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ABSTRACT

In this study, the fouling mechanism of the Ca*-carboxyl intra-bridging thin film composite mem-
brane (TFC-Ca* membrane) was investigated by Extended Derjaguin-Landau-Verwey-Overbeek
theory regarding the influence of organic foulant together with divalent ions, and the forward
osmosis (FO) fouling experiments of the TFC-Ca* membranes were carried out by taking sodium
alginate as a model foulant to represent extracellular polymeric substance in simulated seawater.
Experimental results showed that the TFC-Ca** membrane had higher interfacial energy and lighter
membrane fouling compared to that of TFC-control membrane (without adding Ca* in the prepa-
ration of membrane). The higher positive value of interfacial energy means repulsion between the
membrane and organic foulant. According to the results of scanning electron microscope, energy
dispersive X-ray spectroscopy, and total organic carbon analysis, a thin fouling layer was formed on
the surface of TFC-Ca* membrane, and the fouled TFC-Ca? membrane contained a small amount
of organic matters and bivalent metals. The fouling layer on the TFC-Ca?* membrane was easily
removed by simple physical cleaning. The results indicated that the TFC-Ca* membrane by shielding
the interactions of organic matter-Ca* (in the feed solution)-membrane can effectively reduce the ini-
tial adsorption contamination, alleviate the deposition of organic foulants and mitigate the formation
and the subsequent growth of fouling layer on the membrane surface. The present study is expected
to provide an enlightening guide for the TFC polyamide membrane preparation, modification and
fouling control.
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1. Introduction composite (TFC) membrane, as the most advanced osmosis
membrane, has been widely employed in reverse osmo-
sis (RO) and forward osmosis (FO) membrane separa-
tion processes to produce potable water and energy [2-4].

Membrane technology has attracted ever increasing
attentions as a promising alternative to utilize unconven-
tional water resources such as wastewater [1]. The thin-film
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In particular, the FO-based wastewater treatment and water
reclamation have attracted significant interests, which can
simultaneously get fresh water from the diluted draw solu-
tion and recover nutrients from the concentrated feed solu-
tion [5-11]. FO has the features that greatly compromise the
costs and improve energy efficiencies, thus making full use
of the global water-energy nexus [10,11]. The FO process
has been observed to have high fouling resistance com-
pared to other pressure-driven membrane processes, such
as nanofiltration (NF) and RO [12-15]. Nevertheless, mem-
brane fouling is still a key issue negatively affecting TFC FO
performance and efficiency [16-23].

The TFC FO membrane consists of a thin polyamide
active (PA) layer and a porous support layer, in which the
PA layer mainly determines the separation performance
and fouling characteristics of the membrane [3,4]. As the PA
layer is fabricated by interfacial polymerization (IP) between
polyamine and acyl chloride monomer, a certain amount of
carboxyl groups can be produced on the polyamide mem-
brane surface [24,25]. The Ca* bridging interaction with car-
boxyl groups among PA layer and organic foulants is one of
the major factors affecting the fouling behavior of TFC FO
membrane [10,26-31]. Chemical modification or functional-
ization of the PA layer of TFC membranes by reacting with
carrying functional groups has been widely investigated to
overcome these problems [16,32-36]. For example, the incor-
poration of novel functional monomers [33], nanomaterials
[32,36], additives [34] into the PA layer for in-situ modi-
fication, or in the aqueous/organic phase by affecting the
interfacial polymerization reaction can finely tune the micro-
structure and morphology of resultant membranes, and in
turns improve the separation performance, antifouling of
as-fabricated TFC membranes. In our previous work, we
designed a Ca*-intra-bridged TFC membrane (prepared by
Ca? pre-occupying the carboxyl groups in the PAlayer during
IP process, abbreviated to TFC-Ca? membrane) and studied
the membrane properties, which presented outstanding
water permeation, salt rejection, and antifouling behaviors
compared to conventional TFC membrane [37]. However,
there is a lack of in-depth understanding of the antifouling
mechanism on the TFC-Ca? membrane. According previous
studies, the Extended Derjaguin-Landau—Verwey-Overbeek
(XDLVO) theory was used to describe organic fouling in
terms of interaction forces between organic matters and a
membrane surface [38-40].

