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Abstract

Sulfate reduction in salt rich wastewaters (50 g Naci and 1 g MgC}-6H,0 L~1; conductivity 60-70 mS crrt) was investigated in a
6 L submerged anaerobic membrane bioreactor (SAMBaR) and inoculated solely with the halotolerant sulfate reducing Baegalium
fobacter halotoleransThe SAMBaR was fed with acetate and ethanol at organic loading rates up to 14 g€@&t! in excess of sulfate
(COD/SQ? of 0.5) and operated at pH 7420.2 and a hydraulic retention time (HRT) from 8 to 36 h. A sulfate reduction rate up to
6.69SQ?% L-!day ! was achieved in the SAMBaR operating at a flux of 17.112fm, which resulted in a HRT of 9 h including the
backflow of permeate used for backflushing. The fairly constant very high specific sulfate reduction rate of 5:5g)\8€5* day* showed
that the performance of the SAMBaR was limited by the low amount of biomass (0.85 g V¥ Briesent in the reactor at the end of the
experiment. It was shown that sulfate reducing submerged anaerobic membrane bioreactors can be operated over extended periods of time
without chemical cleaning of the membranes at a certain fixed flux if this flux is substantially below the nominal critical flux determined exper-
imentally (18—-21 L m? h™1). Intermittent operation as well as backflush of the membranes were shown to slow the fouling in the membranes.
Frequent backflush (e.g. 1 min each 10 min) is the suggested operational strategy to minimize fouling in anaerobic MBRs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction actor biomass has been reported in fluidized [gd up-
flow anaerobic granular sludge bed (UASB]} and hybrid
Biomass retention is one of the most important aspects (UASB + packed bedp] reactor systems. A complete reten-
of modern anaerobic technology. Uncoupling of the hy- tion of all microorganisms in the bioreactor, including newly
draulic retention time (HRT) and cell retention time by self- added bacterial species with a specific metabolic capacity, can
aggregation (e.g. granular sludges) or biofilm formation is be achieved in anaerobic membrane bioreactors. In addition,
essential for the successful operation of conventional high membrane bioreactors (MBR) are not dependent on granula-
rate anaerobic bioreactofk,2]. Conventional anaerobic re-  tion or biofilm formation, so that MBRs can also be operated
actors, however, are less suited for the introduction of a par- with cell suspensions or flocs with poor settling characteris-
ticular metabolic capacity via the addition and retention of tics. Thus, inoculation of the MBRs with a pure culture or
specialized microorganisms, as the added microorganismsa combination of known bacterial species can be performed
mostly do not entrap or immobilize the granules or biofilms without any risk of their washout. This is of particular interest
and are washed out from granular sludge or biofilm systems.for biological systems that depend on the retention of a large
The unsuccessful immobilization of specific strains into re- population of slow growing microorganisms that perform a
specific metabolism, even at a very low HRT.
* Corresponding author. Tel.: +31 317 483851; fax: +31 317 482108. Anaerobic membrane bioreactors might offer advantages
E-mail addresspiet.lens@wur.nl (P.N.L. Lens). in terms of volumetric loading rates (resulting in a small foot-

0376-7388/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2004.12.032



218 M.V.G. Vallero et al. / Journal of Membrane Science 253 (2005) 217-232

print reactor), effluent quality and process stabi[i®}. In permeate flow is known to be the main factor in determining
practice, anaerobic biomass can be sensitive to high salinitythe economic feasibility of membrane proceq4€3$. There-
environments. High salt concentrations are known to signif- fore, different operational procedures for the minimization of
icantly reduce the treatment efficiency of methanogenic and fouling were studied, including the determination of the crit-
sulfidogenic conventional mesophi[i¢,8] and thermophilic ical flux and the assessment of the influence of flux stoppage
[9-11] anaerobic bioreactors. Indeed, high osmolarity envi- and membrane backflush on the increase in transmembrane
ronments trigger rapid fluxes of cell water, causing a reduc- pressure (TMP).
tion in turgor and dehydration of the cytoplagi®]. Thus,
the successful operation of sulfate reducing bacteria (SRB)-
based bioreactors operating at high salinity requires the re-2. Materials and methods
tention of halophilic SRB in anaerobic reactors.

The ability of halophilic anaerobic microorganisms to de- 2.1. Continuous experiments
grade different organic substrates has been reviewed and ap-
pears that only a few easily degradable substrates such ag.1.1. Experimental setup
simple sugars and amino acids can be fermented via dissim- A submerged anaerobic membrane bioreactor (SAMBaR)
ilatory sulfate reductiofil3,14] The upper limit of salinity of 6L (1 m high, internal diameter 10cm) was operated
at which dissimilatory sulfate reduction has been observed isduring 92 days in order to study the feasibility of high rate sul-
240 gNaCl L%, for the incomplete lactate, ethanol and pyru- fate reducing processes at high salinity (50 g NaCl and
vate oxidizerDesulfohalobium retbaeng&5]. The highest 1gMgCh-6H,0 L1 in the influent; 60-70 mS cnt). The
salinity for the complete oxidation via sulfate reduction re- SAMBaR (Fig. 1) was equipped with a set of five cylindrical
ported so far is around 130 g NaCtLfor the acetate oxidizer  polysulfone membranes (Triqua B.V., Wageningen, The
Desulfobacter halotoleranfd6]. The incorporation of such  Nethelands) with a total effective surface of 0.07(fig. 1).
a halophilic SRB in a membrane bioreactor would greatly The mean pore size of Opdn guaranteed the uncoupling of
extend the application of desulfurization to wastewater treat- the hydraulic retention time (HRT) and the cell retention time.
ment systems that can presently not be treated biologically. The SAMBaR was equipped with a double wall, through

