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Abstract: Forward osmosis (FO) membranes have the advantages of low energy consumption, high
water recovery rate, and low membrane pollution trend, and they have been widely studied in many
fields. However, the internal concentration polarization (ICP) caused by the accumulation of solutes
in the porous support layer will reduce permeation efficiency, which is currently unavoidable. In this
paper, we doped Graphene oxide (GO) nanoparticles (50~150 nm) to a polyamide (PA) active layer
and/or polysulfone (PSF) support layer, investigating the influence of GO on the morphology and
properties of thin-film composite forward osmosis (TFC-FO) membranes. The results show that under
the optimal doping amount, doping GO to the PA active layer and PSF support layer, respectively, is
conducive to the formation of dense and uniform nano-scale water channels perpendicular to the
membrane surface possessing a high salt rejection rate and low reverse solute flux without sacrificing
high water flux. Moreover, the water channels formed by doping GO to the active layer possess
ﬁl;%la(t?sr preferable properties, which significantly improves the salt rejection and water permeability of the
o ) membrane, with a salt rejection rate higher than 99% and a water flux of 54.85 L-m~2-h~! while the
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pure PSF-PA membrane water flux is 12.94 L-m~2-h~!. GO-doping modification is promising for
improving the performance and structure of TFC-FO membranes.
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Academic Editor: Won San Choi _ In the past few decades, researchers have done many works to d.eall with water pqllu—
tion and water shortage problems [1-3]. Forward osmosis (FO), receiving great attention,
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port water molecules with a high water recovery rate and low energy consumption [4-7].
Therefore, new membrane materials, such as aquaporin biomimetic membrane [8,9], carbon
Publisher’s Note: MDPI staysneutral ~ Nanotube modified membrane [10-12], graphene-based material [13,14], and graphene
with regard to jurisdictional claims in ~ 0Xide (GO) modified membrane [15-18], have been developed for water treatment by
published maps and institutional affil- forward osmosis.
iations. A good FO membrane material should have high salt rejection, good hydrophilicity,
high water flux, high mechanical strength, and good stability, which can be affected by the
active layer and support layer [19-21]. Generated by solute accumulating in the porous
- support layer, internal concentration polarization (ICP) results in membrane fouling and
decreases the effective driving force of osmosis [22], which cannot currently be avoided [23].
Researchers have developed strategies such as reducing the curvature, increasing the
porosity, and improving the hydrophilicity of the load layer to deal with the problem caused
by ICP [24]. As one of the most promising two-dimensional nanomaterials [25,26], GO
possesses good hydrophilicity, selectivity, and excellent mechanical properties [27], which
can significantly improve the separation ability and filtration efficiency of the membrane
and broaden the application range. Moreover, because of the oxygen-containing groups on
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GO surfaces, agglomeration of the nanoparticles can be avoided [28,29]. More significantly,
the surface mobility of GO can be used to adjust the nanochannel at the interface, which
will provide a wider application prospect for membrane modification.

GO-modified membranes have demonstrated good performance in FO processes [30,31].
Park et al. [24] studied that the coalescence of GO into the polysulfone (PSF) support layer
improved the structural properties, and accordingly improved the membrane selectivity
and water permeability. Jin et al. [23] studied the formation of a polyamide (PA)-GO
membrane through GO cross-linking. The highly porous and hydrophilic support layer
improved separation performance and reduced ICP. Hu and Mi [32] obtained a GO mem-
brane with great organic rejection and water flux through a layer-by-layer deposition
method. Choi et al. [33] successfully prepared a TFC membrane with a support layer of
PSE-PDA /GO through phase inversion and interfacial polymerization, which increased
water permeability with a low GO content. PA membranes, found to have good selectivity
and permeability [28,34], have been combined with GO through the interfacial polymeriza-
tion (IP) process to reduce reverse salt flux and increase water flux [35]. The combination
of GO and PA has the ability to increase the rejection rate of organic pollutants and reduce
membrane fouling [15,36].

