat straw In the 

field study The field reactor was housed In a small bUilding adjacent to a private well In the 

Village of BugYI The performance of the field reactors was Similar to that observed In the 

laboratory Close to the end of the project a new substrate, cellulose waste from a baby diaper 

factory, became available and was tried In the field ThiS substrate supported the highest 

denltnflcatlon rates observed In the project 

Bactenal Isolates were studied In an attempt to understand the complex microbial 

processes taking place In the reactors No Single organism was found which could carry out both 

degradation of cellulose and denltnflcatlon Cellulose-dependent denltnflcatlon was due to the 

combined action of different groups of organisms some bactena degraded cellulose to Simpler 

compounds which were In turn used by the denltnfyrng bacteria 
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4) Research Objectives 

Nitrate contamination of drinking water IS rapidly reducing the potable water resources 

In many parts of the world The process IS particularly accelerated In developing countries 

where rapid demographic and economic changes are taking place and Intensive human activity In 

fast growing urban settlements threatens the quality of the water supplies The establishment of 

Intensive agnculture as well as the use of effluents In Irrigation poses an Increasing problem of 

nitrate contamination of the aqUifers Excessive levels of nitrate In some countries have 

reqUired the capping of drinking water wells which In turn forces people to resort to 

contaminated surface water Nitrate contamination of dnnklng water resources IS a senous 

ecological problem Although It IS generally accepted that the level of nitrate In dnnklng water 

should not exceed 11 29 mg nltrate-N per liter (WHO, 1984), thiS recommendation IS often not 

Implemented due to economic reasons In Hungary, serious nitrate contamination of drinking 

water affects ca 1000 settlements and hundreds of nitrate related methaemogloblnaemla 

(frequently fatal) have been reported In recent years Even so, denltnflcatlon of dnnklng water 

IS not practiced and the population In affected areas IS expected to resort to bottled water or to 

Install long and expensive pIpelines 

The adverse health effects associated with nitrate In dnnkmg water have led to the 

development of a number of nitrate removal technologies among which the microbial approach IS 

considered to be the most economical and environmentally sound as well as feasible on a large 

scale 

The microbial method relies on the capacity of certain bacteria, In the absence of oxygen, 

to use nitrate as a terminal electron acceptor In their respiratory processes ThiS IS achieved 

through a senes of enzymatic steps (denltnflcatlon) and results In the reduction of nitrate to N2 

as follows 

Demtrlflers (bactena capable of carrying out denltnflcatlon) comprise both 

heterotrophs and autotrophs Most biological denitrification processes are based on 

heterotrophic bacteria utiliZing orgamc carbon In the form of a simple compound (e g , ethanol, 

methanol or acetate) However complex carbon sources such as cellulose-rich matenals can 

also be used The capacity of cellulose to support water denrtrlflcatlon has been shown by 

Boussald et al (1988) uSing field and laboratory reactors packed With wheat straw mixed With 

sand or With sand and maerl In the treatment groundwater, and by AVnlmelech et al (1993) who 

observed removal of nitrate In wheat straw filters deSigned to remove particulate matter from 

effluents pnor to their application In drip Irngatlon 
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Cellulose IS a basIc component of all plant matenals and constitutes the most abundant 

renewable resource In the world It IS a linear glucose polymer with hydrogen bonding between 

hydroxyl groups of neighboring parallel chains, and IS organized In fibers In close association 

with lignin and hemicellulose (cotton IS an exception being the purest form of naturally 

occurnng cellulose) Microorganisms capable of degrading cellulose are Widely dlstnbuted In 

nature and usually occur In mixed culture with organisms that degrade associated polymers 

Imtlal cellulose degradation reqUires direct physical contact between the enzyme molecules and 

the surface of the cellulose, and complete degradation depends on the concerted action of various 

enzymes (cellulases) which may act In synergism (Beguln and Aubert, 1994) 

The overall objective of this project was to develop a system for the microbial removal 

of nitrate from contaminated drinking water by uSing cellulose wastes as the energy source ThiS 

denitrification strategy IS Simple and cost-effective and, to the best of our knowledge, neither 

cotton nor cellulose waste from diaper factories have been used In water treatment These 

substrates are degradable and "clean" and after post-treatment (a process required after any 

biological treatment) the denltrlfled water Will meet all the hyglemc requirements The use of 

the carbon substrate as the sole phYSical support for bacterial growth IS Innovative and allows 

high filling ratio of the bulky substrate and Simplifies packing/refilling of the reactors 

5) Methods and Results 

Below IS a bnef summary of the work carned out Most of the reactor studies carned 

out by the Israeli group have been published and full experimental details and discussion of the 

results obtamed With newspaper (Voloklta et aI, 1996b), cotton (Voloklta et aI, 1996a) and 

straw (Soares and Abellovlch, 1998 Preprlnt) can be found In the papers attached Submitted 

(Voloklta et aI, 1988) or In preparation for publication (see Project Activities/outputs) are 

data from detailed studies carned out With bacteria Isolated from the laboratory reactors 

Methods 

Laboratory expenmental apparatus 

In Israel the laboratory reactors were PVC columns (50/55 em high and 8/10 em dla) packed 

With wheat straw newspaper or unprocessed low-grade (short fiber) cotton In Hungary PVC 

columns (60 em high and 8 em dla) were also used and were packed With wheat straw, newspaper or 

corn husks The columns were Inoculated WIth a small amount of matrix removed from an active 

denitrification column (the onglnal Inoculum was a mixture of forest and garden SOils) The freshly 

packed columns were filled WIth feed solutIOn (tap water amended With at least 22 6 mg nltrate-N 1- 1 
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and 3 mg 1- 1 phosphate} which was recirculated for two days After this inoculation penod, the 

reactors were started up (day O) In an upflow mode Water velocities v (v= Q/A, where Q IS the 

measured flow rate and A IS the cross section of the column) were calculated In m h-1 or m d 1 

Influent and effluent samples were tested for nitrate, mtnte, ammOnia, pH, dissolved organic carbon 

(DOC) or COD (chemical oxygen demand) and bactenal counts Up to three columns were connected In 

senes In some expenments with straw In Hungary, either to Increase the contact time or as a 

convenient strategy to penodlcally replace spent substrate In Israel, additions of fresh straw were 

carned out at the Inlet of the reactor 

Laboratory adsorptIon expenments 

The removal of dissolved organic carbon (DOC) by powdered activated carbon (PAC) was 

investigated In a preliminary expenment In which 20 g of fresh straw were soaked overnight at 4 °C 

In 3 I tap water Constant volumes of water containing 141 mg DOC 1-1 were then supplemented with a 

senes of known weights of PAC In glass Erlenmeyer flasks, and the slurries obtained were agitated at a 

constant stirring velocity (100 rpm) and temperature (25±1 0C) Pnor to use, the PAC was oven

dned at 105°C for 2 h and then cooled In a desslcator The procedure adopted for the treatment of 

column effluents consisted of 1 h contact with 4% PAC 

FIeld pIlot 

The field pilot was operated In the Village of BugYI near Budapest and was housed In a 

small bUilding adjacent to a pnvate nitrate-contaminated well In a vegetable garden Raw water 

was first pumped from the well to a 1 m3 reservoir (where It was amended With phosphate) and 

then through the reactor In an upwards mode Two substrates were studied In the field straw and 

cellulOSIC waste from a baby diaper factory Straw was packed Into 3 PVC columns (40 cm high 

and 29 cm dla) which could be operated In senes or In parallel The factory waste filled half of a 

cyllndncal (125 cm high 29 cm dla) reactor which was mixed for a few seconds at 30 min 

Intervals by means of an overhead stirrer The Influent was pumped at the rate of 1 m3 d 1 

(water velOCIty, 15 m d 1) and the effluent was post-treated In a sand filter (60 cm hIgh and 12 

cm dla) and/or an actIvated carbon filter (60 cm high and 4 em dla) 

AnalytIcal procedures 

In Israel, nitrate was determined by the method of Cataldo et al (1975), mtnte and 

ammoma were assayed according to Standard Methods (APHA, 1989) and DOC was determined by 

a TOC analyzer (Dohrmann DC-190, Rosemount Analytical Inc, Santa Clara, CA, USA) In 

Hungary, nitrate and mtnte were determined With an Ion chromatograph (Metrohom-690, 



Metrohom, Hensau, SUitzerland), and ammonia and COD were assayed according to Standard 

Methods (APHA, 1989) 

Bactenal counts 

Colony forming units were counted In the reactor Influent and the effluent by standard 

plating techniques on R2A agar (Dlfco Laboratories) 
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Detection of overall cellulase activity 

A Simplified method was developed (Voloklta et aI, 1988), based on the classical 

detection method In which bacteria with total cellulase activity form cleanng zones in agar 

plates with ground filter paper (Kluepfel, 1988) Stenle lens paper (Schleicher & Schuell, 

Dassel, Germany, product no 2478) discs were carefully laid on the surface of the freshly 

Inoculated plates which were then Incubated at 30 °C Colonies of microorganisms with overall 

cellulolytic activity formed VISible holes In the paper The perforations were usually observed 

within 3 to 7 days and could be made more conspIcuous by dYing the paper, on the plate or after 

ItS removal, with 02% Irgalan Black BGL 200% (Clba-Gelgy) In 2% acetic aCid 

Isolation of bactena from the reactors 

The methods used In the Isolation, charactenzatlon and Identification of the bactena 

colOniZing the reactors have been descnbed In detail In a prevIous report (Annual report, 

1997) 

Batch cultures of Comamonas sp and Cel/ulomonas uda 

Single cultures were grown overmght In a Luna broth and harvested In 250 ml stenle 

plastic bottles by centnfugatlon In a Sorval 5415 C centnfuge (15 min at 10,000 rpm for 

Cellulomonas uda, and 5 min at 10,000 rpm for Comamonas sp) The cells were washed twice 

and resuspended In minimal medium contalnmg (w/v) 01% K2HP04 , 001% KH2P04 , 005 % of 

each KN03 and MgS04 (7H20), and 05 ml of stenhzed mlcroelements solution (Vlshmac and 

Santer, 1957) Tnplicate batches prepared m 250 ml Erlenmeyer flasks containing 120 ml of 

stenle mlmmal medium and 0 25 g of stenle medical (100% pure, absorbent) cotton wool 

were then moculated with a suspension of Cellulomonas uda, of Comamonas, or with both The 

cultures and tnpllcate unmoculated controls were maintained at 27°C In an anaerobiC chamber 

