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Considerable efforts are being made to develop new materials and technologies for the efficient and fast
removal of toxic ions in drinking water. In this work, we developed a sulfur-complexed strategy to
enhance the removal capability of heavy metal ions using the polyamide nanofiltration membrane by the
covalent anchoring of L-cystine and L-cysteine. The sulfur-functionalized polyamide nanofiltration
membrane exhibits superior complexation of heavy metal ions and can efficiently remove them from
high-concentration wastewater. As a result, the sulfur-functionalized nanofiltration membrane not only
showed excellent desalination performance but also achieved a record removal rate of heavy metal ions
(99.99%), which can effectively reduce Hg(i) concentration from 10 ppm to an extremely low level of
0.18 ppb, well below the acceptable limits in drinking water (2 ppb). Moreover, the sulfur-functionalized
nanofiltration membrane showed an exciting long-term stability and can be easily regenerated without
significant loss of Hg(i) removal efficiency even after six cycles. Such outstanding performances were
attributed to the synthetic effect of Hg—S coordinative interaction, electrostatic repulsion, and the
sieving action of nanopores. These results highlight the tremendous potential of thiol/disulfide-
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1. Introduction

In recent years, water contamination and scarcity have evolved
to be a global challenge owing to the rapid growth in population
and industrialization."” One of the major contaminants in
drinking and industrial wastewater are heavy metals ions; they
are highly toxic and difficult to decompose or metabolize in
organisms.*® These heavy-metal ions continuously accumulate
to exceed the permissible limits, which vastly threatens public
health.® In particular, Hg(u) is considered to be the most
dangerous heavy metal ion widespread in the environment and
it affects the brain, kidney, and lung tissues, severely impairing
neurological development and even causing death.”® Therefore,
there is a critical need to remove heavy metal ions from polluted
water to maintain human and environmental well-being.>™*
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water with high performance in environmental remediation.

Among the methods of heavy metal remediation including
chemical precipitation,'”> membrane separation, ion exchange,*
and adsorption,***®* membrane separation is the most popularly
used due to the advantages of smaller footprint, low-cost,
elimination of chemical residuals, relative ease of scaling up,
and environmental friendliness.”””* As one of the effective
means of membrane process, the nanofiltration (NF) technique,
which combines the separation mechanisms of size exclusion
and Donnan exclusion, has being widely used in drinking water
and wastewater treatments because of the higher energy effi-
ciency and simplicity of operation. Currently, the state of the art
NF membrane for desalination is composed of a thin film
composite (TFC) structure by growing polyamide (PA) nanofilm
active layer on a support material,*® and the permselectivity
performance is highly dependent on the molecular and struc-
tural characteristics of the PA layer. Since the last few years,
researchers have devoted numerous efforts on the modification
of TFC nanofiltration separation layer for enhancing the heavy
metal removal efficiency. For instance, Chung et al.>* realized
higher than 98% rejections of different heavy metals including
Pb(u), Cu(u), Ni(u), Cd(u), Zn(u), Cr(vi), and As(v) by employing
the chelating polymer modified P84 NF hollow fiber membrane
as a separation layer. The poly(amidoamine) dendrimer
(PAMAM) was grafted on TFC NF hollow fiber membranes to
enhance the heavy metal removal efficiency and achieve an
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ultrahigh rejection of 99%.** In addition, graphene-based
materials such as graphene oxide (GO) was also used to
improve the heavy metal removal properties of the TFC NF
separation layer because of the high porosity, well-defined
nanoscale pore size, and suitable mechanical stability.>***
Although water permeability is greatly enhanced after the
decoration of GO-based frameworks, the undesirable rejection
of small ionic species cannot meet the requirement of practical
application.”**” Currently, the difficulty of constructing the NF
membrane mainly lies in enhancing the binding affinity for the
target toxic ions to simultaneously achieve the outstanding
performance of removal efficiency, selectivity, and reusability.
At the same time, the specific and selective elimination of Hg(u)
ions from wastewater using separation membranes has scarcely
been developed. In this regard, exploring a novel NF membrane
material with high efficiency and selectivity for heavy metal
removal is mandatory and has been pursued for long.

