
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
1/

21
/2

02
5 

5:
04

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Impacts of inorg
Jiangsu Key Laboratory of Anaerobic Biotech

Engineering, Jiangnan University, Wuxi 2

jiangnan.edu.cn; xi@jiangnan.edu.cn; Tel:

† Electronic supplementary informa
10.1039/c7ra01524k

Cite this: RSC Adv., 2017, 7, 16057

Received 6th February 2017
Accepted 7th March 2017

DOI: 10.1039/c7ra01524k

rsc.li/rsc-advances

This journal is © The Royal Society of C
anic draw solutes on the
performance of thin-film composite forward
osmosis membrane in a microfiltration assisted
anaerobic osmotic membrane bioreactor†

Taozhan Hu, Xinhua Wang,* Chen Wang, Xiufen Li* and Yueping Ren

The influences of inorganic draw solutes on the performance of the thin-film composite forward osmosis

(TFC–FO) membrane in microfiltration (MF) assisted anaerobic osmotic membrane bioreactors (AnMF–

OMBRs) were investigated in this study. The results indicated that compared to sodium chloride (NaCl) at

the same osmotic pressure, magnesium chloride (MgCl2) led to a higher flux decline of the TFC–FO

membrane, induced by more severe membrane fouling. In addition, the NaCl and MgCl2 had no impacts

on the rejection for organic matters by the TFC–FO membrane. However, the NH4
+–N rejection of

TFC–FO membrane was neglected in the AnMF–OMBR with NaCl as draw solute, while it was enhanced

to a range of 57.5–87.6% for the draw solute MgCl2. The different NH4
+–N rejection and membrane

fouling of TFC–FO membrane with draw solutes NaCl and MgCl2 could be attributed to the Donnan

potential. As for NaCl, more Na+ diffused into the mixed liquor resulting in NH4
+–N passing through the

TFC–FO membrane to the draw solution for keeping a charge balance. With regard to MgCl2, more Cl�

passing through the FO membrane to the mixed liquor led to an accumulation of NH4
+–N in the

reactor. Moreover, Mg2+ passing from the draw solution to the mixed liquor enhanced the biofouling on

the active layer of the FO membrane, and in the meanwhile more anions passing to the draw solution

aggravated the inorganic fouling of the support layer.
1. Introduction

Recently, a novel concept of an anaerobic osmotic membrane
bioreactor (AnOMBR) has been proposed for treating low-
strength wastewater.1–3 In the AnOMBR, a forward osmosis
(FO) membrane was applied to retain the anaerobic biomass
instead of the microltration (MF) membrane commonly used
in traditional anaerobic membrane bioreactors (AnMBRs).
Compared to the MF membrane, the FOmembrane has a better
retention for organic matter, especially low molecular weight
substances, nitrogen and phosphorus, which cannot be
retained by the MF membrane. In addition, the fouling of the
FO membrane is lower when applying osmotic pressure instead
of hydraulic pressure as the driving force and operating at mild
ux conditions.4–6 Based on the above advantages of the FO
membrane over the MF membrane, AnOMBRs have better
contaminant removal and effluent water quality than conven-
tional AnMBRs.1–3 Nevertheless, there are still some drawbacks
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associated with the AnOMBRs such as the salinity build-up and
the destruction of the FO membrane.

Salt accumulation is a common phenomenon in osmotic
membrane bioreactors (OMBRs) owing to the high rejection of
FOmembrane for solutes and the reverse solutes transport from
draw solution.7–15 The high salinity environment in OMBRs
resulted from salt accumulation not only causes a reduction of
water ux but also affects the microbial activity.7–15 The same
problems induced by the salinity build-up have also been
observed in the studies on AnOMBRs.1,2 In the AnOMBRs, salt
accumulation was commonly alleviated by periodical superna-
tant discharge when the salinity reached to about 20mS cm�1.1,2

However, this easy controlling method can not avoid the
increase of salinity in one cycle of AnOMBRs. In this case, Wang
et al.16 developed a novel MF-assisted AnOMBR (AnMF–OMBR)
for controlling salt accumulation by discharging the solutes
from the MF membrane.16 The results demonstrated that the
salinity was effectively controlled in a low range of 2.5–4.0 mS
cm�1, which enabled the AnMF–OMBR achieve a long-term
continuous operation and a higher methane production.