According to published results of GO-modified membranes, GO plays a crucial role
in the final performance of the membrane. To deal with the agglomeration problem and
prevent swelling of GO nanoparticles [37,38], GO is generally doped in the support layer
or the active layer. However, for GO-doped membranes, most of the reported works
focused only on the single doping of support layers or active layers. In this study, GO
nanoparticles, employed as fillers and prepared by improved Hummer’s method [39,40],
were simultaneously doped in the active layer and support layer of the thin-film composite
forward osmosis (TFC-FO) membrane. The main purpose of this study was to investi-
gate the effects of GO nanoparticles on the formation of water channels and to compare
the performance of FO membranes doped with GO in different layers. We first doped
GO only in the PSF support layer or the polyamide (PA) active layer and obtained two
membranes with a single layer doped. The two membranes were names as TFC-FOpsp,co
and TFC-FOpy ;go. Then, GO was simultaneously doped in the support layer and active
layer, and such a membrane was represented as TFC-FOpsr.pa /go- The GO loadings of the
three membranes were equal. The morphological structures of the three TFC-FO mem-
branes were characterized to explore the effects of GO on the membrane structure and
properties. Finally, FO experiments were performed in pressure retarded osmotic (PRO)
mode (active layer toward draw solution or AL-DS) and FO mode (active layer toward
feed solution or AL-FS) to investigate the performance of different membranes.

2. Experimental Methods
2.1. Material

GO with a particle size of 50-150 nm was used as the membrane doping material.
Polysulfone (PSF, Acros Organics, Mw = 60,000), N-methylpyrrolidone (NMP, analytical
grade), N,N-dimethylformamide (DMF, analytical reagent), n-hexane (analytical reagent),
trimesoyl chloride (TMC, 98%), and m-phenylenediamine (MPD, 99.5%) were supplied
by Tianjin Yuanli Chemical Co., Ltd. (Tianjin, China). Sodium chloride (NaCl, analytical
grade) and glucose (C¢H1,04-HyO, analytical grade) for membrane permeability testing
were supplied by Tianjin Komio Chemical Reagent Co., Ltd. (Tianjin, China).

2.2. Preparation of PSF/GO Support Layer

PSF or PSF/GO membranes are employed as the base membrane or support layer of
the final TFC-FO membranes. The phase inversion method was employed to prepare the
PSF/GO support layer. GO nanoparticles were uniformly dispersed in DMF by ultrasound
treatment for 1 h. Then, GO dispersion with different GO contents (0 wt%, 0.05 wt%,
0.15 wt%, 0.2 wt%, 0.3 wt%, weight ratio to PSF) was added to NMP solutions containing
8 wt% polysulfone. The prepared mixture was stirred in a water bath at 60 °C and stood
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for 24 h to defoam. With an automatic membrane coating machine, the membrane was
coated on a glass plate to obtain a PSF/GO base membrane with a thickness of 100 um.

2.3. Preparation of TFC-FO Membranes
2.3.1. TFC-FOpsp/Go Membrane Preparation

An interfacial polymerization (IP) method was employed to prepare the dense active
layer of the membrane [41]. The prepared PSF/GO base membrane was first soaked in an
MPD aqueous solution (2%) for 2 min. The membranes were then placed in
a custom plexiglass container, and the relatively dense side was contacted with an n-
hexane solution containing 0.1 wt% TMC for 1 min. The membranes were dried in air at
room temperature and then in an oven at 60 °C to obtain the final TFC-FOpgp,go mem-
brane. For TFC-FOpsr/Go-0, TFC-FOpsr,G0-0.05, TFC-FOpsr/Go-0.15, TFC-FOpsp,Go-0.2 and
TFC-FOpsp/Go-0.3, GO nanoparticles were only added to the PSF support layer, and the
loadings of GO (weight ratio to PSF) were 0 wt%, 0.05 wt%, 0.15 wt%, 0.2 wt%, and 0.3 wt%,
respectively.

2.3.2. Preparation of TFC-FOpp /go Membranes

For the membrane support layer, a PSF membrane without GO doping was pre-
pared. TFC-FOp, /o membrane was prepared by the IP method. GO nanoparticles were
first dispersed in a 2% MPD aqueous solution by ultrasound treatment. Then, the PSF
base membrane was immersed in the prepared GO slurry with different GO contents
(0.05 wt%, 0.15 wt%, 0.2 wt%, 0.3 wt%, weight ratio to PA) for 2 min. The subsequent
preparation method was similar to the method used for TFC-FOpsp,go preparation. For
TFC-FOpa /G0-0.05, TFC-FOpa /G0-0.15, TFC-FOpa /Go-0.2 and TFC-FOpa /Go-0.3, GO nanopar-
ticles were only introduced to the PA active layer, and the loadings of GO (weight ratio to
PA) were 0.05 wt%, 0.15 wt%, 0.2 wt%, and 0.3 wt%, respectively.