As a family of soft Lewis bases, sulfur-containing species own
a highly polarizable donor center, enabling it to strongly coor-
dinate with low-lying orbitals of soft Lewis acids such as heavy
metal ions according to Pearson's theory of Hard/Soft Acids and
Bases (HSAB).**?* In this context, numerous organic sulfur
compounds including thiols, thioethers, disulfides, and
mercaptans have been adopted to prepare new materials with
high removal efficiency of heavy metal ions such as Hg(u), Ag(1),
Pb(u), and Cd(u).*** For example, some thiol/thio-
functionalized covalent organic frameworks (COFs), metal-
organic frameworks (MOFs), carbon nanotubes, mesoporous
silicas, zeolites as well as porous carbons have been devel-
oped** ¢ and exhibit high efficiency, selectivity, and easy recy-
clable adsorption capability towards toxic heavy metal ions.
Nevertheless, several drawbacks of these adsorbents are needed
to be improved, such as time consumption, production of large
amounts of toxic sludge and liquid waste as well as high oper-
ational and capital costs.” These weaknesses and barriers have
sparked our interest in the exploration of new types of materials
functionalized with sulfur ligands for water purification. Given
all of this, the TFC NF membrane incorporated with sulfur-
containing species may be a potential candidate for miti-
gating environmental problems caused by toxic heavy metals.
However, no sulfur-containing species functionalized NF
membranes have been reported for effective heavy metal
removal from aqueous environments.

Thus, the objective of the present work is to prepare TFC NF
active layers functionalized with disulfide (-SS-) and thiol (-SH)
groups that are expected to exhibit specific binding ability
towards the targeted heavy metals. The surface-bound sulfur
ligands enable strong metal-sulfur coordinative interactions,
thereby affording efficient and selective removal of toxic heavy
metals. Characterizations were conducted to understand the
evolution of surface chemistry, morphology, and physico-
chemical properties of the membranes before and after modi-
fication. Heavy metal ions, including Hg(u), Pb(u), Ni(u), Cu(),
Ag(u), and Cd(u), were also used to test the performance of the
pristine and modified membranes. The resultant sulfur-
impregnated NF active layers combined exceptional selectivity,

good long-term  stability, easy regeneration, and
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unprecedentedly high removal rate of Hg(u) ions (99.99%),
making it a highly promising material for decontamination of
drinking water. To the best of our knowledge, this is the first
attempt towards the use of sulfur-impregnated membrane
materials for heavy metal removal studies. This study may open
up a new perspective to design advanced TFC NF membrane
materials for heavy metal ion removal.

2. Experimental
2.1 Materials

1,3,5-Benzenetricarboxylic chloride (TMC, 98%) and anhydrous
piperazine (PIP, 99%) were purchased from Alfa. r-cystine
(99%), r-cysteine (99%), AgNO; (99%), Pb(NO;), (99%), and
NiCl,-6H,0 (99%) were obtained from Adamas-beta. Hg(NO3),
(99%) was received from Xiya Reagent. n-hexane, Cd(NOj3),-
-4H,0, CuCl,-2H,0, NaOH, HCI (36.0-38.0%), Na,SO,, MgSO,,
NacCl, and CaCl, were bought from Kelong Chemical Reagent
Factory (Chengdu, China). All reagents were directly used
without further purification. Flat-sheet non-woven-reinforced
polysulfone (PSf) ultrafiltration membrane with a molecular
weight cut-off of 60 000 as the support was provided by Beijing
Haigingyuan Tech. Co. Ltd and deionized water (3 pS cm™") was
obtained from an ultrapure water treatment system.

