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ABSTRACT

Forward osmosis (FO) has gained increasing interests in wastewater treatment and reclamation. How-
ever, membrane fouling has become one major obstacle hindering FO application. A novel mitigation
approach for FO membrane fouling via in situ extracting Ca>* binding with the organic foulants using the
gradient diffusion thin-films (DGT) was proposed in this study. The DGT could effectively adsorb the Ca®*
binding with the sodium alginate via the chelation of the Chelex functional groups, and its adsorption
amount of Ca®* correspondingly increased as a function of the Ca?* concentration in the feed solution.
Owing to the extraction of Ca®* from the fouling layer by the DGT, the FO membrane fouling was
effectively mitigated evident by significant enhancement of water flux, and at the same time, foulants
became easily removed by physical cleaning. The alleviation of FO membrane fouling by the DGT could be
attributed to the fact that the structure of the fouling layer became more porous and looser after in situ
removing Ca?* from the alginate-Ca®* gel networks. The feasibility of fouling control strategy via in situ
removing Ca®* binding with the foulants in the fouling layer was demonstrated, which provides new
insights into fouling control mechanisms during FO treating wastewater.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Forward osmosis (FO) process has raised increasing attentions
as a promising technology for wastewater treatment and recla-
mation (Liu and Mi, 2012; Zhao et al., 2012; Lutchmiah et al., 2014).
FO process utilizes osmotic pressure gradient as driving force to
extract water molecule from the feed solution (FS) through the FO
membrane to the draw solution (DS). Compared to the pressure-
driven membrane processes including reverse osmosis (RO) and
nanofiltration (NF), the osmotic pressure-driven FO process has
several advantages such as lower energy consumption (if no need
to regenerate the draw solution), higher water recovery, and su-
perior water flux stability against fouling (McGinnis and Elimelech,
2007; Mi and Elimelech, 2010; Gu et al.,, 2013; McGovern and
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Lienhard, 2014; Shaffer et al., 2015; Tow and Lienhard, 2016;
Siddiqui et al., 2018). Nevertheless, similar to other membrane
processes, membrane fouling remains a major obstacle hindering a
wider application of FO to complex waste streams, and its com-
bined bioreactor (e.g., osmotic membrane bioreactor (OMBR) and
anaerobic membrane bioreactor (AnOMBR)) in wastewater treat-
ment and reclamation (Mi and Elimelech, 2010; She et al., 2016;
Wang et al., 20163, 2017; 2018a, 2019; Luo et al., 2017).

Fouling occurs when solutes or particles in the feed deposit onto
surfaces or into pores of the FO membrane (Liu and Mi, 2012),
which not only enhances the resistance of FO membrane but also
increases the external concentration polarization (ECP) (Wang
et al., 2014; Motsa et al., 2015). FO membrane fouling can be clas-
sified as organic, inorganic, microbial (biofouling) and colloidal
fouling (Liu and Mi, 2012; Wang et al., 2014; Sun et al., 2016).
Abundant and ubiquitous organic substances in the feed water such
as, natural organic matters, alginates, and proteins, induce severe
fouling on FO membrane surface (Mi and Elimelech, 2008, 2010;
Xie et al., 2013). In addition, inorganic species not only tend to
directly precipitate onto the FO membrane surface but also interact
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with the organic foulants by bridging negatively charged functional
groups (Sobeck and Higgins, 2002; Boo et al., 2012). Moreover,
microorganisms especially bacteria can adhere to the FO mem-
brane and subsequently form a biofilm (Yoon et al., 2013; Kwan
et al.,, 2015), and colloidal fouling is owing to the deposition of
colloidal particles (Liu and Mi, 2012). Correspondingly, FO mem-
brane fouling has been extensively investigated using single model
foulant such as alginate, bovine serum albumin (BSA), gypsum and
Pseudomonas aeruginosa (Mi and Elimelech, 2008; Arkhangelsky
et al, 2012; Kwan et al., 2015). Compared with other fouling
types, organic fouling is more complicated, not only because spe-
cific interactions between chemical functional groups on the FO
membrane surface and those of the organic foulants may occur, but
it was also found to be affected by the ionic composition of the feed
solution (Li and Elimelech, 2006). As a result, previous studies on
FO membrane fouling are focused on organic fouling (Li and
Elimelech, 2006; Mi and Elimelech, 2010; Liu and Mi, 2012;
Motsa et al., 2015; Zheng et al., 2018). In these studies, it has been
demonstrated that organic fouling of FO membrane is enhanced by
divalent cations, i.e., forming a dense, cross-linked organic fouling
layer, and consequently resulting in a rapid flux decline (Li and
Elimelech, 2006). It is hypothesized that if the divalent cations
can be extracted from the foulants on the FO membrane surface, the
organic fouling layer might become loose and subsequently easily
remove by a simply physical cleaning.