In this paper, we entirely focused on studying the foul-
ing mechanism of the TFC-Ca? membrane by using sodium
alginate as model organic foulant under the ionic strength
of seawater. The fouling behaviors of the TFC-Ca? mem-
branes were evaluated by varying the divalent ion compo-
sitions of the feed solutions in FO mode. The XDLVO theory
was used to quantify the interfacial interaction energies to
explain the observed fouling phenomenon. Total organic
carbon (TOC) analyzer, scanning electron microscope
(SEM), and energy dispersive X-ray spectroscopy (EDX)
were used to characterize the fouling layer composition and
thickness. The comprehensive discussion on these issues
could provide novel insight on the mitigation of TFC-Ca*"
FO membrane fouling and achieving a high-performance
TFC FO membrane.

2. Material and methods
2.1. Materials and chemicals

All chemicals and reagents used in this study were of ana-
lytical grade unless otherwise specified. Udel® polysulfone
(PSf, Mn = 143 kDa, n = 1.01 dL g™) as the polymer material
was obtained from Solvay. The PSf substrate were fabricated
by solvent N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
Belgium, >99.5%) and pore former diethylene glycol (DEG,
Sigma-Aldrich, Belgium, >99.0%). M-Phenylenediamine
(MPD, Sigma-Aldrich, Belgium, >99%), and trimesoyl chlo-
ride (TMC, Sigma-Aldrich, Belgium, >98%) were employed
to synthesize the polyamide active layer via interfacial
polymerization. Sodium chloride (NaCl), calcium chlorides
(CaCl,), and magnesium chloride (MgCl,) were purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd., China. All
working solutions were prepared by using Milli-Q water with
a resistivity of 18.2 MQ c¢m. For membrane fouling evalua-
tion, sodium alginate (Sigma-Aldrich, Belgium) was selected
as the model organic foulant to represent polysaccharides.
The stock solution of the membrane foulant was prepared by
dissolving the foulants” power in Milli-Q water. All stock solu-
tions were kept in the dark at 4°C and used within 1 month.

2.2. Interfacial energy

The interfacial energy components of the TFC mem-
branes and foulants were determined by measuring con-
tact angles and zeta potentials (in Table S1) between the
membrane and three well-characterized probe liquids with
known surface tension components. In this study, ultrapure
water, dilodomethane, and DEG were used to calculate the
total interfacial energy (AG™T) according to the described
methods [33,38—40].

The AG™T is the sum of Lifshitz—van der Waals force
(LW), acid-base (AB), and electrostatic (EL) interactions com-
ponents of interfacial free energy, which describes the attrac-
tion or repulsion of solid material interacting with another
solid material through a liquid medium. The detailed infor-
mation of XDLVO theory can be found in the Supporting
Information.

2.3. Membrane fouling experiment

Calcium-carboxyl intra-bridging TFC membranes were
prepared by ourselves, in which Ca*" was introduced into
the MPD monomer solution before IP reaction. The details
of preparation process were shown in our previous work
[37]. According to our previous work, the Ca* modified TFC
membrane possesses the optimal antifouling performance
when the CaCl, dosage in MPD solution was 1 wt.%. Briefly,
the polymer (PSf, 15 wt.%), pore former (DEG, 17 wt.%),
and solvent (NMP, 68 wt.%) were mixed and stirred for 12 h
for complete dissolution to prepare the PSf substrate. Then
IP reaction was performed on the PSf substrate to prepare
TFC membranes. The prepared membrane was stored in
ultrapure water at 4°C prior to use.

