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Abstract

This research aimed to synthesize polyvinyl fluoride membranes and coat them with tannic acid (TA) nanoparticles and
polyethylene glycol (PEG) additives so that the membrane’s removal efficacy for humic acid (HA) pollutant from agricultural
wastewater was investigated. Thus, six membranes with PEG:TA ratios of 0:0, 1:0, 0:1, 1:1, 4:1, and 1:4 were synthesized.
Then, the membranes’ characteristics were identified by FTIR-ATR, FESEM, and AFM analysis, and HA’s particle size
and zeta potential were also investigated. Based on optimizing effective parameters, the operating pressure of 1.5 bar and
HA concentration of 80 ppm were selected as optimal values. The membrane with PEG:TA =4:1, as the optimally modified
membrane, had a pure water flux of 446.03 L/mZ.h, effluent flux of 72.43 L/m%.h, and pollutant removal rate of 86.62% at
pH=7 after 60 min had passed. These values for the pristine membrane (PEG:TA =0:0) were 265.64 L/m?>h, 89.39 L/m? h,
and 75.59%, respectively. The results showed that although the effluent flux was lower in the optimized modified membrane
than in the pristine membrane, HA removal percentage was increased.

Keywords Wastewater treatment - Tannic acid coating - Polyvinylidene fluoride membrane - Hydrophilicity - Humic acid

separation

Introduction

Humic acid (HA) with carbonyl, quinone, carboxyl, and
hydroxyl functional groups in aromatic and organic ring
frameworks, as one of the main components of organic sub-
stances soluble in natural waters, plays an influential role in
improving soil fertility. However, its presence in the envi-
ronment due to the formation of HA-metal complex ions
leads to the displacement of the metal during diffusion in
the soil (Nazri et al. 2021; Teow et al. 2017). Also, the con-
ventional treatment of water contaminated with HA causes
chlorine to interact with HA, producing a series of carcino-
genic substances for humans. Therefore, it is necessary to
remove HA before the chlorination process in wastewater
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treatment plants. Among several purification methods,
including coagulation, electrocoagulation, flotation, oxida-
tion, and membrane separation, membrane separation acts
as an innovative technology to separate water from pollut-
ants such as water/oil mixture, microorganisms, proteins,
and humic substances (Algamdi et al. 2019; Kumar et al.
2016), and advantages such as compact design, easy opera-
tion, environmental friendliness, low energy consumption,
no need for chemicals, selectivity, and operation at room
temperature have increased this process in recent decades
(He et al. 2020; Li et al. 2020; Tajik et al. 2024). However,
fouling and, consequently, the high operating cost of the
membrane is a subject that deserves discussion, and much
research has been done on it. In fact, when the membrane
surface is contaminated, not only does it reduce the flux, but
it also increases the operation and maintenance costs (Kus-
woro et al. 2020; Tajik et al. 2023). Improving the character-
istics of the membrane surface with a hydrophilic modifier
(including polymer materials and inorganic nanoparticles)
can significantly increase the antifouling performance of the
membrane. Hydrophilic polymers such as polyvinyl alco-
hol, polyethylene glycol (PEG) derivatives, and zwitterionic
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polymers have been used to increase membrane flux and
reduce membrane fouling (Luo et al. 2020).

Polyvinyl fluoride (PVDF) membrane is known as the
most widely used material among all existing polymeric
membranes due to its outstanding properties. Neverthe-
less, PVDF polymer has a profoundly high fouling due to
its inherent hydrophobic property. Therefore, various tech-
niques have been reported to make the membrane surface
hydrophilic, including mixing hydrophilic polymers or
embedding inorganic nanoparticles, chemical modification,
and stabilization of Polymers with hydrophilic moieties on
the surface of membranes by coating (Makhetha and Mout-
loali 2018; Mat Nawi, et al. 2020; Yong et al. 2019).

Tannic acid (TA) is a low-cost, safe, and environmen-
tally friendly polyphenol extracted from plants, such as tea
leaves, oak wood, nettle, and Chinese gall. HA has anti-
carcinogenic, antimutagenic, and antioxidant properties with
the ability to form macromolecules and metal ions and is
widely used as a coagulant or polymeric coagulant for water
and cationic dyes purification (Oulad et al. 2020; Xu et al.
2018). PEG is also a polyether with two functional groups,
hydroxyl, and ether, which consists of repeated units of eth-
ylene glycol [-<(CH2CH2O)n] and is known as macrogol as
well (D’souza and Shegokar 2016).