(Forma SCientific Inc, Manetta, OhiO, USA) Samples were removed penodlcally, the cells 

were precIpitated by centrifugation and ahquots of the supernatant were assayed for mtrate, 

mtnte, DOC and pH 
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Results 

In laboratory experiments, the efficiencies of newspaper (Annual Report, 1996, 

Voloklta et aI, 1996b), unprocessed low grade cotton (Voloklta et aI, 1996a), wheat straw 

(Annual Report, 1996, Soares and Abellovlch, 1998), and corn husks (Annual Report, 1996) 

were assessed with the objective of selecting the most sUitable substrate for the field trial to be 

carned out In Hungary dUring the last year of the project A system was developed In which 

reactors were packed with the cellulose-rich substrate only, which functioned as carbon source 

as well as the sole physical support for mlcroorgamsms This design was chosen In order to (1) 

minimize clogging of the reactor due to entrapment of N2 bubbles (a process more acute In fine 

matrixes) (Soares et aI, 1989, 1991), (2) allow a high filling ratio of substrate (Important 

when dealing With the bulky, non-diffusible carbon sources which were slowly, and In some 

cases Incompletely, degraded), and (3) simplify packing of reactors and removal and disposal of 

spent substrate 
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Fig 1 Removal of nitrogen In a column packed With 184 g of unprocessed cotton and 

operated at various flow rates (Voloklta et al (1996a) 

Among the substrates tested In the laboratory cotton was by far the most effiCient It was 

completely degraded supported the highest denrtrlflcatlon rates and the treated water never 

showed color or high concentrations of dissolved organic carbon (DOC)(Voloklta et al 1996a) 

The denrtnflcatlon rates observed With newspaper, wheat straw and cotton were In the order of 

0037,0048 and 0215 kg N removed m3 day 1 However the latter was an underestimation of 

the capacity of the cotton-packed reactor since It represents the last stages of the experiment 

Illustrated In Fig 1, when the Initial weight of cotton had decreased by 60%, and the bed had 

been reduced to the top third of the column With the lower two thirds occupied by water only 

(Voloklta et ai, 1996a) 



In the experiment presented on Fig 1 the flux was varied so that an approximately 

constant breakthrough of nitrate was maintained Colonization of the substrate by bacteria was 

slow, and this IS reflected In the lower rates of denitrification observed dUring the first half of 

the experiment Cotton was entirely consumed, and ItS replacement strategy should conSist of 

small and relatively frequent additions This Will assure consistently high rates of 

denltnflcatlon and Will minimiZe reduction of activity dUring the Initial stages of bacterial 

colOnization of fresh substrate Long-term continuous operation Will not require emptymg and 

disposal of waste or spent substrate 

Table 1 Cost of cotton as electron donor for denitrification 

Cost/kg kg electron donor 
Electron donor ( $ ) needed to remove 1 kg 

N03 -N 

Methanol o 70a 1 9c 

Acetate 1 67a 2 7c 

Cotton o 53b 2 8d 

(short fiber) 

aBulk pnce (Frutarom, 1995) 
bBulk pnce (Kibbutz Mlshmar Haemek, 1995) 
cGomers (1987) 
dVoloklta at al (1996a) 

Cost/kg NOa -N 
($) 

1 33 

4 37 

1 48 

9 

In Table 1 the cost of cotton IS compared to that of two Simple carbon sources acetate and 

methanol Methanol IS the cheapest Simple organic carbon substrate for denitrification of 
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Fig 2 UV and VISible spectra of effluent collected 4-6 h after the addition of 20 g of 

fresh straw to the reactor on Fig 3 (a) and of the same effluent after treatment 

WIth powdered actIvated carbon (b) (Soares and Abehovlch, 1998) 
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wastewater (Its use In the treatment of dnnkmg water IS not permitted), and acetate IS 

generally considered to be the lowest pnced substrate for denltnflcatlon of dnnkmg water The 

CIN ratio for cotton was calculated from the data In Fig 1 and, as mentioned above, those rates 

can be Improved, even so, cotton comes out as a very attractive option, ItS cost being only one 

third that of acetate 

Compared to cotton, wheat straw supported lower denltnflcatlon rates which 

deteriorated rapidly, It was less degradable (due to the presence of IIgmn, and other recalcitrant 

components) and when fresh brought about a temporary elution of color and high DOC although 

these could be removed by activated carbon (Fig 2) (Annual Report, 1996, Soares and 

Abehovlch, 1998) 
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Fig 3 Removal of nitrogen In two reactors, control and test, packed with 177 g of 

wheat straw and operated at the flow rates Indicated Arrows Indicate the 

addition of 20 g of fresh straw (Soares and Abellovlch, 1998) 

The decay In the performance of the reactors was prevented by periodic additions of fresh 

substrate (FIg 3) (Annual Report, 1996, Soares and Abel!ovlch 1998) Thus, If the strategy 

of substrate replenishment IS optimized, wheat straw can support consistent denltnflcatlon 

rates for several months 

Newspaper was the least effiCient substrate tested Although the denltnfled water was of 

good quality (e g , low nitrate and DOC), the rates of denitrification declined sharply while the 

weight of the substrate decreased only slightly (Voloklta et ai, 1996b) The physical 
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charactenstlcs of the newspaper which has high IIgmn content appear to hamper the access of 

microorganisms to the cellulose, although pretreatment by heat (autoclave) or with diluted aCid 

or base failed to Improve the denItnflcatlon rates (Voloklta et at, 1996b) 

In spite of the advantages presented by cotton, the Hungarian partners decided that a 

long-term process based on cotton would not be practical In their country (where cotton IS not 

cultivated) and opted for uSing wheat straw In the field pilot The performance of these field 

reactors was similar to that of the laboratory reactors, and no special dIfficulties or 

observations were found 

DUring the last months of the fIeld expenment the Hunganan partners came across a 

different substrate cellulose waste from a baby diaper factory The matenal appeared to present 

the advantages associated with cotton (e g , chemical homogeneity, absence of color and DOC) and 

was tested In a flUidized bed reactor 
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Fig 4 Concentrations of mtrate In the Influent and effluent of the field reactor The 

hOrizontal lIne represents the WHO standard for mtrate In drinking water 

The results obtained In thiS field study are summarized In Figs 4-6 While the 

concentration of mtrate In the raw water vaned between approximately 21 and 44 mg N l' (the 

vanatlon was due to meteorologic factors and to seepage of the reactor effluent Into the well) the 

concentration of nitrate In the effluent rarely exceed the WHO standard (WHO, 1984) (Fig 4) 

Furthermore, post-treatment lowered the concentrations of nItnte (Fig 5) and organic carbon 

(Fig 6) In the denItnfled water to levels acceptable In dnnkIng water Demtnflcatlon rates of 



up to 0 4 kg N m 3 d 1 were observed It should be stressed that at this late stage of the project 

none of the operational parameters was optimized and the performance of the system can most 

certamly be Improved 
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Fig 5 Concentrations of mtnte In the Influent and effluent of the field reactor, 

and In the effluent after sand and charcoal filtration 
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An interesting question In this project was to determine how the two relevant pathways, 

cellulose degradation and denltnflcatlon, were dlstnbuted In the biomass were there bactena 

with both pathways or was the overall process the result of a concerted performance In which 
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Fig 7 Concentrations of mtrate-N and mtnte-N In single and mixed cultures of 

Comamonas sp and Cellulomonas uda, and In controls without bacteria 

non-demtnfYlng bactena broke down cellulose to products which were In turn used by the 

demtnflers? To answer this question, bacteria were Isolated from the cotton bed of active 

reactors and studied No single orgamsm was found which could degrade cotton while redUCing 

nitrate to N2, although some of the cellulose degraders could reduce mtrate to mtnte (Voloklta, 

1998) Among the demtrlfYlng bactena, was a new species of Comamonas (Annual Report, 

1997, Soares et aI, 1998) The most common cellulolytic bactenum was Cellulomonas uda 

which also reduced nitrate to mtnte (Voloklta, 1998) As shown In Fig 7, mixed batch 

cultures of these bacteria were a model for the overall process taking place In the reactor 

removal of nitrate was observed only With the combined action of the two bacteria (Voloklta, 

1998, Voloklta et aI, 1998) 

6) Impact Relevance and Technology Transfer 

The findings of this project Will be used In Hungary In the reclamation for human 

consumption of groundwater which IS now unfit for human consumption As shown above, the 

process IS effiCient and economical and Will have an Immediate and Significant Impact In many 

rural areas where the local water IS not potable The project brought to Hungary an ongmal and 
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practical approach to an Important local problem Optimization and upscahng of the 

denitrification process based on waste cellulose should be completed before the findings can be 

fully Implemented, and a detailed progam has been proposed to US-AID (Proposal C19-030 to be 

submitted In August 1998) The administrative and sCientific skills acquired In the project will 

have lasting effect The sCientific approach used to remove nitrate from drinking water can be 

extrapolated to the biological removal of other contaminants The equipment purchased IS 

versatile and upgraded the capabilities of the Hungarian laboratory Of particular Importance 

was the Ion analyzer The apparatus was used not only for the determinatIOn of nitrate an nltnte 

In this project but also for many other routine chemical determinations In the laboratory, 

cutting down manpower costs 

7) Project ActivItIes/outputs 

Papers pub/tshed/m preparation 

Voloklta, M , Belkin, S , Abellovlch, A and Soares, M I M (1996) Biological denitrification of 
dnnklng water uSing newspaper Water Research 30 965-971 

Voloklta M ,A Abellovlch and M I M Soares (1996) Denltnflcatlon of groundwater uSing 
cotton as energy source J Water SCience and Technology 34 379-385 

Soares, M I M and A Abehovlch (1998) Wheat straw as substrate for water denitrification 
Water Research 32 (In Press) 

Voloklta, M, A Abellovlch and M I M Soares (1998) Detection of cellulolytic 
microorganisms (Submitted) 

Soares, M 1M, Voloklta, M ,A Abellovlch and F Rainey (1998) A new species of Comamonas 
Isolated from a denltnflcatlon reactor packed with cotton (In preparation) 