The membrane fouling experiments were performed on
a bench-scale cross-flow FO filtration system as illustrated
in Fig. 1. The experiments were conducted using 2 L feed
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Fig. 1. Schematic diagram of the FO filtration setup used in this study.

solution containing different divalent ions (Mg*/Ca*, pre-
sented in Table 1), therefore the effect of divalent ions on the
fouling propensity of sodium alginate (pH 7.0 + 0.2, ~25°C)
was investigated. To mimic seawater desalination processes,
the total ionic strengths (Table 1) for feed solutions were cal-
culated based on [41]. NaCl solution was used as draw solu-
tion, and the initial permeate flux was set at 22 + 0.5 L/m? h
(LMH) by adjusting NaCl concentration for all experiments.
Both feed solution and draw solution were recirculated at
a cross-flow velocity of 8.5 cm/s (Re = 174) for a duration
of 10 h and a new membrane coupon was used for each
experiment. Prior to each fouling experiment, the baseline
experiment was performed where only the background elec-
trolytes (without foulant) were filtered for the same duration
as that in the fouling experiments. The presented flux decline
curves were corrected using the baseline to isolate the effect
of membrane fouling. FO water flux was determined based
on the weight change of draw solution in accordance to
[42-44]. Each fouling experiment was repeated twice using
different membrane coupons.

2.4. Membrane cleaning

Membrane cleaning was performed immediately at
the end of the fouling test to evaluate the reversibility of
membrane fouling. The fouled membrane was cleaned
with ultrapure water at a fixed cross-flow velocity of
8.5 cm/s for 60 min. After cleaning, the feed solution with-
out sodium alginate was then used to measure the water

Table 1
List of the different feed solutions and their compositions

flux thus calculating the flux recovery ratio. Each cleaning
experiment was repeated twice using different membrane
coupons.

2.5. Characterization of fouled membranes

To determine the content of organic matters on the
fouled membrane surfaces, membrane coupons with an area
of 2.0 cm x 2.0 cm were soaked in 20 mL ultrapure water
at 4°C. The dissolved water samples were collected and the
amount of TOC was quantified by TOC analyzer (TOC-
5000A, Shimadzu, Japan). The average values from two
membrane samples were reported. The structure morpholo-
gies of fouled membranes were analyzed by an SEM (Model
XL 30, Philips, Netherlands), which was equipped with an
EDX [19,21,24]. The fouled membranes were dried in a vac-
uum at room temperature (25°C) for 24 h. For cross-section
analysis, the membranes were fractured into small pieces
after immersing in liquid nitrogen for 5 min. Then the mem-
brane samples were sputter-coated with a thin layer of gold.
EDX analysis was used to quantify the element composition
on the fouled membrane surfaces. The basic characteristics
of the fouling layer could be observed, then the comparison
of the fouling extent between TFC-control membranes and
TFC-Ca* membranes could be made. To XDLVO analysis,
Zeta potentials of the model foulant solutions were exam-
ined via the Zetasizer instrument (Zetasizer Nano series
Nano-Z590, Malvern Panalytical, British and Holland), con-
tact angles of the foulants and membranes were determined

Feed solution FS composition

Osmotic pressure (bar) Total ionic

(FS) strength (mM)
Solution 1 350 mM NaCl + 50 mM MgCl, 0.40

Solution 2 476 mM NaCl + 8 mM CaCl, 0.48 500 mM
Solution 3 326 mM NaCl + 50 mM MgCl, + 8 mM CaCl, 0.39
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by contact angle goniometer (SL200B, Solon Tech Co., Ltd.,
China). The probe liquids for contact angle measurement
were ultrapure water, glycerol, and diiodomethane. All of
the above experiments were repeated twice.

