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ABSTRACT

Effective, safe, and rapid treatment of dye-contaminated wastewater is a challenging task at the
global scale. In this study, lignosulfonate-based polycatecholamine and polyethersulfone compos-
ite (PES-PCA-LS) membrane was prepared by depositing aminated sodium lignosulfonate (LS) and
catechol on polyethersulfone (PES) membrane. This membrane was characterized by various tech-
niques and its performance was investigated using Congo red (CR) as the probe molecule. The results
showed that the retention rate of CR solution by PES-PCA-LS membrane was above 99.5%. At this
removal rate, one square meter of membrane could treat 351 L of CR waste solution (CR, 100 ppm;
salt, 5,000 ppm). However, the retention rates of NaCl, Na,SO,, and K,SO, were found to be only
2.8%, 3.5%, and 0.9%, respectively. Besides, this membrane could target selective removal of CR from
the mixed solution (CR/Rhodamine B). This PES-PCA-LS membrane also showed excellent cycling
performance, with the removal rate maintained at about 97% at the tenth cycle. Thus, this study
provides new ideas for the application of industrial lignin in the field of membrane separation for

dye/salt or dye/dye mixed solutions.
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1. Introduction

Color is one of the elements of nature that makes human
life more aesthetic and fascinating. Dyes are widely used
colored organic compounds that impart color to various
substrates. However, unfortunately, textile industries gen-
erate and discharge millions of tons of highly contaminated
dye-containing wastewater with diverse range of persistent
pollutants during the process of preparation and utilization
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of dyes every year [1-3]. Most organic dyes are organic
aromatic compounds with high biological toxicity and are
carcinogenic, mutagenic, or teratogenic [4-8]. For example,
Congo red (CR) is a drastic nuisance with many unfavor-
able characteristics such as high-water solubility, long-term
stable existence in water bodies, non-biodegradable, and
carcinogenic. Besides, high concentrations of salts (such
as NaCl and Na,SO,) are also present in the dye-contami-
nated wastewater, as they are used as an adhesion promoter
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between the dyes and the fiber in the dyeing process [9-11].
Therefore, effective dyes/salt separation approaches have
been a hot yet challenging research topic due to the com-
plexity of the composition of such wastewater, nanoscale
solute size, and complex interactions.

Currently, the treatment methods for dye-contami-
nated wastewater generally include adsorption, membrane
separation, catalysis, biodegradation, and other methods
[1,12-15]. Among them, membrane separation technology
has been considered as the most advantageous one because
of its safe operation, not requiring the addition of chemi-
cal reagents, high efficiency, and not involving any phase
change [16,17]. The most used membranes in treatment of
dye-contaminated wastewater are polymeric membranes,
due to their cost effectiveness, high flux, controllable pore
size, scalability, and flexibility in membrane formation
[18,19]. For example, commercial polyethersulfone (PES)
membranes offer the advantages of high stability, acid and
alkali resistance, and high potential for surface modification
[20]. However, inherent hydrophobicity of these membranes
often leads to contamination and blockage of membrane
pores, thus preventing their long-term use. Commercial PES
membranes must be hydrophilic with improved adsorp-
tion performance, if they are to be used in dye separation
applications [21]. To this end, significant research attempts
have been made to improve the durability and hydrophilic-
ity of polymeric membranes [11,22-24]. In recent years, the
use of bio-based materials to modify polymeric membranes
has become a research trend. For example, polymeric mem-
branes were modified with dopamine to obtain excellent
dye and salt separation properties and heavy metal adsorp-
tion properties [23,25]. Similarly, lignin and its derivatives
are often used in the modification of polyacrylonitrile fiber
membranes, endowing them with excellent hydrophilic
and dye adsorption properties. [26,27]. The addition of
modified material also improves the target removal per-
formance of the membrane for dyes. This lays the founda-
tion for separating mixed solutions of dyes and salts.

Dopamine, inspired by Mussel adhesion protein, is
extensively used in surface chemistry, biomedicine, marine
engineering, and household chemicals because of its excel-
lent biocompatibility, adhesion [28-32], and ease of polym-
erization. The abundant -OH, -NH,, and -NH- groups in
dopamine not only facilitate secondary reactions, but also
exhibit excellent chelating and electrostatic effects on heavy
metal ions and dye molecules [29,33-36]. However, the high
cost of dopamine limits its practical applications. Therefore,
polycatecholamines (PCAs) were utilized instead of poly-
dopamine [37-39]. For example, Zhang et al. [40] utilized
tannic acid and diethylenetriamine to modify the surface of
commercial membranes by co-deposition to realize hydro-
philic-lipophilic translation, which could be achieved by
simple water and ethanol immersion, with an oil-water sep-
aration efficiency of up to 98%.

