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Abstract: Novel TFN membranes were examined for the removal of heavy metals (Cu and Pb) from synthetic
wastewater in forward osmosis (FO) experiments using MgClz as a draw solute. The TFN membranes were
fabricated on top of a commercial PS35 ultrafiltration membrane by in-situ interfacial polymerization of
piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC) containing different amounts of dispersed
functionalized halloysite nanotubes (HNTs) nanoparticles. The HNTs nanoparticles were functionalized with
the first generation of poly(amidoamine) (PAMAM) dendrimers. The TFN and the control TFC membranes
showed rejections of Cu?* and Pb%, ranging from 94.5% to 98.1%. The presence of heavy metal in the feed
solution enhanced the FO performance of all membranes. In particular, the reverse flux of MgCl: decreased at
least 2.5 times compared to the experiments with pure water as a feed. Simultaneously, the water flux also
increased. The improved FO performance of the membranes in the presence of heavy metal ions is attributed
to their adsorption by the membranes. The adsorption of heavy metals confirmed a decrease in the negativity
of zeta potential and the results from inductively coupled plasma mass spectrometry (ICP-MS) of the
membranes after the FO experiments.

Keywords: forward osmosis; heavy metal removal; TFN membranes; halloysite nanotubes; first generation of
poly(amidoamine) dendrimers

1. Introduction

With fast industrialization, the discharge of wastewater containing heavy metals into the
environment is increasing [1]. Metals with an atomic mass between 63.5 and 200.6 and a specific
gravity of more than five are classified as heavy metals [2]. Examples of heavy metals include zinc
(Zn), copper (Cu), nickel (Ni) and lead (Pb). Heavy metals at low concentrations are vital for living
organisms, including humans. However, at higher concentrations, they become toxic and harmful.
For example, zinc is crucial for human health and vital for living tissue's physiological functions, but
too much zinc can cause severe health problems, including skin irritation, vomiting, and nausea.
Copper is essential for animal metabolism. However, copper's excessive ingestion can create
toxicological problems such as cramps, vomiting, and even death. Nickel is known as a human
carcinogeny; it can also damage kidney and lungs. Because heavy metals are not biodegradable, they
must be removed from wastewater [2,3].

Different methods to remove heavy metals from wastewater include chemical precipitation,
adsorption, ion exchange, coagulation-flocculation, and membrane separation. The latter is
environmentally friendly and offers high separation efficiency and energy savings [3]. Among
different membrane separation processes, nanofiltration (NF) is most feasible for heavy metal
removal from wastewater [4]. The NF is a pressure-driven membrane process in which separation
relies on size exclusion and the Donnan potential [5]. The NF processes require the application of
external pressure. The higher the pressure, the higher the energy consumption, which increases the
process's operating cost. Furthermore, pressure-driven processes’ membranes, including NF
membranes, are susceptible to fouling, significantly reducing the membrane's lifespan [6].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The NF membranes can be used in forward osmosis (FO) processes [7]. FO is an emerging
membrane technology with potential applications in desalination, wastewater treatment and
reclamation, bioproducts and food industry, energy generation and resource recovery [8,9]. FO
utilizes the osmotic pressure difference of solutions across a semipermeable membrane to draw water
from a dilute feed solution (FS) to a more concentrated draw solution (DS); the salt moves in the
opposite direction. Without external pressure, the fouling tendency of FO membranes is significantly
reduced [10,11]. However, the FO is generally not a standalone process; it must be combined with
another process. An example of a hybrid FO-NF process for heavy metal removal is shown in Figure
1. Heavy metals are rejected in the FO process. At the same time, water permeates from the feed to
the draw solution. Therefore, the permeating water in the FO process is not the final product as it
dilutes the draw solution. The purpose of the second stage, an NF process, is to regenerate the draw
solution while producing pure water. The advantage of a hybrid process arises from using a "clean"
draw solution rather than direct "dirty" wastewater in the NF process, which minimizes membrane
fouling.