Much research has been done on PVDF polymeric mem-
branes integrated with nanoparticles such as TA, graphene
oxide (GO), and titanium dioxide (TiO,) to remove various
pollutants; some examples are mentioned below. In Zhao
et al. (2019) studies, a PVDF membrane was coated with
graphene oxide nanoparticles, which caused water perme-
ability to be reduced from 1845 to 375 L/m>.h, hydrophilic-
ity, and negative surface area to be increased from —23.4
to—46.8. (The water contact angle was reduced from 73° to
56°.) In the research of Li et al. (2019), PVDF membrane
coating was done by TA nanoparticles and polyvinyl pyrro-
lidone additive, which increased pure water flux (> 16,000 L/
m?.h), antifouling properties (FRR >99.5% and emulsion
rejection >99%) and hydrophilicity (54°) in the modified
membrane. In the studies of Teow et al. (2020), the PVDF
X500 TiO, membrane was presented for the removal of HA
due to its smooth surface and reactive surface layer, good
antifouling properties (FRR =78.24%), and initial water flux
of 58.81 L/m>.h. In the research of Jiang et al. (2021), with a
single-step coating of HA/sodium periodate solution on the
PVDF hydrophobic membrane, increased permeability flux
(>2400 LMH/bar) and oil removal >98% for the hydrophilic
and underwater super oleophobic modified PVDF mem-
brane (water contact angle reduction from 121 to 32) was
observed. Sun et al. (2021) coated dopamine on PVDF/TiO,
membrane and observed high removal efficiency (99%) and
permeate flux (1389 L/m?.h) for oily wastewater. Accord-
ing to the research of Karimi et al. (2021), the synthesis of
PVDF membrane and its modification by Cu,S 0.2wt% to
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remove reactive blue dye was obtained, which had a high
water flux of 248.25 L/m%.h and FRR =92.4%. Yan et al.
(2022) coated the hydrogel on the PVDF membrane surface,
which reduced the oil pollutant fouling on the membrane
surface. Also, pure water flux increased by 214%, perme-
ability increased by 127%, and oil recovery was observed by
99.6% (Yan et al. 2022). Recently, Ren et al. (2022), by sur-
face modification of PVDF membrane with propyl sulfated
chitosan, witnessed high hydrophilicity (39°) and antifouling
properties (FRR =90.4%) after two cycles. In the studies of
Abdulazeez et al. (2023), a PVDF membrane was incorpo-
rated with iron in order to remove oil. It indeed increased
the pure water permeance from 59.9 L/m%h in the pristine
membrane to 300.5 L/m?.h, and oil rejection was more than
99% (Abdulazeez et al. 2023).

In this research, the surface modification of the PVDF
pristine membrane was done by coating TA nanoparticles
and PEG additives to remove HA. TA nanoparticles and
PEG additives are both environmentally friendly and non-
toxic, able to form hydrogen bonds. In this vein, the -OH
present in TA nanoparticles communicate with the —O— pre-
sent in PEG additives and form a hydrogen bond, which,
by coating the membrane surface, improves the antifouling
properties of the membrane, hydrophilicity, and permeabil-
ity flux of pure water. Investigated parameters in the test
include operating pressure (0.5, 1, 1.5, 1.8, and 2 bar), pol-
lutant concentration (30, 50, 80, and 100 ppm), PEG: TA
ratio (0:0, 1:0, 0:1, 4:1, and 1:4), and pH (5, 7, and 9) were
optimized. Also, the separation performance and removal
efficiency, membrane properties, morphology, roughness,
hydrophilicity, and membrane antifouling properties were
investigated in detail.

Experimental

Materials

HA was purchased from Sigma-Aldrich to prepare synthetic
wastewater. PVDF polymer and dimethylformamide (DMF)
solvent for membrane synthesis and TA nanoparticles, PEG
4000, DMACc solvent, and ethanol for membrane surface
modification were obtained from Merck. HCl and NaOH,
obtained from Merck, were used for pH adjustment. Deion-
ized water was used in all stages of the research.
Synthesis of PVDF polymeric membrane

This part was presented in SI, Sect. "Introduction". Part 1.

PVDF UF membrane modification

This part was presented in SI, Sect. "Introduction”. Part 2.
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Membrane characterization

Fourier transform infrared spectroscopy (FTIR-ATR)
(PerkinElmer Frontier model) was performed to identify
the functional groups on the surface of the membranes.
Membrane morphology and roughness were respectively
identified by scanning electron microscope TESCAN
model manufactured by Mira 3-XMU company and atomic
force microscope manufactured by NT-MDT company and
model TS-150. EDS spectroscopic analysis was used by
scanning electron microscope TESCAN model manufac-
tured by Mira 3-XMU company to observe the elements
on the surface of the membrane. The water contact angle
test (manufactured by CAG-20 company, Jikan model) was
performed to determine the hydrophilicity of the mem-
brane surface. As a matter of fact, for its measurement,
the membrane was placed on a smooth surface. Water
drops with a volume of approximately ten microliters
was released on the membrane’s surface, and photos were
taken after reaching the equilibrium state. For each sam-
ple, the average contact angle at different points was con-
sidered. A dynamic light scattering device manufactured
by Horiba Jobin Jyovin company, the SZ-100z model, was
used to measure the particle size and zeta potential of HA
particles. The porosity and average diameter of membrane
pores were obtained to identify the effect of additives and
nanoparticles on membrane morphology and permeability.