The aim of this work was to assess the performance of which water, heated in a thermostatic waterbath (Julabo,
a sulfate reducing submerged anaerobic membrane bioreSeelbach, Germany), was recirculated to maintain the reactor
actor (SAMBaR) fed with acetate and ethanol as the sole temperature at 3% 1°C. This temperature was selected
electron donors operated at high salinity (50 g NaCl and because it is the optimum temperature for the growth of
1gMgCh-6H,0 L~*; conductivity 60—70 mS cm') and in- Desulfobacter halotolerand 6], used as reactor inoculum.
oculated with the pure culturBesulfobacter halotolerans The pH in the reactor was maintained at 7426.2 (within
The major limitation to the use of membranes is the contin- the optima pH range for growth ddesulfobacter halotol-
uous reduction in permeate flux by membrane fouling and erans [16]) by means of an automatic pH control, adding
the operational costs associated witl1i]. The reduction in HCI (1 M) when necessary({g. 2B). The pH was measured
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Fig. 1. Schematic representation of the submerged anaerobic membrane bioreactor (SAMBaR).
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Fig. 2. Evolution of the (A) organic loading rate)( hydraulic retention time®) and chloride concentratios\) and (B) pH applied to the SAMBaR.

with sulfide resistant Hamilton Flushtrode pH-electrodes bottle. The scrubbed @#$- and CQ-free) recirculation gas
(Hilkomij B.V., Rijswijk, The Netherlands) connected to an (thus essentially ) was finally combined with the influent
automatic pH controller with two changeable set points to Nz gas and led into the reactor through a gas sparkigr ().
adjust the pH (Elektronika Wageningen, The Netherlands). A mass flow meter was placed before the reactor inletin order
The pH electrodes were checked and calibrated three timego determine the gas sparkling ratéd. 1).

per week. The influent flow, consisting of substrate, micro- and
Nitrogen gas was sparkled in the bottom of the SAMBaR macro-nutrients (diluted with demineralized water), was pro-
(at a gas loading rate of 14 Ldactor * h™1) in order to pro- vided by means of a computer controlled peristaltic pump

mote reactor mixing, to strip off the sulfide and to prevent (Watson-Marlow 501 U, Falthmouth, Cornwall, UK). Efflu-
the fast accumulation of foulants onto the membrane surfaceent was generated by operating a computer controlled peri-
[17]. A vacuum pump was installed for the recirculation of staltic pump (Watson Marlow 501 U) after the membrane
the nitrogen gas. As sulfate reducing systems do not producemodule, thus regulating the flux over the membranes. The
large volumes of biogas (sulfide is a quite soluble gas and wasflow rate was measured by weighing the produced perme-
stripped out of the recycle gas flow, 9&ig. 1), recirculation ate on an electrical balance. A pressure transducer (Figs.
of the nitrogen gas was adopted. Four bottles were mounted1-10, Farnell, BTE6000 series 0-10 V output, Germany) was
in the recirculation gas line. The first bottle (1 L) was used for placed in line between the membranes and the effluent peri-
the collection of the reactor bulk that was eventually trans- staltic pump so that the pressure applied to the membranes
ported with the gas out of the SAMBaR. The second bottle was recorded. The transmembrane pressure (TMP) was cal-
(1 L) was filled with a zinc acetate solution to selectively re- culated as the difference between the pressure reference value
tain the gaseous%$. The third bottle (0.5L) was filled with ~ of 1.08 bar (sum of the atmospheric pressure and the height
a 1 M NaOH solution to remove carbon dioxide (g @om of the water column on top of the membrane) and the pres-
the gas prior to its recirculation into the reactor. The fourth sure reading of the pressure transducer. Sampling ports were
bottle (1L) was used to avoid the alkaline solution to flow placed in the influent and effluent tube systems in order to
into the vacuum pump. The effluent gas was led through a collect samples. Temperature, pH, TMP and gas flow signals
waterlock placed between the vacuum pump and the fourthwere sent to a computer, where the data were recorded.
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Table 1
Operational procedures applied to the membranes in order to minimize fouling during the operation of the SAMBaR

Operational modes

Production/relaxation mode Backflush mode

6 min production (pumps on—flux) 1 min backflusBgt =2 x Qp)

2 min relaxation (pumps off—no flux) 2 min production (to compensate the flow backflushed to the SAMBaR)
2 min production (pumps on—flux) 1 min relaxation (pumps off—no flux)

2 min relaxation (pumps off—no flux) Go to production/relaxation mode sequence

Verification of transmembrane pressure (TMP)
If TMP <0.15 bar— production/relaxation mode
If TMP > 0.15 bar— backflush mode

Qgi—flow rate of backflushQp—flow rate of production.

2.1.2. Membrane operational modes dure (linear regression) to calculate the TMP increase rate
In order to minimize membrane fouling, two distinct op- (defined as B/dt and proportional to the membrane fouling
erational procedures were applied in the SAMBaR, viz. re- rate) in the membranes during the experiment.
laxation/production mode or backflush modelfle 3. The Whenever a TMP of 0.4 bar was reached, an ex-situ chem-
operational mode was selected depending on the TMP regis-cal cleaning of the membranes was carried out (as rec-
tered. If the TMP was higher than 0.15 bar, the membranesommended by the membrane supplier). The membrane set
were backflushed with the permeate at a flow two times higher was removed from the SAMBaR and immersed in a T§L
than that normally applied. Otherwise (TMP <0.15) the re- hypochlorite (NaOCI) solution for 1 h, followed by another
actor operated in the relaxation/production maotizb{e ). 1h immersion in 3g ! of citric acid (GHgO7) solution.
Fig. 3shows a typical 3 h representation of the TMP in re- During these immersions, the membranes were backflushed
lation with the two operational procedures adopted to mini- with the solutions at a flux of 5 L m? h—1. Before placing the
mize fouling.Fig. 3also illustrates the mathematical proce- membrane back inside the reactor, the membranes were back-
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Fig. 3. Typical transmembrane pressure (TMP) variation in function of the SAMBaR operational mode. Note that the linear regression (trevadiht) allo
calculate the TMP increase rate.
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flushed (at a flux of 5L m2h~1) with demineralized water ~ aminobenzoate). Both the basal medium and substrate stock
for 1 h in order to remove any residual chemical solution. ~ solutions were prepared using demineralized water.