The membranes for the FO and NF steps in Figure 1 could be the same. If the NF-stage membrane
effectively rejects the draw solute, it will also prevent reverse draw solute transport in the FO-stage.
Therefore, the membranes for the first stage in Figure 1 are often referred to as "NF-like FO"
membranes [7]. The hybrid process in Figure 1 can also be used for water desalination. However,
since monovalent salts (e.g. NaCl) are to be rejected in the FO stage, the process would require an RO
membrane or "RO-like FO" membrane [12]. Heavy metals occur as multivalent salts; it is thus
sufficient to use NF-like FO membranes for heavy metal removal from wastewater. Moreover, NF-
like FO membranes could achieve higher water flux than RO-like FO membranes due to a looser
selective layer [13].

Pretreated
water Concentrated draw
solution
FO
NF
Fresh
. water
Diluted draw
solution
<

Figure 1. A hybrid two-stage FO-NF process for heavy metal removal from wastewater.

There is an increasing number of examples of NF-like FO applications. Abdullah et al. used
commercial NF membranes in PRO and FO processes for treating aerobically treated palm oil mill
effluent (AT-POME). They reported that the colour (i.e., impurity) of AT-POME could be removed
entirely using magnesium chloride (MgClz) as a draw solution [14]. The same research group also
used four commercial NF membranes in the FO and PRO processes for copper ion removal from
wastewater. They reported near-complete removal of copper removal regardless of the membrane
type and membrane orientation associated with low reverse draw-solute flux [7]. Setiawan et al.
tested different types of in-house-made NF hollow fibre membranes in the FO process with pure
water as a feed and 0.5 mol L' MgCl: as a draw solution. They reported a water flux as high as 9.74
L. m2h' [15]. Su et al. developed cellulose acetate-based NF membranes and studied the effect of
draw solution concentration and membrane orientation (PRO vs FO) on the water flux. Using 0.5 —
2.0 mol L1 of MgClz as a draw solution, they reported a higher water flux in the PRO mode (2.7 - 7.3
L. m2h) than in the FO mode (1.8 -5.0 L.m2h) [16].
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Recently, we reported the properties of novel TEN-NF membranes with different loadings of
modified halloysite nanotubes (HNTs) loadings. HNTs were functionalized with the first generation
of poly(amidoamine) (PAMAM) dendrimers, and the resulting nanoparticles, HNTs-G1, were
dispersed in the TMC monomer solution before interfacial polymerization [17]. Although the
positively-charged nanoparticles did not switch the negative surface charge of the resulting TFN
membranes, their presence led to a remarkable increase in the rejection of MgClz without sacrificing
the rejection of Na2SOs [17]. As such, we have proven that MgClz, commonly used as a draw solute
because of its high osmotic pressure, can be effectively recovered by our novel TEN-NF membranes.
In this manuscript, we explore the applicability of these membranes for removing heavy metal ions
(Cu?* and Pb?) from synthetic aqueous solutions in the FO process. We investigate the role of the
heavy metal ions in the feed solution on our novel TEN membranes' water flux and reverse solute
flux. We also compare the rejection of Cu?* in the FO and NF using the same membrane.

2. Materials and Methods
2.1. Materials

The synthesis procedure of the first-generation PAMAM dendrimers and the subsequent
functionalization of HNTs to produce the final nanoparticles, HNTs-G1 used to fabricate TFN
membranes was described elsewhere [18]. TFN membranes were prepared using four different
loadings of HNTs-G1, 0, 0.025, 0.05 and 0.1%, where 0% loading corresponds to the control TFC
membranes. The TFN membranes are coded as TFN(x%), where x corresponds to the loading of
HNTs-G1. The nanoparticles were dispersed in the solution of 1,3,5-benzenetricarbonyl trichloride
(TMC) in n-hexane before the interfacial polymerization with the aqueous solution of piperazine
(PIP). Commercial PS35 ultrafiltration (UF) membrane was used as a substrate for the interfacial
polymerization of two monomer solutions. The details of the synthesis protocol of TFN membranes
are described elsewhere [17].