To obtain the porosity of the membranes, the wet and
dry weight of a specific area of each membrane after 24 h
of staying in deionized water and oven at 60 °C, respec-
tively, were measured and obtained according to Eq. (1)
(Ni et al. 2021). Due to the small number of nanoparticles,
the insignificant effect of its density was ignored in the
calculation of the membrane density, and only the density
of water was considered.

Mz
A, (1)

where m, and m, are, respectively, the wet and dry mass of
the membrane (gr), A the effective surface of the membrane
(cm?), 1 the thickness of the membrane (cm), p,, the water
density (gr/cm®), and ¢ is the porosity of the membrane.

According to Eq. (2), Gorot Leford-Ferry equation,
the average pore diameter was estimated (Sakarkar et al.
2020).

D, = \/ (2/9 — 1/75¢) x 32lQ @
AP

where 7 is the water viscosity (8.9* 107*Pa.s), Q is the water
flow rate (m>/s), P is the applied pressure (Pa), and D, is the
average diameter of the pore.

Preparation of synthetic wastewater
and determination of effective parameters

First, 1 gr of HA pollutant (CoHoNOg) was dried at 105 °C
for 2 h to prepare synthetic wastewater. Then, it was dis-
solved in 100 ml of 0.1 M NaOH, made up to volume with
deionized water, and placed on the stirrer for 4 h. Then,
it was placed in an ultrasonic bath for better homogeniza-
tion, and finally, pH =7 was reached with 4 M HCI. From
the 1000 ppm stock solution, the desired concentrations of
synthetic HA solution were prepared by dissolving the stock
solution in specific amounts of deionized water (Kumar et al.
2016).

In order to find the optimal mode, the performance of
HA separation from wastewater by the pristine and modified
membranes was checked using the OFAT method with three
repetitions. In this regard, at first, according to the permeate
flux and pollutant removal percentage, the optimal initial
pressure and concentration were respectively obtained for
the M, membrane. Based on that, these parameters were
measured for all membranes. Finally, the optimum pH for
the final selected membrane was investigated. Table 1 shows
the parameters examined in this research and their ranges.
The range of parameters was selected based on the refer-
ences of Singh and Purkait (2016); Shi et al. (2018).

Filtration test

The filtration test was carried out in the dead-end labora-
tory pilot, according to Fig. S1, with an effective separa-
tion area of 11.34 cm? and an effective volume of 250 ccs.
The required operating pressure was applied by a nitrogen
capsule.

The mass of pure water and HA was measured to obtain
the membrane flux. The filtration test was continued until
the flux reached at least 50% of the initial flux. The total
duration of the test was 135 min, in which pure water was
passed in the first 30 min and the last 15 min. The output
mass of HA was measured every 3 min in the first 15 min
and then every 15 min until it reached a stable value in
about 90 min. To ensure the accuracy of the data, the
information on each membrane was obtained after three

Table 1 Investigated parameters

Parameter Range

30, 50, 80, 100
0:0 (M), 1:0 (M,), 0:1 (M),
1:1 (My), 4:1 (M), 1:4

Pollutant Concentration (ppm)
PEG: TA (w%)

M)
pH 5,7,9
Pressure (bar) 05.1,15,1.8,2
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tests, and the flux of the tests performed was calculated
according to Eq. (3) (Mohd Yatim and Boon Seng 2019).

M
J = —
tA.p S

where M is the mass of wastewater (g), ¢ is the duration of
the solution penetration (h), A is the active area of the mem-
brane (m?), p is the density of water (g/L), and J is the flux
of wastewater (L/h.m?).

The pollutant removal rate in the samples was calcu-
lated using Eq. (4) (Xu et al. 2020).

CP
R%=<1——>><100 4)
G

where C,, and C,are the HA concentration of the permeate
and feed solutions, respectively, and R is the percentage of
pollutant removal. (The absorbance of the solution was read
by spectrophotometer at 4,,,, =254 nm.)

Fouling and resistances measurements
of membranes

The pure water flux was measured before and after the
HA flux measurement to determine the antifouling abil-
ity of the membranes. FRR(%) is membrane recovery
ratio, R, (%) is reversible resistance, R;, (%) is irrevers-
ible resistance, and R, (%) is the total resistance of the
membrane, which are obtained from relations (5), (6),
(7), and (8) were respectively calculated. RFR(%) is also
the sum of reversible and irreversible resistances (Khoo
et al. 2022; Fan et al. 2021).