Diffusive gradients in thin-films (DGT) has become an attractive
technology with a wide range of applications, including water
quality monitoring, dynamic processes and bioavailability in waters
and soils (Perez et al., 2009; Town et al., 2009; Schintu et al., 2010).
The DGT technology can be used to adsorb most metals (e.g., Al, Zn,
Cu) in water and soil based on Fick's first law of diffusion (Zhang
and Davison, 1995; Degryse et al., 2009; Guan et al., 2015). It con-
sists of the innermost resin layer, a specific thickness of the diffu-
sion gel, and a membrane filter (Zhang et al., 1998; Guan et al,,
2015). The diffusive gel provides a controlled medium through
which ions migrate before being adsorbed on the resin, and the
resin layer is used to absorb the enriched target ions (Sherwood
et al, 2009). The adsorbent material in the resin layer has a
strong binding ability to metal (metalloid) ions, and its target in the
solution is adsorbed immediately after passing through the diffu-
sion gel to the resin layer (Davison and Zhang, 2012). The DGT
technology has the advantages of simplicity, in situ and quantitative
concentration of metals and non-metallic elements, as well as
morphological analysis by simulating the absorption process of
organisms (Zhang and Davison, 2015).

We are inspired by the successful extraction of metal ions from
soils/sediments using DGT, where the metal ions in soils/sediments
are effectively transferred to the DGT and subsequently to the liquid
phase. In this study, applying the DGT technology for in situ
adsorbing the divalent cations binding with the organic foulants
from the FO membrane surface was attempted, thereby for miti-
gating membrane fouling and facilitating the subsequent mem-
brane cleaning. Studies on applying the DGT technology for
controlling organic fouling of FO membrane were rare in current
literature. The objective of this study is to evaluate the feasibility of
alleviating the FO membrane fouling through in situ removing the
Ca’* combined with the organic foulants by the DGT technology.

2. Materials and methods
2.1. Experimental set-up
Fouling profile of the FO membrane was evaluated in a bench-

scale filtration system, as schematically shown in Fig. S1, Support-
ing Information. This test system included a cross-flow membrane

cell with two symmetric flow channels (each of
85 mm x 39 mm x 2 mm in dimension). Membrane coupons were
placed in the membrane cell between the two channels for the DS
and FS, respectively. Two peristaltic pumps (Longer Precision
Pump, China) were used to pump the DS and FS into the separate
closed loops. The cross-flow velocity in both channels of the
membrane cell was constant at 1.3 mm/s. Both DS and FS were kept
at room temperature (25 + 2 °C). Change in the weight of FS was
monitored by a digital balance (Mettler Toledo, China) and recorded
in a computer by a data acquisition software (Mettler Toledo,
China), which was converted into changes in water flux of FO
membrane.

