¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.26788

211 (2021) 448-455
January

Nutrient recovery from concentrated municipal wastewater by forward osmosis
membrane and MgCl, based draw solution

Mohammad Damirchi*®, Ismail Koyuncu®**

“National Research Center on Membrane Technologies, Istanbul Technical University, Maslak 34469, Istanbul, Turkey,
emails: Koyuncu@itu.edu.tr (I. Koyuncu), damirchil5@itu.edu.tr (M. Damirchi)
"Istanbul Technical University, Environmental Engineering Department, Maslak 34469, Istanbul, Turkey

Received 11 February 2020; Accepted 12 November 2020

ABSTRACT

In this study, a forward osmosis membrane was used to concentrate municipal wastewater up to
90%. The concentrated wastewater provided a high content organic matter for subsequent anaerobic
treatment. At the same time, phosphorus content was recovered via precipitation. Energy-dispersive
X-ray spectroscopy was done to evaluate the recovered solid. Results showed that precipitated
phosphorus constituted only 2.46% cellulose triacetate (CTA membrane) and 2.24% thin-film com-
posite (TFC membrane) of the total recovered solid. Although these percentages account for 72% of
total phosphorus in the CTA test and 56% of total phosphorus in the TFC test, recovery of unwanted
precipitate (Calcite) is still the main drawback. This can be attributed to the high calcium to phos-
phorus molar ratio in municipal wastewater and the presence of bicarbonate, which ultimately facil-
itates the formation of calcite as the dominant recovered solid. Regardless of membrane type, com-
plete water flux recovery was achieved after chemical cleaning. It indicates that chemical cleaning
can effectively recover the water flux to its virgin membrane flux for direct municipal wastewater

concentration.
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1. Introduction

Municipal wastewater has been widely accepted as one
of the emerging sources for the recovery of nutrients [1]
and harvesting energy [2]. With respect to nutrient, atten-
tions have been drawn to exploit recoverable phospho-
rus in municipal and industrial wastewater. Theoretically,
P load in municipal wastewater can replace 40% to 50%
of applied mineral P fertilizer in agriculture [3].

Regarding the energy recovery, due to low carbon mat-
ter in municipal wastewater and given the fact that the yield
of biogas production is proportional to chemical oxygen
demand (COD) of feed solution in the anaerobic process
[4], the challenging issue is how to have an efficient and
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stable anaerobic process. To tackle this, pre-concentration
of wastewater can significantly boost the performance of
anaerobic treatment through increasing the carbon content
entering the reactor and reducing the amount of solubilized
methane in the effluent stream [5]. Direct membrane filtra-
tion concept including pressure-driven, osmosis-driven,
thermal-driven, electrical-driven has gained great atten-
tion, while little has known about factors affecting
costs and benefits of each of these technologies.

Forward osmosis (FO) is a non-pressure-driven mem-
brane separation process in which water passes across a
semi-permeable membrane from a low-osmotic-pressure
(feed solution) side to a high-osmotic-pressure (draw solu-
tion) [6-8]. Given the fact that no hydraulic pressure is
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used in the FO process to extract water, it has low energy
consumption [9]. High water quality, high rejection of pol-
lutants and better fouling reversibility in comparison with
pressure-driven reverse osmosis membrane filtration [10]
are other advantages of this process. These characteristics
enable FO to concentrate various streams such as activated
sludge [11,12], urine [13,14], raw sewage [9,15-17]. It is pos-
sible to take advantage of the reverse solute diffusion phe-
nomenon to supply required cation for nutrient recovery in
form of struvite or other precipitates. In this way, magne-
sium-based draw solution can provide osmotic pressure as
the driving force of forward osmosis as well as the required
magnesium to form the precipitate [18-20]. Diffusion of a
hydrogen ion from feed solution to draw solution occurs
to keep the electroneutrality [21]. This natural phenome-
non facilitates to increase in the pH of the solution which is
substantial for phosphate-containing precipitates [19].