2.2 Preparation of the membrane

The sulfur-impregnated NF active layers were prepared via
a typical two-step interfacial polymerization (IP) reaction (as
illustrated in Fig. 1). Specifically, PIP aqueous solution (0.35 wt%)
was firstly poured onto the top surface of porous PSf support.
After being immersed for 2 min, the excess PIP solution was
decanted and the PSf support was air-dried for further reaction.
Then, 0.3 wt% TMC hexane solution was rapidly poured on the
soaked support for interfacial polymerization. After 1 min, the
residual n-hexane was removed to terminate the reaction and the
freshly prepared PA layer is defined as PIP-TMC. Immediately
after this step, an aqueous phase containing r-cystine (1) or t-
cysteine (2) was separately poured onto the fresh PIP-TMC
surface to react with the residual acyl chloride functional
groups. After allowing to react for 2 min, the excess solution was
drained off the surface, followed by drying in air for 3 min, then
in an oven at 50 °C for 15 min; a sulfur-impregnated PA active
layer was obtained. Finally, the fabricated membrane was rinsed
with deionized water and stored in NaHSO; (1 wt%, pH = 12)
aqueous solution for performance characterization. The obtained
membranes are denoted as 1 or 2-X, where X corresponds to the
addition of monomers. Also, 1-0.1 and 2-0.1 are named as NF-SS
and NF-SH, respectively. The TFC NF membranes that refer to 3-1
(r-cystine grafted) and 3-2 (i-cysteine grafted) were prepared by
the one-step IP technique for comparison with those made by the
two-step route. The one-step procedure started with immersion
of the PSf support into a mixed aqueous phase containing PIP
(0.35 wt%) and r-cystine or i-cysteine (0.1 g) for 2 min and
subsequent removal of the excess liquid. Then, the membrane
was immersed into a TMC (0.3 wt%) solution in hexane for 1 min
and subjected to the same treatment as mentioned above.

RSC Adv, 2020, 10, 3438-3449 | 3439
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Fig. 1 Schematic representation of the fabrication of sulfur-impregnated NF active layers.

2.3 Membrane characterization

All the membranes were washed with deionized water and dried
in a vacuum oven before material characterization. The chem-
ical component of NF selective layers was determined by using
a Fourier transform infrared/attenuated total reflectance spec-
trometer (FT-IR/ATR, Nicolet 380) with an attenuated total
reflectance (ATR) unit and an X-ray photoelectron spectrometer
(XPS, Kratos, England). The surface and cross-sectional
morphologies of the NF layers were investigated by field-
emission scanning electron microscopy (FE-SEM, NOVA NANO
SEM 450, FEI, USA), atomic force microscopy (AFM, Asylum
Research MPD-3d, USA), and transmission electron microscopy
(TEM, FEI Tecnai G2 F20, USA). The samples for FE-SEM cross-
sectional images were obtained by fracturing the membrane in
liquid nitrogen. The surface root-mean-square roughness (RMS)
was estimated through the three-dimensional AFM images (5
pm X 5 pm) operated in the tapping mode. To obtain the cross-
sections TEM images, the woven fabric substrate (polyester) was
carefully removed from the membranes and the NF active layer
was embedded with the epoxy resin, then cut at room temper-
ature to obtain the cross-section. Water contact angles (CAs)
were measured with a goniometer (DSA30 drop shape analysis
system, KRUSS) under sessile drop mode at 25 °C; at least 7
different locations on each sample were tested. Nitrogen-
sorption isotherms were obtained from a Quantachrome
ASiQwin Instrument. Before the adsorption measurements, the
samples were degassed in vacuum at 80 °C for 24 h. The zeta
potential of the membrane surface was determined with an
electrokinetic analyzer (SurPASS Anton Paar, GmbH, Austria);
1 mM KCI solution served as the background electrolyte and
a pH range of 3-10 was adopted.