Voloklta, M ,M I M Soares and A Abehovlch (1998) Microbial consortium degrades 
cellulose under demtnfYlng conditions (In preparation) 

Participation m conferences 

Soares M 1M, S Belkin, M Voloklta and A Abehovlch (1993) Use of cellulOSIC waste 
matenal for bloremedlatlon of mtrate polluted ground water Conference on Water Quality 
In the Western Hemisphere, San Juan, Puerto RICO Abstracts, p 21 

Voloklta, M, A Abellovlch and M I M Soares (1996) Denltnflcatlon of groundwater uSing 
cotton 18th International Water Quality International Conference, Singapore, 23 - 2 8 
June Prepnnt Book 1 

Bltskey, J, E K Novak, and A Fanczl (1997) Microbial denitrification of dnnkmg water 
Proc Ann Meet Hung Soc Mlcroblol (Szekszard) p 5 
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Bltskey, J , E K Novak, and A Fanczl (1998) Microbial denitrification of drrnklng water Acta 
Mlcroblol Epldemlol Hung Vol 44 (In press) 

Bltskey, J, Novak, E K and A Fanczl (1998) Microbial denltnflcatlon of dnnkmg water 
Book of Abstracts, Conference on Environmental Tasks for the Integration on the European 
Union (Budapest), p 17 

Voloklta, M ,A Abellovlch and M I M Soares 1998 Screening of cellulolytic microorganisms 
8th International Symposium on Microbial Ecology, Halifax, Canada (Accepted) 

8) Project Productivity 

The proposed project consisted of a laboratory phase In which newspaper, cotton and 

wheat straw were to be tested as substrates for denltnflcatlon, the most efficient substrate 

would then be used In a field tnal to be carned out In Hungary dunng the last year of the 

project The proposed laboratory studies were concluded, and an additional substrate, corn 

husks, was also tested The best substrate was cotton, followed by wheat straw At the beginning 

of the field stage the Hunganan group deCided to use wheat straw as cotton IS not produced In 

their country The pilot was operated according to plan and Included post treatment of the 

denltnfled water An unplanned addition to the project was the use In the field of cellulOSIC waste 

from a diaper factory, a substrate which appeared to present the advantages of cotton As 

descnbed above, this happened close to the end of project In a reactor which was not optimized 

and the rates of denltrrflcatlon obtained (up to 04 kg N m 3 d 1) can be Improved (for Instance, 

by Increasmg the substrate flllmg ratio) 

In conclUSion, the proposed goals and work plan were accomplished, even If at the end the 

most effiCient substrate In the laboratory was not tested In the field, and the best substrate 

tested In the field was not studied In the laboratory We have shown beyond any doubt that cotton 

and the cellulose waste from diaper factones are economic and effiCient substrates for 

denltnflcatlon of dnnklng water 

9) Future work 

Although cotton and waste cellulose from the diaper factory appeared to be equally 

sUitable as substrates for denltnflcatlon the former IS cultivated In many warm climate 

countries while the latter IS eaSily obtainable In Hungary but IS not available In many other 

developing countries These two carbon sources differ markedly In their physical 

characteristics unprocessed cotton consists of fibers covered by a fine layer of wax which 

makes It somewhat hydrophobiC dUring the early stages of degradation, and the factory waste IS 

In the form of low denSity flakes/particles Furthermore, a field tnal carned out In Israel 



(outside the scope of this proJect) showed that simple upscale of the reactor used In the 

laboratory IS not sUitable for a large-scale treatment 
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On the other hand the Hungarian group used a flUidized bed reactor which was not 

optimized or upscaled due to time and flnanclallrmltatlons Since, as mentioned above, the 

opportunrty to use the new substrate arose at the end of the project Thus, future work IS 

required before a large-scale denitrification system based on either of the two cellulose 

substrates can be Implemented This should concentrate on selecting, optimizing and field testing 

the reactors SUitable for each substrate 

For the factory waste, two configurations should be studied 

(1) A continuous flow/completely mixed reactor similar to the operation of an activated 

sludge system and requiring an additional separation deVice (settling tank or a membrane filter) 

should be Installed to separate the flakes and recycle them back to the process 

(2) A batch reactor (It may treat a continuous flow of raw water If at least two reactors 

are operated In parallel) operated as a sequencing batch reactor (SBR) to enable treatment of 

several batches of raw-contaminated water per day, without the need for a separate clanfler 

For cotton, two types of reactor should also be studied 

(1) A continuous flow/plug-flow tubular reactor One of the characteristics of cotton 

(observed by the Israeli group In a preliminary study In large field reactor) IS that It tends to 

absorb water and to be compressed (by the water flow) In such a way that high pressure IS 

formed towards the reactor head Small tubular reactors In serres should enable convenrent 

maintenance The laboratory and pilot-scale unrts of the tubular plug flow regime, should be fed 

by a continuous upflow through a compacted cotton bed 

(2) A batch reactor In such a batch system cotton would be kept In partial suspension 

by hydraulic means, Ie, by recirculation of water This IS a Simple form of the sequencing 

batch reactor (SBR) where pumps serve for raw water introduction and for reactor content 

mixing The cotton clods formed In the reactor should not be completely mixed since water 

reCirculation causes continuous contact with the cotton clods where the bacterral mass develops 

The operatron cycle of the system should Include a short separation and decant period without 

IntrodUCing raw water 
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ABSTRACT 

Mlcrobtal removal of mtrate from dnnkmg water was studIed m laboratory columns packed WIth 
unprocessed short fiber (low qUalIty) cotton (Gossypzum hzrsutum) Cotton served as the sole chemtcal and 
phYSICal substrate for the mtCrobIal populatIOn Removal of mtrate was rapIdly achIeved wIthOUt the 
formatIon of rutnte Cotton (cellulose)-dependent derutnficatlon was affected by changes m temperature 
derutnficatIOn rates at 14°C were approxunately half of the rates observed at 30°C The cotton was entIrely 
consumed m the process In a fresh reactor, coloruzatlon of substrate by bactena appears to be the rate 
lImttmg factor m the removal of rutrate Copynght © 1996 IA WQ Pubhshed by ElseVIer SCIence Ltd 

KEYWORDS 

Cellulose, cotton, demtnficatlon, mtCrobIal water treatment, mtrate contarnmatIon 

INTRODUCTION 

Increased mtrate contamtnatIon of avatlable and future dnnkmg water sources constItutes an Important and 
rapIdly growmg enVIronmental problem m many countrIes Concern for pOSSIble health consequences has 
led to the recommendatIon of an upper lImtt of 50 mg mtrate 11 m water for human consumption (WHO, 
1984), and to the development of a number of techruques for lowenng mtrate concentratIon to acceptable 
levels Among these techruques, mtCrobIal removal (demtnficatIon) stands out as bemg the most 
economtcal and enVIronmentally sound, as well as bemg feasIble on a large scale 

Derutnficallon IS the reductlon of mtrate to a gaseous product, usually mtrogen gas, through a sequence of 
enzymatIc reactIons Bactena capable of derutnfymg are UbIqUItoUS m nature (Gamble et ai, 1977) and 
have the capacity, under anaerobIC condItIons, to use mtrate m place of oxygen as termmal electron acceptor 
m therr respIratory processes Microbial rutrate removal treatments take advantage of tlns anaerobIC 
respIratory process and ann to maxumze the rates of mtrate consumptIon by assurmg a steady supply of 
carbon and energy sources whIch are usually SImple organIc compounds (morganIc carbon and energy 
sources are used less frequently) 

Lately, we have studIed the use of VarIOUS cellulose-nch sources as substrates for derutnficatIon (VolokIta 
et ai, 1996) Cellulose IS the most abundant renewable resource m the world (Coughlan, 1985) and may 
offer an mexpenslve alternatIve to the refined carbon compounds commonly used m the treatment of mtrate
polluted water Cellulose IS a lInear glucose polymer With hydrogen bondIng between hydroxyl groups of 
nelghbonng parallel chams It IS orgamzed m fibers Imbedded m hgmn and hemtcellulose, an asSOCiatIon 
whIch confers resIstance to enzymatIc degradatIon ThIs IS not the case, however, WIth cotton whIch IS the 
purest form of naturally occumng cellulose WIth only a small percentage of ImpuntIes, mostly 
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In the form of wax (0 3-1 %), pectm m the outer layers (0 5-1 2%), and protem resIdues (Wood, 1988) 

In the study presented here, short fiber (low commercIal value) unprocessed cotton served as the sole 
cheIDlcal and phYSICal substrate for demtnficatIOn m laboratory reactors 

MATERIALS AND METHODS 

Expenmental set up Laboratory reactors were cylmdncal PVC columns, 55 em hIgh and 10 cm dla, 
except for one expenment m whtch a transparent perspex column, 50 cm hIgh and 8 cm dtameter, was 
used In the latter, sIde ports placed at 5 cm mtervals allowed the removal of ltqUId samples Columns were 
packed WIth short fiber unprocessed cotton (GossyplUm hzrsutum) prevIOusly weIghed and moculated, a 
thm layer of glass wool was placed at each end of the cotton bed InoculatIon was carned out by moong 
the prewelghed cotton WIth a small amount of cotton from an actIve demtnficatIon column (tmtIal moculum 
obtamed as descnbed by Voloktta et aI, 1996), and mtrate- and phosphate-supplemented (200 and 3 mg II 
respectIvely) tap water Thts moculatIon lasted 4-5 days with daIly replemshments of mtrate Columns 
were kept m the vertIcal posItIon and fed WIth tap water amended WIth mtrate and 3 mg 11 phosphate Flow 
of water through the columns was dtrected upwards and regulated by penstaltIc pumps Flow rates are 
presented as Darcy's flux (q = QlA m m d 1, where Q IS the measured flow rate and A IS the sectIon area 
of the column) 

Samples were usually collected twIce a week from the mlet and the outlet, and routInely assayed for mtrate, 
mtnte, ammoma, pH and DOC (dIssolved orgamc carbon) Unless otherwIse mdIcated, the ambIent 
temperature was mamtamed at 24±I°C 

Analyncal detemunanons NItrate was determmed by the colonmetnc method of Cataldo et al (1975), and 
mtnte and ammoma were assayed accordIng to Standard Methods (APHA, 1989) Orgamc carbon was 
deterIDlned by means of a hIgh-temperature TOC analyzer (Dohrmann DC-190, Rosemount AnalytIcal Inc , 
Santa Clara, CA USA) 