3. Results and discussion
3.1. Interfacial energy between membrane and foulant

To explain the complex property of TFC polyam-
ide membrane surface combined with solidum alginate,
the XDLVO prediction method was introduced to analyze
the interactions between the polyamide membrane and
sodium alginate at the minimum distance (d,= 0.158 nm).
Membrane-foulant interfacial energies provide information
about the interaction of a clean membrane with foulants in
feed solution and about the likelihood of initial adsorption
of foulants to the membrane surface [39,41,46,47]. Positive
value of interfacial energy between membrane and foulant
signifies a stronger resistance to membrane fouling, while
negative value signifies more attractive effect between
membrane surface and foulant, which would aggravate
membrane fouling [38,39,48,49]. It was found that all the
interfacial energies were negative values of the TFC-control
membrane (Table 2), meaning high potential of membrane
fouling on TFC-control membrane. For example, the TFC-
control membrane exhibited the most negative energy of
-37.59 mJ m? and experienced a more severe organic foul-
ing as Mg* and Ca* simultaneously presented in the feed
solution (3.2. Membrane fouling). On contrast, the corre-
sponding interfacial energies for the TFC-Ca* membranes
were varying from 11.91 to -9.43 mJ m™, indicating repul-
sive interactions between the TFC-Ca* membranes and
foulants. The AB interaction was observed as the primary
factor in the membrane-foulant interactions. The role of EL
was negligible at high ionic strength (i.e., seawater) due to
the electrostatic shielding effect [12]. It has been proved that
van der Waals force (LW) has a lower contribution to the
attraction of different solid materials, compared with the
short-range acid-base (AB) interaction [38,39]. Yin et al. [50]
have reported that initial fouling was dominant in seawater
desalination process, the TFC-Ca? membranes with higher
interfacial energy means less initial adsorption of foulants
to the membrane surface. The sodium alginate and divalent
ions (especially Ca*) can interact with the carboxyl group
in the TFC membrane and produce serious membrane
fouling. According to our previous study on the surface
characteristics of TFC-Ca?* membrane, the TFC-Ca* mem-
brane contains fewer carboxylic groups in the PA layer than

Table 2

TFC-control membrane, a decrease in carboxylic groups in
TFC polyamide membrane would be beneficial to reduce
initial bridging with Ca*" and mitigate membrane-foulant
interactions. The Ca* bridging interactions were reduced
between TFC-Ca* membrane surface and sodium algi-
nate, and the initial membrane—foulant interactions were
weakened, thus decreasing the continuous formation and
growth of a cross-linked sodium alginate gel layer on the
membrane surface [51].

3.2. Membrane fouling

Fig. 2 presents the average water flux of the TFC-control
membrane and the TFC-Ca* modified membrane using a feed
solution containing 200 mg/L sodium alginate and different
divalent ions (Mg?*/Ca?*, the total ionic strength of 500 mM)
in feed solution. An initial flux of 22 LMH was used for the
fouling experiments by adjusting the draw solution concen-
trations. The results clearly showed that the membrane foul-
ing caused by sodium alginate on TFC-control membrane
was more severe than that on TFC-Ca* membrane (Fig. 2),
in which the highest recorded permeate flux declines were
41.7% vs. 26.3% for TFC-control membrane and TFC-Ca*
membrane, as the feed solutions simultaneously contained
Ca?" and Mg?*. From Figs. 2a and b, it can be found that the
membrane suffered a higher extent of flux decline with the
addition of Ca* in the feed solution than the addition of Mg?*
at mimic seawater level ionic strength. Particularly, a slightly
more flux decline was recorded as the combined presence
of Mg? and Ca? in the feed solution than that of single Ca*
in the feed solution (Fig. 2c). Due to the great importance
of abundant carboxyl groups on the polyamide membrane,
divalent ions (particularly Ca*) had the ability to bind to the
carboxyl groups of sodium alginate and polyamide surface
in a uniquely arranged manner, thus leading to a highly
arranged sodium alginate- Mg*/Ca?-membrane gel networks
on TFC membrane surface and hence severe fouling [41,45].
In addition, the flux declines mainly happened at the early
stage of fouling. These observed flux declines for TFC-Ca*
membrane in the presence of divalent ions were well-
correlated to the interaction of foulant-membrane according
to XDLVO analysis. As the operation time increases, more
significant water permeate flux reduction was observed on
the TFC-control membrane system. The results also sup-
ported the findings that the incorporation of Ca* during
membrane preparation decreased the surface carboxyl group
sites and led to less Ca*" bridge-formation between sodium
alginate and the TFC-Ca*" polyamide membrane surface.