Previous studies on the AnOMBRs also indicated the cellulose
triacetate (CTA) FO membrane with a low tolerance to both the
high temperature and the biological degradation, hence the
unstability of CTA membrane was difficult to keep a long time
RSC Adv., 2017, 7, 16057–16063 | 16057
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continuous operation.1 Apart from the CTA–FO membrane,
thin lm composite polyamide (TFC) membrane is another
commercial FO membrane commonly used in the FO process.7,17

Compared with the CTA–FO membrane, TFC–FO membrane has
higher water ux, lower reverse salt transport and better resis-
tance to hydrolysis and biological degradation.18,19 Based on these
facts, application of the TFC–FO membrane instead of the CTA–
FO membrane might be a feasible method for preventing the FO
membrane from hydrolysis and biological degradation in the
AnOMBRs. Until now, there are no studies on the AnOMBRs used
the TFC–FO membrane.

Draw solution is a signicant part of FO process because it can
signicantly affect the performance of the FO membrane.20–24

According to previous studies, inorganic salts especially NaCl and
MgCl2 were the most commonly used draw solutes in OMBR
studies.4,5,25,26 Thus, the objective of this study is to evaluate the
performance of TFC–FOmembrane in the AnMF–OMBR with the
draw solutes of NaCl and MgCl2. This study may provide a new
insight into the impacts of inorganic draw solutes on the
performance of FO membrane and thus enhancing their appli-
cations in OMBRs for wastewater treatment.
2. Materials and methods
2.1 Experimental set-up

In this study, two identical laboratory-scale AnMF–OMBRs were
operated in parallel. As shown in Fig. 1, the effective volume of
each reactor was 4.98 L, and both an FO and an MF modules
(each with an effective area of 0.025 m2) were immersed in the
anaerobic sludge. The MF membrane (polyvinylidene uoride
(PVDF), Zizheng Environment Inc., China) with a mean pore
size of 0.20 mmwas operated under the mode of stable ux, and
its water ux was controlled by a peristaltic pump. The TFC–FO
membrane (supplied by Hydration Technologies Inc.) had an
orientation of active layer facing the mixed liquors. Produced
biogas was recycled with a recirculation rate of 2 L min�1 for
alleviating the membrane fouling and mixing the anaerobic
biomass.

The reactors were operated with the same operating condi-
tions except for the draw solute. One reactor applied NaCl as the
draw solute (called as NaCl-reactor), while MgCl2 was used in
the other one (called as MgCl2-reactor). In order to keep the
Fig. 1 Schematic diagram of the AnMF–OMBR system.

16058 | RSC Adv., 2017, 7, 16057–16063
draw solution at the same osmotic pressure (calculated by
http://www.lenntech.com), the concentrations of NaCl and
MgCl2 solutions were kept at 0.5 and 0.36 M, respectively. The
salinity of the draw solutions was kept stable through
a conductivity controller equipped with 5 M NaCl and 3.6 M
MgCl2 solutions, respectively. The draw solutions were circu-
lated with a ow rate of 0.4 L min�1 in both reactors. Each
reactor was operated at the temperature of 25 � 0.5 �C and at
the sludge retention time (SRT) of 90 days. The hydraulic
retention time (HRT) of both reactors (in the range of 12.5–90 h)
varied with the ux changes of MF and FO membranes. The
synthetic domestic wastewater was used as the inuent with the
ammonia nitrogen (NH4

+–N), chemical oxygen demand (COD),
total organic carbon (TOC), total phosphorus (TP) and total
nitrogen (TN) concentrations of 29.0 � 0.99, 366.7 � 5.3, 152.9
� 4.8, 3.35 � 0.16 and 35.2 � 1.3 mg L�1, respectively. The
composition of synthetic wastewater has been listed in previous
studies.27,28 The seeded sludge in both reactors was collected
from a local municipal wastewater treatment plant (Taihu
Xincheng WWTP, Wuxi, China) aer cultivating approximately
60 days at the temperature of 25 � 0.5 �C in a fermentation
ask. The initial sludge concentration in both reactors was
controlled at about 3.8 and 2.8 g L�1 for mixed liquor sus-
pended solids (MLSS) and mixed liquor volatile suspended
solids (MLVSS), respectively.
2.2 Analytical methods

COD, NH4
+–N, TN, TP, MLSS and MLVSS were conducted by the

standard methods,29 and the TOC was determined by a TOC
analyzer (TOC-Vcsh, Shimadzu, Japan). All the above analyses
were conducted at least 3 times, and their mean values �
standard deviations were reported.