Lignin sulfonate, a type of industrial lignin, is one of the
by-products of the sulfite pulp with high yield, low cost,
and environmental friendliness [41,42]. It is well known that
lignin sulfonate is an underutilized biomass and therefore
its exploitation has received significant research attention
in recent years. The presence of phenolic hydroxyl groups

offers good reactivity. The presence of sulfonyl groups,
phenolic hydroxyl groups, or aromatic rings endow lignin
sulfonate with excellent chelating effect on many heavy
metal ions and dye molecules [43-46]. However, the water
solubility limits its practical application in the field of
adsorption, and thus modifications are required to obtain
the desired characteristics [47]. In recent years, Gao et al.
[48] obtained an adsorbent (PCA-LS) by modifying sodium
lignin sulfonate (LS) with PCAs based on the Mannich
reaction, which could adsorb CR at the rate of 974 mg-g™.

In this study, commercial PES membranes were success-
fully modified using lignosulfonate-based polycatechol-
amine (PCA-LS). The surface morphology, hydrophilicity,
structure, surface charge, filtration performance, and anti-
fouling properties of the lignosulfonate-based polycatechol-
amine and polyethersulfone composite (PES-PCA-LS) mem-
brane were investigated and compared with those of PES
membrane. Finally, the effects of lignin addition ratio and
reusability were also investigated.

2. Experimental set-up
2.1. Materials

Methyl blue (MB), Rhodamine B (RB), CR, Malachite
green (MG), tetraethylenepentamine (TEPA, chemically pure,
90%), the molecular structure of the four dyes is shown in
Fig. 6, LS, and formaldehyde solution (37 wt.%) were obtained
from Shanghai Maclean Biochemical Technology Co., Ltd.,
(China). Catechol (AR) was obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd., (China). Hydrochloric acid
(AR) was obtained from Yantai Far East Fine Chemical Co., Ltd.,
(China). Sodium hydroxide (AR), sodium chloride (AR), and
anhydrous sodium sulfate (AR) were purchased from Chengdu
Kolon Chemical Co., Ltd., (China). Anhydrous sodium sulfate
(AR) was obtained from Tianjin Damao Chemical Reagent
Factory (China). Anhydrous potassium sulfate (AR, >99%)
was obtained from Tianjin Guangfu Technology Development
Co., (China). PES membrane (0.22 pm) was obtained from
Tianjin Jinteng Experiment Equipment Co., Ltd., (China).

2.2. Preparation process of PES-PCA-LS membrane

LS (1.00 g) was dissolved in ultrapure water (100 mL),
which was followed by the addition of TEPA (2.10 g) and
formaldehyde solution (37 wt.%, 0.81 g). When the pH was
not adjusted, the pH of the mixed solution was between 10.5
and 11. The mixture was allowed to react at 90°C for 8 h.
Next, this reaction solution was allowed to cool down to
room temperature. Then, catechol (1.11 g) was added, PES
membrane was immersed, and the contents were shaken at
30°C for 6-72 h. The PES-PCA-LS membrane, which can be
stored at room temperature for long duration, was obtained
by repeatedly rinsing in deionized water [40].

The molar ratio of formaldehyde, TEPA, and catechol
was maintained constant at 1:1:1 during the experiment,
and five products were obtained by modulating the mass
ratio of LS to TEPA. The mass ratio of LS to TEPA was 0:1
(PES-PCA-LS-0), 0.25:1 (PES-PCA-LS-0.25), 0.5:1 (PES-
PCA-LS-0.5), 0.75:1 (PES-PCA-LS-0.75), 1:1 (PES-PCA-LS-1),
respectively.
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Fig. 1. Molecular formula of dyes.

The PCA-LS powder was prepared without PES mem-
brane and the reaction time changed from 24 to 72 h. The
PCA powder was prepared by directly using catechol and
TEPA.