FRR(%) = [%1 x 100 (5)
wl
Jop—J
R(%) = [-2—21% 100 6)
wl
‘le - Jw2
R (%) = [J—] x 100 @)
wl
J —
R(%) = [ ik p] x 100 = R, + R, = RFR(%) 8)
wl

In Eqgs. (5-8), J,,; is the pure water flux in the first min
of the test before the effluent filtration test, J,, is the pure
water flux in the final min of the test after the effluent
filtration test, and Jp is the effluent flux.

@ Springer

Results and discussion
Membrane separation performance

This section examines the membrane that is most opti-
mized in terms of pressure, pollutant concentration,
PEG:TA ratios, and pH. Additionally, the investigation
focused on water contact angle, membrane resistance abili-
ties, and membrane porosity to further ensure the optimal
membrane.

Operating pressure optimization

At first, the pure water flux was measured by passing the
pure water before and after the wastewater passed through
the membrane in order to investigate the operating pres-
sure for the optimal M, membrane, the fouling, and mem-
brane resistances (Fig. 1). As can be seen in Fig. 1 a, b,
the amount of flux decreased slightly at pressures of 0.5
and 1 bar with the passage of time; however, with increas-
ing pressure at pressures of 1.5, 1.8, and 2 times, the flux
reduction has been significantly reduced in the first 15 min
of the experiment. In fact, in the first min, the sharp and
sudden decrease in the observed flux was due to membrane
fouling and pollutant absorption on the clean surface of the
membrane. Interestingly, among the particles that passed
through the membrane pores, some of which had diameters
almost equal to the membrane pores, were absorbed by the
membrane wall, which resulted in a remarkable decrease
in the flux in the first min. As it is evident, the increase in
pressure is associated with the increase in flux. However,
due to the higher pressure and also the rate of permeabil-
ity, there is no room for pollutant absorption on the surface
of the membrane, and a dense cake layer is formed on
the surface of the membrane. As a result, the chance of
membrane rejection and, subsequently, the removal per-
centage has decreased with increasing pressure. Alpatova
et al. (2015) also mentioned similar results.

Figure 1 c, d, respectively, shows the total flux pass-
ing through the membrane in terms of time and the val-
ues of Jy,, J,,», and J,, passing through the M, membrane
at different pressures. According to these two forms, as
expected, the pure water flux also increased with the
increase of the applied pressure. This increase in flux
was low at low pressures and more tangible at pressures
higher than 1.5 bar, as in the research of Singh and Purkait
(2016), similar results were presented. According to the
results, the pressure of 1.5 bar, in which the increase in
flux (117.38 L/m?.h) and adequate rejection (77.63%) was
observed, was chosen as the optimal pressure to continue
the research.
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Fig. 1 a Flux-time, b HA
Removal (%), ¢ General flux,
d Jyy, Jy, and J, Flux changes
passing through the M, mem-
brane at different pressures
during 90 min ((Nazri et al.
2021)=50 ppm, pH=7)

Fig.2 a Flux-time, b HA
Removal (%), ¢ General flux,

d Jyy, Jy, and J, Flux changes
passing through the M, mem-
brane at different concentrations
of HA during 90 min (P=1.5
bar, pH=7)
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Pollutant concentration optimization

After choosing the optimal operating pressure, the pollutant
concentration was optimized for the M, membrane (Fig. 2).
As can be seen in Fig. 2 a, b, in all concentrations, both the
amount of flux and the percentage of removal have decreased
over time, and also, the sudden drop of flux has happened in
the first 15 min of pollutant passage. According to what was
observed, increasing the concentration of HA means form-
ing a thicker cake layer on the membrane, which reduces the
flux. On the other hand, in high pollutant concentrations, the
formation of the HA cake layer on the membrane surface
was faster, which reduced the membrane absorption ability.
It, in turn, led to the removal percentage decrease, which was
also mentioned in the research of Singh and Purkait (2016).
According to the investigation of the membrane flux and the
pollutant removal percentage at different concentrations, the
permeate flux and membrane rejection decreased slightly at
higher pollutant concentrations.

Figure 2 c, d, respectively, shows the total flux passing
through the membrane in terms of time and the values of
Ju1s Jw2» and J,, passing through the M, membrane at differ-
ent pollutant concentrations. As can be seen that with the
increase in pollutant concentration (from 30 to 80 ppm), the
total flux (from 153.56 to 58.74 L/m>.h), and the final net
water flux (from 227.72 to 127.74 L/m?.h) has decreased due
to the increased membrane surface fouling; although, the
amount of initial pure water flow before passing the pollutant
with different concentrations was the same due to the simi-
larity of the conditions. According to the results, to continue
the research, the concentration of 80 ppm with the permeate
flux of 89.39 L/m”.h and HA removal of 75.59% was chosen
as the optimal concentration.