The fouled FO membrane modules were collected from both
reactors at the end of their operations, and then cut into some
pieces for scanning electron microscopy (SEM), confocal laser
scanning microscopy (CLSM) and energy diffusive X-ray (EDX)
analyses. The specic methods of SEM, EDX and CLSM analyses
could be found in previous literature.12,13,17,30
3. Results and discussion
3.1 Impacts of draw solutes on water ux and salinity

Changes of FO ux and the conductivity of the mixed liquors in
both reactors are illustrated in Fig. 2. It could be observed that
the salinity was kept at a low level of about 3 mS cm�1 in both
reactors with the help of MF membrane. Compared with the
AnOMBR used NaCl as the draw solute,1 the salinity obtained in
this study was about onemagnitude lower, which was due to the
enhanced salt leakage through the MF membrane.9,13 In fact, if
the MF membrane is not applied for discharging solutes, the
salinity will be much higher in the NaCl-reactor compared to
the MgCl2-reactor owing to the more severe reverse transport of
NaCl compared to MgCl2.31 It could be demonstrated by a larger
MFmembrane ux (see Fig. S1†) needed for discharging solutes
from the NaCl-reactor in order to achieve a similar salinity
environment in the MgCl2-reactor.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01524k


Fig. 2 Variations of FO water flux (a) and the conductivity of the mixed liquors (b) in the AnMF–OMBRs with different draw solutes.
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With regard to the changes of the FO membrane ux, there
were signicant differences between NaCl-reactor and MgCl2-
reactor. Compared to the NaCl-reactor, the ux drop of FO
membrane was more serious in the MgCl2-reactor. The more
severe ux decline directly led to a shorter operating time of the
MgCl2-reactor (from 7.77 LMH to 2.06 LMH in 19 days) compared
with the NaCl-reactor (from 7.99 LMH to 2.02 LMH in 37 days).
According to previous studies, the ux drop of FO membrane in
the OMBRs can be attributed to both membrane fouling and salt
accumulation.8,12,13 Considering the similar salinity achieved in
both reactors, the larger ux drop of FOmembrane in the MgCl2-
reactor indicated a presence of more serious membrane fouling.
3.2 Impacts of draw solutes on contaminants rejection

From Fig. S2,† regardless of the draw solutes, both reactors
achieved a high TOC removal, i.e., the TOC removal efficiencies
calculated from the FO permeate were about 98.0% and 97.7%
for NaCl-reactor and MgCl2-reactor, respectively. The high TOC
removal in current study was consistent with conventional
AnOMBRs treating low-strength wastewater.1,2 However,
compared to the COD concentration in sludge supernatant
within the range of 100 to 250 mg L�1 in AnOMBRs,1,2 it was
lower andmore stable in the AnMF–OMBR owing to part of COD
passing through MF membrane.

As shown in Fig. 3, NH4
+–N concentrations in sludge super-

natant, MF and FO permeates accounted for more than 90% of
TN concentrations in both reactors due to the activity of anaer-
obes in the hydrolysis phase, which was in agreement with
previous researches on the AnOMBRs.1,2 Thus, we just focused on
the variations of NH4

+–N concentrations in both reactors. It could
be found from Fig. 3 that different draw solutes exhibited much
different NH4

+–N rejection of TFC–FO membrane. When NaCl
was used as the draw solute, the NH4

+–N concentration in the FO
permeate was much larger than that in the sludge supernatant,
indicating that the TFC–FO membrane did not have any NH4

+–N
rejection even though the diffusion rate of NH4

+–N larger than
the water. It was much different from the CTA–FO membrane
with a NH4