Bactenal counts Colony fOrmIng umts m the effluent were counted by standard platIng technIques on R2A 
agar (DIfco Laboratones) 

RESULTS 

A column packed WIth 380 g of cotton was operated for approxunately seven months dunng whIch the 
flow rate, temperature and concentratIon ofmtrate vaned (FIg 1) 
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FIg 1 ConcentratIons of mtrate, mtnte and SQe In the effluent, and of mtrate m the mfIuent 
of a column packed With 380 g of unprocessed cotton and operated at vanous 
temperatures and flow rates 

From the first day of operanon, complete removal of 100 mg mtrate II was aclueved, at average daIly 
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temperature of 28°e and flow rate of 0 64 m d 1 , rutnte was not detected The concentratlon of rutrate m the 
mfluent was then mcreased to 250 mg lIon day 27 and subsequently, on day 37, to 400 mg rutrate II 
Breakthrough of rutrate was observed when the mfluent rutrate concentratlon reached 400 mg 1 I By then, 
the average d3.1ly temperature had decreased to 24°e and contlnued to decrease unWlt reached 200 e on day 
53 From day 70 onwards the temperature was controlled and mamtamed at 24°e At tins temperature, 
300g rutrate I I were reduced WIthout accumulatlon of rutnte (days 70-79) HIgher flow rates were then 
tned willie the concentratlon of rutrate m the mfluent was mamtamed at 200 mg rutrate 1 1 Breakthrough of 
rutrate started at 1 12 m d I and mcreased as the flux was rrused up to 1 50 m d 1 breakthrough of rutnte 
was also observed 

On day 140 the concentratlon of rutrate m the mfluent was rrused to apprmamately 300 g II and the flux 
was gradually lowered, WIth the purpose of companng the eXlStlng derutnficatlon capacIty to that observed 
two months earlIer, when complete removal of 300 mg rutrate II had taken place WIthout accumulatlon of 
rutnte (days 70-79) By now, the efficIency of the column had detenorated and rutrate breakthrough was 
observed even when the flux and the mlet rutrate concentratlon were equal to those of day 1 The column 
was then emptled and the rematrung cotton was dned and weIghed From the IrutIal 380 g only 150 g were 
left, representmg a weIght loss of 60% 

An expenment was set up WIth the objectives of (1) studymg the dIstnbutIon of demtnficatIon along the 
column and (2) estImatlng the approxtmate ratlo of cotton used to rutrogen removed A transparent perspex 
column WIth SIde samplmg ports was packed WIth 184 g of cotton and supplIed WIth approXImately 100 mg 
rutrate II, fluxes vaned between 1 15 and 316 m d 1 and the temperature vaned from 24-27°e Removal of 
rutrogen per day was calculated as follows 

N lost (mg day-I) =[rutrate-N m - (mtrate-N out + mtnte-N out)] (mg rl) X Volume day-l(l) 

and from the dady rates the cumulatIve loss of mtrogen was computed 
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Dunng the InltIal40 days, the rates of mtrogen removal were relatIvely constant at around 100 mg d 1 

From then on the rates Increased sIgmficantly and had reached 330 mg mtrogen d I by day 90 (FIg 2) 
The overall amount of mtrogen removed dunng the 90 days of operatIon amounted to 13 0 g. dunng the 
same penod. the dry weIght of cotton was reduced by 75 g From these data. a rano of cotton used to 
mtrogen removed can be calculated However. the value obtained, 5 8, represents the average over the 3 
months penod and may be taken as a very broad estlmatIon only between days 2 and 90 the rate of 
mtrogen removal per day Increased by a factor of 3 3 whtle the weIght of substrate decreased by a factor of 
1 7. whtch represents a cotton to mtrogen ratIo 5 6 tImes htgher at the begmmng than at the end of the 
expenment 
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The dIstnbutlon of demtnficatlon aCtlVIty along the column vaned WIth tune (FIg 3) Dunng the first two 
weeks, mtrate reductlon was evenly dIstnbuted throughout the column, mtrlte accumulated 10 the rmddle 
sectlon but was removed by the tlme the flOWlOg water (4 ml rmn I, eqwvalent to a flux of 1 16 m d I) 
reached the outlet Later, oscIllatlons were observed 10 the concentratlons of mtrate and mtnte, suggestlng 
channelmg 10 the cotton bed, thIs was confirmed by VISUal observatlons The extent and locatlon of the 
oscillatlons vaned from day to day and an example (day 56) IS shown 10 FIg 3 By day 76, the cotton bed 
was pushed upwards, the lower thrrd of the column was occupIed by water only, and removal of mtrate 
took place 10 a narrow sectlon of the column At thIs stage, the flow rate was 6 9 m1 rmn 1 (1 98 m d I) and 
the rates of demtnficatlon contlnued to 10crease rapIdly 10 spIte of the decreas10g contact tlmes (FIg 2a) 
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FIg 5 Effect of flow rate on the removal of mtrogen 10 a column packed WIth 380 g of 
unprocessed cotton and kept at 24°C a, concentratIons of mtrate and mtnte 10 the 
effluent, b, mtrogen removed per day 

By the end of the expenment, marked changes were also VISIble (naked eye observatlon) 10 the compOSItlon 
of the cotton bed the bulk of the remammg matenal was 10 an advanced state of degradatlon, between a 
thm lower layer of less degraded cotton and a thIcker upper layer of apparently well preserved cotton 
fibers 

Ammoma was never detected 10 the effluent The concentratlons of dissolved orgamc carbon were usually 
below 10-15 mg }I (FIg 2 and results not shown) Odors were detected only when, due to technIcal 
problems, flow was stopped for a number of hours (e g, overmght), at all other times, no color or odor 
could be detected 10 the treated water The number of colony formmg umts 10 the demtrlfied water was 10 
the order of lOS mll , 

The effect of the concentratlon of mtrate on the rate of demtnficatlon was studied 10 a column Identlcal to 
thatdescnbed1OFIg~ l,-matntamedat the flow rate of 0 55 md I at the temF-rature of 25°C Influent mtrate 
concentrations vaned from 100 to 400 mg II (22 58 - 90 32 mg mtrogen I ) 

A lmear relatlonshIp eXisted (R= 0 99) between the concentratlon of mtrate 10 the mfluent and the loss of 
mtrogen per day (FIg 4b) Breakthrough of mtrate and mtnte started around 6774 mg mtrate-N II (300 
mg mtrate II) and at the hIghest mtrogen load (90 32 mg 11), less than 10% was washed out (FIg 4a) 

The relanonsrup between flow rate and removal of mtrogen was stuilled 10 a column packed WIth 380 g 

JWST 34-112 N 
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cotton and fed WIth taR water amended WIth 200 mg rutrate II (45 2 mg rutrogen I I) Breakthrough of 
rutrate (about 20 mg I ) appeared at the flow rate of 1 12 m d I and graduallr Increased as the flow rate was 
mcreased up to 1 23 m d IncreasIng the flow rate further to 1 34 m d resulted m a sharp mcrease m 
rutrate washout, WIth less than 60% of the mfluent rutrate bemg removed In contrast, breakthrough of 
rutnte did not mcrease It started at 112 m d I and was approxunately constant at the higher flow rates 
tested (FIg 5a) 

CalculatIon of the amount of rutrogen removed per day shows that maxnnal derutnficatton efficIency was 
achieved at flow rates of 0 92 - 1 23 m d I (FIg Sb) A sharp declme In removal of rutrate followed as the 
flow rate was raised to 1 34 m d I (FIg Sb) comciding wIth the burst m mtrate breakthrough (FIg Sa) 

The effect of temperature on the cellulose degradattonlderutnficatton process was studied m a column 
packed WIth 400 g of cotton and allowed to stabilize for 4 weeks at 24°C before the followmg temperatures 
were tested m sequence 30,28,26,23 19 and 15°C, two weeks per setttng Flow rates were m the order 
of 0 88 - 0 94 m d I and the concentrattons of mtrate In the mfluent vaned from 150 to 220 mg 11, to allow 
an apprmamately constant breakthrough of mtrate (around 40 mg 11) 

Increasmg the temperature from 14 to 19°C had lIttle effect on the amount of rutrogen removed per day 
(FIg 6) In contrast raIsmg the temperature from 19 to 24°C brought about an Increase of 60% In the rate 
of derutnficatton HIgher temperatures conttnued to sttmulate derutnficatton and the rate at 30°C was more 
than double the rate observed at 14°C 
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FIg 6 Effect of temperature on the removal of rutrogen m a column packed WIth 400 g of 
unprocessed cotton and operated at flow rates of 0 88 - 0 94 m d I 

DISCUSSION AND CONCLUSIONS 

The rrucrobial process descnbed here for the removal of mtrate from contarrunated groundwater uses cotton 
as the sole phYSICal and cherrucal substrate for derutnfymg rrucroorgarusms Cotton IS an abundant crop m 
many developed and developmg countnes and the relattvely low pnce of the short fiber product makes It a 
very attracttve substrate for derutnficatton 

Unprocessed cotton IS an effecttve substrate for the removal of rutrate from contarrunated water The 
treated water contamed low concentrattons of DOC and was Without detectable color or odor, bactenal 
counts (colony forrrung uruts) were m the order of lOs ml I Post treatment m the form of sand filtratton 
and chlonnatton will be reqUIred before the derutnfied water reaches dnnkmg qualIty 

Derutnficatton rates m a freshly packed column mcreased steadily WIth tune and conttnued to do so even 
when only 60% of the lruttal substrate remamed (Fig 2a) Thts suggests that colomzatton of the substrate 
by bactena was the rate-ltmtttng factor m the removal of rutrate However, a stage IS reached beyond 
which substrate appears to be ltmtttng In the expenment represented m FIg 1, the demtrIficatton 
capaCIty of the column had declmed when 40% of the Iruttal substrate remamed. Thts detenoratton rrught 
be due to lack of substrate surfaces for bactenal coloruzatton Bactena Isolated from derutnfymg reactors 
are bemg studied m an attempt to understand this and other pomts of the complex rrucroblal processes 
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takIng place, namely the concerted actlVlty of cellulose degraders and derutnfies and whether some of the 
derutnfymg bactena are also cellulose degraders 