Desulfobacter halotoleranwas cultivated in autoclaved
(30min at 122C) mineral medium. This mineral medium
differed from the basal medium supplied in the reactor in
that it was further supplemented with a 1 mL vitamin solu-
tion according to Stams et gR0] and buffered at pH 7.0
using 4 g L= NaHCQ; and 1.6 bar of WCO, (80/20%). An
inoculum size of 5% (v/v) was used.

2.1.3. Critical flux determination

In this work, the flux-step method was used to deter-
mine the critical flux valug18]. The flux was stepwise
increased for a fixed duration (10 min) for each increment
(3Lm~2h~1), giving a relatively stable TMP at low flux but
an ever-increasing rate of TMP increase at higher fluxes. This
flux-step method yielded the highest flux for which TMP in-
crease remains stable as the critical flux. The linear regressio
ofthe recorded TMP for each flux applied determined the rate
of TMP increase. The TMP value was recorded in the com-

puter each 30s. The critical flux determination was carried 0
out with a suspension (1.5gVSSH of crushed anaerobic (17% reactor_volpme) ofapure c_ultur sulfoba_cter halo-
toleransgrowing in the exponential phase (resulting inareac-

sludge. The test sludge was crushed in order simulate the

: . tor VSS concentration of 0.018 gtt). The organic loading
Desulfobacter halotoleran®actor suspension (which takes . X
long time for its growth and is thus ineffective for critical flux rate and the HRT of the SAMBaR varied as a function of the

tests). flux and the strategy applied for the maintenance of the mem-
brane, viz. relaxation/production or backflush moti&e 1
andFig. 2A). The reactor was operated in batch mode (no ef-
2.1.4. Inoculum 3 o fluent production) for 19 days till a drop in the redox potential
A culture of the mesophilic acetate oxidizing SBBsul- {5 values around-240 mV and a significant sulfide produc-
fobacter halotolerangnitially cultured in a defined medium o were observed. On day 19, the set of membranes was
[16] and subsequently subcultured in the medium described;nstalied in the reactof(g. 1) and a flux §) of 4.7 Lm2h-1
below, was used as the inoculum in this studgsulfobac-  \yas applied, corresponding to a HRT of about 24 hwhen oper-
ter halotoleransstrain _GSL_-Acl, kindly provided _by Prof. ating in relaxation/production modEig. 2A). Between days
Ingvorsen (Aarhus University, Denmark), was enriched from 55 g4 26, the flux occasionally increased to 322,
moderate hypersaline sediments in the southern arm of Greaiyhjch caused the mechanical collapse of the membranes (due
Salt Lake (UT, USA) and isolated in a synthetic medium con- {4 the acute increase in the transmembrane pressure). New
taining 10% NaCl and 1% MgS(/H,O [16]. Strain GSL-  mempranes were placed in the SAMBaR and the same flux of
Acl uses acetate, ethanol and pyruvate as electron donorang 7| ,72n-1 was applied till day 54 (when the membranes
carbon source. Itis able to reduce sulfate, sulfite and thiosul-\yere chemically cleaned), resulting in a HRT of about 24 or
fate at high salinity (up to 13% NaCl and 4.5% Mg&H,0), 36 hwhen operating in, respectively, relaxation/production or
but grows optimally around 1-2% Na{16]. Desulfobacter  5ckflush modeRig. 2A). On day 55, the flux was increased
halotoleransgrows at a pH ranging from 6.2 t0 8.1 (PH 0p- {5 9.4 | nr2h~2, resulting in a HRT of about 12 or 18 hwhen
timum, 6.2-7.4) and the maximum growth temperature is gperating in, respectively, relaxation/production or backflush
37°C (optimum between 32 and 3€). mode. The membranes were chemically cleaned on day 82,
before furtherincreasing the fluxto 17.1 Ldh 1, resulting
2.1.5. Substrate and medium in a HRT of about 10 h when operating including backflush
Acetate (days 0-79) and ethanol (days 68-92) were mode fig. 2A). On days 85 and 89, the membranes were me-
supplied as the electron donor and carbon sources, pro-chanically cleaned by gentle displacement of the cake layer
viding an influent COD concentration between 1 and deposited on the membrane with a brush.
5.9¢gL 1. Sulfate was added to the reactor as sodium sul-
fate at a COD/S@# of 0.5 (JCODpergS@ ), so the-  2.1.7. Analysis and chemicals
oretically all substrate could be degraded via sulfate re- The gas composition was measured on a gas chromato-
duction. Sodium chloride (50 gNaCH!) and magnesium  graph (Hewlett-Packard HP 5890, Palo Alto, USA) accord-
chloride (1gMgC-6H,0OL~1) were used as model com- ing to Weijma et al[21]. Liquid samples of 3 mL were fre-
pounds to increase the salinity of the wastewater. In ad- quently taken from the influent and reactor bulk for analysis.
dition, non-sterilized basal medium containing macro- and Volatile fatty acids (VFA) and alcohols were analyzed on a
micro-nutrients were supplied to the influent at a ratio of gas chromatograph (Hewlett-Packard HP 5890A, Palo Alto,
2.22 mL perg COD fed. Basal medium was prepared as de-USA) according to Weijma et gl21]. Sulfide was measured
scribed in Vallero et a[10] and a trace element (4.5 mLCL) according to Taper and SchleggP?]. Occasional samples
solution was prepared according to Zehnder gtl8l]. From (25mL) were taken from the reactor bulk in order to de-
day 68 onwards the basal medium was further supplied termine the amount of volatile suspended solids (VSS) and
with a vitamin solution (50 mg ! biotin and 50 mg L1 4- total suspended solids (TSS) inside the SAMBaR, analyzed