Laboratory-grade Copper (II) sulphate pentahydrate (CuSO+5H:0) and lead (II) nitrate
(Pb(NO:s)2) for the synthetic feed solutions, and magnesium chloride (MgCl2) for the draw solution
were and purchased from Sigma-Aldrich, Saint Louis MO. Deionized (DI) water was used to prepare
the feed and draw solutions.

2.2. Nanoparticle and Membrane Characterization

Functionalized and pristine HNTs, and fresh TFN and TFC membranes have been thoroughly
characterized using scanning electron microscopy (SEM) and attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy. In addition, the contact angle and zeta potential of the
surface of the membranes were determined. The results of these characterizations are described
elsewhere [17] and will be briefly summarized in the next section.

The zeta potential of the surface of membranes was measured by a zeta analyzer (Zetasizer
PSS0012-22, Malvern Instruments) before and after the tests with heavy metals. The adsorption of
heavy metals on the membrane surface was evaluated indirectly based on the heavy metal
concentrations in the feed and draw solutions measured using Agilent 7900 inductively coupled
plasma mass spectrometer (ICP-MS Aligent, Santa Clara, CA).

2.3. Forward Osmosis Tests and Data Analysis

The performance of TFN and the control TFC membranes was evaluated in our novel crossflow
FO testing system, which was described in detail elsewhere [19]. The new feature of the FO system is
bypass lines that allow the isolation of the membrane cell from the rest of the system. In turn, it allows
a sudden replacement of DI water at both sides of the membrane with a desired feed and/or draw
solution, which initiates the actual FO experiment [20]. During each experiment, the mass of the tanks
containing the feed and draw solution is monitored in real-time using high-resolution (0.01 g)
balances (6202-1S, Entris Precision, Sartorius, Germany). Also, the conductivity and temperature in
the feed tank solution are monitored continuously using a benchtop conductivity/temperature meter
(CON2700, Oakton Instruments, Woonsocket, RI, USA). The membranes were tested in the
orientation of the active layer facing feed solution (AL-FS). We used the same draw solution in all
experiments, i.e. 1 M MgCl2 aqueous solution. For the feed solution, we used either DI water or 200
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ppm solutions of CuSOs-5H20 or Pb(NO:s)2). The corresponding theoretical concentrations of Cu?
and Pb? were 50.9 ppm and 125.1 ppm, respectively. However, the actual initial concentrations of
MgClz, Cu?* and Pb?* were slightly lower than the above values because of a dilution of the feed and
draw solutions with the residual DI water in the membrane cell and the pumps circulating the feed
and draw solution [20].

The water flux (Jv) and the reverse draw solute flux (Js) were evaluated from the respective
steady-state mass transfer rates of water (dmw/dt) and the draw solute (dms/dt):

~ dm,, /dt

B ®
B dm, /dt

J =% (2)

m

where, p is the density of water, and A is the membrane area. In the experiments with feed
solution containing heavy metals, the solute and water permeate in the same direction. Therefore, the

heavy metal rejection (R) is:
R {1 C”]
=[1-" ©)
C

where, C;, and Cs are steady-state concentrations of heavy metal in permeate and feed,
respectively. It is essential to remember that during experiments, both feed and draw solutions were
circulated at the respective sides of the membrane while the water permeated from the feed to the
draw side. Therefore, in principle, no steady state could be attained. However, since the volume of
water permeated across the membrane was negligible compared to the volumes of feed and draw
solutions, a pseudo-steady state could be reached, which we will refer to as a steady state. The
following section will show that the steady-state existed almost instantaneously after the
experiment's initiation. Since the initial concentration of heavy metal in the draw solution was zero,
the Cy was evaluated from:

c = Sarlar (4)
PoAY,
where: Caf, which is the concentration of heavy metal in the draw solution at the end of the
experiment, and AVs, which is the total volume of water permeated from the feed to the draw solution,
were measured directly. The final volume of the draw solution at the end of the experiment (Vas) was
estimated from:

\%

0, =VaitVa, +AV, 5)

where: Vai is the initial volume of the draw solution, which in every experiment was 840 mL,
and V+.4 is the residual volume of water in the draw-side of the system, which represents the volume
of water in the tubing, the membrane cell and the pump. The final volume of the feed solution (V)
was estimated from a similar equation:

Vi = Vit Vir —AVy (6)

where: Vjiis the initial volume of the feed solution, which in every experiment was 500 mL, and
Vifis the residual volume of water in the feed side of the system. The residual volumes of water at
the draw and feed sides were V4 =161.5 mL and V;y =155.5 mL [19].