PEG: TA ratio optimization

In order to select the optimal membrane, flux, removal effi-
ciency, water contact angle, membrane properties, poros-
ity and pore size, and antifouling properties were investi-
gated for all modified membranes at 1.5 bar pressure and
80 ppm pollutant concentration. As seen in Fig. 3 a, with

the increase in PEG additives percentage, the membrane’s
permeability increased due to the hydrophilicity of the mem-
brane surface by PEG hydroxyl bonds, although this trend
has not had a significant impact on rejection. On the other
hand, with an increase in the percentage of TA nanoparti-
cles, membrane rejection has also increased. However, it
did not significantly improve the membrane permeability,
which was probably due to the decrease in the number and
size of the membrane pores. In other words, increasing the
concentration of nanoparticles has decreased the porosity of
the membrane and provided a dense layer on the TA coated
membrane’s surface, leading to higher pollutant removal.
Despite this phenomenon, a decrease in the permeate flux
of the mentioned membrane has occurred (Li et al. 2019).
All the membranes had relatively high rejection and
approximately good permeability. As observed, the M,
membrane, covered only with PEG additives, had the highest
permeability (131.21 L/mz.h), and the M, membrane, which
was covered only with TA nanoparticles, had the highest
rejection (88.38%). Therefore, the optimal membrane is the
membrane that has the least fouling and the highest removal
percentage. Among the membranes M;, M, and M, which
included nanoparticles and additives, the M; membrane,
although it had a high flux (127.62 L/m?.h), had a lower
rejection (81.49%) than the two. Among M, and M5 mem-
branes, the M, membrane had higher permeability (72.43 L/
m?.h) and rejection (86.62%).
Figure 3 b shows J,,, J,,, and J, values for modified
membranes. According to this Figure, the membranes modi-
fied by nanoparticles and additives have higher pure water
fluxes than the pristine M, membrane, due to the increased
hydrophilicity of the membranes modified by nanoparticles
and additives. As can be seen, the M; membrane had the
highest pure water flux (1303.65 L/m*.h). The M, membrane
was modified by PEG additives, which contained a hydroxyl
bond. The membrane’s high hydrophilic properties increased
in pure water flux in this vein. The M5 membrane, which
included PEG additives and TA nanoparticles, had a high
hydrophilic effect (735.24 L/m?*.h) compared to other mem-
branes. The relatively low flux of the pristine membrane was
due to its superhydrophobic property; these results were also

Fig.3 a Separation perfor-

mance, b J,, J,5, and J, Flux 180 === Flux (L/m2.h)
changes passing through all =150
kinds of membranes during NE 120
90 min (P=1.5 bar, (Nazri et al. 3
2021)=80 ppm, pH=7) M
= 60 -
=
30 1
0 A
MO M1 M2 M3
Membrane
(@
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reported in the research of Liu et al. (2021). Furthermore,
the flux drop in the last 15 min (313.69 L/m?.h) compared to
the first 30 min of pure water flux (463.75 L/m?.h) indicates
membrane fouling; indeed, a decrease in the flux drop in
the M; membrane indicated a lower level of fouling in this
membrane in comparison to other membranes.

Water contact angle The water contact angle was measured
to determine the hydrophilicity of the membrane surface.
According to Fig. 4, the contact angle of the water drop-
let with the membrane surface decreased by modifying the
membrane surface, which can be attributed to the pres-
ence of hydrophilic hydroxyl (OH) and carboxyl (COOH)
groups present in TA nanoparticles and PEG additives. The
hydrophilicity of the membrane also meant a decrease in
the membrane surface fouling and an increase in flux (for
example, M; membrane), indicating the presence of nano-
particles on the membrane surface. On the other hand, the
nanoparticles that were equal to or smaller than the mem-
brane pores caused the walls of these pores to close, which
led to a decrease in the membrane flux (for example, M,
membrane). Therefore, by coating the membranes with
the nanoparticles and creating a surface layer, although the
membrane surface became hydrophilic, no continuous trend

] L] ’ L} 8

ol o o 2 B o

MO0 M1 M2 M3 M4 Ms

Membrane

*® &
= <
L

2
<
L

N
=
L

Water Contact Angle (°)
= 3

3
<

Fig.4 Contact angle of the mentioned membranes

was observed in the membrane flux. Khezraqa et al. (2022)
also reported similar results.

Antifouling characterization The permeability fluxes of HA
and pure water were measured to check the antifouling char-
acteristics of the membranes. According to Fig. 5 a, FRR
and R, for all modified membranes were higher than the
original pristine membrane, and R;. was the opposite. Fig-
ure 5 b also shows the total membrane resistances. The M,
membrane coated with TA nanoparticles had high hydrophi-
licity and low water contact angle, which reduced the ability
to absorb sediment on the membrane surface; in a way that
the presence of water on the surface of the membrane acts
like a layer that did not allow the pollutant to enter the mem-
brane pores. Therefore, it had the highest FRR (72.39%).
According to Fig. 5 a, b, the increase in R, by modifying the
membranes was due to the reduction of surface hydropho-
bicity caused by the hydrogen bonding of TA nanoparticles
and PEG additives on the membrane polymer surface. In
modified membranes, M, (57.92%) and M, (56.86%) coated
with PEG additives and TA nanoparticles, respectively, had
higher R, than other membranes. Also, M, (47.93%) and M
(53.81%) had more suitable reversible resistances than the
M, membrane (28.47%). In Kumar et al.’s (2016) studies,
an increase in %FRR and R, in the polysulfone membrane
with GO-TiO, nanoparticles in regard to the separation of
HA has been reported. In general, the reduction of R;. and
the increase of R, in the coated membranes compared to the
pristine membrane indicates the reusability of the mem-
branes by hydraulic washing (Kallem et al. 2021).