Increasmg rutrate loadmg by means of mcreasmg flow rates Improved the effiCIency of the column untIl a 
threshold was reached (at around 1 23 m d I) beyond whIch the removal of rutrate was markedly reduced 
(FIg 5) The reason(s) for thts sharp declme are not clear yet and may mclude wash out of soluble 
substrate or wash out of bactena, although the latter could not be detected by counts of colony fonrung 
umts m the effluent (results not shown) 
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Cellulose-dependent demtnficatIOn IS affected by changes m temperature (FIg 6) Although the temperature 
of groundwater IS qwte stable (around 22°C m Israel), the reSIdence ttme m an above ground reactor may 
be such that sIgruficant changes m temperature occur Durmg the wmter, the concentratIOns of rutrate m 
groundwater are often lower but ambIent temperatures are also lower and the two effects may cancel each 
other In summer, both the concentratIon of rutrate and the demand for treated water are hIgher but these 
may be compensated, at least partIally, by the faster derutrIficatIon rates at the lugher temperatures 

Cloggmg of derutnficatIon reactors due to entrapment of Nz bubbles can be a senous problem and we have 
encountered thts phenomenon m sand packed columns (Soares et al , 1989 1991) CloggIng by Nz 
appeared not to be a problem In the current study, however, a new reactor should not be tIghtly packed 
Cotton fibers are covered by a thtn layer of wax whIch makes them somehow hydrophobIC and although 
thIs changes WIth tIme, a too compressed bed WIll remam mostly dry and water wIll flow thorough a few 
channels only 

Cotton was entIrely consumed and thts will SImplIfy a long-term contInuous operatIon SInce emptymg and 
dIsposal of waste or spent substrate WIll not be reqwred The substrate replacement strategy should conSIst 
of small and relatIvely frequent addItIons of fresh cotton Thts WIll assure conSIstently lugh rates of 
derutrIficatIon and will nurunnze reductIon m actIVIty durmg the lilltIal stages of bactenal coloruzatlon of 
fresh substrate 
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BIOLOGICAL DENITRIFICATION OF DRINKING WATER 
USING NEWSPAPER 
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Laboratory tor Applied EnvIronmental MIcrobIOlogy The J Blaustem Institute for Desert Research 
Ben-Gunon Uruverslty of the Negev Sede Boqer Campus Sede Boqer 84993 Israel 

(FIrst receIVed 1 March 1995 accepted In revIsed form I October 1995) 

Abstract-MIcrobIal derutnficatlon of dnnkmg water was studted In laboratory columns packed with 
shredded newspapers Newspaper served as the sole carbon and energy substrate as well as the onlv 
phYSIcal support for the microbIal population Complete removal of rutrate (100 mg I-I) was readlly 
achIeved wIthout accumulation of rutnte The treated water con tamed low dIssolved orgaruc carbon 
(4-10 mg I-I) The cellulose dependent derutnficatlon process was sensitive to changes In temperature 
mtrate removal rates at 14°C were approxImately one thIrd of the rates observed at 32°C Pretreatment 
of newspaper wIth dtluted NaOH or dtluted HCI or by autoclave dId not Improve the effiCIency of the 
process A time dependent decay In demtnficatlon rate was noticeable after several months of operatton 
The reasons for thIs phenomenon whIch may be due to weakened adhesion of the bactena to the substrate 
are under investigatIon 

Ke~ wordl'-mtrate contammatlon demtnficatton mIcrobIal water treatment newspaper cellulose 

INTRODUcnON 

NItrate pollutIon of dnnkmg water constitutes an 
Important and rapidly growmg envIronmental prob
lem The most common causes of nItrate pollutIon 
are the excessIve use of fertlhzers m mtenslve 
agnculture, and Irngatlon with ammonIa-nch efflu
ents discharged by wastewater treatment plants 
Concern for possIble health consequences has led to 
the adoptlon of a stnngent nItrate standard (50 mg 
nItrate per lIter) In water for human consumption 
(WHO, 1984) Removal of mtrate from dnnkmg 
water IS, however, an expensIve process and for this 
reason the mtrate standard IS often not Implemented. 
even In countnes where It has been offiCially adopted 
Therefore. IneXpenSIve and easy to apply mtrate 
removal technolOgIes are urgently reqUired 

Among the techmques avaIlable for the removal of 
mtrate from dnnklng water, mICrobIal demtnficatlon 
stands out for bemg the most econOmIcal and 
envIronmentally sound, as well as for bemg feaSIble 
on a large scale Demtnficatlon IS carned out by 
facultatIve aerobIC bactena wluch m the absence of 
oxygen utlhze mtrate as a tenrunal electron acceptor 
m respIratIOn (Payne, 1981) 

The maJonty of mIcrobial derutnficatlon treat
ments rely on heterotrophIc bactena whIch reqUlre an 
orgamc carbon substrate Usually, a SImple carbon 

--------- ------- ----------
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compound such as ethanol, methanol or acetate IS 
used, however, cheaper readIly avaIlable carbon 
sources should be explored Among these pOSSIble 
substrates IS cellulose, a baSIC component of all plant 
matenals and the most abundant renewable resource 
10 the worid (Couglan, 1985) 

The use of cellulose In the restoratIon of 
mtrate-contammated ground water has been de
scnbed by Boussald et al (1988) In theIr study 
demtnficatIon reactors were packed WIth a mIxture of 
straw, sand, and maeri, or WIth straw and maeri, 
post-treatment was carned out by reInfiltratIOn of the 
effluent back Into the aqUlfer 

Cellulose IS a lInear glucose polymer WIth hydrogen 
bond1Og between hydroxyl groups of nelghbonng 
parallel chams Natlve cellulose IS orgamzed m fibers 
and occurs 10 close aSSOClatlon WIth lIgmn and 
henucellulose Although all the above charactenstics 
confer reSIstance to enzymatIC attack specIfic 
bactenal groups have the capacity to degrade 
cellulose Even so, one or more forms of pretreat
ment (chemIcal. phYSIcal or phYSIcochemIcal) are 
often appbed to cellulose-nch matenals In order to 
Increase theIr suscepttbIhty to degradation (MIllet 
et ai, 1975, Fan et al 1981, Wood and Saddler, 
1988) 

In the study descnbed here, a cellulose-nch waste, 
newspaper, was used as the sole carbon and energy 
substrate as well as the only phYSIcal support for 
bactena In laboratory demtnficauon reactors 



966 Michal Voloklta et al 

MATERIALS AND METHODS 

SelectIOn of Inoculum 

Vanous mocula of cellulose degradmg bactena (e g 
forest and garden soli wood mfested by termites) were 
studied for the selection of the most efficient cellulose de
pendent derutnfication Ennchment cultures were prepared 
m 150 ml Erlenmeyer flasks contalrung 75 ml of tap water 
supplemented with 100 mg I-I rutrate (as KNO l ) 3 mg I-I 
phosphate (as K2HP04), 25 mg I-I cyclohexemlde (to 
prevent fungal growth) and one of the followmg cotton 
wool (0 4 g), straw (05 g) or shredded newspapers (1 g) All 
substrates were stenhzed (autoclave) Cultures were kept on 
a Labquake shaker (Labmdustnes Inc, Manetta Ohio) 
mSIde an anaerobic chamber (Forma SClentlfic Inc 
Manetta OhlO) at 27°C Ahquots were drawn 2-3 times a 
week and assayed for mtrate and mtnte Nitrate was 
supplemented by addItIOn of an appropnate volume of a 
concentrated stock solution 

The performance of the vanous mocula was morutored 
for 4 weeks The moculum obtamed from wood mfested by 
tenmtes conSIstently brought about the hIghest rates of 
derutnfication Wlth all three cellulose substrates and was 
chosen for further studIes 

Experimental apparatus 

The substrate used was newspaper shredded to nbbons 
(0 4 cm Wldth) by an office type paper shredder Laboratory 
reactors were cyhndncal PVC columns 55 cm mgh and 
10 cm dta Smaller glass columns (44 5 cm heIght 45 em 
dta) were used to study the effect of vanous pretreatments 
apphed to paper The amount of newspaper packed lOto the 
columns vaned as descnbed under Results glass wool plugs 
were placed at both ends of the packmg matenal Columns 
were fed Wlth tap water amended Wlth rutrate at the deSired 
concentranon and 3 mg I-I phosphate Flow rate was 
regulated by penstaltlC pumps and was directed to create an 
up-flow through the columns, flow rates are presented as 
Darcy s flux (q In m d- I

) 

q=Q/A 

where Q IS the measured flow rate (m) d -I) and A IS the cross 
sect10n of the column (m2) In the PVC reactors a q value 
of 1 m d- I corresponds to a flow rate of 55 ml rom-I m the 
smaller glass columns 0 I m d -I corresponds to 
11 ml rom-I 

After packmg, columns were dosed With medium and the 
VOid volume was replaced by a suspension prepared by 
blendtng a small amount of matenal from an actlve 
derutnficanon column (ongtnalmoculum descnbed above) 
The moculated columns were allowed to stand for 2-3 d 
before flow was Imtiated Samples were usually collected 
tWlce a week from the mlet and the outlet of the column and 
routInely assayed for rutrate mtnte, ammorua, pH. 
dIssolved orgaruc carbon (DOC) and bactenal counts One 
expenment was earned out at room temperature and the 
average (mtmmal/maxtmal) datly temperatures are mdI
cated, all other expenments were carned out at 25 ± 1°C 
unless mdtcated otherwtse 

Pretreatment 0/ newspaper 

Milling was earned out Wlth a ball mill (Pascal Eng 
UK) the other treatments are descnbed In Table I 

AnalytIcal determmatzons 

Nitrate was detenmned Wlth a rutrate-selecttve electrode 
(Onon Research Inc Boston Mass) or by colonmetry 
(Cataldo et af, 1975) Nltnte and ammoma were assayed 
accordmg to Standard Methods (APHA 1989) Carbon was 
detenmned by means of a high-temperature TOC analyzer 

(Dohrmann DC 190 Rosemount Analytical Inc Santa 
Clara, Cahf) 

The chemtcal composltlon of newspaper was determmed 
In samples ground to pass a 40 mesh screen With a Wiley 
mtermedlate mdl (Thomas SCientific Apparatus Swedes
boro N J) Extractive components aCId detergent fiber 
hgrun and ash were determmed by the Goenng-Van Soest 
method as descnbed by KIrk and Obst (1988) Fresh 
newspaper (dned at 105°C) contamed 2549 ± 0 15% 
extractives, 43 II ± 071 % cellulose 2959 ± 032% 
hgmn and 2 59 ± 0 10% ash 