2.3.3. Preparation of TFC-FOpsp_ps /go Membranes

The phase inversion method in Section 2.2 was used to prepare a basement PSF
membrane with GO loading of 0.025 wt%, 0.075 wt%, 0.1 wt%, and 0.15 wt%. Then, the IP
method in Section 2.3.2 was used to produce the active layer. In this process, the doping
amounts of GO in the active layer were guaranteed to be 0.025 wt%, 0.075 wt%, 0.1 wt%,
and 0.15 wt%, while the mass ratio of GO in the support layer and active layer was 1:1.
TFC-FOpsg_pa /G0-0.05, TFC-FOpsg_pa /G0-0.15, TFC-FOpsg_pa /Go-0.2 and TFC-FOpsgpa /G0-03
mean that GO nanoparticles were added to both the active layer and support layer, and
the total GO loadings in the two layers were 0.05 wt%, 0.15 wt%, 0.2 wt%, and 0.3 wt%,
respectively.

2.4. Characterization of GO

Attenuated total reflection-Fourier transform infrared spectroscopy (FTIR, IRprestige-2,
Tokyo, Japan) was used to analyze the oxygen-containing groups of GO, and a scanning
electron microscope (SEM) was employed to observe the GO nanoparticle morphology. The
changes in the 2 theta angle of GO were observed by XRD spectroscopy (Dmax/2200pc,
Osaka, Japan). The Fourier trans-form infrared spectrometer was used to identify Graphene
Oxide over the wave number range of 5004000 cm ™. Field emission scanning electron
microscopy (FE-SEM, s-4800, Japan) was used to observe the surface and cross-sectional
morphology of fo films. First, the sample was completely dried. When observing the
plane, cut the sample into appropriate sizes and paste it on the plane observation platform
with conductive adhesive. When observing the section, the small sample chamber shall be
brittlely broken with liquid nitrogen and pasted on the section observation platform with
conductive adhesive. Next, gold spraying was performed with a gold spraying apparatus
under the conditions of a gold spraying current of 15 mA and a gold spraying time of 80 s.
Finally, it can be placed in SEM and observed at 5 kV.
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2.5. Characterization of Membrane

Field emission scanning electron microscopy (FE-SEM, s-4800, Japan) at 15 kV was
used to observe the surface morphology and microstructure of TFC-FOpsg,co, TFC-
FOpa /o and TFC-FOpsp.pa ;o membranes. With a scan area of 5 X 5 um, atomic force
microscopy (AFM, Multimode 8.0, Schwalmstadt, Germany) was used to obtain the mem-
brane surface roughness. The horizontal and vertical resolutions of AFM are 0.04 and
0.01 nm, respectively. First, the sample needs to be dried. Take a small piece of a flat
sample, and paste it on the slide with double-sided adhesive tape. After that, the samples
were tested using the tapping mode, and the surface topological junction of the fo film
was obtained. The average roughness (Ra) and the root mean square roughness (Rq) of the
film surface can be obtained through analysis of the supporting software. Moreover, we
employed X-ray photoelectron spectroscopy (XPS, Delay-Line Detector, Britain) to analyze
the membrane elemental composition, and optical tensiometer to investigate the surface
hydrophilicity. The formation of the characteristic polyamide peaks was demonstrated
with the aid of ATR-FTIR (IRprestige-2, Japan).

The PSF/GO membrane porosity (¢) was analyzed using Equation (1). A dry sample
with a mass of my was soaked in water for 24 h at 25 °C. After removing the residual water,
we obtained the mass (1) of the wet sample. The results of the test were the average
of five measurements. (PSF density, pp = 1.24 g-cm™2; Density of water used for testing,
pw =1.00 g-cm’g’ ; Effective membrane area, Ay, = 1.271 cmz)

_ (my —ma)/pw
£ (my —my)/pw + my/pp )