2.4 Membrane performance test

Water flux and rejection performance of the NF membranes
were examined by using a home-made cross-flow filtration
instrument with an effective cell area of 60 cm?, and the oper-
ating pressure and temperature were set as 6.0 bar and 25 °C,

3440 | RSC Adv, 2020, 10, 3438-3449

respectively. 2000 ppm of Na,SO,, MgSO,, NaCl, and CaCl,
solutions were used as feed solutions to evaluate the desalina-
tion performance. The electrical conductivity of the permeate
and feed solutions were measured with a DDS-307 conductivity
meter (Shanghai INESA & Scientific Instrument Co. Ltd, China);
a calibration curve was used to relate the solution conductivity
to the salt concentration. 10 ppm (Hg(NO;),, Pb(NO;),, NiCl,-
-6H,0, CuCl,-2H,0, AgNO;, and Cd(NOj3),-4H,0) solutions
were filtered through the separation layers to estimate the heavy
metal ion removal property, and the concentrations of the feed
and the permeate were obtained by using atomic absorption
spectrophotometry (AAS, VARIAN, SpectrAA 220FS, SpectrAA
220Z) and inductively coupled plasma-mass spectrometry (ICP-
MS, VG PQ ExCell, TJA, USA). Experimental data were collected
after 1 h-filtration to ensure steady-state flow conditions. The
water flux of the NF membranes (/, L m > h™*) was calculated
with eqn (1) and the rejection or removal rate (R, %) was ob-
tained with eqn (2):

|4

J= 1
A x At (1)

R:( 7%1:) x 100%

where V(L) is the volume of the collected permeate, At (h) is the
time elapsed for collecting a required permeate volume, A (m?)
is the superficial area of the membrane, and Crand C, represent
the solute concentration of the feed solution and the permeate
solution, respectively.

(2)

3. Results and discussion
3.1 Membrane surface chemical composition

The fabrication process of the sulfur-impregnated NF active
layers is schematically illustrated in Fig. 1. The TFC NF active
layer was prepared by creating a polyamide selective layer on the
porous PSf support via a two-step IP reaction. The surface
chemical components of the TFC NF active layer were identified

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XPS survey spectra of the NF active layers; high-resolution XPS analysis of (b) C 1s and (c) N 1s of the PIP-TMC active layer; high-
resolution XPS analysis of (d) C 1s, (e) N 1s, and (f) S 2p core-level spectra of the NF-SS active layer; high-resolution XPS analysis of (g) C 1s, (h) N 1s,
and (i) S 2p core-level spectra of the NF-SH active layer.
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Fig. 3 The surficial-sectional SEM and AFM images of (a and d) PIP-TMC, and (b and e) NF-SS, and (c and f) the NF-SH active layers.
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by FT-IR/ATR and XPS techniques. Fig. S1f presents the FT-IR/
ATR spectra of the NF membranes. It was found that there
appeared a new peak at about 1620 cm ™' on the polyamide
membrane surface. This peak is ascribed to the stretching
vibration of C=0 in the amide groups, which reveals that
interfacial reaction had successfully occurred and a polyamide
active layer was formed on the surface of the PSf support. What
should be pointed out here is that we had difficulty in deter-
mining the differences between the FT-ATR spectra of PIP-TMC
and the sulfur-impregnated active layers. This is probably
because the S-H (2500 cm™ '), C-S (700-600 cm™ '), and S-S
(500 em™ 1) stretching bands are weak and their peak overlaps
with the absorption of other already existing stretching vibra-
tions. The predominant peaks at 285.0 eV, 400.0 eV, and
532.0 eV are facilely assigned to C 1s, N 1s, and O 1s, respectively
(Fig. 2a).”” As evidenced in Fig. 2 and S2,T two eminent peaks of
S2s(231.6 eV)and S 2p (163.0 eV) emerged in the active layers of
NF-SS and NF-SH, revealing the existence of the sulfur species.*®
Furthermore, the high-resolution XPS spectra could provide
more detailed information on the chemical composition of the
NF active layers and thus, the peaks of C 1s, N 1s, and S 2p were
deconvoluted into several characteristic peaks under consider-
ation of the elements and the groups directly bonded to the
atoms. The C 1s peaks at binding energies of 284.2, 285.4 eV,
and 287.6 are assigned to C=C/C-C/C-H, C-N, and N-C=0 in
PIP-TMC, respectively (Fig. 2b),***® while they are assigned to
C=C/C-C/C-H/C-S, C-N, and N-C=0/O-C=0 in NF-SS and
NF-SH, respectively (Fig. 2d and g). Similarly, the peaks at
399.4 eV and 399.9 eV (Fig. 2¢, €, and h) correspond to N-C=0
and C-N in the N 1s spectra.>* The characteristic peaks of S 2p
centered at 163.0 eV were detected, as Fig. 2f and i demonstrate,
in which the two peaks were respectively assigned to S-C/S-S
and S-C/S-H.*>** These results signified that the reactant
monomers L-cystine and r-cysteine containing -SS- and -SH