2.2. Operating conditions

Thin film composite (TFC) polyamide FO membrane (supplied
by Hydration Technology Innovations) was used in this study. The
TFC membrane has an asymmetric structure including a dense
active layer (AL) and a porous support layer (SL) embedded with a
polyester mesh. The water permeability coefficients (A) and salt
permeability coefficients (B) of the TFC FO membrane were
4.9 x 102 m/(s Pa) and 0.95 x 10”7 m/s, respectively. Membrane
samples were stored in deionized (DI) water at 4 °C and soaked in
DI water at room temperature for 24 h before each test.

A 4M NaC(l solution was used as the DS in both fouling and
baseline experiments. Sodium alginate (75—100 kDa) was selected
as the model organic foulant. The baseline experiment was con-
ducted before the fouling experiment with the DI water as the FS
and the 4 M Nadl as the DS. In order to evaluate the adsorption
efficiency of DGT for Ca®* binding with the sodium alginate, the FO
membrane was fouled by the sodium alginate and CaCl, in
sequence, which was different from the previous fouling protocol
(Liu and Mi, 2012; Motsa et al., 2015). The procedure of the FO
membrane fouling tests was conducted as follows (see for Fig. S2,
Supporting Information). Firstly, a new FO membrane coupon was
sealed in the FO cell with active layer facing FS, and then a baseline
experiment was performed for 4 h to obtain the initial flux of the FO
membrane. After that, the fouling tests were started with 2 L of FS
and DS. With regard to the single organic fouling, the fouling
filtration was operated for 48 h; while the enhanced organic fouling
filtration was conducted with a CaCl, solution for 24 h after the
single organic fouling experiments operated for 24 h. As for the
single organic fouling, the FS consisted of 200 mg/L sodium algi-
nate, 20 mM NacCl, 20 mM NaySO4 and 1 mM NaHCO3, while the FS
was changed into the CaCl; solution with three concentration levels
of 1, 15 and 35 mM, respectively, for the tests of enhanced organic
fouling by the Ca®*. All the chemicals were obtained from Sigma-
Aldrich (Shanghai, China).

2.3. DGT adsorption and evaluation

The DGT adsorption experiments were conducted after the
fouling tests. As schematically shown in Fig. 1, the DGT device
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Fig. 1. Schematic view of the DGT adsorption device for the fouled FO membranes.
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included the membrane filter, the diffusive gel strip and the resin
layer (DGT Research Ltd., UK). During the adsorption experiments,
the fouled FO membranes were attached to the membrane filter for
48 h. After that, the resin layer made of Chelex-100strip (a
commonly used chelating resin) was removed into the 1 M HNO3
eluent for 24 h. Meanwhile, the remaining foulants were removed
from the FO membrane surface by ultrasound (35Hz , 15 min)
(Pendashteh et al., 2011). The extracted and ultrasound-extractable
remaining Ca®" concentrations were measured by an Atomic Ab-
sorption Spectrometer (Shimadzu Tokyo, Japan).

In order to evaluate the adsorption efficiency of the DGT, the
extracted Ca®* concentration was converted into the adsorption
amount on the Chelex gel strip according to the below equation.

M = Ceve/fe (1)

where M is the amount of Ca>* absorbed on the Chelex gel strip, C,
is the concentration of Ca** in the eluent, V, is the volume of the
eluent (50 mL in this study), and f; is the elution efficiency (0.8 for
Ca®*) (Zhang and Davison, 1995; Warnken et al., 2006; Montero
et al,, 2012).

The ultrasound-extractable remaining Ca’® amount on the
fouled FO membrane was correspondingly converted by the
following equation.

Mg = CrVi (2)

where Mg, is the amount of Ca%* remained on the fouled membrane
surface, Cg is the concentration of the ultrasound-extractable
remaining Ca®*, and V is the volume of the dissolved residual
foulants (100 mL in this study).

Based on the calculation of M and Mg, the adsorption efficiency
(n) was obtained according to the below equation.