2.6. FO Performance Evaluation

Before evaluation, the FO membrane was immersed in deionized water at 25 4 2 °C for
24 h. Using a laboratory-made forward osmosis test system, we tested the FO membrane
salt rejection rate (R), reverse salt flux (Js), and water flux (Jv). The pure water permeation
flux (Jv) under 2 bar of hydraulic pressure (AP) was measured using DI water as the feed
solution. The flow length of the membrane tank was 60 cm with an effective membrane
area of 1271 cm?, and the volume flow is 100 mL/min and the operation time is 1 h. While
the temperature was fixed at 25 °C, pH = 7.5, the feed and draw fluids were circulated by
two peristaltic pumps. For the Jv and Js analyses, DI water was used as the feed solution
and 4.0 M NaCl as the draw solution. The extracted solution weight was continuously
monitored using an electronic balance. For R analysis, we selected 0.5 M monohydrate of
glucose (CgH1204-H0) as the draw solution and 1 mM NaCl as the feed solution. The
calculations of Jv, Js, and R were conducted using Equations (2)-(4), respectively.

—21-1\ _ Am
Js(gm 2ht) = S ©
R= (1 - g’) x 100% (4)

Am was the mass increase (g) of the draw solution, p,, was the density (g/L) of water,
At was the run time (h), and A,, was the effective membrane area (m?). C; and V; were the
change of the feed solution concentration (mol-L~!) and the change of the draw solution
volume (L), respectively. Cr was the initial feed solution concentration (mol-L71), and C,

was the final draw solution concentration (mol-L1).
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a)
Control group

3. Results
3.1. GO Characterization

The XRD pattern of GO (Figure Sla) showed that a strong diffraction peak appeared
at the position of 26 = 9.71°. The spacing of the crystal faces corresponding to this peak
position is 0.90 nm, which is consistent with the interplanar spacing of GO from 0.7 to
1.1 nm. The interplanar spacing of the original graphite was about 0.34 nm, indicating that
the GO layer was rich in functional groups. FTIR spectral characterization further proved
the existence of oxygen-containing functional groups (Figure S1b). The surface morphology
of the GO nanoparticles was observed by SEM spectroscopy. Figure S1d shows that the
GO nanoparticles were completely peeled into a single layer with a smooth surface and
wrinkled edges.

3.2. Surface Morphology and Microstructure of TFC-FO Membranes

The SEM characterization in Figure 1 demonstrates the formation of dense and uniform
nano-water channels. The control group had a composite membrane without the addition
of GO. The GO content of the GO doping membranes was 0.15 wt% for all characterization
experiments.
TFC-FOpstGo

TFC- FOI‘.\ GO TF(‘-FO,.% -PA GO

30 pm

(b)

TFC-FOpgr;
”, . PSF/GO

Figure 1. SEM images of FO membranes. (a) surface and (b) cross section.

As shown in Figure 1a, a porous structure was formed on the membrane surface after
GO doping, reducing the ICP and facilitating water molecule transport. The diameters of
the pores in the control group were 500~1000 nm; these in TFC-FOpsg,go, TFC-FOpa /G0
and TFC-FOpgg.pa /o were 100~400 nm, 300~500 nm, and 700~2000 nm. With the enlarge-
ment of the membrane pores, we could see that the membrane pores were intertwined with
numerous dense reticular channels. This unique “network structure” provided high water
flux and good salt interception performance of the membranes. For TFC-FOpgg,co and
TFC-FOpy /Go, the membrane water channels were dense and uniform after GO doping
because the MPD-GO crosslinked body was crosslinked with TMC as well when the mem-
brane contacted with TMC. However, the membrane water channels formed by doping
GO in the two layers simultaneously were not fully developed, and the porosity was lower
than that of TEC-FOpgg,Go and TFC-FOpy /go. During the IP processes for the preparation
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of TFC-FOpgg.pp /go membranes, the PSF-GO support layer was first reacted with the
MPD-GO solution. The steric effect prevented GO nanoparticles from undergoing sufficient
reactions with TMC. Therefore, more GO nanoparticles accumulated inside and at the edges
of the membrane pores, which decreased the number of water channels and permeability.

In Figure 1b, the cross-sectional views indicate that all three types of GO-doped
membranes have formed nano-water channels perpendicular to the membrane surface.
This suggests that the surface mobility of GO with hydrophilic properties promoted the
rapid exchange between nonsolvent and solvent at the phase interface. Such water channels
reduced water surface resistance during the water transport process, which was beneficial
for the improvement of permeability. In addition, according to Figure 1, TFC-FOpsp,co
membranes had more water channels than TFC-FOpy ;o membranes. The active layer of
TFC-FOpyp ;o membrane was dense, which ensured a better salt rejection rate.