Polyamide

Fig. 4
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functional groups have been successfully grafted on the pristine
PIP-TMC membrane surface.

3.2 Membrane surface morphology and porosity

The surface morphology of the membranes was characterized
by FE-SEM analysis. It could be observed that the nascent active
layer shows a nodular surface accompanied by plenty of crum-
ples (Fig. 3a).”* In comparison, a fairly uniform and obvious
grainy surface was generated after the two-step interfacial
polymerization, which might be attributed to the smooth
surface of the NF-SS and NF-SH active layers. To gain insight
into the changes in surface morphology, the surface roughness
was examined by employing the AFM technique. A smoother
surface could be obviously seen and the RMS values signifi-
cantly decreased after the impregnation of sulfur species
probably because of trampling of L-cystine and r-cysteine chains
in the valley structures of the pristine PIP-TMC membrane
(Fig. 3d-f), which agree well with the SEM results.** At the same
time, as Fig. S31 shows, the topography images of the
membranes are also highly consistent with the corresponding
SEM results. Therefore, the attachment of i-cystine and 1-
cysteine monomers onto the raw PA layer would not affect the
depositions of foulants on the membrane surface caused by
surface roughness,® which plays a positive role in the anti-
fouling performance of the resultant membrane. Moreover, the
cross-sectional SEM and TEM images were also observed. It
could be seen that the thickness of the bare NF active layer is
about 200 nm, whereas that of the NF-SS and NF-SH layers
significantly diminished to 119 nm and 164 nm, respectively
(Fig. 4a-c). The reduction in the nanofilm thickness would
greatly reduce the resistance to water permeation and thereby
facilitate mass transport across the TFC NF barrier layer used
for water/wastewater treatment. To gain insight into the
porosity properties of the active layers, nitrogen gas sorption

The cross-sectional SEM and TEM images of (a and d) PIP-TMC, and (b and e) NF-SS, and (c and f) NF-SH active layers.

This journal is © The Royal Society of Chemistry 2020
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Fig.5 (a) Water fluxes and (b) rejections of PIP-TMC, NF-SS, and NF-SH active layers for different salt aqueous solution of 2000 ppm at 25 °C and

6 bar; (c) pore size distribution profiles of PIP-TMC, NF-SS, and NF-SH; (d) water contact angles of different NF samples; (e) zeta potentials of PIP-

TMC, NF-SS, and NF-SH active layers with increasing pH values.

experiments were carried out. As evidenced by Fig. 5c, the pore
size distribution (PSD) curves calculated by using the density
functional theory (DFT) method gave a pore size of about 2.0 nm
for the PIP-TMC, NF-SS, and NF-SH separation layer, which is
characteristic of the NF membrane. The sorption curve at low
relative pressures (P/P, < 0.01) exhibited steep nitrogen uptakes
(Fig. S51), which is indicative of its microporous feature.*® Such
a microporous structure would greatly influence the subsequent
separation performance for inorganic salts and heavy metal
ions.