XDLVO for interaction energy predictions of TFC-control membrane-foulant or TFC-Ca* modified membrane-foulant system in the

various salt solutions (unit: mJ m)

TFC-control membrane

TFC-Ca? membrane

W ” r F1ot AGIW AGAB AGEL AGTOT AGIW AGAB AGEL AGTOT
Solution 1 37.99 1.43 27.02 50.42 —4.24 -10.48 —-0.0004 -14.72 -3.51 15.42 -0.0001 11.91
Solution 2 37.18 2.20 19.49 50.26 —4.05 -17.35 -0.0006 —21.40 -3.35 8.26 -0.0001 491
Solution 3 38.54 3.04 7.45 48.05 —4.37 -33.22 -0.0010 -37.59 -3.61 -5.82 -0.0009 -9.43
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Fig. 2. Flux performance of the TFC-control and the TFC-Ca* modified membranes using sodium alginate (200 mg/L) in the presence
of divalent ions (a) solution 1, ¢(Ca*) = 8 mM; (b) solution 2, c(Mg*) = 50 mM; (c) solution 3, ¢(Ca*) = 8 mM and c(Mg*) = 50 mM.
An identical initial water flux of 22 LMH was used for all fouling experiments.

3.3. Membrane fouling layer characterization

For better understanding, the membrane fouling behav-
ior in TFC-control membrane and TFC-Ca? membrane,
the morphology and element composition of the fouled
membranes were immediately examined by SEM and EDX
at the end of fouling experiment as illustrated in Figs. 3
and 4. Based on the cross-section observation of the fouled
membranes, it was clearly seen that a dense sodium algi-
nate-Mg?/Ca*gel fouling layers were covered on the TFC-
control membrane surface (Figs. 3a—c). On the contrary, a
rather thin fouling layer was formed on the TFC-Ca* mod-
ified membrane surface in all scenarios with different ion
compositions in feed solution (Figs. 3d—f). The thicknesses
of the fouling layers on the TFC-control membrane and
TFC-Ca? modified membrane with the feed solution con-
taining both Mg*" and Ca* were 25.72 + 1.80 um (Fig. 3c) vs.
12.23 £ 0.32 pm (Fig. 3f).

Furthermore, the EDX analysis qualitatively demon-
strated that both Mg and Ca elements deposited in the foul-
ing layer (Fig. 4). It was notable that a higher relative weight
percentage of Mg/Ca deposited in the fouling layer of TFC-
control membrane. The relative weight percentage of Mg/Ca
was significantly reduced in the fouling layer of TFC-Ca*
modified membranes, indicating the occurrence of more
severe fouling on the TFC-control polyamide membrane
surfaces.

The amount of foulants extracted from the organic-fouled
TFC-control and TFC-Ca* membrane surfaces were ana-
lyzed by TOC after the fouling experiment. It was obvious
that a significant amount of foulants were detected on the
TFC-control membrane surface as shown in Fig. 5, espe-
cially in the presence of Ca*. However, the concentrations
of organic matters on the fouled TFC-Ca* membranes were
much lower, which was consistent with the observation of
SEM and EDX analysis (Figs. 3 and 4). As well discussed in
previous studies, the fouling layer formed on the membrane
surface could severely lower mass transfer coefficient and
directly decrease water permeability [22] and result in the
severer water flux decline. The ever-growing fouling layer
inevitably induces more serious gel-layers and facilitates
the enrichment of organic matters on membrane surfaces.

The foulant deposition amount on the TFC-control and
TFC-Ca? membrane surfaces, as well as the element contents
observed from EDX results, were mostly consistent with the
variations of the flux curves (Fig. 2). Based on the above
discussion, it can be concluded that a bountiful supply of
carboxyl groups on the TFC-control membrane is straight-
forwardly caused much more organic foulants accumulated
on the membrane surface, this thick layer provides resis-
tance to water permeance, resulting in the severer membrane
fouling and a higher overall flux decline during the water
treatment/reclamation. In contrast, the novel Ca* preoccu-
pation strategy during the IP process by sequestrating their
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Fig. 3. SEM images of the fouled TFC-control membranes (a-c) and TFC-Ca* modified membranes (d—f). (a,d) Solution 1;

(b,e) solution 2; (c,f) solution 3.
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Fig. 4. EDX analysis of the element compositions on the fouled TFC-control membranes and TFC-Ca* modified membranes in

different divalent ion as feed solutions.

carboxyl groups could resist the attachment of sodium algi-
nate on the polyamide membrane surface.