n2.1.6. Experimental design

The SAMBaR was operated for 92 days at a high
salinity of 50gNaCl L1 and 1 gMgC}-6H,0O L1 (about
60-70mScm?). The SAMBaR was inoculated with 1L
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according to standard methof#3]. The electrical conduc-  oration of the reactor. Indeed, a remarkable increase in the
tivity (EC) or the reactor mixed liquor was measured using sulfate elimination rate of the SAMBaR was observed after
a standard EC meter (WTW LF 196, Weilheim, Germany). the addition of vitamins (biotin and 4-aminobenzoate), and
Sulfate was measured on a DX-600 ion chromatograph (IC) the replacement of the substrate acetate by ethanol on day
system (Dionex Corporation, Salt Lake City, USA). The spe- 68 (Fig. 5B), resulting in an increase in the sulfate removal
cific sulfate elimination rate was calculated from the total efficiency from 7 to 68% on, respectively, days 65 and 82
amount of sulfate reduced divided by the concentration of (Fig. 4A).

VSS in the SAMBaR. The particle size distribution (PSD) The addition of ethanol and vitamins to the system not
was measured by laser diffraction analysis with an accuracyonly boosted the sulfate removal efficiency, but also the ac-
in the submicron (0.0hm) range (Coulter LS230, Beckman etate removal efficiency. Although apparently there was no
Coulter, USA). A reactor sample was harvested on day 64 acetate removal from day 72 onwardsd. 4A), the calcu-

for microscope observations (Olympus BH-2). All chemi- lated amount of acetate present in the reactor mixed liquor,
cals used were of analytical grade and purchased from Merckbased on the stoichiometry of the ethanol oxidation to acetate

(Darmstadt, Germany). (Eq. (1)), shows that there was a net removal of acetate till
day 79 Fig. 4A).
3. Restlts 2CoH50H + SOs*” — 2CH3COO™ +HS™ +H™
+2H,0 (1)

3.1. Reactor performance
Complete ethanol removal occurred 10 days after its addi-

3.1.1. Reactor performance in batch mode (days 0-19)  tion into the SAMBaR Fig. 4B). The full removal of ethanol

During the start-up of the SAMBaR in batch mode ata maximal concentration of 5950 mg CODYLon day 91
(no membranes and no gas sparkling), the reactor acetatgFig. 4B) ata flux of 17.1 L~ h~1 (HRT of 9.7 h;Fig. 2A)
concentration decreased from 1000 to 270 mg COBn indicates that the reactor was operated at underloaded con-
12 days Fig. 4A). The sulfate concentration decreased from ditions. In addition, it shows that the biomass had a higher
3200 to 1880 mg Sg¥~ L1 in the same periodF{g. 54), affinity for ethanol than for acetat€ig. 4A versusFig. 4B).
resulting in an increase of the sulfide concentration up to a Under these operational conditions, a maximal sulfate elim-

maximum of 105 mg £* on day 17 Fig. 5C). ination rate of 6.60 g S 2 L~ day ! was achieved on day
92 (Fig. 4B). The sulfate reduction is correlated to ethanol

3.1.2. Reactor performance when operating at oxidation, as evidenced by the sharp drop in the sulfate elimi-

flow-through conditions (days 20-92) nation rate between days 86 and Big( 58), when the influ-

After switching to flow-through mode, an acetate removal ent ethanol concentrations were much lowsg( 4B). This
efficiency of 80% was obtained on day Jéd. 4A). During is confirmed by the results iRig. 4C, which shows that the
this period, the SAMBaR was operated in backflush mode stoichiometry of ethanol utilization closely followed that of

ata flux of 4.7Lm?h~%, corresponding to a HRT of about  Eq. (1), with ~0.5 mol sulfate reduced, andL.0 mol acetate
34h Fig. 2A). The acetate removal efficiency dropped to produced per mole of ethanol utilized.

about 60% between days 36 and 44 due to a lack of micro-  Due to the high gas loading rate (to clean up the mem-
nutrients in the feedRig. 4A). After the micro-nutrient  pranes), the sulfide concentration remained rather constant at
supply was resumed on day 44, full acetate removal was concentrations around 80—100 mg'Lduring the whole ex-
achieved on day 4H{g. 4A). From day 47 to 50, the effluent  perimental run ig. 5C). An exceptional sulfide peak man-
acetate concentration increased due to an unintentionalifested around day 47F{g. 4C), when the gas load in the
increase in the influent acetate concentratieig.(4A). SAMBaR was unintentionally very low.

The sulfate removal efficiency increased continuously
till day 55, reaching a maximum sulfate removal efficiency 3.2. Reactor biomass characteristics
of 85% on day 55Kig. 5A). Upon increasing the flux to
9.4Lm2h~1 (resulting in a HRT decrease from 39to 12h) 3.2.1. Solids concentration and specific biomass activity
on day 55, the sulfate removal efficiency dropped to around The TSS and VSS concentration in the mixed liquor
20% (Fig. 5A). Note that this was an effect of decreasing the present in the reactor could not be measured during the first
HRT, as the reactor kept working at a fairly constant sulfate days of SAMBaR operation, as this required a too big re-
elimination rate of around 1.5 g SO? L1 day ! till day 61 actor liquid sample (due to the dilute nature of the freshly
(Fig. 5B). After the flux was increased to 9.4 Lthh~1 on inoculated reactor mixed liquor at the beginning of the ex-
day 55, the acetate removal efficiency also decreased to 15%periment) for the solids determination. The TSS and VSS
(Fig. 4A). In addition, neither biotin nor 4-aminobenzoate, concentrations increased from day 55 onwards till a max-
essential vitamins required for the growth D&sulfobac- imal concentration of around 0.85:0.02) gVSS -1 and
ter halotolerans[16], were added to the SAMBaR till day 1.75 &0.10)g TSS ! on day 91 Fig. 6A). The VSS/TSS
68, which may have contributed to the performance deteri- ratio remained fairly constant at around 0:240(09), except
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at the beginning of the experiment and on day 68, when the particles were bigger 70m, whereas only 0.31% of the par-
VSS/TSS ratio was equal to 0.180.01) and 0.274£0.02), ticles were smaller thandm (Fig. 7B) and only 0.0043% of
respectively. The specific activity of the sludge was very high the particles were smaller than Quéh (Fig. 7B). The mean
with values of 5.5 ¢1.0)g SQ?~ gVSS tday ! between particle size of the inoculum and the SAMBaR mixed liquor
days 55 and 92 experimerki@. 6B), irrespective of the sul-  on day 50 was, respectively, 370.8 and 46312 with no