7 (%) = M/(M + Mg) x 100% 3)

2.4. Analytical method

Water flux through the FO membrane was obtained based on
the weight change of the FS. After the fouling tests and the DGT
adsorption experiments, the water flux of the fouled and adsorbed
FO membranes were determined by the FO cell for 4 h with the DI
water as the FS and the 4 M Na(l as the DS. In order to eliminate the
impacts of initial water flux (also measured by the FO cell) for
different FO membranes, a normalized water flux was used for
characterizing the fouled and adsorbed FO membranes. It was ob-
tained through the determining flux dividing by the initial flux
before fouling tests.

The conductivity of the FS was monitored and recorded by a
conductivity meter (EC300A, YSI, USA). The FO membrane samples
were obtained by randomly cutting from the fouled FO membranes
removed from the FO cell. An energy diffusive X-ray (EDX) analyzer
(Su-8020, Hitachi, Japan) and a field-emission scanning electron
microscopy (FE-SEM) (Su-8020, Hitachi, Japan) were applied for
capturing the element compositions and surface images of the
fouled and adsorbed FO membrane samples, respectively. Prior to
SEM and EDX observations, all FO membrane samples were pre-
pared by freezing the membrane at —80 °C in a chiller for 2 h fol-
lowed by freeze drying at —48°C for 6h using a freeze dryer
(FreeZone 25, Labconco, Czech Republic). The distributions of
polysaccharides on the fouled and adsorbed FO membrane samples
were analyzed by the confocal laser scanning microscopy (CLSM)
(LSM 710, ZEISS, Germany). The probe of Calcofluor white (CW)
(0.3 g/L) was used to stain the polysaccharides on the FO membrane

samples. After the labeling process, the samples were incubated for
30 min at room temperature in the dark, and then were washed
twice with phosphate buffered saline (PBS) solution to remove the
extra probes. The stained FO membrane samples were character-
ized by the CLSM at the excitation/emission wavelengths of 405
nm/410—480 nm. Three-dimensional reconstructions were ob-
tained with ZEISS confocal software, and the images were analyzed
by softwares of PHLIP (Version 0.7) and Image ] (NIH, Bethesda, MD,
USA) to calculate the quantitative parameters including average
amount of polysaccharide, mean thickness and porosity (Mueller
et al., 2006; Yu et al., 2011; Yuan et al., 2015; Wang et al., 2016b).

All experiments are repeated at least three times for statistics.
The data shown in tables and figures is expressed as means with
standard deviations.

3. Results and discussion
3.1. Water flux profile

Water flux profiles of FO membranes at different fouling con-
ditions are shown in Fig. 2. Water flux of FO membrane decreased
with the extension of the operating time regardless of the
composition of the FS. However, the profile for FO membrane water
flux decline was highly dependent on the foulants composition in
the FS. Compared with the single organic fouling only induced by
the sodium alginate, the flux decline became severer when the Ca®*
was added into the FS. In addition, the rate for water flux decline
was accelerated with an increase of the Ca’* concentration.
Moreover, the cleaning experiments on the fouled FO membranes
at different fouling conditions were conducted by the backwashing
in the FO cell for 0.5 h with the 0.5M NaCl as the FS and the DI
water as the DS according to previous literature (Mi and Elimelech,
2010; Motsa et al., 2017). The results indicated that the alginate
fouling became difficult to clean when Ca®>" was present in the
influent, e.g., the increasing rate of the normalized water flux was
about 20% for the single organic fouling only induced by the sodium
alginate while it became less than 5% for the organic fouling
induced by the sodium alginate and 35 mM Ca?*. These facts clearly
showed that Ca®* aggravated the organic fouling of FO membrane,
which was consistent with previous literature (Liu and Mi, 2012;
Motsa et al., 2015; Charfi et al., 2017). This phenomenon could be
attributed to the fact that Ca®>* and alginate form complexes with
unique structure, thereby leading to a high density gel network
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Fig. 2. Water flux profile of FO membranes during fouling filtration. FO fouling
filtration was conducted with feed solution containing 200 mg/L sodium alginate,
20 mM Nacl, 20 mM Na,SO4 and 1 mM NaHCOs, with varying calcium concentration
from 1 to 35 mM. Draw solution was 4 M NaCl. The filtration was operated for 24 h.
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(Van den Brink et al., 2009; Wang and Waite, 2009).