3.4. Fouling reversibility

Flux recovery experiments were carried out immedi-
ately following the fouling experiments for each membrane
sample to assess the fouling reversibility of TFC-control
membrane and TFC-Ca* membrane, as is shown in Fig. 6.
It was noticed that the TFC-Ca? modified membrane showed

higher cleaning efficiency and achieved higher water
flux recovery than TFC-control membrane (Fig. 6b). The
water recovery rates were 79.4% (TFC-control) and 89.9%
(TFC-Ca?), respectively, under the most severe membrane
fouling circumstance. This demonstrated that the membrane
fouling occurred in TFC-control membrane was obviously
severer than that in TFC-Ca* membrane. A more reversible
fouling layer formed on the TFC-Ca* modified membrane
that can be easily broken apart and removed by simple
physical cleaning.
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Fig. 6. Membrane fouling reversibility for the TFC-control membranes (a) and the TFC-Ca* membranes and (b) in the presence
of divalent ions. Fouling reversibility was evaluated by cleaning the fouling membranes with DI water under crossflow conditions.

sp0 | [EZZATFC-control
< EER TFC-Ca®* 7
W
'En 400
g 300f
a2
E
=
2 200
L~
=
S
w oo
o
e
0
solution 1 solution 2 solution 3

Fig. 5. The amount of organic foulant deposition on the fouled
TFC-control membrane and TFC-Ca* membranes were analyzed
by TOC after the fouling experiment.

4. Conclusion

The fouling mechanisms of the TFC-Ca* membrane and
the influence of divalent ions were investigated by XDLVO
theory and FO fouling experiments. The TFC-Ca? mem-
brane PA layer was more resistant toward sodium alginate
aggregates settling compared to the visibly thick fouling
layer noticed on the TFC-control membrane. Probing the
membrane-foulant interactions elucidated that there was
strong repulsion between the TFC-Ca? membrane and
foulants. The results of interaction energy are in striking
agreement with the fouling properties of the membranes.
This was due to changes in the membrane surface, which
reduced the chance of membrane surface carboxyl group
chelating with divalent ions, resulting in the reduction of
initial fouling and the deposition of organic foulants on the
membrane surface. This knowledge and the in-depth under-
standing of the specific ion interactions between membrane
and foulants can provide a different insight into organic
fouling controlling strategies of TFC polyamide membrane.
Sequestration of a specific interaction between membrane
surface and organic foulant is promising for lower the

membrane-foulant interaction and the fouling propensity of
TFC polyamide membrane.
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Supporting information
S1. XDLVO theory analysis

The total interaction energy AG'™T between solid mate-
rials can be determined by including the Lifshitz-van der
Waals (LW) interaction AG", electrostatic double layer (EL)
interaction AGF, and Lewis acid-base (AB) interaction AG*E,
which can be expressed as follow [1,2]:

AG™T = AG™Y + AG™ + AG*® (S1)

AGH =2 = ) i) 52)

AG*® =2 y{(\/ﬁ+\/z—\/f)+
2\/5(\/7;+\/Z—ﬁ)—2(\/m2 +\/m:) (83)

£,8,K
2

€2 +82)x| 1-coth(xy)+ 26,5, csch(xy) | (S4)
m c CZ + 2

m c

AG™ =

where the subscript of m and c correspond to membrane
and organic foulant, respectively. gg, is the dielectric
permittivity of the fluid (i.e., g, = 8.85419 x 107, ¢ =78,
respectively), { and ( are the surface potentials of the
membrane and organic foulant which were determined
by zeta potential measurements, respectively. k is the
inverse Debye screening length.

Table S1
Zeta potentials and contact angles with the different feed salt
solutions

Zeta potential (mV) Contact angle (°)

Solution 1 -11.30 47.34

Solution 2 -14.57 53.12

Solution 3 -6.36 65.37
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