The extractive fractlon Includes protem hemicellulose 
and other labIle carbon fractlons Ink con tams vegetable OIl 
mtneral Oll resms and carbon black (lamp black) and 
probably accounts for a slgruficant proportion of the 
extractable fractIOn 

Bacterial counts 

Colony forrmng uruts were counted by standard platmg 
techruques on R2A agar (Dlfco Laboratones) 

Electron mIcroscopy 

Samples for scanmng electron mIcroscopy studies were 
fixed Wlth glutaraldehyde Examination was carned out m 
a Jeol JFM 35C mIcroscope 

RESULTS 

Nitrate removal and water quality 

FIgure 1 Illustrates the performance of a column 
packed WIth 600 g of shredded newspaper and 
supphed WIth mtrate at a concentrauon of approx 
100 mg 1-1 (2258 mg N 1-1) The ambIent tempera
ture was not constant and the values presented are 
dally averages 

Complete removal of mtrate WIthout accumulatlOn 
of mtnte was aclueved after onset of flow 
(055 m d- I

) A temporary breakthrough of mtrate 
was observed after day 19, tlus may be due to a sharp 
drop m temperature (6-100 C) dunng thIS penod 

Stable demtnficatlOn followed untIl the flow rate 
was raIsed to 0 77 m d- I and later up to 095 m d- I 

These changes were accornpamed by breakthrough of 
mtrate up to a maxnnum concentratIon of 54 mg 1-1 
mtnte also appeared although at much lower 
concentratlOns (the hIghest concentratIon measured 
was 84 mg 1-1) Upon decrease of flow rate to 
04 m d- I (day 148) mtrate and mtnte dIsappeared 
from the eftluent Ammoma was never detected 

Washout of sIgmficant amounts of DOC was 
observed at the begmnmg of operatIon (up to day 12), 

Table I TreatmenlS appbed to newspaper pnor to packmg Into the 
columns Dunng treatment the ratIo of newspaper to hqUld was 
100 gJ4 I Treatments were ronowed by nnsmg WIth tap water the 
aCId- and base treated paper was washed untd no change In pH was 
observed the volume of water used was measured and an equal 
volume was used for nnsmg the control and the autoclave treated 

Control 
Autoclave 
ACid 
Base 

paper 

Treatment 

Water for 2411 LO a sllaker at room temperature 
211 
IN HQ for 2411 In a sllaker at room temperature 
1% NaOH for 2411 LO a sllaker at room temperature 

-~ 
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Fig 1 Concentratlons of rutrate rutnte and DOC and pH 
of water treated In a column packed with 600 g of shredded 
newspaper and operated at room temperature (daily 

averages are shown) 

the concentratIOns decreased rapIdly and stabIhzed at 
4-10 mg I-I 

The treated water never exhIbited noticeable color 
or odor The number of colony fonrnng uruts was In 
the order of lOs ml-I 

Effect of temperature 

A column packed With 400 g of shredded 
newspapers was moculated and left to stand for one 
week whtle the soluble fraction of OC [the fractIOn 
eluted dunng the first week In Fig 1 (b)] was depleted 
After flow Initiation, the process was allowed to 
stablhze at 25°C for 2 weeks before the follOWIng 
temperatures were tested In sequence 32,29,26,23, 
19 and 14°C, With 2 weeks per setting Demtnficatlon 
was calculated as the amount of N lost per day as 
follows 

N lost(mg day-I) = [mtrate-N m - (mtrate-N out 

+ mtnte-N out)1tmg I-I) X volume d -1(1) 

As shown In FIg 2, cellulose-dependent demtn
ficatlon was markedly affected by temperature 
derutnficatton rates at 25-32°C were apprm{1mately 
three Umes hIgher than at 14°C 

Effect of.flow rate 

The effect of flow rate on demtnfication was 
studied m a column packed With 400 g newspaper 
and kept at 25°C, mlet mtrate concentration was 
100 mg I-I and the flow rate was vaned between 0 5 
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Fig :2 Effect of temperature on the removal of rutrate In a 
column packed With 400 g shredded newspaper 

and 15m d- I (FIg 3) Complete removal of rutrate 
was achteved at flow rates up to 0 8 m d- I 

Breakthrough of mtrate occurred at higher flow rates, 
and a bnear relatIonsrup (R = 0 96) was observed 
between the degree of mtrate removal and q At the 
hIghest flow rate tested, the concentratIon of rutrate 
decreased by 30% only [FIg 3(a)] 

When the amount of rutrate removed per d was 
plotted [FIg 3(b)] It became eVIdent that the column 
operated below capacity at the lower fluxes, and that 
maximal effiCIency was achIeved at approx 
12m d- I A very sharp declIne was observed at 
hIgher flow rates, and thIs may be due to washout of 
bactena, enzymes or substrate 
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Fig 3 Effect of flow rate on the removal of N In a column 
packed With 400 g shredded newspaper and kept at 25°C (a) 

Percentage of N loss, (b) N lost per day 
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Fig 4 Appearance of fresh unpnnted newspaper (top) and of pnnted (mtddle) and unpnnted (bottom) 
newspaper removed from a derutnficatlon column after 6 months of contmuous operation Bar represents 

10 Jlm 

Effect of znk 

As considerable surface area of newspaper IS 
covered by !Uk Its effect on coloruzatton by bactena 
was !Uvestlgated wIth the aId of electron mIcroscopy 
In paper removed from active derutnficatlOn columns 
the pnnted areas appeared flattened' and WIthout 
attached bactena (FIg, 4, ffilddle) Thus !Uk 
apparently decreased the avrulabIlIty of cellulose 

surfaces bv occluslOn and/or prevention of bactenal 
coloruzatlon 

In order to assess the effect of mk !U the 
performance of the demtnficatlOn system, the 
unpnnted margms of newspapers were separated 
from the pnnted portlOns and two columns were 
packed wIth 400 g of pnnted or unpnnted paper The 
columns operated for three months with oversupply 
of mtrate Dunng the first month ot operation, the 

BEST AVAILABLE COpy 
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unprinted newspaper supported higher rates of 
J demtnficatlon (FIg 5) This apparent advantage 

dlmlmshed with time and the cumulative N removal 
In the column packed with printed newspaper 
remamed at about 75% of that In the column packed 
with unpnnted newspaper The decrease III demtnfi
catIOn rates observed III both columns on day :0 IS 
at least III part due to the declme III average 
temperature however the ongmai rates of demtnh
cation were not recovered when temperatures were 
elevated agam 

Effect of newspaper pretreatment 

Treatments which faclhtate degradatIon at "ellu
lose were expected to Illcrease the demtnficauon 
efficiency of the system Among the methods 
descnbed III the literature four appeared to be 
teaslble under our e'{penmental "ondluons lnd were 
studied ball mlibng treatment with 1010 (w/v) NaOH 
treatment with 1 N Hel and heat treatment III an 
autoclave 

Ball millIng ot newspaper IS not d Viable optIon tor 
large water treatment systems the process IS ~low and 
too expensive III terms ot energy reqUIrement MIllmg 
gradually pulvenzed the paper tragments and the 
fine matnx 01 the final product IS not suitable as soltd 
:,upport for a flowthrough-type reactor 

The expenment descnbed on Table I aimed at 
assessmg the effects ot cellulose pretreatments on 
demtnficauon Four ~mall "olumns were packed with 
one of the follOWing types of newspaper untreated 
autoclave-treated aCid-treated and base-treated 
The columns were operated at IdentIcal flow rates 
(FIg 6) 

Neither aCid nor base pretreatment Improved the 
demtnhcauon c.lpaCllV ot the columns On the 
contrary a declille III the demtnficatlon rate was 
observed after the first week of operation wllh lower 
removal ofmtrate .lnd higher accumulation 01 nitrIte 
The lugh effiCiency dunng the first week may 
probably be attnbuted to the available e'{cess 01 
soluble orgamc matter durmg thiS penod [see FIg 
l(b)] 
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Fig 5 Cumulative N removal In two columns packed with 
400 g of prmted or unprmted newspaper 
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Fig 6 Removal ot mtrate and accumulation of mtnte In 

,m-all ~olumns packed with !,4 g ot newspaper pretreated 
.is descnbed In Table I and kept .it 25 C 

The difference oetween control and autoclave 
treated paper was not clear A transient slight 
Improvement of demtnficatlon rates with lower 
nitrIte accumulatlon may have occurred between davs 
13 and:7 but from then on both columns operated 
below capacltv To clanfy thiS pomt two fresh 
wlumns with control or autoclave-treated paper 
were operated at flow rates allowmg breakthrough of 
mtrate autoclave pretreatment did not Improve 
mtrate removal (data not shown) 

E'tcept for a decrease (approx 5%) m the 
e'(tractable fraction ot the paper treated by alkalI or 
aCId the pretreatments appeared to cause no change 
III the chemical composltlon of newspaper (data not 
shown) Pnnt Wel!:) faded and Illegible suggestmg that 
aCid and alkalI removed Illk and thiS may explam the 
lower proporuon of extractables 

Changes III nellspaper durmg denttrrficatlOn 

EffiCient mtrate removal m the newspaper-packed 
columns could usually be mamtamed up to 
3-4 months WIth tIme however an Irreversible 
decrease In demtnfymg capacity was observed 
<\.ddltlOn of mlcronutnents or a fresh Illoculum failed 
to Improve the performance of spent columns On 
the other hand paper :.amples removed from these 
columns and transferred to batch expenments III an 
anaerobiC chamber were capable of sustammg 
demtnficatIOn at rates 8-\3 tImes higher than those 
measured m the columns at the time of samplIng (an 
example IS presented on Table 2) 

In an attempt to Identify the cause(s) for thts 
decllne III demtnficauon capacity changes In the 
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cOmpOSItiOn. appearance and weIght of newspaper 
were mvestigated 

Wezght loss At the end of the operation. the 
packmg paper was removed from the columns, dned 
and weIghed As expected, the extent of weIght loss 
depended on the duration and regime of operatIon ot 
the columns Dunng 6 months of contmuous 
operatIon, a loss of 20% dry weIght was observed, 
columns operated for 3-4 months showed lower 
weIght losses (10-12 %) Washout of paper fragments 
was never detected and the weIght loss appeared to 
be due to mIcrobIal degradatIon 