3.3 Permselectivity of inorganic salts

In order to evaluate the desalination performance of PIP-TMC,
NF-SS, and NF-SH separation layer, the water flux and salt
rejection of different membranes were measured with a home-
made cross-flow filtration instrument. As Fig. 5a and b show,
the desalination performance of NF-SS and NF-SH for all the
investigated inorganic salts are significantly improved
compared to the traditional PIP-TMC active layer, and achieve
a 2.5-fold enhancement in water permeance and an ultrahigh
salt rejection. Moreover, the NF-SS and NF-SH active layers
display even higher rejections against multivalent anions
(99.6%, 99.5% vs. 99.3% to Na,SO,, 96.7%, 95.5 v5.95.3% to
MgSO0,, 43.7%, 43.1% vs. 45.2% to NaCl, 42.4%,41.9% vs. 44.0%
to CaCl,) (Fig. 5b). These results demonstrate that the grafting
of L-cystine and r-cysteine on the PIP-TMC active layer accounts
for the enhancement in desalination performance. We
reasoned that the high desalting performance of NF-SS and NF-
SH is attributed to the more hydrophilic and negative-charged
surface. On one hand, the hydrophilic property was examined

This journal is © The Royal Society of Chemistry 2020

by comparing the water CAs of the surface before and after
impregnation. It could be found that the CA of the NF-SS and
NF-SH membranes declined to 25.0° and 28.2°, respectively
(Fig. 5d), illustrating that the surface is more hydrophilic
surface, thereby favoring the reduction in membrane fouling by
hydrophobic foulants.>” On the other hand, based on the
Donnan exclusion theory,”* strong electrostatic repulsion
exists between multivalent anions (SO,>~) and the membrane
surface, which decisively influences the multivalent anions
passing through the barrier layer of the membranes.® It is
believed that the surface charge character of the membrane
material is closely correlated with the zeta potentials; we
therefore measured the zeta potential data in the pH range of
3.0-10.0. Obviously, the NF-SS and NF-SH surfaces tethered r-
cystine and r-cysteine monomers bearing an abundance of
carboxyl groups have more negative charges than PIP-TMC
(Fig. 5e), which thereby enhance the electrostatic repulsive
effect between the membrane surface and multivalent anions
(S0,>7), thus endowing the separation with layer higher reten-
tion for multivalent anion salts. Taken together, the involve-
ment of r-cystine and r-cysteine resulted in more hydrophilic
and negatively charged active layer surfaces, which provide
satisfactorily high water permeance while maintaining high
selective capability for different inorganic salts.

3.4 Removal performances for heavy metal ions

The flux and removal rate for heavy metal ions of the as-
prepared active layers were determined by using 10 ppm
heavy metal ion solutions as seed solutions. As Fig. 6a and
b illustrate, NF-SS and NF-SH can effectively eliminate toxic ions

RSC Adv, 2020, 10, 3438-3449 | 3443
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(a) Water flux and (b) removal rate of PIP-TMC, NF-SS, and NF-SH active layers for different heavy metal ions solutions of 10 ppm at 25 °C

and 6 bar; (c) durability of NF-SS and NF-SH in a long-time NF operation process for the removal of Hg(i) ion; (d) comparison of Hg(i) removal
performance of recently reported state-of-the-art TFC PA separation membranes and other benchmark thiol/thio-functionalized porous

materials (see Table S1t for details).

in water such as Hg(u), Pb(u), Ni(u), Cu(u), Ag(1), and Cd(u) and
exhibit excellent water flux. To be specific, NF-SS shows a high
removal rate of ~99.98% for Hg(u) and can reduce the
concentration of heavily mercury contaminated water down to
1.8 ppb, thus acquiring allowable elemental limits (2 ppb for
Hg(u)) in drinking water, which is far beyond that provided by
the bare PIP-TMC NF membrane (88.47%). At the same time,
NF-SH achieved an unprecedentedly high Hg(i) removal rate of
99.99% and obtained an acceptable mercury level of 0.18 ppb,
according to the international standards of U. S. Environmental
Protection Agency (EPA) and World Health Organization
(WHO).®* It is also worth mentioning that the sulfur-
impregnated NF active layers display the highest removal rate
of Hg(u) when compared to other selected heavy metal ions
including Pb(u), Ni(u), Cu(u), Ag(1), and Cd(u), thus revealing an
outstanding selectivity for different heavy metal ions. Further-
more, we compared Hg(n) ion removal performances of NF-SS
and NF-SH with recently reported benchmark porous mate-
rials and other state-of-the-art thiol/thio-functionalized mate-
rials (ESI, ref. 1-12).34*%4¢ As demonstrated in Fig. 6d, it is
can be observed that the Hg(i1) removal performance of NF-SH is
superior to those of most benchmark materials, such as porous
carbon,*® mesoporous silica (ESI, ref. 61),* and MOF materials
(ESI, ref. 1 and 21).* Although COF-S-SH*® and PAF-1-SH (ESI,
ref. 81) can reduce Hg(u) concentrations to 0.1 and 0.4 ppb,
respectively, the ultralong equilibrium time (3-6 h) increases
the operational and capital costs, thus precluding any