The membrane surface roughness with the same doping amount was characterized
by AFM (Figure 2). The TFC-FOpgr,co and TFC-FOpy /o membranes had more obvious
surface roughness compared with the TFC-FOpgsr._ps /go membrane as well as the membrane
without GO doping (GO-0). The calculated surface roughness is listed in Table S2 with
the following trend, TFC-FOpsp,go > TFC-FOps /g0 > GO-0 > TFC-FOpsp.pa/co- The
intra-membrane mobility of GO promoted the formation of porous support layers and
dense water channels in TFC-FOpgr,go and TFC-FOpy /o membranes, which increased
the roughness of the two membranes. When the support layer and active layer were doped
with GO at the same time, the agglomeration of GO nanoparticles might have blocked the
membrane pores and was not conducive to the effective formation of the porous structure,
resulting in a reduction in roughness.

(a) (b)

Figure 2. AFM diagrams of TFC-FO membranes, (a) GO-0, (b) TFC-FOpsf,co, (¢) TFC-FOpy ;Go,
(d) TFC-FOpsE-pa /Go-

Obviously, GO doping changed the surface morphology and microstructure of the
TFC-FO membranes. In addition, GO contains a large number of -OH, -COOH, and other
hydrophilic functional groups. After GO blending and modification, the membrane was
more hydrophilic, while the interfacial reactions and polymerizations on the membrane
surface were promoted accordingly.

3.3. Formation Mechanism of Water Channels in Membranes

We propose that the water channels in FO membranes are mainly generated in IP
reaction processes. The possible reaction mechanism of the IP process used to prepare
the active layers is illustrated in Figure S2. Figure S2a shows the cross-linking reaction of
MPD with oxygen-containing functional groups (-COOH, -OH) of GO to form GO-MPD
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crosslinked bodies. In this process, amide bonds and additional hydrogen bonds are
formed. As illustrated in Figure S2b,c, when the TMC/n-hexane solution was contacted
with the crosslinked body, the acid chloride groups in TMC reacted not only with the amino
group (-NHjy) on MPD, but also with the oxygen-containing groups (-COOH, -OH) on
the GO surface to form amide and ester groups. The GO-involved reactions prevented
the agglomeration of GO nanoparticles and generated water channels in the final FO
membranes.

FTIR spectroscopy was employed to further prove the mechanism of the IP processes
(Figure 3). The obvious characteristic peaks of the amide group were observed at 1720 cm ™!
and 1500 cm ™!, which represented the stretching vibrations of the C = O and C-N bonds,
respectively. The disappearance of -OH groups in the GO-doped TFC membrane was
observed in the spectrum, which proved that GO participated in the reaction with MPD
and TMC. The formation of polyamide groups promoted the formation of dense water
channels. In most previous studies, the water channels in GO membranes were parallel to
the membrane surface, while the GO-modified membranes studied in this paper possessed
dense and uniform nano-water channels perpendicular to the membrane surface. Therefore,
the proposed GO doping strategy could be used to modify the permeation performance of
the membranes and reduce ICP.

—GO
—— TFC-FOpgp /o
——TFC-FO

PSF/GO

1667(C
o7 {%LU(C

Transmittance(%)

17258 1075

3400
: 1629 400

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™ ")

Figure 3. FTIR spectra of GO nanoparticles, undoped, and 0.15 wt% GO-doped TFC membranes.