fate removal efficiencyHig. 5A). particles bigger than 20Q0m (the upper detection limit of
the equipment). The SAMBaR sludge flocs contained many
3.2.2. Particle size distribution blackish spots, most probably metal precipitates. Surpris-

Particle size distribution measurements of the inoculum ingly, the particle size distribution could not be measured
show that 90% of the particles were bigger than.88and anymore by laser diffraction on day 56, as a small fraction
particles smaller than 0;2m, the size of the membrane pore, 0f the particles surpassed the upper detection limit of the
were absentRig. 7A). After 50 days of operation, 90% of the ~ equipment (200Q.m).
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3.2.3. Microscopic observations when only basal medium was present in the SAMBaR (data
Although the SAMBaR sludge contained bacteria other not shown). It was also observed that each increase in the
thanDesulfobacter halotoleranst still accounted for most ~ flux (3L m=2h~1) produced an increase in the TMP (data
of the microorganisms present (data not shown). In addition, not shown). In addition, a relatively low TMP (0.15 bar) was
many crystals, presumably metal sulfides, were present in theobserved for the maximal applied flux of 80 Lsh~1 when

SAMBaR sludge. only basal medium was added to the SAMBaR (data not
shown).
3.3. Membrane operation and fouling experiments According to Chen et a[24], the critical flux is defined
as the last flux step at which the TMP remains constant. A
3.3.1. Critical flux and TMP increase rate dependence closer examination of the initial flux steps, however, reveals
on flux that the TMP never remains absolutely constant at any point

No severe increase in the TMP was observed as a func-during the testig. 84). Even a flux as low as 3L ¥ h_i
tion of the stepwise increase of the flux (up to 80 thh—1) produced a TMP increase rateP(dt) of 3.7 mbarday
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Fig. 6. Process performance of the SAMBaR. (A) Evolution of the tatalehd volatile @) suspended solids in the reactor mixed liquor. (B) Evolution of the
specific sulfate reduction rate\§.

S
15 20 25 30
(A) g 200 400 600 800 1000 1200 1400 1600 1800 2000
3.5 1
3]
0.08
25
.06
2_
0.04
£ 54
0.02
1_
0.5 4
0 ; . i ; ; ; : i - i
200 400 600 800 1000 1200 1400 1600 1800 2000
(B) Particle diameter (Lim)

Fig. 7. Particle size distribution. (A) Reactor inoculum consisting of a pure cultubesfilfobacter halotolerangB) Reactor mixed liquor sampled on day
56.



226

1.00 1

M.V.G. Vallero et al. / Journal of Membrane Science 253 (2005) 217-232

= :
—
é 0.90 1 , ' F 30
2 080+ 27
-
§ 0.70 - 3 24 i
= - 21 &7
= 060 Ji =
5 050 18 g
g ° o
= -
E 040 -
E po Fl12 &=
E 3 | | 9
B 0204 L6
B~ High increase

0.10 pmmm in TMP 3

===t
(A 0:00 0:15 0:30 0:45 100 1:15 130 145 2:00 215 2:30 245 300 3:15 330 345 4:01

Time (hour)

800 1 741 752 728
a = [ — 692.4
= 700
=
5 600
E 483
=~ 500 i
&
I
-
g 4001
b
g 300
- 204
E 200
= 100 X 744

37 99 143 217 314 I:l 276
0 P S = R - . : ‘ ; . .
3 6 9 12 15 15 18 21 24 27 30 012 2127

(B) Flux (L.m> .h")

Fig. 8. Critical flux experiments. (A) Evolution of the transmembrane pressu
the applied flux.

(Fig. 8B). Fluxes higher than 18-21Lmh~! caused a
rapid increase in the TMPF{g. 8A), resulting in very
high dP/dts (Fig. 8B). As such, the value of the critical
flux for the crushed sludge was determined to be between
18 and 21Lm?2h~1, corresponding to a TMP of about
0.16-0.18 barfig. 8A). An overall dP/dt of 27.6 mbar day*

was obtained for fluxes below 15 LTAh—1, whereas a very
high dP/dt of 692.4 mbar day! was obtained when operating
at fluxes higher than 18 Lnf h~1 (Fig. 88). The maximal
TMP of 1 bar was reached at a flux of 30 L&h~ and the
TMP started to decrease only when the flux was diminished
to 15L m2h~1 (Fig. 8A).

3.3.2. Occurrence of membrane fouling in the SAMBaR
3.3.2.1. Fluxof4.7Lm?h~1. Fig. 9A shows the full set of
TMP values obtained from the operation of the SAMBaR.
From day 19 till day 22 a constant flux of 4.7 Lthh—1 was
applied to the reactoiF{g. 9B), resulting in a TMP increase
rate (dP/dt) of about 13 mbarday* (Table 2. On day 22,
however, a constant permeate flux (no relaxation or back-
flush) was imposed to the reactor, resulting in an immediate
increase of the®/dt to 137 mbar day? (Table 9. The relax-
ation/production operational mode was resumed on day 23.

re in function of the applied flux. (B) Calculated TMP increase rétminffunc

On this day, however, a low influent gas load (3tlh=1)

was imposed to the reactor, resulting in R/dt of around

92 mbar day? (Table 2.