3.2. DGT approach effectively extracted calcium from fouling layer

After the fouling tests of the FO membranes, Ca®>* was extracted
from the fouled FO membranes by the DGT technology. The
normalized membrane flux of the fouled FO membranes before and
after DGT adsorptions are summarized in Fig. 3 (a). Specifically,
there were no changes in the normalized water flux of the fouled FO
membrane with only alginate sodium before and after the DGT
adsorption, indicating that the DGT had no impacts on the single
organic fouling of FO membrane. By contrast, the normalized water
flux had a significant increase after the DGT adsorption for the
organic fouling enhanced by Ca®", suggesting an effective mitiga-
tion of FO membrane fouling. Variations of the normalized water
flux for different fouling conditions were consistent with the DGT
adsorption efficiency (see for Fig. 3 (b)): indeed, there was no Ca®*
adsorption for the single organic fouling while the DGT adsorption
efficiency was ranged from 32.6% to 62.8% for the enhanced organic
fouling with different concentrations of Ca**. These results implied
that the DGT could effectively adsorb Ca®* from the alginate bound
foulants. As a result, organic fouling of the FO membrane could be
alleviated via the extraction of Ca>* from the fouling layer.

Although the DGT could adsorb the Ca®* from the fouling layer
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Fig. 3. DGT performance in fouling mitigation: (A) Normalized water flux and (B) DGT
adsorption amount and efficiency at different fouling conditions. The FO fouling
filtration conditions were described in Fig. 2. DGT adsorption was performed using a
DGT device with Chelex-100 strip, 1 M HNOs as the eluent. The error bar represents the
standard deviation from three repeated experiments.

of the FO membrane, the adsorption amount and efficiency were
significantly influenced by adding concentration of Ca’*. DGT
adsorption amount of Ca** correspondingly increased with the
feed Ca?* concentration (Fig. 3 (b)), which was driven by more Ca®*
binding with the alginate at a higher addition of Ca?*. However, the
adsorption efficiency was enhanced from 1 to 15mM Ca*, and
started to decrease when Ca®* concentration reached 35mM.
Given that the DGT was constrained by adsorption capacity, the
decrease of adsorption efficiency at Ca?* concentration of 35 mM
could be attributed to the saturation of DGT adsorption
(0.59 + 0.01 mg). Indeed, it was interesting that the DGT adsorption
efficiency was not correlated with the increase of the normalized
water flux after the DGT adsorption (Fig. 3 (a)), suggesting that the
different structure and composition of the fouling layer on the FO
membrane surface at different fouling conditions might strongly
affect the mitigation of membrane fouling by the DGT adsorption.
Thus, it is very necessary to further investigate the changes in
structure and composition of the fouling layer before and after the
DGT adsorption.

3.3. DGT adsorption altered fouling layer structure and improved
cleaning efficiency

In order to evaluate the structure of fouling layer before and
after DGT adsorption, the morphology, element composition and
structure of fouled and DGT adsorbed FO membranes were
analyzed by SEM, EDX and CLSM, respectively. The SEM images of
the fouled FO membranes before and after the DGT adsorption are
shown in Fig. 4. Compared with the SEM image of the virgin FO
membrane (Fig. S3), a fouling layer was formed on the FO mem-
brane surface when only sodium alginate was used. However,
except for the fouling layer, some macromolecular biopolymers
were appeared on the FO membrane surface in all scenarios with
Ca** addition into the feed. More importantly, more macromolec-
ular biopolymers deposited on the membrane surface with the
increase of Ca®>* concentration. This result further demonstrated
that Ca>* enhanced the organic fouling and induced a severer FO
membrane fouling. Noting that the high density “egg-box-shaped”
gel networks were observed on the FO membrane surface when
Ca’* concentration increased to 35mM. Correlation of foulant
deposition amount on the FO membrane surface and the Ca®*
concentration observed from SEM images were consistent with the
variations of the flux decline (Fig. 2). After the DGT adsorption,
except for the single organic fouling induced by the sodium alginate
(Fig. 4 (Aa) and Fig. 4 (Ba)), the deposition of alginate fouling layer
on the FO membrane surface minimized regardless of the Ca®"
concentration, indicating the effective adsorption of Ca>* from the
fouling layer of the FO membrane by the DGT technology.

