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ABSTRACT

A plate-and-frame composite membrane bioreactor (PFCMBR) integrating
the immobilized cell technique and the membrane separation technology
was developed for groundwater denitrification. In PFCMBR the ground-
water and external carbon source (ethanol solution) are separated by the
plate-likeimmobilized cell, molecules of nitrate and ethanol diffused from
the respective framesinto the plate-likeimmobilized cell where nitratewas
reduced to gaseous nitrogen by the denitrifying bacteria present there
with ethanol as carbon source. The microporous membrane attached to
one side of plate-like immobilized cell is used to separate product water
from a plate-like immobilized cell or to provide effective retention of the
biomass. Using the PFCM BR for groundwater denitrification, the over dosed
external carbon source can be reused, and its treatment performance was
perfect during continuous operation up to 98 days, and almost all effluent
NO,-N, NO,-N, and COD,, concentrationsarebelow their maximum con-
taminant levels. © 2011 Trade ScienceInc. - INDIA
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INTRODUCTION

Groundwater isthemost important sourceof drinking
water in northern China; in somerural aress, itisthe
only readily available source of drinking water. Asa
result of excessive use of ureaand/or other nitrogen
fertilizers, nitrate contamination of thegroundwater has
become acommon issuein northern Chind*Z; asan
example, 58 mg-1™ of nitrate-nitrogen (NO,-N) was
foundinthesampleof adrinkingwel in Zhanggiu County
of Shandong Province®. Consumption of drinkingwa-
ter contaminated with nitrate may causeinfant meth-
emoglobinemiaand contributesto cancer formationt.

Because of nitrate’s potential adverse health effects,
World Health Organization (WHO) and European
Community haveregulated theamount of nitratein public
drinkingwater suppliesto bel ow amaximum contami-
nant level (MCL) of 50 mg NO, .18, United States
Environmental ProtectionAgency (US-EPA) and Chi-
nese Ministry of Hedth have establishedaM CL of 10
mg-1™*for NO,-N&7,

The conventional methodsfor nitrateremova are
ion exchange (IX) and reverse osmosis (RO). Both of
these processes, however, yield concentrated waste
brinesrequiring further trestment or disposal at ahigh
cost'®., Biological denitrifcationisan attractivetreat-
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ment alternativefor nitrate removal dueto the high
specificity of denitrifying bacteriafor nitrate, low cost
and high denitrification rated¥. Although direct bio-
logica denitrification of surfacewater isused in some
European countries, like France and Germany!® 19 it
isstill not widely accepted asadrinking water treat-
ment strategy. Themain reasonisthe potential risk of
microbial contamination of thetreated water and pres-
ence of residual carbon source. To overcomethese
limitations, severa types of membrane bioreactors,
mainly using hollow fiber microfiltration or ultrafiltra:
tion modul es, have been proposed and studi ed!® 1131,
Whileinmost casesthe microbial contamination of
the treated stream was avoided, it was found that
bi oreactors utilizing porous membranes could not pre-
vent pollution of thetreated water withincompletely
degraded substratel* 191,

To overcome such stated disadvantages of the
groundwater denitrification processes, research was
conducted in our lab to develop aninnovativenitrate
remova processemployingtheplate-and-frame com-
posite membrane bioreactor (PFCMBR) which inte-
gratesimmobilization cell technique with membrane
separation technology for groundwater denitrification.
The PFCMBR consistsof plate-likeimmobilized cdlls,
microporous membranes, framesand flat covers, and
theframesinclude W framesand C frames. TheW
and C frames represent the water and carbon sources
go through corresponding chambers of frame, respec-
tively. Theflat covers, plate-likeimmobilized cells,
microporous membrane and framesarearranged in
thefollowing order (seeFigure 1): flat cover, W frame,
microporous membrane, plate-likeimmobilized cell,
C frame, plate-likeimmobilized cell, microporous
membrane, W frame, microporous membrane, plate-
likeimmobilized cdll, C frame, plate-likeimmobilized
cdll, microporousmembrane, W frame, and flat cover.
Thegroundwater isddliveredinto theinlet of thefirst
W frame and fills up its chamber, then the groundwa-
ter flow into theinlet of the next W framethrough a
pipe fromthe outlet of thisW frame. And so on, the
groundwater flows through the third and fourth W
frames orderly, and flows out from the outl et of the
fourth W frame. At the same time, adilute ethanol
solutionisdeliveredinto theinlet of thefirst C frame
and fillsup itschamber, then theethanol solution flow
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into theinlet of the second C frame through a pipe
fromtheoutlet of thisC frame, finally the ethanol so-
lution returntoitsstoragetank for recycling use. Mol-
eculesof nitrateand ethanol diffused from the respec-
tivechambersinto theplate-likeimmobilized cell where
nitrate was reduced to gaseous nitrogen (N.,) by the
denitrifying bacteriapresent therewith ethanol ascar-
bon source. The microporous membrane attached to
onesideof plate-likeimmohilized cell isused to sepa
rate product water from aplate-likeimmobilized cell
or to provide effective retention of the biomass. The
mai n objectives of thisresearch arethereforetoin-
vestigate the possibility of the novel plate-and-frame
composite membrane bioreactor (PFCMBR) for
groundwater denitrification and the ability to control
contamination of the product water by adding organic
carbon source. In addition, thelong term treatment
performance of the PFCM BR was eval uated.