2.4. Rejection of heavy metals in NF process

In addition to FO, the rejection of Cu?* (200 ppm CuSO4+.5H20 solution) was also measured in
NF experiments. The tests were performed using the TEN and the control TFC membranes in a
continuous crossflow filtration system [21]. The experiments were carried out at 24 + 2 °C and 10 1
bar. Heavy metal rejection was evaluated using Eq. (3). Unlike FO tests, C, and Cr were measured
directly from the samples taken when steady-state permeation was established. The feed and
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permeate samples were analyzed using ICP-MS. Due to a large feed solution volume (~20 L), a
decrease in Crbecause of the adsorption of Cu?* by the membranes was not observed.

3. Results and Discussion
3.1. Nanoparticle and Membrane Characterization

The following summarizes the important properties of nanoparticles and the resulting TEN and
TFC membranes described in detail previously [17]. These excerpts will help better understand this
work's core results, i.e., the FO performance and how heavy metals influence this performance.

The successful functionalization of HNTs using the first-generation PAMAM dendrimers was
confirmed by two additional characteristic peaks in the ATR-FTIR spectrum of the functionalized
HNTs. Based on the TGA analysis, the organic content resulting from the functionalization was
approximately 5%. The TEM and SEM images revealed that nanoparticles are heterogeneous in size
but have a characteristic tubular geometry. The variation in size could not be attributed to the
functionalization of HNTs. On the other hand, the incorporation of the first-generation PAMAM
dendrimers greatly affected the zeta potential of the nanoparticles. The zeta potential increased from
-34.5 mV to 2.2 mV for the functionalized HNTs, because of the presence of amino groups from the
first generation of PAMAM dendrimers [17].

The formation of the active polyamide (PA) layer and incorporation of the nanoparticles into the
PA layer were confirmed by the ATR-FTIR spectra. The relative intensity of the characteristic primary
amide and aromatic amide peaks was greater in TFN than in the control TFC membrane. However,
the was no clear trend between the peak intensity and the nanoparticle loading for the TEN
membranes. The SEM images of the top surface of the membranes revealed a typical nodular
structure. Incorporating the nanoparticles decreased the uniformity of the top surface because of the
penetration of the nanoparticles and possible aggregation of HNTs at higher loadings. The water
contact angle of TFN membranes was lower than that of control TFC membranes, and the increase in
hydrophilicity was attributed to the hydroxyl and amine groups of the nanoparticles. However, the
water contact angle did not continue to decrease with the nanoparticle loading. At the highest
loading, the contact angle increased, likely because of the aggregation of some nanoparticles.
Although the zeta potential of the HNTs functionalized with first-generation PAMAM dendrimers
was slightly positive, their incorporation into the PA layer had little effect on the zeta potential of the
resulting TFN membranes compared to the control TFC membrane [17].

3.2. FO Performance

The FO performance of the membranes strongly depends on a draw solute. The latter should
generate high osmotic pressure while the permeation of salt across the membrane is minimized. In
this study, we selected MgCl: as a draw solute because, as we have shown previously, our novel TFN-
NF membranes have excellent rejection of MgCl2 [17].