Figure 4 illustrates the element content and chemical bond distribution of TFC-
FOPSF/GO/ TFC-FOPA/GO and TFC_FOPSF-PA/GO membranes. As depicted in the full XPS
spectrum (Figure 4a), C, N, and O elements existed in the three types of membranes while
TFC-FOpsg.pa /o contained a small amount of S element. The Cls spectrum (Figure 4b—d)
mainly showed four peaks; the peaks of C = C/C-C, C-N, C-O-C and C = O were presented
at around 284.4 eV, 285 eV, 286 eV, and 288 eV, respectively. According to Table S1, the
percentages of C = O and C-N in the GO-doped support layer were 15.07% and 37.58%,
respectively. For the GO-doped active layer, the percentages were 10.15% and 40.87%.
When both layers were doped with GO, the content was reduced to 9.78% and 34.79%.
Obviously, among the three cases, the GO-doped active layer had the highest ratio (4.03)
of C-N to C = O. The results indicated that more nano-water channels were generated
when GO was doped in the active layer, and the IP processes played a crucial role in water
channel formation.
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(a)

(b)
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Figure 4. XPS spectra, (a) XPS full spectra, (b—d) C1s spectra of TFC-FOpgg,Go, TFC-FOpy /g0 and
TFC-FOpsp_pa /go membranes.

3.4. Effects of GO on Hydrophilicity of Different Membranes

As shown in Figure 5, the contact angles of the undoped TFC-FO membrane, TFC-
FOPSF—PA/GO/ TFC-FOPA/Go, TFC'FOPSF/GO were 92.10, 70.070, 67.220, and 53.910, respec-
tively. Thus, GO doping had the ability to increase the hydrophilicity of the membranes and
improve the permeability, while the FO membrane obtained by doping GO in the support
layer showed the highest hydrophilicity. Therefore, a large number of oxygen-containing
functional groups on GO surfaces enhanced membrane hydrophilicity.

3.5. Analyses of TFC Membrane Permeability

The effects of draw solution concentrations on water flux were analyzed first using
TFC-FOpsr,/co membranes and the results are presented in the Supplementary Materials.
The membranes had different permeation flux under different concentrations of NaCl draw
solution, and the water flux increased with the rise of the draw solution concentration
because of the increased osmotic pressure.
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For the following experiments, the feed solution was deionized water, while the draw
solution was a 4 M NaCl solution. The water flux in the AL-FS and AL-DS modes was
compared by testing TFC-FOpgr,go membranes with different GO loadings, and the results
are illustrated in Figure 6. There was a higher water flux in the AL-DS mode experiment
because the ICP was negligible when the feed solution was deionized water. In the AL-FS
mode, dilution-type ICP was mainly generated. Thus, the draw solution concentration in
the support layer pores decreased, which led to the decrease of Jv and the osmotic pressure
on both membrane sides.

80

[ AL-FS
70t B AL-DS

60 F

PSWC‘O—G PSF!GO'O'OSPSFIGO'O'\SpSYFGO'O‘?' PSFIGO'0‘3
TFC-FO membranes

Figure 6. Water flux analyses in the AL-DS and AL-FS modes for TFC-FOpgp,Go membranes.
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60

As shown in Figure 7, the Jo, R, and Js of the undoped TFC-FO, TFC-FOpsg, o, TFC-
FOpa /o and TFC-FOpgp_pa /go membranes were analyzed using AL-DS mode. The results
indicated that modification with GO nanoparticles could significantly increase the water
permeability of the TFC membrane because the formed water channels reduced water
surface resistance during the water transport process. For TFC-FOpgp,go membrane, the Ju
increased from 34.23 L-m~2-h~! to 51.48 L-m~2-h~! when the doping amount increased
from 0.05 wt% to 0.15 wt%. Doping 0.05 wt% GO in TFC-FOpy ;G0 led to a maximum water
flux of 54.85 L-m~2-h 1. Moderate GO loading was beneficial for water channel generation.
However, for membranes with high GO loadings, nanoparticles might block the water
channels and pores generated in IP processes. Generally, with the increase in GO loading,
Jo first increased and then decreased.

8
L (a) B PsE/GO (b) Il PsF/GO
[ JrA/GO [_]rA/GO
B PSE-PA/GO I PSF-PA/GO
i al -
i =
".'E 4
[ L
i |
0
GO-0 GO-0.05 GO-0.15 GO-0.2 GO-03 GO-0 GO-005 GO-0.15  GO-0.2 GO-0.3
TFC-FO membranes TFC-FO membranes
Bl PSF/GO
100 | (C) E grs\f:\ GO
80 +
7\
°§° 60 +
4
40t
20+
0

GO-0 GO-0.05 GO-0.15 GO-0.2 GO-0.3
TFC-FO membranes

Figure 7. (a) Ju, (b) Js, and (c) R of different GO-doped TFC-FO membranes.