2.3. Characterization of PES-PCA-LS membrane

PCA-LS powder, PCA powder, PES membrane, and
PES-PCA-LS-0.5 were scanned in the wave number range of
4,000-500 cm™ by Fourier-transform infrared spectroscopy
(Nicolet iS10, USA). An ultraviolet (UV) spectrophotometer
(UV-2550, Shimadzu, Japan) was used to determine the dye
concentration. Scanning electron microscopy (SEM, TESCAN
MIRA LMS, CZ) was used to characterize the surface and
cross-section morphologies of the PES and PES-PCA-LS-0.5
membranes The zeta potential of membrane was measured
by solid-state zeta point analysis (GmbH-SurPASS 3, Anton
Paar). The water contact angles of membrane were measured
using a contact angle meter (DataPhysics-OCA20, GER). The
concentrations of NaCl, Na,SO,, and K SO, in the solutions
before and after filtration were measured by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES,
Thermo Scientific iCAP 7400 OES, USA). The surfaces of
PES and PES-PCA-LS membranes were scanned by atomic
force microscopy (AFM, Germany, BRUKER, BRUKER
Dimension Icon). The pore size of PES-PCA-LS-0.5 mem-
brane and its distribution were measured by Brunauer—
Emmett-Teller (BET) method (ASAP2460-Mac-US). First,
the pores were degassed at 50°C for 8 h. The pore-size
distribution was calculated by using the nonlocal density
functional theory according to the measured N, adsorption—
desorption isotherms at 77 K in liquid nitrogen bath.

Rhodamine B (RB)

gelen
O

Malachite green (MG)

2.4. Dye separation and antifouling ability analysis

PES-PCA-LS membrane with an effective area of
12.56 cm? was used to separate a mixture of CR and NaCl
(pH = 6.0-6.5, 100 ppm for dye and 5,000 ppm for inorganic
salts) under gravity. Each time, 10 mL of the permeate was
collected and the dye concentration in the permeate was
measured. The removal rate of PES-PCA-LS membrane
was calculated according to the following equation [11]:

C
R= [1 —”J x100% 1)
Cf

where C, and Cp are the concentrations of solutes in the
feed and permeate, respectively.

The dye removal rate higher than 99.5% was taken as
the effective removal rate, and the maximum volume of
CR waste solution that could be treated per square meter
was calculated as the maximum effective decontamination
volume (performance). It was calculated as follows:

Performance = % )

where performance is the maximum effective decontami-
nation volume (L'm=), AV is the permeate volume (L), and
A is the effective area of the membrane under test (m?).

The dye solution flux of PES-PCA-LS membrane was
calculated as follows:

AV
Ax At

/ ©)
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where | is the water flux (L-m>h™), AV is the volume of
permeate water (L), A is the effective area of the mem-
brane under test (m?), and At is the test time (h).

Following the study to remove CR, the used PES-PCA-LS
membrane was washed with alkali to desorb the adsorbed
CR and the pure water flux of the regenerated membrane
was measured. The CR removal test was further contin-
ued with the same membrane under the same conditions.
This cycle was repeated successively to complete 10 recy-
cle runs. Pure water flux and CR solution flux were calcu-
lated after 10 cycles. The antifouling ability of the pure PES
and PES-PCA-LS membranes was investigated by using
the flux recovery ratio (FRR) and flux decline ratio due
to reversible (R ) and irreversible fouling effects (R, ) [49].

FRR = 12 «100% )
R = J e 1009, )
R, = L= 100% (6)

i

where J, is the initial pure water flux of the unfouled fresh
membrane, ], is the pure water flux observed for the same
membrane after 10 recycles, and ., denotes the perme-
ate flux of the CR solution through the unfouled fresh
membrane.

3. Results and discussion
3.1. Characterization of PES-PCA-LS membrane

LS containing many phenolic hydroxyl groups, eas-
ily undergoes electrophilic addition reaction, and attacks
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the carbon atoms adjacent to the phenolic hydroxyl groups
during Mannich reaction with formaldehyde and TEPA.
The intermediate product (TEPA-LS) was obtained after the
completion of the Mannich reaction. Fig. 2 illustrates that
TEPA-LS and catechol were co-deposited on PES membrane
to modify its surface, and thus its separation ability was
improved. Fig. 3a exhibits that the surface color is differ-
ent between PES and PES-PCA-LS membranes and the lat-
ter is deeper, which was caused by the deposited PCA-LS.
After filtration, the PES-PCA-LS membrane changed obvi-
ously. The color of CR is shown on the effective filtration
area. Thus, the modification might have been successful.
Fig. 3b exhibits the presence of a clear adsorption peak of
sulfonic acid in the infrared spectra of PCA-LS compared
to that of PCA, at 1,030 cm™, which confirms the success-
ful occurrence of Mannich reaction. Compared to the peaks
in the infrared spectra of PES membrane, the adsorption
peaks of PCA-LS appeared for PES-PCA-LS membrane at
1,540 cm™, which confirms the successful modification.