Composztlon On a dry weIght baSIS, the mICrObIal 
processes tala.ng place ill the columns should result m 
a decrease ill the relatIve percentage of cellulose 
accompanIed by an mcrease 10 the relatIve percentage 
of lIgmn These changes. however. were apparently 
too small to be conSIstently detected by the methods 
employed statIstically sIgmficant dIfferences were not 
always found between the chemIcal COmpOSItIOn of 
fresh newspaper and that of newspaper removed from 
demtnficatIon columns 

Appearance The appearance of the paper was 
studIed by scanmng electron mIcroscopy Unless 
covered by Ink, fresh newspaper had a loose 
appearance With thm flat structures at the surface 
(FIg 4, top) In contrast, the surface of Ink-free spent 
newspaper (FIg 4, bottom) appeared devOld of fine 
fibers, numerous bactena were VISIble 

DISCUSSION AND CONCLUSIONS 

The results descnbed above demonstrate that 
newspapers can effectIvely support demtnficatIon of 
mtrate-contammated water The treated water IS 
charactenzed by low DOC and no detectable flavor, 
odor or color Washout of bactena was relatively 
hIgh, reqUInng further dIsmfection of the treated 
water 

Temperature had a marked effect on the cellulose 
degradatIon-demtnficatIon process (FIg 2) The 
dlmlmshed capaCity at lower temperatures should be 
taken mto account when planmng a field reactor In 
order to compensate for the slower rates of 
demtnficatIon at lower temperatures, longer contact 
tlmes mIght be necessary Thts can be achIeved by 
Increasmg the length of the reactor or by decreaslOg 
the rate of water flow through the reactor 

Table 2 Nitrogen removal In batch mode With fresh newspaper or 
With paper from a spent 10 month-old column and removal of 
mtrogen by the column at the time of samplmg (temperature 30·C) 
Batches were maintained In an anaerobiC chamber at 27"C average 

Batch 

Column 

daliy rates dunng the second week are shown 

Fresh paper + fresh Inoculum 
Column paper 
Column paper + fresh Inoculum 
Control (no paper no Inoculum) 

Nitrogen removed 
(mg g-' paper d-') 

0875 
0730 
0660 

o 
0056 

The amount of N removed per day was higher 
when the columns were mamtamed at overcapaCIty, 
I e when a certam level of mtrate breakthrough was 
allowed (Fig 3) Often, complete removal of mtrate 
IS not reqUIred In a demtnficatton treatment, and the 
system can be operated at flow rates allOWIng the 
hIghest effiCIency wlu.1e maIntaImng acceptable 
concentratIons of mtrate and mtnte 

The contact tImes reqUlred for the complete 
removal of mtrogen (as 100 mg mtrate 1-') were 
approx 1 5 times (1 3-1 8) longer than those needed 
for the total removal of the same mtrogen 
concentratIon when the columns were packed with 
sand and ~upphed WIth a SImple carbon ~ource 

(sucrose acetate or ethanol) at a C N molecular ratlO 
of 2 (Soares et a/ 1989 and unpubltshed results) 

The use of newspaper as ~ole phYSical matnx In 

our Vlew contnbutes to the relIable pertormance ot 
the system Our prevlOus demtnficatIon studies both 
m sItu and 10 above ground sand-packed reactors 
showed that entrapment In pore spaces of N, bubbles 
released dunng demtnficatlon causes severe cloggIng 
(Mercado et al 1988 Soares et a/ 1989 1991) In 
a clogged reactor water mIgrates at Increased 
velocIty along preferentIal canals ana the effiCIency ot 
the system IS ImpaIred In the e,{penments descnbed 
here the matnx formed by the packed paper nbbons 
allowed the free release of gas and no cloggmg was 
observed Furthermore, reactors filled With paper 
only are easy to operate packmg IS faCIlItated as well 
as emptymg and dISpOSal of the spent newspaper 

However dunng operatIon, a marked deteno
ratIon 10 the overall performance of the reactors was 
observed whtle a relatIvely small weight fraction 
(10-12%) was lost The reason(s) for this phenom
enon are not well understood and are under 
lOvestIgatIon Prevention of bactenal coloruzatlOn or 
OCclUSIon of cellulose fibers by Ink are not the malO 
reasons smce the decay 10 demtnficatton capacIty was 
also observed With unpnnted newspaper (Fig 5) Thts 
mIght suggest that the overnd1Og factor IS an Intnnslc 
charactenstIc of the paper (e g hIgh content of hgnm, 
low proportIon of easIly degradable amorphous 
fractIon) However 'spent" paper was capable of 
supportIng high rates of derutnficatIon and for long 
penods of time (one expenment lasted SIX months) 
anaerobIcally 10 batch mode Thts 10 tum suggested 
that the adheSion of bactena to paper mIght be 
Imparred, and the cellulose degrad10g bactena had 
been washed out from the columns, although the 
addttIon of a fresh moculum to the spent column 
fwed to Improve the rate of rutrate removal A 
posslble explanatIon IS that the sheanng torces of 
water flowmg through the column slowly removed 
the fine fibers, thus decreaSIng avaIlable mIcrobIal 
coioruzation SItes The phYSical appearance (electron 
mIcroscopy) of "spent" paper (Fig 4 bottom) IS 

conSIstent With thIs hypotheSIS 
Newspapers are the largest SIngle Item In landfills 

and paper products constitute as much as 30-50% of 
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~ohd retuses (Wigfall and Gregory, 1991, Baver and 
Lamed 1992) Disposal of mumclpal sohd waste 
poses great economical and ecological problems 
While the amounts of newspaper reqUlred as 
substrate for demtnficatlOn are too modest to have an 
Impact 10 ~ohd waste disposal It should be 
emohaslzed that the system descnbed here not only 
aVOIds the use of an expenSIve refined carbon source 
but replaces It With a refuse WhICh IS burden10g our 
environment 
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RESEARCH NOTE 

WHEAT STRAW AS SUBSTRATE FOR WATER 
DENITRIFICATION 

MINES M SOARES* and AHARON ABELIOVICH 
Laboratory for EnVIronmental MIcrobIOlogy The J Blaustem InstItute for Desert Research 

Ben Gunon Umverslty of the Negev Sede Boqer Campus Sede Boqer 84990 Israel 

(First receIved February 1997) 

Abstract-BIologIcal demtnficatton of dnnkmg water was studIed m up flow laboratory reactors packed 
wtth wheat straw whIch served as the sole carbon source as well as the only physIcal support for the 
mlcroorgamsms The hIghest rates of demtnficatton (0053 g N removed I-I d-I) were observed m fresh 
reactors dunng theIr first week of operalton and the efficIency of the process declmed thereafter The 
addmon of fresh wheat straw brought about a temporary Improvement of the demtnficatlon perform 
ance and a regIme of one weekly addItIOn prevented the deterIoratton of a reactor whIch was operated 
for) months The rate of demtnficatlOn was affected by the water velocIty and decreased at veloclltes 
above 0054 m d-I Colour and soluble orgamc carbon assocIated WIth fresh straw were removed by 
adsorptIon on powdered activated carbon ~ 1998 ElsevIer SCIence Ltd All nghts reserved 

INTRODUCTION 

Decrease of nItrate concentratIon IS often requIred 
for dnnklng water m order to meet the standard of 
11 29 mg mtrate-N per I m water for human con
sumptIon (WHO 1984) Among vanous methods 
avaIlable (phYSIcal chemIcal physIco-chemIcal and 
bIOlogIcal) for the removal of nItrate bIOlogIcal 
removal (demtnficatlOn) IS conSIdered to be the 
most economIcal and envIronmentally sound and to 
be feaSIble on a large scale Demtnficatlon IS the 
reduction of mtrate to N2 carned out by aerobIC 
bactena whIch m the absence of illssolved oxygen 
can use nItrate mtrogen as a termmal electron 
acceptor (Payne, 1981) 

Most bIOlogIcal demtnficatlOn processes are 
based on heterotrophIc bactena utIlIzing orgamc 
carbon m the form of a SImple compound (e g 
ethanol methanol acetate) However complex car 
bon sources such as cellulose-nch matenals can also 
be used and we have recently studIed the feaslblhty 
of usmg newspaper (Voloktta et at 1996b) and 
cotton (Voloklta et at 1996a) as carbon sources 
for the remedIatIOn of nitrate polluted groundwater 

Mlcroorgamsms capable of degradmg cellulose 
(cellulolytic mlcroorgamsms) are WIdely dIstrIbuted 
m nature and usually occur m mIxed culture wIth 
orgamsms whIch degrade assOCIated polymers 
InItial cellulose degradatIon requIres dIrect physIcal 

* Author to whom all correspondence should be addressed 
[Tel + 972 7 6596834 Fax + 972 7 6596831 EmaIl 
soares(a: bgumall bgu ac II] 

contact between the enzyme molecules and the 
surface of cellulose and complete degradation 
depends on the concerted actIon of varIOUS enzymes 
(cellulases) whIch may act m synergIsm (Begum and 
Aubert 1994) 

Cellulose IS a baSIC component of all plant ma
tenals and constitutes the most abundant renewable 
resource m the world wIth an estimated production 
rate of 4 1010 ton per year (Couglan 1985) It IS a 
hnear glucose polymer wIth hydrogen bondmg 
between hydroxyl groups of nelghbonng parallel 
chams and IS orgamzed In fibers m close aSSOCIation 
wIth hgnm and hemIcellulose (cotton IS an excep 
tlOn bemg the purest form of naturally occurrmg 
cellulose) Thus wheat straw IS a complex mIxture 
of cellulose hemlcelluloses (mcludmg xylan), pectms 
and hgnms of whIch xylans and other xylose poly
mers constitute about 25% (Buchala and WIlkIe 
1973) 

The capacIty of wheat straw to support water 
demtrIficatlon has been shown by others Boussald 
et at (1988) used field and laboratory reactors 
packed with wheat straw mIxed wIth sand or wIth 
sand and maerl m the treatment groundwater and 
Avmmelech et at (1993) observed removal of 
mtrate m wheat straw filters deSIgned to remove 
particulate matter from effluents pnor to theIr 
apphcatlOn In dnp Ifngatlon 