+–N rejection of 62.7–81.2% in AnOMBRs applied
This journal is © The Royal Society of Chemistry 2017
NaCl as draw solute.1,2 However, the TFC–FO membrane had
a NH4

+–N rejection of about 57.5–87.6% in the MgCl2-reactor.
These results implied that the NH4

+–N rejection of TFC–FO
membrane was signicantly inuenced by the draw solutes.
Owing to the different NH4

+–N rejection of TFC–FO membranes
in both reactors, the NH4

+–N concentration in the sludge
supernatant was dramatically different between the two reactors.
With regard to the NaCl-reactor, the NH4

+–N concentration in the
supernatant was less than that in the inuent, while it was
accumulated in the supernatant in the MgCl2-reactor.

The TP concentration of the FO permeate in both reactors
(see Fig. S3†) was below 0.5 mg L�1 owing to the excellent
rejection of TFC membrane. The similarly high TP removal was
also observed in AnOMBRs with the CTA–FO membrane.1,2 It is
interesting to note that the TP concentration of sludge super-
natant in the NaCl-reactor was less compared to the MgCl2-
reactor. As discussed in Section 3.1, in order to maintain
a stable salinity in the AnMF–OMBR, the water ux of MF
membrane was larger in the NaCl-reactor owing to the higher
reverse salt transport of NaCl. Thus, the lower TP concentration
of sludge supernatant in the NaCl-reactor could be attributed to
the larger ux of MF membrane (see Fig. S1†) based on the fact
that partly TP can pass through the MF membrane.
3.3 Impacts of draw solutes on membrane fouling

In order to explain the impacts of inorganic draw solutes on FO
membrane fouling, the membrane fouling behaviors in both
reactors were further analyzed. From Fig. 4, membrane fouling
could be clearly observed on both the active layer (AL) and
support layer (SL) of FO membranes aer the operation of both
reactors. However, there were signicant differences in the
morphology of the AL and SL between NaCl-reactor and MgCl2-
reactor. From EDX results (Fig. S4†), there were no signicant
differences in composition of elements on the fouled FO
membranes in both reactors except for the existence of Mg in
the MgCl2-reactor. In addition, it could be observed from Fig. 5
that the biofoulants almost could not be detected in the SL of
the fouled FOmembranes in both reactors, which was consisted
RSC Adv., 2017, 7, 16057–16063 | 16059
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Fig. 3 Variations of NH4
+–N and TN concentrations in the influent, sludge supernatant, MF and FO permeates. (a) and (b) NH4

+–N
concentrations in NaCl-reactor and MgCl2-reactor, respectively; (c) and (d) TN concentrations in NaCl-reactor and MgCl2-reactor,
respectively.

Fig. 4 SEM images of TFC FOmembranes. (a) AL of the virgin FOmembrane; (b) AL of the fouled FOmembrane in the NaCl-reactor; (c) AL of the
fouled FOmembrane in the MgCl2-reactor; (d) SL of the virgin FOmembrane; (e) SL of the fouled FOmembrane in the NaCl-reactor; (f) SL of the
fouled FO membrane in the MgCl2-reactor.

16060 | RSC Adv., 2017, 7, 16057–16063 This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Integrated CLSM images of polysaccharides, proteins and total cells in the FO biofouling layer. (a) and (b) AL and SL of the fouled FO
membrane in the NaCl-reactor, respectively; (c) and (d) AL and SL of the fouled FO membrane in the MgCl2-reactor, respectively.
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with the EDX results (no element of N) of the SL of fouled FO
membranes, while the biofouling was more severe in the AL of
FO membranes in both reactors. It might be implied that the
inorganic fouling was the major fouling in the SL while the
biofouling played a signicant role in the AL fouling of the
AnOMBRs applied inorganic salts as the draw solutes. This
phenomenon of different types of foulants in AL and SL might
be attributed to the AL facing with the activated sludge full of
biofoulants and the SL contacting with the inorganic draw
solutions. Moreover, compared with the fouling layer on the AL
in the NaCl-reactor, it was much thicker in the MgCl2-reactor
(40 versus 30 mm). It indicated that more serious biofouling
existed on the AL when MgCl2 was used as draw solute, which
might be due to the presence of Mg2+ on the AL of FO
membrane in the MgCl2-reactor based on the fact that Ca2+ and
Mg2+ can enhance the biofouling due to their cationic bridges
with extracellular polymeric substances (EPS).17,32,33 If further
analyzing the distributions of polysaccharides, proteins and
microorganisms on the AL in both reactors (Fig. S5†), it could be
found that the microorganisms and proteins were much more
on the AL in the MgCl2-reactor, suggesting that Mg2+ was more
prone to enhance the deposition of microorganisms and
proteins on the surface of FO membrane in the AnOMBRs.