The front surface and side section morphologies of PES
and PES-PCA-LS-0.5 membranes were characterized by
SEM. Fig. 4a and b exhibit the existence of numerous pores
on the surface of PES membrane. However, the pore size of
PES-PCA-LS-0.5 membrane was much smaller. Compared
to these side profiles, a thin layer on PES-PCA-LS-0.5 mem-
brane was about 50 nm and compact compared to that on
PES membrane, as shown in Fig. 4c and d. Besides, the space
core in the PES membrane decreased after modification,
which indicates that its inside was also modified by PCA-LS
in the reaction process. Fig. 4e exhibits that the pore size
of PES membrane was mainly distributed in the range of
35-50 nm. However, the pore size of all the five modified
membranes was reduced from 35-50 nm to 25-45 nm. At the
same time, the micropores below 2 nm decreased in num-
ber after modification. Interestingly, the average pore size

PES

Lignin

PCA-LS

OH

OH

Shake for 24h (30°C)

Fig. 2. Schematic representation of the preparation process of PES-PCA-LS membrane.
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Fig. 3. (a) Photographs of PES and PES-PCA-LS-0.5 membranes before and after filtration, (b) infrared spectral analysis of PCA,

PCA-LS, PES, and PES-PCA-LS-0.5 membrane.

of the modified membranes was found to be increased. This
may be attributed to the deposition of PCA-LS, resulting
in the partial filling of micropores to form larger meso-
pores. Besides, Fig. 5a and c show that the surface rough-
ness of PES-PCA-LS-0.5 membrane changed significantly
after modification. The rough surface of PES membrane
provided a larger area for PCA-LS.

deposition. Moreover, PCA-LS was observed to be
deposited in these gullies, filling them partially. Fig. 5b
and d illustrate that compared with PES membrane, PES-
PCA-LS-0.5 membrane was smoother. The average rough-
ness (R ) decreased from 251 to 104 nm. This was mainly
due to the deposited PCA-LS filling up the grooves present
on the surface of PES membrane. Based on these character-
izations, it was speculated that the surface modification of
PES membrane could be accomplished by relying on the
adhesion property of PCA-LS, and this modification was
not just present on the surface of PES membrane. The depos-
ited PES-PCA-LS-0.5 membrane could decrease the flux
by compacting surface and narrowing channel, and thus
the separation performance increased due to its adsorption.

3.2. Effect of mass ratios of LS to TEPA on flux and performance

Under the optimized conditions (room temperature,
CR concentration of 100 ppm, and NaCl concentration of
5,000 ppm), the performance and fluxes of the PES and five
products with different amounts of added LS were tested,
separately. The experimental results are shown in Fig. 6a.
It was found that the added content of LS played a decisive
role in the performance of PES-PCA-LS membrane.

The performance of PES membrane was about 0 L-m?,
which could be ascribed to the definition of performance,
according to which the effective removal rate was more
than 99.5%. Besides, PES membrane does not contain any
functional groups to adsorb CR.

With the increase in the mass ratio of LS to TEPA from
0 to 1:1, the flux first decreased and then increased, and the
performance reversed. When the mass ratio of LS to TEPA
was 0.5:1, the optimum ratio was reached. The flux and per-
formance of PES-PCA-LS-0 membrane, which was depos-
ited by catechol and TEPA directly, was better than that of
PES membrane. Interestingly, the flux increased slightly

because the hydrophilicity of the PES-PCA-LS-0 membrane
was significantly better than that of PES membrane, and
the channel did not become too small to pass through. The
increased performance (more than 200 L-m™) indicates that
the deposited PCA plays an important role in rejecting CR.