Two common types of the membrane were used in this
study. Cellulose triacetate (CTA) membrane Hydration
Technology Innovations (HTI, Albany, OR) is highly resis-
tant to chlorine and thin-film composite (TFC) membrane
which is superior to CTA membrane in terms of permeabil-
ity and stability at wider pH ranges. Compared to the CTA
membrane, an active layer of TFC polyamide membranes
(HTT) was formed with lower contact angles to increase bio-
fouling resistance [22].

To the best of our knowledge, most researches have been
focused on the use of FO in order to increase the organic con-
tent of wastewater and little is known about the possibility
of P recovery prior to any anaerobic process. So, the objec-
tive of this study was to investigate the concentration of real
sewage by FO and using MgCl, as a draw solution. Water
flux, changes in the concentration of ions in feed solution
and pH variation were examined at different water recovery
percentages. Moreover, the potential of precipitate formation
without any chemical addition was studied.

2. Materials and methods
2.1. Forward osmosis system

The forward osmosis system was consisted of a draw
solution tank, a feed solution tank and an external mem-
brane module with an effective membrane area of 40 cm?
and depth of 2 mm. A CTA-ES membrane with embedded
polyester screen support with pure water permeability
constant of 0.857 L/m? h bar and solute permeability con-
stant of 0.259 L/m? h a TFC-ES membrane with embedded
polyester screen support with pure water permeability con-
stant of 1.470 L/m? h bar and solute permeability constant
of 0.622 L/m? h were acquired from Hydration Technology
Innovations (HTI, Albany, OR) and were installed with the
active layer of the membrane facing the feed solution. In
the beginning, 3 L of 0.5 M magnesium chloride was used
as draw solution and its tank was placed on an electronic
balance which was connected to a computer to record the
weight changes for following water flux calculation. A con-
ductivity meter was placed in the feed tank to monitor the
salinity change, while a potable pH probe recorded the
possible pH variation. Due to dilution of draw solution
through the time, another 4 molar MgCl, reservoir was used

to add MgCl, automatically to the DS tank, in order to work
under constant osmotic pressure. The flow rate of 1 1/min
was adjusted for recirculation of both feed and draw solu-
tion, corresponding to the cross-flow velocity of 16.7 cm/s.

Primary effluent (i.e., wastewater after primary sed-
imentation) was obtained from Pashakoy Wastewater
Treatment Plant. This wastewater was first filtered by a
coarse filter in the laboratory prior to being used as a feed
solution. The physicochemical characteristics of the feed are
summarized in Table 1.

2.2. Analytical methods

COD was measured using a Hach DRB200 COD Reactor
and Hach DR5000 spectrophotometer. Ammonia nitrogen
(NH;-N), orthophosphate (PO;’-P) and total suspended
solids (TSS) of untreated wastewater and concentrated
wastewater at different water recoveries were measured
according to Standard Methods for the Examination of
Water and Wastewater. All metallic cations (Mg*, Ca*, K*,
Na*) and anions (CI, SO?) were measured by ion chro-
matography (Dionex ICS3000). Water flux (LMH) was cal-
culated through the whole experiment by measuring the
change in weight of the draw solution and dividing it by
surface membrane area and time duration. The morphol-
ogy and composition of precipitants were analyzed by
using scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX). Samples were
coated with platinum/palladium prior to analysis.

2.3. Membrane cleaning protocol

Both physical and chemical cleaning was done after
the wastewater concentration and water flux was mea-
sured after each step. For both the feed side and draw side,
in-situ physical cleaning was applied by using tap water to
remove a portion of the fouling layer formed on the mem-
brane surface. A two-step chemical cleaning protocol [23]
was used for both sides of the membrane. 0.1% NaOH/0.1%
SDS mixture was recirculated with a cross-flow velocity of
20 cm/s for 30 min, followed by acid cleaning with 2% cit-
ric acid for another 30 min at the same cross-flow velocity.