3444 | RSC Adv, 2020, 10, 3438-3449

implementation. Comparatively speaking, our newly designed
NF active layers used for the purification process within a few
minutes can reduce Hg(u) to acceptable concentrations. We
surmise that such extraordinary performances are due to the
covalent binding of 1-cystine and r-cysteine with the -SS- and
-SH functional groups in the bare TFC polyamide framework,
which demonstrate a great promise for selective and efficient
clean-up of heavy metal ions from drinking water.

From the perspective of ecological protection and economic
sustainability, long-term cyclic stability of wastewater treatment
materials is vital for its realistic application; hence, the deme-
tallization and reuse of NF-SS and NF-SH were investigated.
Remarkably, the NF-SS and NF-SH active layers still maintain
high removal rate for Hg(u) ions over 120 h of continuous
filtration, and no appreciable decline in the permeating flux was
observed (Fig. 6¢). Further, the Hg(n)-laden NF-SS and NF-SH
membranes were easily regenerated by rinsing with an
aqueous HCI solution (6.0 M), which resulted in almost 98%
and 100% demetallation, respectively; the regenerated NF-SS
and NF-SH were then subjected to the next round of Hg(u)
decontamination processes. It is notable that NF-SS and NF-SH
still retain about 91% and 96% of the original removal rate even
after six regeneration and reuse cycles (Fig. 7b),** suggesting the
sulfur-impregnated NF membrane can work as a promising
candidate as a long-term and effective heavy metal-scavenging
material. The selectivity of the NF membrane in high concen-
tration and multi-component wastewater is another critical

This journal is © The Royal Society of Chemistry 2020
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challenge for practical applications. When the NF membrane is
used for water treatment, the different ions will compete for
binding sites and the inorganics may block the pores of the NF
active layer, thereby compromising the removal efficiency.*® In
light of this, selectivity tests were carried out by using a mixture
solution of Hg(u), Pb(u), Cu(u), Ca(u), Mg(u), and Na(i), each at
a concentration of 10 ppm, as the seed solution. The results
show that NF-SS and NF-SH are capable of removing more than
90% of Hg(u), Pb(u), and Cu(u), and reduce them to drinkable
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concentrations but they are not active for other metal ions such
as Ca(u), Mg(u), and Na(1), thus demonstrating the promising
application of sulfur-impregnated NF active layers for the
purification of high concentration multicomponent wastewater.