Porosity In order to better compare the membranes and
choose the optimal membrane, porosity was also investi-
gated. Membrane porosity is measured according to the
number and size of pores in the surface layer of the mem-
brane. An increase in the number and size of holes in the
surface layer of the membrane means an increase in poros-
ity and, as a result, an increase in the permeate flux. Coat-
ing membranes with nanoparticles and additives improve

Fig.5 a Membrane resistances,
b total membrane resistance
during 90 min (P=1.5 bar,
(Nazri et al. 2021) =80 ppm,
pH=T)

Membrane Resistance (%)
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Membrane

(@)

100
BR reversible OR irreversible
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Table2 Characterization, Membrane PEG:TA I (L/m>h) R (%) FRR(%) R,(%) R, (%) R (%) &%) D, (nm)

permeate flux, removal, and P

resistance of the considered M, 0:0 99.39 7559 6212 2847 3787 6634 5698 21.59

membranes M, 1:0 131.21 7937 6798 5792 3201 89.93 7346 4459
M, 0:1 87.4 88.38 7239 56.86 27.6 8447 4938 40.92
M, 1:1 127.62 8149 67.64 4012 3235 7248 6574 29.89
M, 4:1 72.43 86.62 64.17 4793 3582 8376 4662 3424
M; 1:4 61.9 8579 6223 53.81 3776 9158 37.03 48.48

their hydrophilicity, which also positively improves poros-
ity. According to Table 2, the modified membranes M,
(49.38%), M, (46.62%) and M5 (37.03%) had lower poros-
ity than the M,, pristine membrane (56.98%). Membrane
M, (73.46%), covered merely with additives, had the high-
est porosity, which was the justification for the high flux
of this membrane. M; membrane (65.74%), which had an
equal ratio of nanoparticles and additives, also had high
porosity. Similar results have been presented in the stud-
ies of Kumar et al. (2016); Krishnan et al. (2022). Further,
by coating nanoparticles on the membrane surface, the
average diameter of the pores increases, which is due to
the improvement of hydrophilic properties of membranes
by coating nanoparticles. As can be seen in Table 2, M5
(48.48 nm) and M, (44.59 nm) had the highest average
diameter, followed by M, (40.92 nm), M, (34.24 nm), and
M; (29.89 nm). Needless to say, they all had higher aver-
age diameters than M, (21.59 nm) (Sakarkar et al. 2020).

According to the experiments conducted in this
research, a significant increase in pure water permeability
flux (446.03 L/m>.h), membrane rejection (86.62%), and
recovery ratio (64.17%) the M, membrane compared to
pure water permeability flux (265.64 L/m>.h), membrane
rejection (75.59%) and recovery ratio (62.12%) of the M,
membrane. Furthermore, an increase in reversible resist-
ance (47.93%) and a decrease in irreversible resistance
(35.82%) were observed in the M, membrane compared to
reversible (28.47%), and irreversible resistance (37.87%)
of the primary membrane have been observed. On the
other hand, with the coating of TA nanoparticles on the
membrane surface, the membrane pores were closed with
a coating of nanoparticles, which reduced the porosity
in the M, membrane (46.62%) and also the effluent flux
(72.43 L/m?.h) compared to the porosity (56.98%) and the
effluent flux (89.39 L/m?.h) of M, membrane, and the aver-
age particle diameter in M, membrane (34.24 nm) after
M; and M| membranes, is more favorable than M; mem-
brane (21.59 nm). With these in mind, the M, membrane
was finally chosen as the optimal membrane for further
research.