Table 1
Physicochemical characteristics of filtered primary effluent
wastewater

Parameters Values Values
(CTA test) (TFC test)
Total chemical oxygen demand, mg/L. 258 275
Total suspended solids, mg/L 85 95
Ammonium, mg/L 41.18 33.11
Orthophosphate (PO—P), mg/L 6.16 4.61
Ca?*, mg/L 60.56 65.99
SOZ, mg/L 83.26 88.76
Mg?, mg/L 12.85 13.44
pH 7.25 7.49
Conductivity, mS/cm 1.503 1.273
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For each step and also at the end of the cleaning campaign,
the membrane was slowly washed with distilled water.

2.4. Potential precipitates

In order to find out potential precipitation in the feed
solution, Visual MINTEQ (v. 3.1) was used to model the
chemical equilibrium and to calculate the supersaturation
index (SI). The input data was based on ion measurements
on different water recovery percentages.

3. Results and discussions
3.1. Water flux and fouling behavior

Experiments were carried out for both CTA and TFC
membranes to reach 90% water recovery and a total of
3.6 L of water was extracted. Using 0.5 M MgCl, as draw
solution through both experiments, the osmotic pressure
of draw solution was fixed by the addition of a secondary
high concentration stream from the reservoir tank. Thus, the
observed water flux decline was likely caused by membrane
fouling and the elevated osmotic pressure of feed solution
[16]. The latter was due to both reverse salt flux and con-
centrated feed solution. Flux was steadily decreased from
10.05 to 6.52 LMH at 50% water recovery. As can be seen
from Fig. 1, further water recovery contributed to a severe
decline in flux between 65% (6.10 LMH) to 90% (3.20 LMH)
water recovery for the CTA membrane. A similar decline can
be seen for TFC where water flux was 5.85 LMH (at 50%)
decaling to 3.68 LMH at 90% water recovery.

Regardless of membrane types, this can be explained
by the accumulation of salt in feed solution which leads
to loss of osmotic pressure gradient as the driving force
and formation of cake layer which enhance the cake
enhance concentration polarization (CECP). Wang et al.
[24] have suggested that the reverse solute flux dominated
the decrease of water flux during the concentrating pro-
cess, while the CECP and ECP contributions were simi-
lar. In the current experiment, when water flux at the end
of the experiment subtracted from the water flux of the
fouled membrane measured by distilled water, it shows a 41%
and 34% water flux decline due to reverse solute for CTA and

12.00

TFC, respectively. Another explanation for the sharp decline in
water flux may be due to the formation of precipitates namely
calcium carbonate and calcium phosphate on membrane
surface reported by [25,26]. Our finding also corroborated
the role of scaling in flux decline as precipitated compounds
were mainly composed of CaCO, in the current study.

At the end of the batch test, fresh draw solution and
deionized water were used to evaluate the membrane
fouling. Fig. 2 summarizes water flux recovery after each
cleaning step. Fouled membrane flux was 7.35LMH and
7.25 LMH for CTA and TFC respectively, accounting for
72% and 69% of virgin membrane flux. Since DI water
was used here, the share of reverse solute in total fouling
was deducted, so it can be concluded that for CTA mem-
brane, 28% of fouling was associated with the formation of
the cake layer, while in the case of TFC membrane it was
31%. The membrane surface was flushed with tap water to
examine the effect of physical cleaning. Water flux reached
9.7 LMH for CTA which equals 96% of virgin membrane
flux. This high flux recovery can prove the high reversibility
characteristic of the FO membrane which is in accordance
with previous studies [17,27]. Regardless of membrane
type, complete water flux recovery was achieved after
chemical cleaning. It indicates that chemical cleaning can
effectively recover the water flux to its virgin membrane
flux for direct municipal wastewater concentration.