The SAMBaR started to operate in backflush mode on
day 25 Fig. 9B). Due to improper input of information in the
computer control, occasional fluxes of 32 LAh~1 were
imposed to the membranes during the 2 min reserved for the
compensation of flow after backflushing the membranes (see
Sectior?). These occasional high fluxes caused animmediate
increase in the TMP to values around 1 bar, which caused an
irreversible mechanical collapse of the membrdfig.(9B).

Note that this occasional flux of 32 LTAh~1 is higher than
the critical flux of 18-21 L m?h~1 determined for crushed
anaerobic sludge~g. 8A).

The SAMBaR operated in relaxation/production mode
from day 26 to 32 (after replacing the membrane on day
26), resulting in a B/dt of around 18.5 mbar day (Table 2.

The SAMBaR operated in backflush mode between days 33
and 54 Fig. 9B). Surprisingly, the TMP diminished in the
first days after switching to backflush mode, as indicated by
the negative B/dt of —15 mbarday? (Table 2. On day 48,
however, the B/dt started to increase again to values around
4.5 mbar day?! (Table 2.
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differences in both the transmembrane pressure and time scales.

3.3.2.2. Flux of 9.4Lm?h~1. The reactor operated in re-
laxation/production mode from day 55 to 60, resulting
in a dP/dt of around 27.8 mbarday (Table 2. As for
when operating at a flux of 4.3L™h~1, the TMP dimin-
ished in the first days after the operation of the SAMBaR
switched to backflush mode on day @3id. 9C), as indi-
cated by the negative values of the/dt of —50 mbar day?
(Table 3. On day 62, however, thePddt started to increase
again, to values around 5.1 and 10.3 mbardapetween

days 62 and 70 and between days 71 and 81, respectively
(Table 2.

3.3.2.3. Fluxof17.1Lm¢h~1. The reactor operated in re-
laxation/production for only 1 day and experienced a high
dP/dt of 129 mbar day?! (Table 2. Again, the TMP dropped
after the operation of the SAMBaR switched to backflush
mode on day 83Kig. 9D), as indicated by the negative values
of the dP/dt (—41.2 mbar day?; Table 9. The dP/dt started to
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increase again on day 84 up to 75.4 mbarda§rable 9. On

Tg ™
% E E § days 86 and 90, the membranes were mechanically cleaned
- 1053 by gentle displacement of the membrane cake with a brush
2EP . (Fig. 9D). The dP/dts measured on day 86 and 90 were equal
E:; % 5 = E z to, respectively, 70.2 and 104.3 mbar dayTable 2.
mETIO|x0@
4. Discussion
g E g R 4.1. Reactor performance
G2 '
2 3 £ This paper clearly shows that high rate sulfate reduc-
8 E § Flagy tion at salinities of 50 g NaClt! and 1 g MgC}-6H,O L1
(60-70mS cm?) can be achieved by using a submerged
anaerobic membrane bioreactor (SAMBaR) inoculated with
a pure culture of the halophilic SRBesulfobacter halotoler-
s ansusing acetate or ethanol as electron donors. The high salt
o ‘§ tolerance reported in this paper has significant practical impli-
=2 5| o cations as it enables the direct treatment of sulfate rich brines
E § &S without prior dilution, thus enabling the direct application of
= El . SRB based bioreactors in closed cycles. It is worth mention-
o[ 188 |%|« ing that the substrate spectrunmi@dsulfobacter halotolerans
T;) ~laE [0 is broader than merely sulfate, and also includes sulfite and
b thiosulfate. Thus, it can also be adopted in processes where
g these compounds are dominant, e.g. in scrubbed waters from
3% ® |8 § =8 flue gas desulfurization systems and in photographic efflu-
e € 55 ents, respectively.
4 R §=d o The maximal sulfate  reduction rate  of
3 22| |0 6.69SQ% L 1day! (at a flux of 17.1Lm2h1!
8 S2eBledy and a HRT of 9.7 h) found in this workF{g. 5B) is com-
= parable to sulfate reduction rates reported for ethanol-fed
5 immobilized biomass reactors operated at low salinity. The
g C highest sulfate reduction rate reported so far in ethanol-fed
g S sulfidogenic reactors is 9.9g$® L-lday ! for an
E - % 5@ ethanol-fed mesophilic expanded granular sludge bed
2|2 B~ (EGSB) reactor (HRT=5-6h) operated at low salinity
by E § [25]. Nagpal et al.[3] obtained sulfate elimination rates
S350 3 up to 6.33gS@ L~1day ! in an ethanol-fed recircu-
5|08 é g|g lating CSTR vessel and fluidized bed reactor operated
ElN .2 at a HRT of 5.1h and inoculated with a mixed culture
2 o:g' g of SRB (Desulfovibrio desulfuricansand Desulfobacter
e ) &9 postgatel immobilized on porous glass beads. According
g 8 E 3| i 2 = to a mathematical model the low volume of the bed relative
5 -5 :"%§ a to the total liquid volume of the systeWfedViotai=0.074)
§ é 5P ® < ° S < was the limiting factor in the sulfate elimination rate of the
a e 3 AR it g % e § fluidized bed reactds]. il
‘é‘ @ Eslo|®s 352 ¢ Kalyuzhnyi et al[26] achieved a sulfate reduction rate of
3 28> £ 69SQ? L~1day ! in an ethanol-fed UASB reactor oper-
; % % § E = ated at a HRT of 20 h and the system was found to be limited
I S % € g £ _1:’ by sulfide toxicity (180 mg[E! undissociated bB) of ace-
% § 5 g{:‘j g g § totrophic SRB. Such concgntrations of undissociatg8l ate
q;’ T s E a Eg = °=-|’ § § g& @ knoyvn toinhibit acetotroptiic SRR7]. In the pre;entwork,
© ‘TE ’\é % £S5 Z?Z sulfide toxicity hardly could occur as the sparkling of the re-
~ 8|2l cEEZS actor mixed liquor with N to minimize membrane fouling
2,513 §l222388 provided an excellent #6 stripping, thus avoiding the build
el <~ ° 'g > | ’
cZlL]ge |8laygglde=c- up of sulfide in the reactor mixed liqudfigy. 5C). Results ob-
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Table 3
Maximal specific sulfate reduction rate from biomass of anaerobic sulfidogenic bioreactors
Reactor concept T(°C) pH HRT (h) Substrate Specific sulfate reduction rate  Reference
(9SQ?* gVvssday?)
CSTR vessel +fluidized bed reactor rt 6.9 5.1 Ethanol 6.0218.9 [3]
EGSB 30-35 7.8-8.3 5-6 Ethanol 0?95 [25]
EGSB 65 7.5 3 Methanol 1.22 [31]
UASB 32+1 8.3 2 Acetate 0.64 [32]
Gas lift (with pumice stones) 55 7.0 4.5 2820, (80:20) 3.75 [33]
Gas lift (with pumice stones) 35 7.0 2.25-45 2/80, (80:20) 4.3 [33]
SAMBaR 33+1 7.2+£0.1 9.5 Ethanol 6.64 This work