From the EDX analyses, various elements including C, O, Na, S, Cl
and Ca could be detected on the fouled FO membranes (Fig. S4 and
Table S1). It was notable that the relative weight percentage of Ca
on the fouled FO membranes correspondingly increased with the
increase of the adding Ca®* concentration, further indicating the
occurrence of more severe “egg-box-shaped” gel networks on the
FO membrane surfaces. After the DGT adsorptions, the relative
weight percentage of Ca significantly reduced (Fig. S5 and Table S2).
This result strongly proved the effective adsorption of Ca®* from
the fouling layer of the FO membrane by the DGT technology.

For further understanding the impacts of the DGT adsorption on
the fouling structure of the FO membrane, the fouled FO mem-
branes before and after the DGT adsorption were analyzed by the
CLSM observations. From Fig. S6, all the fouled FO membrane sur-
faces were covered by polysaccharides, and these formed fouling
layers were thick. The deposited polysaccharides slightly decreased
for the fouling by both sodium alginate and Ca®* after the DGT
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Fig. 4. SEM images of the fouled (A) and DGT adsorbed (B) FO membranes: (a) single organic fouling; (b) organic fouling + 1 mM Ca?*; (c) organic fouling + 15 mM Ca?*; (d) organic

fouling + 35 mM Ca?".

adsorption (Fig. S6 and Table 1). In addition, the porosity of the
fouling layers induced by both the sodium alginate and Ca®*
significantly increased after the DGT adsorption (see for Table 1). It
has been demonstrated that the porosity significantly affects
membrane fouling, i.e., less porosity results in a severe membrane
fouling (Wu et al., 2009; Wang et al., 2018b). Thus, the mitigation of
the fouling owing to both the alginate and Ca®* by the DGT tech-
nology was mainly attributed to the fact that the structure of the

fouling layer became more porous after the extraction of the
organic-bound Ca®*.

In order to further investigate whether DGT adsorption could
enhance the physical cleaning, the fouled and DGT adsorbed FO
membranes at the FS condition of sodium alginate and 35 mM Ca>*
were backwashed according to previous literature (Mi and
Elimelech, 2010; Motsa et al., 2017). There was no significant
variation of the normalized water flux for the fouled FO membrane
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Table 1

Structural parameters of fouling layer before and after DGT adsorption obtained from CLSM images via PHLIP®.

107

Fouling layer

Average amount of polysaccharide (um> pm~2)

Porosity (%)

Mean thickness (pm)

Before DGT adsorption single organic fouling 12.25+0.41
organic fouling + 1 mM Ca?* 13.00 + 1.08
organic fouling + 15 mM Ca? 14.06 +0.93
organic fouling + 35 mM Ca®* 14.13 £ 0.87

After DGT adsorption single organic fouling 12.45+0.05
organic fouling + 1 mM Ca?* 12.40 +0.09
organic fouling + 15 mM Ca?* 13.00 +0.19
organic fouling + 35 mM Ca®* 13.14+0.26

32.10+£4.70 24.85+1.32
22.78 +7.54 24.81+3.69
18.26 +9.46 26.26 + 1.44
16.27 +0.80 25.56 +3.38
35.06 +2.51 24.68 +3.26
33.49+2.90 22.31+095
28.14 +8.81 23.46 +0.29
20.86 +3.62 24.78 +0.49

3 Values are given as mean values + standard deviation (number of measurements: n = 3). The scanning area was 850 x 850 um? in size.

after the backwashing; by contrast, it significantly increased from
0.41 to 0.53 for the DGT adsorbed FO membrane after backwashing
(Fig. 5). It suggested that the DGT adsorption could enhance the
physical cleaning of the fouled FO membranes. Such evidence
strongly suggested that the DGT adsorption not only mitigated the
FO membrane fouling but also enhanced the membrane cleaning
via changing the structure of the fouling layer.