The formation of gases and the speCIal character 
IStlCS of the carbon substrate were taken mto con
SIderation m the development of thIS water 
demtrIficatlon system In order to mmlmlze cloggIng 
of the reactor due to the entrapment of N2 bubbles 
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(Soares et al 1989 1991) a coarse matrix should be 
used On the other hand a hIgh fillmg ratio of sub
strate would be necessary because wheat straw IS a 
bulky non-diffusible carbon source which IS slow 
and mcompletely degraded Furthermore packmg 
of the reactors as weII as the removal and dIsposal 
of spent substrate should be easdy performed 
Fllhng up the reactors wIth straw only appeared to 
be the most sUItable process Thus the aim of thIs 
study was to determme If wheat straw can serve as 
the sole carbon substrate for the demtrlficatlOn of 
dnnkmg water as well as the sole physical support 
for bactenal growth 

MATERIALS AND METHODS 

Experzmental apparatus 

The reactors routmely used were PVC columns 50 cm 
high and 8 em dIameter packed with 103 g wheat straw 
with a thm layer of glass wool placed at each end Shghtly 
larger columns (55 cm high and 10 em diameter) were used 
when additions of 20 g of fresh straw were carned out 
because their design made It easier to open at the bottom 
where the new substrate was added they were packed 
with 177 g of straw so that the same filling ratio (41 g 
straw per I) was used m all expenments The columns 
were moculated with a small amount of straw removed 
from an aclive denitrIficatIOn column and the ongmal 
moculum was a mixture of forest and garden solis The 
freshly packed columns were filled WIth feed solutIOn (tap 
water amended with 22 6 mg nitrate N I-I and 3 mg I-I 
phosphate) which was recirculated for 2 days After this 
moculatlon penod the reactors were started up (day 0) m 
an upflow mode (Fig I) Water velOCIties v (v = Q/A 
where Q IS the measured flow rate and A IS the cross 
sectIOn of the column) were calculated m m h-I 

Unless otherwise mdlcated the ambient temperature 
was mamtamed at 25 ± 1 C Influent and effluent samples 
were tested for nitrate nitrIte ammOnia pH dissolved 
organiC carbon (DOC) and bacterIal counts 

Reactor _ 

[§Jpump 

Pump 

Feed vessel 

Outlet vessel 

Fig I Schematic representatIOn of the expenmental set 
up 

Adsorption er:perlments 

The removal of dissolved organIc carbon (DOC) by 
powdered aclivated carbon (PAC) was mvesligated m a 
prelimmary experIment m which 20 g of fresh straw were 
soaked overnight at 4 C m 3 I tap water Constant 
volumes of water contammg 141 mg DOC I-I were then 
supplemented With a senes of known weights of PAC m 
glass Erlenmeyer flasks dnd the slurnes obtamed were 
agitated at a constant slirnng velOCity (100 rpm) and tern 
perature (25 ± I C) PrIor to use the PAC was oven dried 
at 105 C for 2 h and then cooled m a desslcator The 
procedure adopted for the treatment of column effluents 
consisted of I h contact with 4% PAC 

Analytical procedures 

Nitrate was determmed by the method of Cataldo et al 
(1975) and nItrIte dnd dmmoma were assayed accordmg 
to APHA (1989) DOC was determmed by a TOC 
analyzer (Dohrmann DC 190 Rosemount Analytical 
Santa Clara CA) 

Bacterial counts 

Colony formmg umts were counted by standard platmg 
technIques on R2A agar (Dlfco Laboratones) 

RESULTS AND DISCUSSION 

Nitrate removal and water quality 

A freshly moculated reactor was operated for 
2 months dUring which the water velOCIty was regu 
lated to allow breakthrough of nItrate up to 6 mg 
N 1-1 (FIg 2) HIgh rates of mtrogen elImmatlon 
were observed dunng the first days of operatIon 
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Fig 2 Concentralion of nItrate N m the mfluent dnd pH 
and con centra lions of nitrate N mtrIte N and DOC m the 
effluent of a reactor packed with 103 g of wheat straw and 
operated at the temperatures and water velOCIties mdl-

cated 
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when lIttle mtrate and mtnte washed out at a water 
velOCitY of 0 086 m h- I [FIg 2(a)] The soluble frac 
tlOn of carbon present In the fresh straw allowed 
rapId mIcrobIal growth and the fast colomzatlon of 
the substrate so that high removal of mtrate was 
observed at the start-up The DOC not utilIzed 
durmg the moculatlOn penod was rapidly eluted 
from the reactor and from then on Its concentratIOn 
(corrected for the concentration In the mfluent) was 
consIstently below \0 mg I-I [FIg 2(b)] 

Breakthrough of nItrite was always lower than 
that of mtrate and was never observed m ItS 
absence [FIg 2(a)] Ammoma seldom reached detec 
tlOn hmlts and ItS concentration never exceeded 
03mgl-1 

The water velocity was gradually lowered to 
0023 m h- I m order to keep the breakthrough of 
mtrate wlthm the set hmlt of 6 mg N I-I (the ratio 
of N ehmInated to N apphed was usually wlthm the 
75-90% range) ThIS mdlcated a contmuous de 
tenoratlOn of the demtnficatlOn performance of the 
reactor which can be attnbuted to quantItative and 
quahtatlve changes m the substrate 40% of the m
Itlal weIght was lost and II g of straw were con 
sumed per g of N ehmmated Due to the phYSIcal 
and chemIcal heterogeneity of the substrate thIS 
ratIo should be conSIdered as a very broad estl 
matlOn only It can be assumed that all water 
soluble components and a good proportIon of the 
cellulose and hemicellulose had been lost by the 
end of the expenment while hgmn and mmeral 
components remaIned unchanged 

The number of colony formIng bactena m the 
effluent was m the order of 10-6 bactena ml-I and 
thIS IS wlthm the range found m demtnficatlon with 
Simple carbon sources 

Effect of I~ater velocity 

The water velOCIty was lowered m a 13 day-old 
reactor untIl complete removal of mtrogen was 
achIeved and then gradually Increased up to 
o 117 m h-I (days 14 to 34 Fig 3) Breakthrough 
of mtrate and mtnte started at 0 054 m h-I fol 
lowed by a contmuous Increase of the former (up to 
approximately 12 mg N I-I) while the latter stabll 
Ized below the concentratIOn of 5 mg N I-I [Figs 3 
and 4(a)] 

The hIghest rate of demtnficatlon (0 053 g N 
r.emoved I-I d-I) was observed at the water velOCity 
of 0054 m d- I and the lowest (approxImately 
0032 g N I-I d-I) at 0092 m h- I and thereafter 
[FIg 4(b)] The decrease In effiCiency was somewhat 
exaggerated by changes takIng place m the sub
strate ThiS could be deduced from the break 
through of mtrIte and mtrate when the water 
velOCity was lowered agam whlle complete removal 
of mtrogen had been achieved ear her at the same 
water velOCIty (FIg 3) By day 40 the weIght of 
straw had been reduced by 42% 
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Fig 3 Concentration of mtrate N In the Influent and con 
cent ratIOns of mtrate Nand nltnte N In the effluent of a 
reactor Similar to that In Fig 2 and operated at various 

water velocities and at the temperature of 25 ± I C 

Thus the water velocIty plays an Important role 
m the demtnficatlon performance of the system and 
the reasons for the sharp decrease m effiCIency at 
the hIgher velOCIties may Include wash out of 
bactena wash-out of extracellular enzymes and 
wash out of solubIlIzed substrate 

Long term operatIOn 

In an attempt to mamtaIn the InItIal hIgh rates of 
demtnficatlOn In fresh reactors two Identical reac
tors control and test, were started and operated 
under sImIlar conditIOns except for the addItIon of 
20 g of straw to the test reactor on the days marked 
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Fig 4 Effect of water velocity on the removal of mtrogen 
In the reactor descnbed In Fig 3 (a) Effluent concen 
tratlOns of mtrate Nand mtrlte N and (b) rates of mtro 

gen removal 
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Fig 5 Removal of mtrogen m two reactors control and 
test packed with 177 g of wheat straw and operated at the 
flow rates indicated Arrows indicate the additIOn of 20 g 

of fresh straw to the test reactor 

by an arrow (FIg 5) Dunng the first 7 weeks both 
reactors removed approximately the same amount 
of mtrogen and the addition of fresh substrate had 
no Immediate effect From then on the control 
reactor dechned rapidly (the water velocIty was low 
ered so that breakthrough of mtrate would not 
exceed 6 mg N I-I) The replenIshed reactor mam 
tamed Its performance for 2 weeks longer before 
also showmg clear sIgns of dechne At thIs stage 
the additIOns of substrate were resumed and 
brought about a short term mcrease (while the fresh 
soluble carbon washed out) as well as a lastmg 
effect whIch prevented the detenoratlon of the 
system 

Thus If the strategy of substrate replenIshment IS 
optimIzed wheat straw can support consIstent dem 
tnficatlOn performances for several months 

In order to mlmmlze the breakthrough of soluble 
carbon m the fresh substrate, addItIOns were carned 
out at the base of the column Even so a conSider
able amount of DOC washed out (Fig 6) Most of 
the eluted DOC was removed by treatment WIth 
PAC (FIg 6) whIch also removed the colour 
assocIated with the fresh substrate (FIg 7) ThIs IS 
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Fig 6 Elution of mtrate N mtnte N and DOC before 
and following the addition of 20 g of fresh straw on day 
127 to the test column shown In Fig 5 DOCPAc rep 
resents the DOC remalnmg after treatment of the effluent 

with powdered activated carbon 
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Fig 7 UV and VISible spectra of effluent collected 4-6 h 
after the additIOn of 20 g of fresh straw to the reactor on 
FIg 5 (a) and of the same effluent after treatment with 

powdered activated carbon (b) 

an Important requIrement for the ImplementatIOn 
of the system m the field 

CONCLUSIONS 

(1) The denItnficatlOn performance ot the system 
IS affected by quahtattve and quantItatlve changes 
of the carbon source The additIOn of fresh wheat 
straw temporanly Improves the performance 

(2) Water velocity has a marked effect on the 
demtnficatlOn performance of the system 

(3) Wheat straw IS a suItable carbon source for 
water demtnficatlon and at the same time can 
serve as the sole support for bactenal growth 
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