Figure 2 shows the progress of the dynamic FO experiments with the control TFC membrane
using DI water and a 200 ppm CuSO4+5H20 as a feed solution. In both cases, 1 M aqueous solution of
MgCl2 was used as a draw solution. The processing of the raw experimental data is described
elsewhere [19]. In both experiments, the rate of water mass change (dmw/dt) is linear, indicating
steady-state conditions right after the initiation of the experiment. It is important to note that the rate
of the mass increase at the draw side is equal to the rate of the mass decrease at the feed side, as it
should be. It is because the FO system is closed, and the total mass of water is constant. The water
transport from the feed to the draw side decreases the concentration of the draw solute, and thus, the
driving force for the water transport decreases during the experiment. However, because the total
mass of water transferred over an hour-long experiment (< 10 g) was much smaller than the total
mass of either feed (~400 g) or draw solution (~840 g), the osmotic pressure gradient remained
constant.
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Figure 2. Progress of dynamic FO experiments using a TFC membrane in the AL-FS orientation; the
mass of the feed and draw solutions as a function of time. Draw solution: 1 M MgCly; feed solution:
DI water or aqueous 200 ppm CuSOs+-5H20 solution. Temperature: 24°C.

The most remarkable observation from Figure 2 is that the slope of the rate of mass change, i.e.
Jw, is 50% greater in the experiment with the feed solution containing 200 ppm Pb(NOs)2 than in the
one with DI water as a feed solution. In principle, heavy metal salt in the feed solution decreases the
osmotic pressure difference across the membrane. As a result, one could expect the water flux in the
experiment with pure water to be higher than in the experiment with a heavy metal salt solution in
the feed.

Figure 3 presents the progress of the same dynamic FO experiments with the TFC membrane
focusing on the reverse salt flux of the draw solute (MgClz) as a function of time. Unlike the water
flux, it takes several minutes for MgCl: transport to become constant, particularly in the experiment
with DI water as a feed. The most remarkable result in Figure 3 is markedly smaller Js of MgClz in the
experiment with the feed solution containing the heavy metal salt. Heavy metal ions in the feed
solution appear to suppress the reverse of MgClz, which is desirable.

Feed side

DI water feed

Cu?* feed

mass of MgCl, (mg)

0 10 20 30 40 50 60 70
time (min)

Figure 3. Progress of dynamic FO experiments using a TFC membrane in the AL-FS orientation; the
mass of MgCl2 as a function of time. Draw solution: 1 M MgCly; feed solution: DI water or aqueous
200 ppm CuSOs4-5H20 solution. Temperature: 24°C.
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When analyzing, the experiment results with the feed containing 200 ppm CuSO+5H:0, we
assumed that the membrane completely rejects the heavy metal salt. In other words, the feed
solution's conductivity changes are solely determined by the transport of MgClz from the draw to the
feed solution. One of the concerns with using MgClz as a draw solute was its incomplete rejection by
our membranes in the NF experiments [17]. However, heavy metal salt in the feed solution
significantly alleviates this problem.

The FO tests similar to those summarized in Figures 2 and 3 were also performed with TFN
membranes, and the results for the water flux (Jw) and reverse solute flux (Js) are shown in Figures 4
and 5, respectively. For each loading of nanoparticles, including zero loading, i.e., TFC membranes,
we prepared two membrane sheets, and we cut four coupons from each sheet. Therefore, in total, we
fabricated 32 coupons for the FO tests. The bars representing Jw and Jsin the experiments with DI
water as a feed solution are the average from tests using four coupons of the same membrane type.
For the experiments with the feed solution containing Pb(NOs)2 or CuSOs-5H:0 the bars are the
average from tests using two coupons of the same type of membrane.

Figure 4 confirms that heavy metal salt in the feed solution enhances the water flux. For TFC
membranes, the water flux increases in the following: DI water < Pb(NOs)2 solution < CuSO4+.5H20
solution. For TFN membranes, the water flux for the Pb(NOs): solution is higher than for the
CuS04.5H:0 solution. However, the positive effect of the heavy metal in the feed on the water flux is
undeniable. The water fluxes of less than 4 L-m2.hr! are relatively low for the FO process. Nonwoven
support, a part of commercial PS35 membranes on which TFC and TFN membranes were
synthesized, is responsible for internal concentration polarization (ICP). The latter significantly
reduces the effective osmotic pressure gradient, the driving force for water transport in FO processes
[7]. There is no clear trend between the water flux and the loading of HNT-GI.