MATERIALS& METHODS

Materials

Thedenitrifying bacteriaemployed for the study
were obtained from acclimation of the SBR activated
dudgeof thewastewater trestment plant located in East
ChinaUniversity of Science and Technology, Shang-
hai, China. The culture medium consists of tap wate,
KNO,(2000mg-1*), CH,CH,OH (1500 mg-1™), trace
elementsand the dilute phosphate buffer (pH =7.2).

Polyvinyl dcohol (PVA) with an averagedegree of
polymerization of 1750 was obtained from Shanghai
ChemicasFactory. All other reagentswere andytical
gradecommercia chemicals.

Themicroporous membrane (average pore open-
ing 0.45um) was obtained from Shanghai Diqing Fil-
tration Technology Company.

Thesmulategroundwater contained 16-100 mg-I*
NO,-N wereusedin batch and continuous experimen-
tal process, respectively, and thedilute ethanol solution
with a few trace elements and phosphate buffer
(pH=7.2) was used as external carbon source.

Cdl immabilization

The culture medium containing known concentra
tion of denitrifying bacteriawas centrifuged at 3000 r-min
Lfor 15 min; thecdl fraction waswashed with normal
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salineand centrifuged twice. The concentrated cells
werethen added to the sol ution of 15% (w/v) PVA and
4% (wiv) glycerol (cryprotectant) and stirred to ensure
uniformity; the concentration of cellswasabout 2% (w/
v) inthe PVA solution. Thismixturewas poured into a
plate-and-frame mold (350mmx100mmx4mm); the
mold containing the mixturewasfrozen overnight at —
20°C, then thawed at room temperature. After five re-
peated processes of freezing and thawing, theformed
gel sheet waswashed thoroughly with ditilled water to
producethe plate-likeimmobilized cell. Thethickness
of plate-likeimmobilized cell wasabout 4 mm.

The plate-and-frame composite membrane
bioreactor

The PFCMBR consigtsof plate-likeimmobilized
cdls, microporousmembranes, framesand flat covers,
and theframesinclude W framesand C frames. TheW
and C frames represent the water and carbon sources
go through corresponding chamber of theframe, re-
spectively. Theflat covers, plate-likeimmobilized cdls,
microporous membraneand framesarearrangedinthe
following order (see Figure 1): flat cover, W frame,
microporous membrane, plate-likeimmobilized cdl, C
frame, plate-likeimmobilized cell, microporous mem-
brane, W frame, microporousmembrane, plate-likeim-
mobilized cell, C frame, plate-likeimmobilized cell,
microporousmembrane, W frame, and flat cover. Bolts
and nutsare used to pressthem together.

After assembling of the PFCMBR, theeffectivevol-
ume of each chamber was 60 ml (30cmx2cmx1cm),
andthetotd effectiveareaof theimmohilized cell mem-
branewas 0.024 m? (0.3mx0.02mx4).