3.4. Implications

We demonstrated that the DGT technology can effectively alle-
viate organic fouling of FO membranes via directly adsorbing Ca®*
from the fouling layer. The mechanisms on the in situ mitigating FO
membrane fouling are conceptualized in Fig. 6. With regard to a
thick fouling layer with alginate-Ca®* gel networks, the Chelex

resin in the DGT device can directly remove the alginate-bound
Ca®* via the chelation of the Chelex functional groups. Due to the
extraction of the alginate-bound Ca?* from the organic fouling
layer, the structure of the fouling layer became more porous and
looser, which mitigated the FO membrane fouling and further
enhanced the cleaning efficiency. Moreover, the DGT devise can be
reused for adsorbing Ca®* after the resin layer was regenerated by
HNO3 based on the results that the reused DGT device had a similar
Ca* adsorption amount compared with the new one. The success
in alleviating organic fouling of the FO membrane demonstrated
the feasibility of fouling control strategy via directly extracting Ca®*
from the fouling layer. Extracting the calcium from fouling layer
played a critical role in altering membrane fouling layer structure,
which shed light on novel fouling control and management.
However, applying such DGT-based technique in controlling real FO

0.6
- [ Before backwashing ¢

w 0.5+ [ After backwashing
=
F—
o 04
QO
+— L
<
= 03+
o) I
O
& 02r
g L
= Ol
Z. I

0.0

Fouled Membrane DGT Adsorbed Membrane

Fig. 5. CLSM images of the fouled (A) and DGT adsorbed (B) FO membranes with alginate and 35 mM Ca?* and normalized water flux before and after backwashing (C). Exper-
imental condition for FO filtration was described in Fig. 2, and DGT adsorption protocol was described in Fig. 3.
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Fig. 6. Mechanisms of Ca>* adsorption from the fouling layer by the DGT technology.

membrane fouling still has limitations. On one hand, the real FO
fouling is composed of many other constituents such as pre-
cipitates, microorganisms, and humic substances, which might
disrupt the extraction of Ca®* from the fouling layer. On the other
hand, although the DGT technology was suitable for the flat-sheet
FO membrane module applied in this study, it is difficult to
directly apply in the spiral-wound or other tightly-packed mem-
brane configurations. Thus, further studies should be focused on
evaluating the DGT technology in real fouling scenarios where the
co-existence of sparingly soluble inorganic minerals and organic
foulants leads to a more complicated membrane fouling, and
emphasized on developing other chelating agent or resin to replace
with the DGT technology for in situ adsorbing calcium from the
fouling layer in order to adapt to different foulants composition and
membrane configurations.

4. Conclusions

This study proposes a novel approach to mitigating the FO
membrane fouling via the DGT for in situ removing Ca®* binding
with organic foulants. With regard to a thick fouling layer with
alginate-Ca®* gel networks, the Chelex resin in the DGT equipment
can directly remove the organic-bound Ca?* via the chelation.
Owing to the extraction of the organic-bound Ca®* from the
membrane surface, the structure of the fouling layer became more
porous and looser. The changes in the fouling structure alleviated
the FO membrane fouling and further enhanced the cleaning effect.
The success in mitigating the FO membrane fouling induced by the
sodium alginate and Ca®>* demonstrated the feasibility of fouling
controlling strategy via directly extracting Ca’>* from the fouling
layer.
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