As shown in Figure 5, the effect of heavy metal cations in the feed solution on the reverse flux of
MgCl: is even stronger than that on the water flux. The reduction in the reverse salt flux in the
presence of heavy metal ions is at least 50%, but it can also be significantly greater. For example, for
TFN(0.1%), Js in the presence of Pb(NOs)z solution is 1/6 of that with DI water as a feed. For both TFC
and TFN membranes, the reverse MgClz flux decreases in the following order DI water > CuSO4-5H20
solution > Pb(NOs)2 solution. Although the respective feed solutions concentrations containing
heavy metal salts were the same (200 ppm), the theoretical concentration of Pb?* was greater than that
of Cu? (125.1 ppm vs 50.9 ppm). The greater concentration of Pb? in the feed solution could be
responsible for the more significant reduction in Jsin the presence of Pb(NOs): in the feed solution.
Considering the effect of loading of HNTs-G1 and the reverse salt flux, Js decreases with the loading
of HNTs-G1 when the feed solution is DI water and the aqueous solution of CuSO+5H20. On the
other hand, the is no clear trend between the loading and Js when the feed solution contains the
aqueous solution of Pb(NOs)e. It is also important to note that the reverse salt flux of TFC membrane
is comparable to that of TFN(0.025%) membrane.

The surface of fresh TFC and TFN membranes was negatively charged [17], which can be
attributed to carboxylic acid groups from the unreacted acyl chloride of the TMC monomer [22].
Consequently, they can adsorb positively charged ions such as Pb%* and Cu? [23]. According to
Hurwitz et al. [24], adsorbed heavy metal ions on a solid surface can produce a strong hydration
force, increasing the hydrophilicity. It is well known that the water flux increases as the surface
hydrophilicity of membranes increases. In addition, adsorbed Cu?* or Pb* would facilitate the
rejection of Mg?* cations based on charge repulsion. To maintain the electroneutrality, Cl- anions
would remain at the draw side of the membrane [25].
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Figure 4. The average water flux of TFC and TFN membranes using the different feed solutions.
Orange: DI water; green: 200 ppm CuSO4+-5H20 solution; purple: 200 ppm Pb(NOs)2 solution. Draw
solution in all experiments: 1 mol/L MgCl.
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Figure 5. The average reverse flux of MgCl2 of TFC and TFN membranes using the different feed
solutions. Orange: DI water; green: 200 ppm CuSO4+5H20 solution; purple: 200 ppm Pb(NOs)2
solution. Draw solution in all experiments: 1 mol/L MgCla.

To confirm the adsorption of heavy metal ions on the membrane surface, we performed the ICP-
MS analysis of the selected membranes (TFC and TFN(0.025%)) from the experiments with the feed
solution containing CuSOs-5H20. For comparison, we also did the ICP analysis of the same types of
membranes from the experiments with DI water as a feed solution. In addition, we also measured the
zeta potential of these membranes before and after the FO experiments. Table 1 summarizes the ICP
and zeta potential analysis results.

Table 1. Summary of the ICP analysis and zeta potential analysis of selected membranes before and
after the FO experiments.

Initial zeta Final zeta potential (mV) Adsorbed Cu (ug)

M
embrane potential (mV) DI water feed Cu? infeed DIwater feed Cu? in feed
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TEC -17.8 -10.2 -8.72 1.27 8.83
TEN(025%) -20.1 -15.5 -14.5 8.39 10.41

As expected, copper was detected on both TFC and TFN(0.025%) membranes after the tests with
a feed solution containing CuSOs-5H20. Interestingly, copper was also detected on these membranes
after the tests with DI water as a feed solution, particularly on the TEN(0.025%) membrane. The latter
was likely because of residual heavy metal salts accumulated in the system, particularly in the
membrane cell. On the other hand, more copper was detected after the tests with the feed solution
containing CuSO+5H20 than after the tests with DI. Because of possible contamination from the
previous tests, the mass of copper reported in Table 1 should not be considered quantitatively.
Nevertheless, the ICP analysis provides strong evidence for the adsorption of heavy metals on our
TFC and TEN membranes. The adsorption of Cu? (and also Pb?") by membranes can be attributed to
amine groups' chelation reaction with heavy metal cations [26].