Batch denitrification of the PFCM BR

Put thePFCMBR into a20+1°C thermostaticroom,
nitrate containing s mulategroundwater isddiveredinto
theinlet of thefirst W frameand fillsup its chamber.
Then thegroundwater flowsinto theinl et of thesecond
W framethrough apipefrom the outl et of thefirst W
frame. And so on, the groundwater flowsthrough the
third and fourth W frames orderly, and then returnsto
groundwater tank for recycling. At the sametime, a
diluteethanol solutionisdelivered into theinlet of the
first C frameand fillsup itschamber, then the ethanol
solutionflowsintotheinlet of thesscond Cframethrough

apipefrom the outlet of thefirst C frame, and then
returnsto ethanol solution tank for recycling. Thetotal
volumesof both ssmulate groundwater and ethanol so-
lution are 4000 ml and ethanol content in ethanol solu-
tionis 138 mg.I, and samplesweretaken from each
tank at varioustimeintervas. Thesamplesof smulate
groundwater tank wereanayzed for nitrate, nitriteand
COD,, , (potassium permanganate was used for mea-
suring chemical oxygen demand) concentrations, and
the samplesof ethanol solution tank wereanayzed for
nitrate and nitrite concentrations. Fresh samplesof the
groundwater and ethanol solution were employed for
each trestment run.

Continuousdenitrification of thePFCMBR

Put the PFCMBR into a 20+1°C thermostatic
room, and nitrate containing simulate groundwater is
deliveredintotheinlet of thefirst W frameandfillsup
itschamber, and then the groundwater flowsinto the
inlet of the second W frame through apipefrom the
outlet of thefirst W frame. And so on, the groundwa
ter flowsthrough the third and fourth W frames or-
derly, and findly thetreated groundwater isdischarged
from the outlet of the fourth W frame. At the same
time, adiluteethanol solutionisddiveredintotheinlet
of thefirst C frameand fillsup its chamber, and then
the ethanol solution flowsinto theinlet of the second
C framethrough apipefromtheoutlet of thisC frame,
and returnsto ethanol solutiontank for recycling use.
Theflowrate of smulate groundwater is50 ml.min?
and therecycling flowrate of ethanol solutionis500
ml.min. Thetotal volume of ethanol solutionis8000
ml, and fresh ethanol isadded to ethanol solution tank
each day based on the stoichiometry of denitrification
reactions, and the used ethanol solutionisreplaced
compl etely by fresh one after continuous operation of
5 days. The samplesfrom groundwater tank, final ef-
fluent, and ethanol solution tank weretaken each day.
The samplesof groundwater tank were analyzed for
nitrate nitrogen concentration, and the samplesof fi-
nal effluent were analyzed for nitrate, nitrite and
COD,, , concentrations. Thesamples of ethanol solu-
tion tank were analyzed for nitrateand nitrite concen-
trations.

Analysisand calculation
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2 4
(a) flow chart

(b) assembly drawing

Figurel: Schematic diagramsof PFCM BR; 1-tank of Smu-
lategroundwater, 2 - metering pump of smulate groundwa-
ter, 3- tank of ethanol solution, 4 - metering pump of ethanol
solution, 5 - flat cover, 6 - W frame, 7 - micropor ous mem-
brane, 8 - plate-likeimmobilized cell, 9 - C frame, 10 - bolt
hole, 11 - inlet of W frame, 12 - outlet of W frame, 13- inlet of
Cframe, 14 - outlet of C frame
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The concentrations of nitrate and nitrite were de-
termined according to Standard Methods*®. COD,
was analyzed according to Water and Wastewater
Monitoring and Analysis Methods*™.

The average denitrification rate of the PFCMBR
was cd cul ated using thefollowing equation:

r = V(N o~ N, )
A-t

Where: r - theaverage denitrificationrate (gm=h
1) of the PFCMBR, V - thevolume (m?®) of groundwa:
ter, N, and N, - thenitrate nitrogen concentrations (g'm°
%) at the beginning and at the end of each run, A - the
effectivearea(m?) of the plate-likeimmobilized cell,
andt - thetime (h) of the batch experiment.