Encouraged by the exceptional performances, we further
explored the heavy metal ion removal mechanism of sulfur-
impregnated NF active layers, as depicted in Fig. 8. First, -SS—
and -SH functional groups are covalently tethered on the
surface of the bare polyamide NF membrane. The highly
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Fig. 8 Suggested mechanism of NF-SS and NF-SH nancfiltration active layers for the removal of Hg(i) ion in multi-metal solution.
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accessible and densely populated sulfur species within the
polymeric frameworks serve as available soft Lewis bases to
bond the soft Lewis acids of heavy metal ions.”® Second, the
hydrated heavy metal ions such as Hg(u) would approach the
surface of the membrane quickly, immediately followed by the
occurrence of metal-S chelating behavior, which is a sponta-
neous process propelled by strong and specific surface
complexation interactions. As electron acceptors, the empty
orbital of heavy metal ions such as Hg(u) could receive electrons
from the electron donor of sulfur species to form stable coor-
dination bonds.*>** Specifically, each Hg was bound exclusively
by two S, that is, Hg(u) ions are complexed in an S-Hg-S
bidentate manner, as reported elsewhere.*****> With respect to
the other relatively soft metal ions, such as Pb(u), Cd(u), Ni(u),
Cu(u), and Ag(1), due to their lower affinity towards sulfur
species than Hg(u), the rejection performances are thereby
inferior to that for Hg(u). This is because thiol and disulfide are
soft bases groups and hence, they are more likely to attract and
interact strongly with soft acids heavy metal ions; among them,
Hg(u) is in fact classified as a softer metal than Pb(u) and Cd(u)
because of its larger size and greater electron-cloud deform-
ability.*>%*%¢%® Ag such, the selective separation of Hg(u) from
the mixed metal solutions could be well explained. It should
also be noted that Hg(u) interaction with -SH groups in NF-SH is
more favorable than that with -SS- groups of NF-SS probably
due to the steric impediment, thus affording higher removal
rate for Hg(u).*> On the other hand, there exist strong electro-
static repulsions among the multivalent cations (Hg>") and the
positively charged membrane surface contributed by the
attachment of Hg(u) ions firstly. Here, the variation in the
surface charges of NF-SS and NF-SH were investigated through
measurements of the zeta potentials. Obviously, NF-SS and NF-
SH surfaces exhibited more positive charge after Hg-S coordi-
nation (Fig. S8%), thereby greatly enhancing the electrostatic
repulsion and increasing the transfer resistance. It is worth
noting that the Hg®" ions in aqueous solution were firmly
anchored onto the surface of the membranes and could not
drift around, so they would not fill the membrane pores, thereby
maintaining high water permeance. Finally, the combination of
size exclusion, Hg-S coordinative interactions, and electrostatic
repulsion would bring selective and efficient elimination of
Hg(u) from polluted water. This heavy metal-scavenging process
is fast, highly effective, and the approach is relatively facile,
cheap, and highly recyclable, therefore promising the sulfur-
impregnated NF membrane with great potential applications
in industrial drinking water treatment and environmental
remediation.

4. Conclusions

In summary, we have successfully fabricated two sulfur-
impregnated composite nanofiltration active layers, NF-SS and
NF-SH, that exhibit highly effective and highly efficient removal
of selected soft heavy metal ions, especially Hg(u), from heavily
contaminated aqueous solutions. Specifically, NF-SH was highly
capable of reducing Hg(n) ion concentration from 10 ppm to the
extremely low level of less than 0.18 ppb within the drinkable
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limits of 2 ppb and an unprecedentedly high removal rate of
99.99% for Hg(u) was achieved, outperforming those of the
recently reported thiol/thio-functionalized adsorbents and
other Hg(u)-scavenging materials. Additionally, the thiol/
disulfide-functionalized layers are fully regenerable after six
cycles of filtration and demetallization operations, and more
than 91% and 96% of the Hg(u) ions can be retained. The sulfur-
impregnated TFC membranes can remain effective in the
presence of competing metal ions Ca(i), Mg(u), and Na(), thus
illustrating superior selectivity. We surmised that the intro-
duction of sulfur species possessing a high affinity towards soft
metals coupled with size exclusion of the NF barrier layer is
responsible for the very selective and efficient purification
process. When using the sulfur-impregnated NF active layers for
desalination, an excellent permeance of 63 L m > h™ " and high
rejection greater than 99.6% against Na,SO, can be obtained.
Overall, this work provides a facile and time-efficient approach
to construct novel NF materials with high desalting capability
and outstanding removal performance for heavy metal ions,
and demonstrate the prospective application of sulfur-
functionalized polyamide NF membrane in the fields of
drinking water treatment and environmental remediation.
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