@ Springer

pH optimization

Finally, the effect of pH on the flux and HA removal effi-
ciency of the selected membrane M, was investigated (
Fig. 6a—c). According to Fig. 6 a, b, with the increase in
pH from 5-9, the flux decreased from 167.96 to 27.08 L/
m?.h and the increase in membrane rejection from 80.79 to
96.26% was observed. It was justified according to dynamic
light diffraction analysis (Fig. 6 ¢). Dynamic light diffrac-
tion analysis was performed to measure HA zeta potential
and its particle size to determine the chemical properties
and surface charge created on the membrane surface at
pH 5, 7, and 9. In fact, with the increase in pH from 5 to
9, the decrease in the HA zeta potential (at pH 5, 7, and
9,—14.56 mV,—21.93 mV, and —23.86 mV, respectively)
and the increase in HA particle size (at pH 5, 7, and 9,
respectively, 126.3 nm, 142.1 nm, and 160.3 nm) were
observed, in a way that the more acidic the condition, the
steeper the slope, and with the increase in pH, the slope
decreased to the point where an almost flat line was observed
in the alkaline condition. With the increase in the size of
the HA particles and the HA zeta potential becoming more
negative, it can be concluded that at low pH, the solution has
little stability and settles in a viscous and bulky form in the
solution. In fact, the functional groups of carboxyl (—COOH)
and hydroxyl of HA are protonated, which causes a decrease
in density, a decrease in electrostatic repulsion, shrinking of
the polymer, and a decrease in the size of the HA particles,
which leads to an increase in the average pore size and ulti-
mately an increase in permeability. At high pH, the oppo-
site of this situation occurs; that is, the carboxyl groups are
separated into carboxyl ions (—COO™), which causes electro-
static repulsion, increase in density, enlargement of polymer,
increase in HA particle size, and as a result, decrease in HA
average pore size and ultimately decrease in permeability.
In other words, pH has an influential role in HA particle size
and membrane surface charge according to the type of mem-
brane and pollutant. In the studies of Mondal et al. (2019),
the water flux has decreased in pH 3 to 12 for the glucose
pollutant.
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Figure 7 a, b, respectively, shows the total permeate flux
through the membrane in terms of time and the values of
Jw1> Jyo, and J, permeating the optimal membrane M, at
different pHs. According to these two Figures and accord-
ing to what was said in the previous part, it can be seen that
with the increase in pH, the flux through the membrane,
including the initial and the final pure water flux, has
decreased. According to the results, pH =15 had the high-
est total flux (167.96 L/m>.h), the initial pure water flux
(512.70 L/m?>.h), and the lowest amount of HA removal
(80.79%) and vice versa pH =09 had the lowest total flux
(27.08 L/m%.h) and initial pure water flux (373.24 L/m>.h),
and the highest amount of HA removal (96.26%). Thus,

pH =7, which had a favorable total flux (72.43 L/m?>.h),
initial pure water flux (446.03 L/mz.h), and HA removal
rate (86.62%), was selected as pH Optimum.

Membrane characterization

The membranes underwent characterization through analy-
sis. In this regard, ATR-FTIR, FESEM, AFM, and EDS
analyses were conducted to comprehensively examine the
surface structure and chemical bonding, surface morphol-
ogy, topography, and elemental composition of membrane
surfaces.

@ Springer
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ATR-FTIR analysis

ATR-FTIR spectrum was used to examine the structure and
chemical bonding of the surface of all membranes. Figure 8
shows the spectra of all membranes. Compared to the prime
pristine membrane, the M, membrane had an absorption
peak at 1729.81 cm™ due to the stretching vibration of C=0
related to the hydrophilic carboxyl group (COOH) present
in TA, indicates the proper coverage of TA nanoparticles on
the membrane surface. These numbers were observed in the
other four modified membranes with a slight change caused
by the effect of coated nanoparticles and additives on the
membrane surface with different percentages. Based on all
the spectra of the modified membranes, it can be concluded
that TA nanoparticles and PEG additives are uniformly dis-
persed on the PVDF membrane, which has also indicated
similar results in the studies of Shi et al. (2018) and Turk
et al. (2021).

FESEM and AFM analysis

Surface morphology and topography were investigated by
FESEM and AFM analysis of the pristine membrane (M)
and the selected modified membrane (M,), respectively. As
can be seen in the cross-sectional images in Fig. 9 a, the
M, membrane (PEG: TA =0:0) has a smooth and uniform
surface, indicating the polymer membrane’s uniformity and
homogeneity. The number of pores in this membrane is less
but bigger. The cross-sectional images of the M, membrane
show high membrane density. In the modified M, membrane
(PEG: TA=4:1), the number of pores has increased, but
their size has become smaller, which ensures the coating of
nanoparticles and additives on the surface of the membrane.
Due to the hydrogen bond created between TA nanoparti-
cles and PEG additives in the initial casting solution, masses

@ Springer
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have been made, which made the distribution of pores on
the surface of the coated membrane not homogeneous.
According to the FESEM images shown in Fig. 9 b, in the
cross-sectional images of the membrane, two porous and
dense spongy parts can be seen, the porous part has asym-
metric finger-shaped pores, and the spongy part determines
the permeability rate (Jiang et al. 2021; Yang et al. 2020).
The M, membrane has more regular pores and spongy parts,
more porosity, and larger finger pores compared to the M,
membrane. In fact, with the increase in the percentage of
nanoparticles and the hydrophilicity of the polymer matrix,
the number of coarse pores decreased, and the finger-shaped
holes became more regular in the M, membrane. The for-
mation of more pores in the finger-shaped part and fewer in
the spongy part of the membrane indicates an increase in
hydrophilicity and, consequently, membrane flux. Similar
results have been presented in the studies of Li et al. (2019).