rt—room temperature.

a The specific rate was calculated from the reported 0-0D@®2 g SQ%~ g proteim ! h~1 and the reported ratio of 0.278 g protein per g biomass dry weight.

b The specific rate was calculated from the final concentration of 10.5 g ¥&@hd the maximal sulfate reduction rate (9.9 30L~1 day1) reported
by the authors.

¢ The specific rate was calculated from the final concentration of 9—10 g V&Bithe reactor and the maximal sulfate reduction rate (114S0~1 day 1)
reported by the authors.

d The specific rate was calculated from the initial concentration of 21.7 g V$$dssuming no growth or loss of biomass) and the maximal sulfate reduction
rate (14 g S@* L~1day 1) reported by the authors.

€ The specific rate was calculated from the reactor mixed liquor concentration of 1.2 g *®&&dl the maximal sulfate reduction rate (7.5 ¢30. ~1 day 1)
reported by the authors.

f The specific sulfate elimination rate was calculated from the reportegi gbiomass* day~! in van Houten et al. (1997). We assume 1 g biomass equal
to1gVSS.

tained by de Smul et gl25] show that a remarkable increase the substrate limitation transport phenomena as reported
in the sulfate removal rate can be achieved in an ethanol-fedfor aggregates bigger than 0.5 n[88]. Thus, bioreactors
EGSB reactor after stripping sulfide withpldnd by control- systems that apply the concept of suspended growth offer
ling the reactor pH above 7.75. Prevention ef3Hoxicity is the advantage that they cultivate biomass with very high
particularly important in bioreactors using cell suspensions specific sulfate reduction rates. Remains to be answered,
as HS can cause acute toxicity to SRB without any recov- however, what will be the type of biomass (and specific
ery [28]. The stripping effect of the gas sparkling is thus of sulfate reduction activity) that develops in long reactor runs.
paramountimportance and circumvents the need of otp®r H The observed fairly constant specific sulfate reduction
removal methods, as e.g. extractive membrd@8% or the rate of 5.59S@ gVSSlday ! shows that the perfor-
formation of iron sulfide precipitatd80]. mance of the reactor was limited by the low amount of
The maximal specific sulfate elimination rate of biomass (0.85gVSS1!; Fig. 5A) present in the reactor.
6.649SQ% gVSStday?! found in this work Fig. 6B) It is well known that membrane bioreactors can be oper-

is significan igher than those obtained in any previous
investigations in sulfidogenic bioreactor configurations, ei-
ther using ethanol or different electron donofalfle 3. A

possible explanation for this difference is that only part of
the biomass in the granules or (thick) biofilms participate in

ated at much higher solid concentrations and mixed liquor
suspended solids (MLSS) for aerobic membrane bioreactors
typically range from 3 to 31gt! [34]. The low biomass
concentration in the SAMBaR, which was never bled during
the experiment, is due to the very low growth ratdbafsul-

the sulfate reduction process when the reactor configurationfobacter halotoleransequal to about 36 h with acetate as
relies on granules or (thick) biofilms, as in UASB, EGSB, the substrate at 5% salinity (Ingvorsen, pers. commun.). As
fixed or fluidized bed reactors. such, it can be expected that the capacity of the reactor will
Table 3shows that high specific sulfate reduction rates increase further by allowing the biomass to grow to higher
only were achieved for hydrogen-fed gas lift reactors. VSS concentrations in the reactor. Fundamental research on
The poor aggregation of SRB on pumice stones, used asthe metabolic properties @fesulfobacter halotoleransuch
inorganic carrier, in these gas lift reactor, resulted in the as on the identification of growth limiting step, is suggested
formation of thinner biofilms and therefore, an overall to increase the growth rate of the biomass in the bioreactor.
more active biomasi83]. Nagpal et al[3] also noticed the  In addition, alternative process operation strategies can be
substrate diffusion limitations in biofilms and the presence of imposed to increase the biomass concentration. For instance,
dead/inactive (inert) biomass in the sludge of an ethanol-fed Paulo et al[35] developed a pH controlled system that al-
fluidized bed reactor. This was based on the differenceslows SRB to grow continuously at their near-maximugiax
between the specific sulfate reduction rates found in batchbased on a limiting substrate dosing strategy. Adoption of

growth experiments (0.15-1.34 g $O g proteim L day 1)
compared to those found in the reactor
(0.079g—0.229gSQ? gproteimlday ). In the present