RESULTSAND DISCUSSIONS

Feasibility of usingthe PFCMBR for groundwa-
ter denitrification

Figure 2aand 2b show thetime profilesof nitrate
nitrogen and nitrite nitrogen concentrationsin s mulate
groundwater tank and ethanol sol ution tank, respec-
tively, duringinitia batch treatment run. Thenitrate
nitrogen concentration in simulate groundwater tank
decreased with thetreatment time; it waslessthan 10
mg-1? after 4 daystreatment. Throughout the entire
treatment run, thenitrite nitrogen concentrationsin both
tankswerevery low and that the nitrate nitrogen con-
centration inethanol solutiontank wasfairly low. These
results suggest that the nitratein groundwater in cham-
ber of W frame diffused into the plate-likeimmobi-
lized cdll wherethedenitrifying bacteriamediated deni-
trification processreduced most of themto nitriteand
then N, by the el ectrons coming from the oxidation of
ethanol moleculeswhich moved in from the ethanol
solution in chamber of C frame; only asmall amount
of nitrate nitrogen ended up ethanol solution. There-
fore, itisfeasibleto employ the PFCMBR for ground-
water denitrification. In addition, the COD,, valueof
simulate groundwater sample picked at thefourth day
was about 3.8 mg.I"t. Thismeansonly alittle of car-
bon source (ethanol) from diffusing into the ground-
water.

Effectsof recyclingflowratesof groundwater and
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FigureZ2a: Profilesof NO,-N and NO,-N concentrationsin
smulategroundwater tank duringbatch denitrification pro-
cesswith PFCM BR
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Figure2b: Profilesof NO,-N and NO,-N concentrationsin
ethanol solution tank during batch denitrification process
withPFCMBR

ethanol solution

During denitrifying processwith PFCMBR, the
molecules of nitrate and ethanol diffused fromthere-
spectivechambersinto theplate-likeimmobilized cell
where nitrate was reduced to gaseous nitrogen (N.,)
by the denitrifying bacteriapresent there with ethanol
as carbon source. For agiven PFCMBR, theinterna
diffusion of plate-like immobilized cell cannot be
changed, but the external diffusion of plate-likeim-
mobilized cell could be controlled through adjusting
theflowrates of groundwater and/or ethanol solution.
Then, the outside diffusion resistance and the denitri-
fying rate may vary along with therecyclingflowrates
of groundwater and/or ethanol solution. Therefore, the
effectsof recydling flowratesof groundwater and etha-
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Figure3a: Effect of groundwater recycling flowr ateon deni-
trifying rate of PFCMBR (The ethanol solution recycling
flowrateis150 ml.min)
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Figure3b : Effect of ethanol solution recycling flowrateon

denitrifying rate of PFCM BR (Thegroundwater recycling

flowrateis150 ml.min)

nol solution on denitrifying rate were evaluated, re-

spectively, and theresults were presented at Figure

3aand 3b.

Asshowingin Figure 3aand 3b, thedenitrifying
rateincreased with increasing therecycling flowrate
of groundwater or ethanol solution. When the recy-
cling flowrateis 1300 ml.min', the corresponding
Reynold’s number, Re, is 1435. Re<2000 is the lami-
nar range'’®. Thus, the external masstransfer resis-
tance decreased with increasing therecycling flowrate,
resulted in theincrease of thedenitrifying rate. How-
ever, thedenitrifying rate only increased 26% even
therecycling flowrateincreased 9 times. That isthe
external masstransfer isnot thelimiting processfor
groundwater denitrification processes in the
PFCMBR.
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Effect of theresdual car bon sour cer eused on deni-
trification processof PFCMBR

Inbiological denitrification process, animportant
design parameter for denitrification processesisthe
amount of bsCOD or BOD needed to provide asuffi-
cient amount of electron donor for nitrate removal.
Based on the stoi chiometry of denitrification process,
removal 1 g NO,-N need 2.86g COD (ignore cell
growth)™, or thetheoretical C/N ratio for denitrifica-
tionis2.86. But during the batch denitrification treat-
ment runs, theactual C/N ratioisabout 6.0, whichis
much higher than thetheoretical one. Hence, alot of
carbon sourcewaswasted if fresh ethanol solutionwas
employed for each treatment run.

To saveexterna carbon source (ethanal), the pos-
shility for reusing the ethanol solution wasinvestigated.
That is, the ethanol solution was not replaced by fresh
oneat theend of batch testing, or the ethanol solution
wasreused. Of course, some ethanol was supplemented
to the ethanol solution tank before each cycle, and the
quantity of supplementation ethanol was calcul ated
based on the stoichiometry of denification reaction.