3.2. Nutrient concentration and ions rejection by FO membrane

Depending on the type of pollutant and membrane
materials, different rejection rates were achieved. High
concentrating efficiency was obtained for ortho-phos-
phate (always below the detection limit in the draw tank)
for both the CTA and TFC membrane. While removal effi-
ciency of ammonium in TFC was only 25.6% (at CF = 10),
in the case of CTA one, this number reached to 34% at the
same concentration factor of 10. This is likely due to higher
ammonium permeability in the TFC membrane compared
to the CTA type. In the case of CTA, the ammonium con-
centration increased from 41.18 to 140.21 mg/L, resulting
in a decrease of ammonium concentration factor to waste-
water concentration factor ratio from 1 to 0.34. As can be
seen from Fig. 3, this ratio declined to 0.26 for the TFC one.
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Fig. 1. Variation of water flux during wastewater pre-concentration by CTA and TFC membrane (4 L sewage as initial feed solution

and 0.5 molar MgCl, as draw solution).



M. Damirchi, I. Koyuncu / Desalination and Water Treatment 211 (2021) 448-455 451

12.00

10.00
8.00 [
6.00 [
4.00

Water flux(LMH)

2.00

Dirty membrane

0.00 II II II II

After physical
cleaning

After chemical
cleaning

Virgin membrane

mCTA mTFC

Fig. 2. Water flux for fouled membrane using distilled water at the end of sewage concentration and recovered flux after each mem-

brane cleaning step.
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Fig. 3. Ammonium concentration factor to sewage concentration factor ratio in CTA and TFC membranes.

From 65% to 90% water recovery, the performance of the
TFC membrane in rejection of ammonium was more dete-
riorated compared to CTA one, whereas up to 65% water
recovery, TFC showed slightly better rejection capability.
Lack of CTA and TFC membrane in rejection of this pol-
lutant, confirming the bidirectional diffusion of NH] [28]
and is in line with findings of [24] reported only 48% rejec-
tion of ammonium. Since the draw solution concentration
was constant through the experiment, it can be concluded
that NH; flux is proportional to its initial concentration.
Concerning any potential ammonium containing recov-
ered nutrients, 65% water recovery can be considered as the
maximum concentration factor in order to not to lose NH;.

Regardless of membrane type, high performance in
rejecting the phosphate is associated with two mecha-
nisms. Firstly, the negative charge of the membrane surface
can repulse the phosphate ions via electrostatic repulsion.
Secondly, since phosphate has a large hydrated radius, size
exclusion can hinder it to pass through the membrane pores.

As can be seen from Fig. 4, in the case of CTA membrane,
orthophosphate concentration in feed solution slightly
increased until 50% water recovery, although, at this point,
its concentration factor was still much lower than waste-
water concentration factor. Regardless of membrane type,
given the fact that phosphate was absence in the draw
solution, it can be concluded that a portion of orthophos-
phate was likely transformed to other forms (MgHPO,
and CaHPO,), precipitated or physically was adsorbed to

other particles. With further the filtration time, phosphate
removal/precipitation from feed solution bulk was reached
to 92.53% and 86.46% for CTA and TFC, respectively.
Analysis of precipitation by SEM-EDX proved the presence
of phosphorus in solid which have been discussed in detail
in the following section. Regarding calcium and sulfate,
these ions can be retained completely by the FO membrane.

Mlustrating in Fig. 5, it can be observed that as the total
content of Ca* and SO until 80% water recovery was not
changed, implying that these ions didn’t participate in any
physicochemical reactions, more water recovery can facili-
tate the reaction of Ca* and Mg?* with sulfate. High rejec-
tion of sulfate alongside with the decrease of total sulfate
in feed solution from 80% to 90% water recovery can prove
that a portion of calcium and magnesium are likely to react
with sulfate to form magnesium sulfate and calcium sulfate.