The R values of GO-doped membranes were all higher than 90% with the following
trends, TFC-FOpy ;g0 > TFC-FOpsp,Go > TFC-FOpsg.pa /Go- For GO-doped membranes, the
R values were all higher than 97% under the optimal doping amounts and higher than those
of the control group without doping GO. Meanwhile, TFC-FOpy ;o and TFC-FOpgp_pa /Go
membranes showed lower Js compared with TFC-FOpgg,Go. Thus, the modification of
the active layer led to the smallest Js because the loaded GO promoted the formation
of the internal structure of the membranes. GO nanoparticles were mainly bound by
intermolecular forces in the GO-doped PSF support layers, and GO occupied most of
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the molecular gaps. When the GO nanoparticles were loaded into active PA layers, GO
chemically reacted with MPD and TMC during IP processes to form polyamide groups
and multi-layer GO water channels, which improved the salt interception properties of
the membranes. Thus, the presence of free GO nanoparticles during the IP processes
was the crucial reason for the good salt interception properties of TFC-FOpy ;o and TFC-
FOpsp.pa /go membranes.

When GO was doped in the two layers at the same time, Jv did not change significantly
with the change in GO loading. Jv gradually decreased with the increase in GO loading
because of the agglomeration of GO. In addition, GO-containing macromolecules were
formed in both layers, and the IP reaction was carried out inefficiently, which hindered
the formation of ordered water channels. The permeability test results were in agreement
with the results of the porosity test shown in Table S3. TFC-FOpp /o membrane presented
the highest porosity, while the porosity value was only 20.63% when the two layers were
doped with GO simultaneously. In addition, although the porosity of TFC-FOpgp_pa /Go
membrane was significantly decreased after GO doping, the performance was still much
better compared with the undoped membrane. Therefore, the Jv and salt interception
performance of GO-doped membranes were mainly determined by surface morphology,
polarity, and internal structure. In this study, doping an appropriate amount of GO for
modifying the active layer proved to be an efficient way to establish nano water channels
and improve the FO membrane performance.

Figure 8 describes the salt-water separation mechanism of the GO-induced water
channels. Figure 8a depicts the transport mechanism of a single channel. Because of
the modification of GO doping, the water channels contained hydrophilic groups. Water
molecules were first absorbed on the surface hydrophilic groups of the water channels.
Then, the adsorbed water molecules are transmitted along the hydrophobic carbon channel
perpendicular to the membrane surface for water salt separation. Figure 8b depicts the
water-salt separation mechanism of the multilayer water channels that facilitated the sepa-
ration of water and impurity ions, thereby improving the permeability and salt interception
performance of the membrane.

(a) (b)

Figure 8. Water transport mechanism of water channels. (a) Single channel, (b) multilayer channels.

4. Discussion

As a key component of the forward osmosis process, the structure of the FO mem-
brane directly affects the performance and separation efficiency of the membrane [42]. To
improve the performance of the FO membrane, it is very useful to modify the membrane.
Doping modification is an important method for improving the structure and performance
of FO membranes [43,44]. Some researchers have improved the performance of FO mem-
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branes through doping modification; for example, doping hydrophilic materials such as
titanium dioxide [19], silica [45], NaY-zeolite nanoparticles [14], and functionalized carbon
nanotubes [46] into FO membranes can improve the hydrophilicity and porosity of the
support layer, alleviate internal concentration polarization, and increase membrane water
flux. However, there were problems in that the effect was not significant, and the salt flux
was generally increased.

GO shows great potential in the field of FO membrane modification due to its unique
two-dimensional structure, stable chemical properties, rich oxygen-containing functional
groups, and other characteristics [30,47,48]. For example, Vahid Vatanpour used polyamide
(PAMAM) dendrimers to couple go to the surface of the polyamide composite (TFC) mem-
brane, which improved the interception rate and chlorine resistance of the reverse osmosis
membrane [49]; Hegab used poly L-lysine as an intermediate to graft go to the surface of the
polyamide composite forward osmosis (TFC-FO) membranes, which improved the selectiv-
ity and biological pollution resistance of the membrane [36]; Hegab used polyethyleneimine
and tannic acid as intermediates to coat go on the surface of TFC-FO membranes. The
results showed that the live bacteria on the membrane surface were reduced by 99%, and
the antibiological pollution performance of the membrane was effectively improved [30,48].