Surface roughness is effective on membrane permeability,
fouling, and, ultimately, rejection. Therefore, AFM analysis
was performed for the M, membrane, which was the pristine
membrane, and the M, membrane, which was more suit-
able in terms of membrane properties, hydrophilicity, and
surface morphology than other modified membranes. As
can be seen in Fig. 9 c, with the coating of the membrane
surface in the M, membrane, R, increased from 30.98 to
37.10, which can be attributed to the porosity improvement.
The highest points of the membrane surface are lighter than
depressions and pores. The higher the coefficient of the
membrane surface area means the creation of more bumps
and depressions on the surface and, indeed, a higher surface
roughness. Root mean square roughness can have very dif-
ferent results depending on the occurrence and distribution
of surface roughness. The higher the R, the more uniform
the surface roughness, which in the modified M, membrane
had a value of 48.83, which indicated the proper distribution
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Fig.9 Images of the M, and M, membranes a FESEM top surface (500 nm), b FESEM cross Sect. (20 um), and ¢ AFM (10 pm X 10 um)

of TA nanoparticles on the membrane surface and was also
higher than the M, membrane (39.24). In fact, it can be con-
cluded that the membrane polymer solution creates a denser
structure and a softer surface. By increasing the amount of
nanocomposite and simultaneously with its migration to
the membrane surface, the anionic interactions related to
the polymer strands cause wrinkles in the modified mem-
brane; accordingly, the roughness of the membrane surface
increases (Zhang et al. 2021).

EDS analysis

According to Fig. 10 a, the elemental composition of M, and
M, membrane surfaces was determined by EDS. As can be
seen, by covering the surface of the membrane, the amount
of carbon elements (from 51.27 to 75.14), oxygen (from 1.05
to 16.11), and nitrogen (from 0.81 to 1.05) in the modified
M, membrane compared to the pristine M, membrane has
increased, and the amount of fluorine (from 46.86 to 7.7) has
decreased, which is due to the hydroxyl and ether functional

groups present in TA nanoparticles and PEG additives. Simi-
lar results have been reported in the studies of Fahrina et al.
(2022). These results are also observed in the EDS map-
ping images, according to Fig. 10 b, the nanoparticles and
additives are uniformly and homogeneously dispersed on
the M, membrane surface. In fact, the fluorine element in
the M; membrane was high due to the PVDF polymer in the
pristine membrane. Additionally, the increase in the carbon
element in the modified membrane (M,) compared to the M,
membrane was due to the coating of the membrane with TA
nanoparticles and PEG additives.

Conclusion

In order to achieve optimal removal efficiency, the PVDF
pristine membrane was surface modified with TA nanoparti-
cles and PEG additives in this investigation. Compared to the
unmodified pristine membrane, an improvement in pollutant
absorption was observed in the membrane modified with TA
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Fig. 10 a EDS spectra b EDX mappings of the membrane surface of (1) M, and (2) M, membranes and total mappings of (3) M, and (4) M,

membranes

@ Springer

kg

Mgp data

15560

KeV

(@




Applied Water Science (2024) 14:226

Page130f 14 226

nanoparticles. In fact, the interaction between the -OH in TA
nanoparticles and the —O- in PEG additives resulted in the
formation of hydrogen bonds, enhancing the membrane’s
antifouling properties, hydrophilicity, pure water permeate
flux, and the pollutant removal efficiency. Still, an increase
in the percentage of nanoparticles did not mean an increase
in pollutant absorption. Further, the modified membranes
did not always exhibit an increase in permeability due to
membrane fouling caused by the adsorption of HA parti-
cles on the membrane surface. The results showed that by
increasing the pressure, the weight percentage of PEG addi-
tives, and decreasing the weight percentage of TA nanopar-
ticles, permeability increased and rejection decreased. Also,
with the increase of the pollutant concentration, permeabil-
ity and rejection both decreased. Furthermore, at alkaline
pHs, a decrease in permeability and an increase in rejec-
tion were observed. According to the analyses performed
for different membrane types, the M, membrane provided
the best performance. Reducing the water contact angle with
the coating of nanoparticles and additive on the membrane
surface due to the increase of hydrophilic hydroxyl (OH)
and carboxyl (COOH) groups, as well as the increase and
regularization of pores in the finger-shaped part- so that the
coarse pores decreased, but the number of pores increased,
causing an increase in pure water flux, which can be related
to the coating of these pores by TA nanoparticles. Accord-
ing to the results of this research, the membrane coating
method, by affecting the morphology and surface properties
of the membrane, effectively changes the flux and removal
efficiency of the membrane, as well as the antifouling prop-
erties of the membrane.
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