It should be pointed out that compared with the CTA–FO
membrane in AnOMBRs with the inorganic draw solute,2 the
TFC–FO membrane had a more severe fouling in this study
based on the fact that the fouling layer of CTA–FO membrane
could be easily removed just through the tap water while
physical cleaning could not recover the water ux of TFC–FO
This journal is © The Royal Society of Chemistry 2017
membrane. However, not like the hydrolysis and biological
degradation of CTA–FO membrane in AnOMBRs, there are no
damages of TFC–FO membrane in current study. Thus, TFC–FO
membrane might be more suitable for the AnOMBRs due to its
better resistance to hydrolysis and biological degradation.
3.4 Implications

The different inorganic draw solutes showed much different
performance of TFC–FOmembrane including NH4

+–N rejection
and fouling behaviors in the AnMF–OMBR. It might be
explained by the Donnan potential. From previous litera-
ture,34–37 TFC FO membrane has a good rejection performance
of divalent cations but a worse rejection for monovalent ions,
which resulted in the existence of Donnan equilibrium in
current study. As shown in Fig. 6, when NaCl was used as the
draw solute, Na+ and Cl� would diffuse from the draw solution
to feed solution due to their high concentrations. Owing to the
larger diffusion coefficient of Na+,38–41 more Na+ diffused into
feed solution and thus resulting in a charge imbalance between
both sides, which eventually led to more cations diffused from
feed solution to draw solution for keeping charge at a balance
level. Considering the excellent rejection of TFC membrane for
divalent ions, NH4

+–N in the mixed liquor would pass through
the membrane to the draw solution. Thus, the larger NH4

+–N
concentration in the draw solution occurred in the AnMF–
OMBR with NaCl as draw solute. However, when the draw solute
was changed into MgCl2, the diffusion rate of Mg2+ was lower
than Cl� due to the high rejection of TFC membrane for Mg2+.38

In this case, more Cl� passed through the TFCmembrane to the
RSC Adv., 2017, 7, 16057–16063 | 16061
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Fig. 6 Schematic diagram of Donnan equilibrium in the TFC FO membrane used NaCl (a) and MgCl2 (b) as the draw solutes.
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mixed liquor, which resulted in not cations but anions prone to
permeate to the draw solution. It nally led to an accumulation
of NH4

+–N in the mixed liquor and a decrease in the draw
solution. Furthermore, Mg2+ passed to the mixed liquor
enhanced the biofouling in AL, and in the meanwhile more
anions through the FO membrane to the draw solution aggra-
vated the inorganic fouling of SL.

4. Conclusion

In the AnMF–OMBR, the TFC–FO membrane had excellent
rejections for organic matters and phosphorus regardless of the
applied inorganic draw solutes. However, owing to the Donnan
equilibrium, the draw solutes of NaCl and MgCl2 resulted in
signicantly different performance of TFC–FO membrane on the
NH4

+–N rejection and membrane fouling in the AnMF–OMBR.
When NaCl was used as the draw solute, the TFC–FO membrane
did not have any NH4

+–N rejection in the AnMF–OMBR, while the
NH4

+–N rejection of TFC–FOmembrane was enhanced to a range
of 57.5–87.6%with the draw solute ofMgCl2. However, compared
to NaCl, MgCl2 led to a more severe ux drop of TFC membrane,
which could be attributed to the Mg2+-enhanced biofouling and
inorganic fouling in the AL and SL, respectively.
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