Figure4illugtratestheeffect of theethanol solution
reused on denitrification processof PFCMBR. Thedata
demonstratethat theresidual carbon source (ethanol)
could be used for denitrifying reaction of next cycle,
but therdlative denitrifying ratewill was decreased with
the ethanol solution reused times. Thisisbecausethe
PFCMBR isan open denitrification system, someother
heterotrophic bacteriabes desdenitrifying bacteriamust
be presencein thissystem, and these heterotrophic bac-
teriaad so obtaintheir carbon sourcefor cdll growthfrom
ethanol solution. In other words, theavailableethanol
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Number of the sthanel sohmtion reused
Figure4: Effect of ethanol solution reused on denitrifying
rateof PFCM BR
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quantity for denitrificationwould be decreased within-
creasing theethanol solution reused timesif the ethanol
issupplemented according to the stoi chiometric quan-
tity of denitrification processat beginning of each cycle.
Consequently, thedenitrifying ratesdecreased within-
creasing theethanol solution reusedtimes. Thefact that
the denitrifying rate of fifth cyclewashigher thanthe
first onecan provethat theavailableethanol quantityis
oneof themg or reasonsaffecting denitrification ratein
PFCMBR, because the supplementation ethanol was
increased about 30% than stoi chiometric quantity at be-
ginningof thiscycle.

L ong term continuoustreatment per for mance of
the PFCMBR

Thestability during long-term operationisan es-
sentid factor for practical gpplication of the PFCMBR.
To evduatetheoperationd stability of thePFCMBR, a
long term continuoustreatment study of 98 d was con-
ducted. During the whol e experimenta course, thein-
fluent NO,-N concentrationsweregradually increased
from 16.3mg.I*t099.3mg.I*, or theNO,-N loadings
of PFCMBR weregradually increased from0.813 g.m
2,d1t04.968 g.nr2.d*. Accordingly, withtheincrease
of nitrate concentration, the ethanol concentrationsin
ethanol solutionwereincreased at thesametime. The
results of the PFCM BR stability study are presentedin
Figureb.

AsshowedinFgure5, oncetheinfluent nitrate con-
centration wasincreased, both effluent nitrateand ni-
trite concentrationswereincreased dightly during suc-
ceeding days, then decreased gradually and tended to
stable. Maybeit isashuck |oading affected the perfor-
mance of PFCMBR. Anyway, almost all effluent
samples’ NO,-N and NO,-N concentrations were
lessthan 10 mg.l* and 1 mg.l ™, respectively, except the
effluent samplesof 63rd, 64th, and 81st-85th days. This
isbecausetheinfluent nitrate concentrationswasin-
creased at 63rd and 81st days, respectively, but the
ethanol concentration wasn’t increased synchronously,
thelatter wasincreased at 64th day and 83rd day, re-
spectively. Thus, thereductionsof nitrateand nitritewere
limited dueto insufficient carbon source at these days.
Inaddition, during whole experimenta processthe ef-
fluent COD,, levelswerelessthan5mg/L, whichis
MCLE for COD,, established by ChineseMinistry of
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Health. Thus, the treated water contaminated by re-
sidual carbon source of denitrification can beavoided
asthe PFCMBR was used for groundwater denitrifi-
cetion.

ThemaximumNO,-N loading of the PECMBRis
4.968 g.m2.d?, whichissmilar totheoneof extractive
MBR!, but the organic carbon of product water in
the PFCMBR was lower than that in the extractive
MBR., Therefore, the performance of PFCMBRis

better than that of extractive MBR.
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Figure5: Longterm continuoustreatment per formance of
PFCMBR

CONCLUSIONS

Thenovel plate-and-frame composite membrane
bioreactor (PFCMBR) developed in thisresearch can
be used for groundwater denitrification. Theresidual
carbon source and microbial contaminations of the
treated groundwater can be avoided during groundwa-
ter denitrification processwith PFCMBR.

Using the PFCMBR for groundwater denitrifica-
tion, the over dosed externa carbon source can bere-
used, anditstrestment performance wasperfect during
continuous operation up to 98 days, and almost all f-
fluent NO,-N, NO,-N, and COD,,  concentrations
arebd ow their maximum contaminant levels.
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