In this study, doping GO nanoparticles into the support layer or/and active layer of
TFC-FO membranes was conducted to analyze the effects of GO doping on the structure
and performance of the FO membranes. GO doping proved to be an efficient modification
method that could significantly improve the morphological structure and increase the
permeation flux of the membranes [50]. XRD and FTIR characterization proved that
the GO surface contained hydrophilic oxygen-containing functional groups -OH and -
COOH, which increased GO-doped membrane hydrophilicity and permeability [51], and
TFC-FOpsp/,go was the most hydrophilic. For the monolayer-doped GO membranes,
a significantly porous structure formed on its surface, which significantly decreased ICP
and promoted the transport of water molecules. However, when the support layer and
active layer were doped with GO simultaneously, the membrane porous structure did not
form because the steric effect made the GO nanoparticles react inadequately with TMC, and
more GO nanoparticles aggregated inside and at the edges of the membrane pores, which
may block the membrane pores and disfavor the effective formation of porous structures.
According to the analysis of SEM images, the water channels in the composite membrane
formed by doping GO into the support layer and the active layer of the FO membrane were
more dense and uniform, which was better than the control group without doping GO. The
water channels in the FO membrane formed by doping GO in the active layer were smaller
and dense, which may be because the MPD-GO cross-linked with TMC again during the
reaction with TMC, and the large gap between MPD-GO and TMC was closed during
the formation of the PA active layer, a salt intercepting layer with an excellent structure
formed in the membranes. However, the water channels in the composite membranes
formed by doping GO into the support layer and active layer at the same time were
significantly reduced, which may be because GO was first doped into the support layer
and preferentially met and cross-linked with MPD-GO in the process of IP reaction. The
“macromolecules” of GO nanosheets in the two reaction molecules hinder the IP reaction,
resulting in more GO accumulating in the interior and edges of the membrane pores,
which cannot form excellent water channels. These results are consistent with the XPS
characterization results. The nano-scale water channels perpendicular to the membrane
surface were formed in the prepared GO-doped membranes, reducing the resistance of
water transport and accelerating rapid exchange between solvent and solute at the phase
interface, which enhanced the permeability of the TFC-FO membrane. In addition, more
nano-water channels are generated in TFC-FOpy /o, The interfacial polymerization process
is the dominant process for water channel generation [52]. In this reaction, the polyamide
groups generated by the reaction of GO with MPD and TMC promoted the formation of
dense water channels. The generation of water channels reduced reverse solute diffusion
flux and hydraulic resistance during water transport, and also improved water flux. GO
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modification improved the hydrophilicity and porosity of the membranes, which improved
the membrane separation performance and reduced the ICP phenomenon [53,54]. When
GO particles were doped in the PSF support layer, regular, and uniform membrane channels
were formed under optimal GO loading (0.15 wt%). The water channels formed by doping
GO in the active layer possessed preferable properties. With the increase in GO loading, the
TFEC-FO membrane permeability first increased and then decreased because for membranes
with high GO loadings, nanoparticles may block water channels and pores generated
during IP processes [55].

5. Conclusions

GO doping proved to be an efficient modification method that could significantly
improve the morphological structure and increase the permeation flux of the membranes.
Nano-scale water channels perpendicular to the membrane surface were formed in the
prepared GO-doped membranes. The interfacial polymerization process was the dominant
process for water channel generation. The generation of water channels reduced reverse
solute diffusion flux and hydraulic resistance during water transport, and also improved
water flux. GO modification improved the hydrophilicity and porosity of the membranes,
which improved the membrane separation performance and reduced the ICP phenomenon.
When GO particles were doped in the PSF support layer, regular and uniform membrane
channels were formed under optimal GO loading (0.15 wt%). The water channels formed
by doping GO in the active layer possessed preferable properties. Doping 0.05 wt% GO
in the active layer gave the FO membrane the highest Jv and R, as well as the lower Js,
indicating the formation of dense active layers. The results indicated that GO had a decisive
effect on the formation of dense active layer and porous support layer, and also improved
the salt rejection rate and penetration flux of the FO membrane.
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action mechanism of IP processes; Table S1: XPS results of Cls spectrum; Table S2: AFM analysis
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membrane water flux; Table S3: Effect of GO on porosity of TFC-FO membranes.
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