work, the absence of inorganic carrier induced the growth

of small bioparticles Fig. 7B), conceivably diminishing

this substrate dosing regime t@asulfobacter halotolerans
inoculated SAMBaR would enable to develop and maintain
much higher biomass concentrations in a short period of time.
The sulfate elimination rate in principle can also be in-
creased by the reduction of the HRT, but this investigation
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shows that increasing the flux to values close to or beyond in membrane bioreactors keeps the solids in suspension and
the nominal critical flux is highly detrimental to the oper- scours the membrane surface, suppressing fouling. Indeed,
ation of the membrane§ig. 9B). However, taking into ac-  the results of this work show that a 4-5 times increase in the
count that a membrane surface area to reactor volume of onlyTMP increase rate when the SAMBaR was not mixed with ni-
0.011 m? L ! was available in the experimental rig, this can  trogen gasTable 2andFig. 9B). The constant permeate flux

be improved by adjusting the reactor design. This can be onday 22 resulted in the TMP increase rate within 6-11 times
achieved by constructing a new experimental rig equipped compared to operating the SAMBaR in relaxation/production
with a high membrane surface area to reactor volume, thusor backflush mode, respectivelyable 2andFig. 9B). Me-
enabling a decrease of the HRT while operating the SAMBaR chanical cleaning of the membranes by gentle displacement

at very low fluxes. of the cake layer seemed not so effective for the recovery of
the permeability of the membranes (as compared to chemical
4.2. Metabolic characteristics of the sludge cleaning), as intense membrane fouling occurred right after

the mechanical cleaningig. 9D andTable 2. The intermit-

Ethanol was incompletely oxidized biesulfobacter tent operation modg87] as well as the backflush operation
halotolerans and the stoichiometry of ethanol utilization mode of the membrang88] has been reported to slow the
followed closely that of Eq(1), with about 0.5 mol sulfate  fouling rate in membrane filtration of biomass. This work
reduced and 1 mol of acetate produced per mol of ethanolshows that it is attractive to operate anaerobic membrane
utilized (Fig. 4C). The higher affinity of the biomass for bioreactors with the occasional backflush of the membranes.
ethanol found in the present work contrasts with the find- If backflush is adopted as the operational strategy to mini-
ings of Brandt and Ingvorsefi6] who found that, rather  mize fouling at a flux of 4.7 Lm?h~1, chemical cleaning
than ethanol, acetate is the preferential substrat®ésul- of the membranes will be required only at about 106 days
fobacter halotoleransWhen grown on ethanol, cell yields (adopting a TMP increase rate of 4.5 mbardgyTable 2.
were only 30% of acetate grown cultures, but intense sulfide  Future research is required to further optimize the sys-
production is reported when using ethanol as the substratetem both with respect to the required time as well as the
[16]. As such, in case a full COD removal is also required frequency of the backflush operation. In addition, the opti-
in the sulfate reducing ethanol-fed SAMBaR reactor, it must mization of the gas loading rate as well as the improvement
be taken into account that the acetate oxidation is the rate-of reactor design is required. This will improve the contact
limiting step and therefore the rate of acetate degradation will of the coarse bubble gas (which cause the scour of the mem-
define the design of the ethanol-fed sulfate reducing reactor.brane) with the set of membranes, thus further reducing the
A similar observation with respect to the big importance of membrane fouling. In addition, the growth of small bioparti-
the acetate degradation rate on the reactor performance hasles in MBRs, as observed in the current wdfig( 7B), may

been reported for methanol-fed thermophjli©,11,21]and lead to reduced membrane fouling, as bigger particles con-

VFA-fed mesophilid36] reactors. ceivably do not obstruct membrane pof&4]. The observed
modifications of the particle size distributioRi¢. 7A versus

4.3. Operational strategies Fig. 7B), however, cannot be correlated to a lowErdt dur-

ing the experiment, as different fluxes were appligable 9

The present investigation shows that anaerobic mem-when samples were harvested for particle size distribution
brane bioreactors can be operated over extended periodsests. The B/dt values measured for each flux applied during
of time at a fixed flux provided that this flux is substan- the critical flux experiments are not equivalent to the values
tially below the nominal critical flux determined experi- found for the long-term operation of the SAMBaRig. 8B
mentally (18-21Lm?h~1). Interestingly, the critical flux  versusTable 3. However, the B/dt values obtained in the
(18-21LnT2h~1) obtained with crushed sludg€ig. 8A critical flux test indicate at what flux fouling in the SAMBaR
and B) coincided with the flux (17.1 Ln? h—1) where arapid starts to become severe. As such, the flux-step method is a
increase in the transmembrane pressure occurred in the reacrsaluable tool to determine the operational conditions for the
tor (Fig. 9D). This indicates that crushed sludge can be used operation of membrane bioreactors.
to assess experimentally the critical flux when no biomass
suspension is available for the tests.

It must, however, be taken into account that even below 5. Conclusions
the nominal critical flux the transmembrane pressure tends
to rise slowly Fig. 9B and C). Operating membrane biore- (1) High rate sulfate reduction (6.6g %0 L~1day ! at
actors at fluxes higher than the critical flux must be avoided a HRT of 9h) at salinites of 50gNaCH! and
at any price, otherwise the TMP will than raise dramatically, 1gMgChL~1 (60-70mScm?) can be achieved in
resulting in a collapse of the membraiféy. 9B). Turbulence a submerged anaerobic membrane bioreactor (SAM-
induced by the sparkling of nitrogen gas is beneficial for the BaR) inoculated with a pure culture of the halophilic
operation of the membranes for extended periods of time. SRB Desulfobacter halotolerangsing either acetate or
According to Chang et a[17], the injection of coarse gas ethanol as electron donor.
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(2) The rather constant very high specific sulfate reduc- [9] J.R.M. Willets, N.J. Ashbolt, R.E. Moosbrugger, M.R. Aslam, The
tion rate of 5.5¢g S@?— g vSss1 day—l found indicate use of thermophilic anaerobic system for pretreatment of textile dye
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. . [10] M.V.G. Vallero, L.W. Hulshoff Pol, G. Lettinga, P.N.L. Lens, Effect
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