Comparing the distribution species of sulfate at 80%
and 90% water recoveries by Visual MINTEQ corrobo-
rates this claim, where the distribution of MgSO, increased
from 29.61% to 38.47%, for TEFC membrane while in the
case of CTA, MgSO, distribution raised from 14.35% to
27.50%. Concerning COD, results show that FO can effec-
tively concentrate the wastewater up to fivefold, from 258
to 1,319 mg/L for the CTA membrane and up to 7-fold for
the TFC membrane increasing from 275 to 2,053 mg/L. It is
noteworthy that lower than expected CF can be explained
by attachment of organic matter to the membrane surface,
forming the cake layer and also as a result of long operating
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Fig. 4. Variation of orthophosphate concentration during wastewater pre-concentration in the bulk of feed solution.
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Fig. 5. The total content of (a) Ca*" and (b) SO} in feed solution bulk during wastewater pre-concentration.

time of experiment which makes the biodegradation of
organic matter possible. While higher COD values would
be beneficial for the subsequent anaerobic processes, salin-
ity accumulation can be detrimental for microorganisms.
An increase in salinity is associated with the high rejec-
tion capability of FO membrane and reverse diffusion of
solute from draw solution to feed solution. These two fac-
tors reduce the effective osmotic driving force which is
substantial for stable water flux.

Feed conductivity increased from 1.5 to 10.06 mS/cm in
the CTA experiment. As mentioned before, MgCl, was used
as a draw solution, so both chloride and magnesium dif-
fuse through the support layer and active layer to the feed
side. The value of the hydrated diameter ion of Mg?* and

Cl" are 0.8 and 0.3 nm, respectively, resulting in diffusion
constants of 0.55 x 10 m?/s for Mg? ion and 1.5 x 10 m?/s
for CI ion. Due to this lower diffusion coefficient of divalent
ions compared to monovalent ions [29], chloride diffuses
easier. Assuming no physicochemical reaction from the
beginning of test until 20% water recovery, for CTA mem-
brane, the calculated RSF of Mg? was 0.188 g/h m? whereas
RSF of CI- was 1.35 g/h m? while in the case of TFC, RSF of
Mg?* and Cl- were 1.148 and 4.56 g/h m?, respectively.

3.3. Recovered solids

To clarify the content of the obtained precipitate, SEM
was carried out after 90% water recovery. SEM image
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(Fig. 6) confirmed the presence of calcium carbonate as
the dominant recovered solid for both membrane types.
Specifically, the trigonal morphology reveals the formation
of calcite. An EDX was also used to quantify the elemental
composition of precipitates. A high percentage of calcium,
carbon and oxygen in recovered solids measured by EDX
analysis (Fig. 7) corroborates this matter. Although using
Visual MINTEQ to calculate supersaturation index (Table
S1) suggests the precipitation of P as hydroxyapatite (HAP)
and amorphous calcium phosphate (ACP), the presence of
organic matter and inorganic carbon facilitates the forma-
tion of other precipitates. In fact, the Ca*/P molar ratio in
the current test was always above 5 which is more than
required for P precipitation. Therefore, P consumes only a
small fraction of Ca?" in feed solution and this provides a
suitable condition for (bi) carbonate and calcium to form cal-
cite. This was corroborated by [30], applying electrolysis to
extract phosphorus from municipal wastewater.

A rough calculation by using TSS (1,805 mg/L for CTA
and 1,390 mg/L for TFC) at 90% water recovery as a solid
part of the solution and phosphorus content of recovered
solid (2.46 wt.% in the case of CTA and 2.24 wt.% in the case
of TFC indicates that 72% of total phosphorus recovered in
the form of precipitated phosphorus, while only 56% of total
P precipitated in the case of TFC. Relatively lower recovered

P in TFC experiment compared to CTA one can be associated
with shorter time to reach 90% water recovery in TFC exper-
iment, implying the importance of mixing time required
for higher P recovery. Mg?" concentration increased due to
RSF in feed solution and Mg?*/Ca? molar ratio exceeded 1
at 65% water recovery for CTA membrane while this ratio
was above 1 from the beginning for TFC membrane, expect-
ing the formation of Mg(OH),, Mg,(OH),Cl-4H,0, Mg (PO,),
or struvite, however, the thermodynamic calculation (SI <0,
Table S1) and low amount of magnesium (0.98 wt.% for
CTA and 1.08 wt.% for TFC) in recovered solid proved
the infeasibility of their formations.