Further confirmation for the membrane adsorption of heavy metal ions comes from analyzing
the zeta potential results. As shown in Table 1, the zeta potential of the new TFC membrane was -17.8
mV. After the test with DI water as a feed solution, the zeta potential decreased to -10.2 mV; however,
after the test with the 200 ppm CuSOs-5H20 solution as a feed, the zeta potential increased more, to -
8.72 mV. The same trend was observed for the TFN(0.025%) membrane. A zeta potential increase is
attributed to the adsorption of metal cations. The zeta potential increase after the tests with DI water
was likely because of Mg?* adsorption from the draw solution.

3.3. Rejection of Heavy Metals in FO and NF Processes

The presence of heavy metal cations in feed solution improves the FO performance of TFC and
TFN membranes. However, the membrane's primary role in the FO process is to reject heavy metals
while allowing water to permeate from the feed to the draw solution. The rejection of Cu?*and Pb?*
was calculated using Eq. (3), in which C, was evaluated using Eq. (4). The latter equation assumes
that the initial concentration of Cu?*and Pb?* in the draw solution was zero, which was the case, and
the existence of steady-state permeation during the entire FO experiment. The linear rate of mass
change of water (Figure 2) and practically linear rate of mass change of heavy metal cations in the
draw solution (Figure 3) confirmed the existence of steady-state conditions throughout the
experiments.

To calculate R we used Ct measured after the experiment, which ranged from 34 to 36 ppm for
Cu? and 77 to 92 ppm for Pb?. These values are lower than the respective theoretical concentrations
of Cu? and Pb* that consider the dilution factor (0.5/0.656), i.e. 39 ppm and 95 ppm. The
corresponding Cp values for Cu?* ranged from 0.5 to 1.5 ppm and from 2 and 5 ppm for Pb?. The
higher concentration of Pb* than Cu? was because of the higher C: of the former. Using Ct measured
after the experiment to calculate ion rejection leads to a conservative estimation of R values.

Figure 6 summarizes the average rejections of Cu?* and Pb? by TFC and TFN membranes in FO
tests. Each value in Figure 6 represents the average from two independent experiments. It can be
noticed that the average rejection of Pb? by TFC membrane (97.4%) is higher than Cu? (96%). On the
other hand, for TFN membranes, the situation is the opposite; the average rejection of Cu?* by TEN
membranes (97.2- 98.1%) is higher than Pb?" (94.5 — 96%). As a result, the rejection of Pb? by TFC
membranes is higher than by TFN membranes. The presence of HNTs-G1 slightly increases the
rejection of Cu? of the resulting TEN, but the opposite is true for Pb%*. However, there is no apparent
trend between the loading of HNTs-G1 and heavy metal rejection by the membranes. Although
differences in heavy metal rejections in Figure 6 might not be statistically significant, they are high,
above 94%.

As shown in Table 1, high rejections of Cu? and Pb? might be partly due to the adsorption of
heavy metal ions by the negatively charged surface of TCF and TFN membranes. In principle, the
adsorption of heavy metals by the membranes (1.4) could be evaluated from the mass balance using
the following equation:

Maas = CrVyi — CpdVq — Crp (Vi — AV + Vyf) )

All parameters on the right-hand side of Eq. (7) were measured or evaluated in each experiment.
However, the calculated muais were 2-3 orders of magnitude greater than the values reported in Table
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1. The main reason for this discrepancy was the assumption that the membranes only adsorbed heavy
metal ions. However, they could also be adsorbed in tubes and the membrane cell. In other words,
there would be another negative term on the right-hand side of Eq. (7). The hypothesis of possible
adsorption of heavy metal ions not only by the membranes was confirmed by the presence of Cu?* on
the membranes even in the experiments in which the feed solution was DI water (Table 1). However,
it is essential to emphasize that the possible adsorption of heavy metal ions in the system and their
incomplete removal between the experimental runs do not affect the calculation of R values.