4. Conclusions

In this study, it was proved that forward osmosis can
effectively concentrate the municipal wastewater, forming
a higher COD content stream for the subsequent anaerobic
processes. Prior to this step, elevated pH in feed solution
together with high rejection of FO provides an opportunity
to recover phosphorus by precipitation. Although 72% of
phosphorus in the CTA test and 56% of phosphorus in the
TEC test were recovered as solid, recovery of unwanted pre-
cipitate (Calcite) is still the main drawback in achieving this
goal due to low P content of municipal wastewater and its
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Fig. 7. Energy-dispersive X-ray spectrometry and elemental composition of precipitates: (a) CTA and (b) TFC experiment.
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complex nature. Further research is required to find ways
for selective precipitation phosphorus and to achieve this
goal, the role of (bi) carbonate as the major contributor of
calcium carbonate formation should be considered.
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Supporting information

Table S1
Supersaturation index

CTA Membrane TFC Membrane
Mineral Sat. index 0% Sat. index 50% Sat. index 90% Sat. index 0% Sat. index 50% Sat. index 90%
Anhydrite -2.02 -1.662 -1.451 -2.01 -1.645 -1.415
Brucite -6.102 -3.736 -2.484 -5.036 -3.461 -2.579
Ca,(PO,), (am1) -2.322 0.055 -1.38 —2.065 -0.307 -0.533
Ca,(PO,), (am2) 0.428 2.805 137 0.685 2.443 2217
Ca,(PO,), (beta) 1.098 3.475 2.04 1.355 3.113 2.887
Ca,H(PO,),:3H,0(s) 0.49 3.097 0.638 0.622 2.537 2.035
CaHPO,(s) -0.362 -0.132 -1.153 —0.488 -0.329 -0.599
CaHPO,:2H,O(s) -0.643 -0.413 -1.436 -0.768 -0.61 -0.884
Epsomite -4.708 -3.902 -3.051 -4.142 -3.644 -2.856
Fluorite -2.827 —2.472 -2.677 -2.51 -2.312 -1.706
Gypsum -1.77 -1.413 -1.204 -1.76 -1.396 -1.171
Halite —6.424 -5.618 -4.699 —6.624 -5.562 -4.389
Hydroxyapatite 8.325 12.849 10.999 8.966 12.321 12.138
KCI(s) —-6.543 -5.708 -4.764 —-6.836 -5.358 -4.073
Lime -21.247 -19.332 -18.725 -20.739 -19.3 -18.988
Mg(OH), (active) -7.796 -5.43 -4.178 -6.73 -5.155 -4.273
Mg,(OH),ClL:4H,0(s) -13.77 -9.365 —-6.655 -11.982 -8.559 -6.2
Mg, (PO,),(s) -5.904 -2.176 -1.672 -3.975 -1.809 -0.316
MgF(s) -5.671 —4.866 —4.424 -4.796 —4.463 -3.284
MgHPO,:3H,0(s) -1.917 -1.237 -1.614 -1.485 -1.191 -0.895
Mirabilite —-6.936 -6.232 -5.219 -7.148 —6.654 -5.616
NaF(s) -7.008 —6.656 -6.353 -6.96 —-6.795 -6.076
Periclase -10.586 -8.22 -6.967 -9.52 -7.945 -7.061
Portlandite -11.252 -9.337 -8.731 -10.743 -9.305 -8.996
Struvite -2.277 -0.583 -0.406 -1.706 —-0.663 -0.113

Thenardite -8.37 —7.664 —6.642 —-8.582 -8.084 -7.023
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