In addition to rejecting heavy metals in FO experiments, we tested 6 TFC and 6 TFN(0.05%)
membranes in NF experiments with a 200 ppm CuSO4+.5H:20 feed solution at 10 bar. The average
rejection of Cu? by the TFC membranes was 96.25%, comparable to the corresponding value in the
FO tests. On the other hand, the average rejection of Cu?* by the TFN(0.05) membranes was only
92.89%, considerably lower than 98% by the same membranes in the FO tests. A lower rejection of
heavy metals in NF compared to FO could be expected. In both processes, the transport of heavy
metals is driven by the concentration gradient across the membrane. In addition, heavy metals might
also be dragged along the permeating water in the NF process driven by the hydraulic pressure
gradient across the membrane.

I Pb
100 B Cu

Rejection (%)

TFC TFN(0.025%) TFN(0.05%)  TFN(0.1%)

Figure 6. The average rejections of Cu?* and Pb> by TFC and TFN membranes in FO tests.

The FO performance, including heavy metal ion rejection of TFC and TFN membranes, is
generally comparable. This suggests a minor role of HNTs-G1, further substantiated by a general lack
of trend between the nanoparticle loading and the membrane performance. A significant reduction
in the reverse salt flux and the simultaneous increase in the water flux in the presence of heavy metal
ions in the feed solution, attributed to their adsorption, is likely due to the negative surface charge of
both TFC and TFN membranes. Two approaches are possible to increase the adsorption of heavy
metals by the membranes and improve further their FO performance and heavy metal rejection. One
way is to use nanoparticles that would increase the negative surface charge of the final TFN
membranes, for example, carboxyl group-grafted molybdenum disulfide [27] or silver-functionalized
biomimetic nanoparticles [28]. Another approach would be to select nanoparticles that specifically
interact with heavy metal ions. The thiol (SH) functional groups enhance heavy metal adsorption
through complexation [29]. They can be introduced into TFN membranes via, for example, L-cysteine
functionalized cellulose nanocrystals [30]. Despite an increase in the FO water flux in the presence of
heavy metal ions, the reported Js in Figure 4 remain small because of internal concentration
polarization. The latter arises from the nonwoven support of the commercial PS35 membranes used
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to fabricate the TFC and TFN membranes. Increasing J» to an attractive level for a practical FO
application would require optimizing the porous support of the TFC and TFN membranes [31].

4. Conclusions

We have successfully fabricated thin-film nanocomposite (TFN) membranes through in-situ
interfacial polymerization of piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC)
containing different amounts of functionalized halloysite nanotubes (HNTs) nanoparticles. The HNTs
nanoparticles were functionalized with the first generation of poly(amidoamine) (PAMAM)
dendrimers. These membranes demonstrated excellent rejection of heavy metal ions, specifically Cu?*
and Pb?%, ranging from 94.5% to 98.1%. Interestingly, the TEN membranes exhibited higher rejection
of Cu? compared to Pb?%, while the opposite trend was observed for the control TFC membranes. In
addition, the presence of heavy metals in the feed solution improved the performance of all
membranes in the forward osmosis (FO) process, resulting in at least a 2.5-fold decrease in the reverse
flux of draw solute (MgClz) and an increase in water flux. This improved performance is attributed
to the adsorption of heavy metals by the membranes, as confirmed by the decrease in the negativity
of zeta potential and the results from inductively coupled plasma mass spectrometry (ICP-MS)
analysis of the membranes. The latter provided direct evidence of heavy metal adsorption by the
membranes. The performance of TFN and TFC membranes, including heavy metal ion rejection, was
similar, indicating a minor role of HNTs-G1 nanoparticles. Therefore, to further improve the FO
performance and heavy metal rejection, it is recommended to use nanoparticles that would increase
the negative surface charge of the resulting TEFN membranes or could specifically adsorb heavy metal
ions.
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