The flux of PES-PCA-LS-0.25 membrane is less than
that of PES-PCA-LS-0 membrane. By testing the membrane
mass before and after deposition, the difference quality is
the deposition quality of PCA-LS. Fig. 6b demonstrates that
the adsorbent deposition on PES-PCA-LS-0.25 membrane
was significantly higher than that on PES-PCA-LS-0 mem-
brane due to the addition of LS, which made the channels
thinner. The performance of PES-PCA-LS-0.25 membrane
was better than that of PES-PCA-LS-0 membrane, revealing
that more absorbent was deposited on the composite mem-
brane to remove CR. This also verifies the cross-linking of
LS in the PCA, and plays an important role in adsorption.
The flux of PES-PCA-LS-0.5 membrane decreases further
and the performance increases, which can be attributed
to the same reasons.

Compared to that of PES-PCA-LS-0.5 membrane, the flux
of PES-PCA-LS-0.75 and PES-PCA-LS-1 membrane increased
and the performance decreased, according to the results
presented in Fig. 6a. This may be mainly due to the excess
of LS. The mass ratio of LS to TEPA decides the number of
primary amine groups present in TEPA-LS. The excessive
amount of LS may prevent it from reacting with TEPA or
the TEPA-LS contains less than two primary amine groups.
Thus, the TEPA-LS containing one primary amine group
leads to the decrease in the molecular weight of PCA-LS,
which further decreases the content of PCA-LS deposited
on PES membrane. Consequently, their flux increases and
their performance decreases. In summary, the mass ratio of
LS to TEPA plays a decisive role in the performance of the
composite membrane. When the mass ratio of LS to TEPA
is 0.5:1, the composite membrane exhibits the best perfor-
mance for dye removal.

3.3. Effect of deposition time on performance

The deposition time is a crucial factor that decides the
compactness and the depth of the PCA-LS polymer on
the composite membrane. Under the conditions (room
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Fig. 4. SEM images of (a) front surface and (c) side section of PES membrane, SEM images of (b) front surface and (d) side section
of PES-PCA-LS membrane, and (e) pore-size distribution of PES and five types of modified membranes.
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418.8 nm

Fig. 5. The 2-dimentional and 3-dimensional AFM images of (a,c) PES membrane and (b,d) PES-PCA-LS-0.5 membrane.
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Fig. 6. (a) Effects of mass ratios of LS to TEPA on the performance and flux (room temperature, CR concentration of 100 ppm and
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temperature, CR concentration of 100 ppm, and NaCl con-
centration of 5,000 ppm), PES-PCA-LS-0.5 membrane was
used to investigate the effect of deposition time on perfor-
mance. Fig. 6¢ illustrates that the flux decreases continuously
with increasing deposition time from 6 to 72 h. It indicates
that the channel becomes thinner with the prolonged time.
This is mainly because the amount of PCA-LS deposited on
the surface and inside PES membrane increases with pro-
longation of reaction time. The performance first increases
and then decreases, reaching the optimum at the deposition
time of 24 h. After 24 h, PCA-LS continued to deposit on the
membrane, and the channel of PES-PCA-LS-0.5 membrane
continued to become smaller. The effective contact area
of PCA-LS with the dye becomes smaller. This is the main
reason for the performance degradation. In summary, the
deposition amount continues to increase with increasing
deposition time, but if the deposition amount is higher, the
performance of dye removal may not be better. The optimal
performance was attained at a deposition time of 24 h.

3.4. Dye/salt separation performance of PES-PCA-LS membrane

In order to further investigate the separation perfor-
mance of PES-PCA-LS-0.5 membranes for dyes and inor-
ganic salts, the mixtures (100 ppm for CR and 5,000 ppm for
salts) of CR and inorganic salt (NaCl, Na,SO,, and K,SO,,
separately) were measured. Fig. 6d exhibits that the PES-
PCA-LS-0.5 membrane consistently maintained high reten-
tion of the dye, while the rejection rate of NaCl, Na,SO,,
and K SO, was 2.8%, 3.5%, and 0.9%, respectively. Analysis
of the BET results indicates that the low retention of salt by
PES-PCA-LS-0.5 membrane is mainly due to its larger aver-
age pore diameter than that of salt. The high retention rate
for dyes is mainly attributed to the electrostatic effect of
sulfonic acid group and amine group. Besides, the flux did
not decrease under high salt concentration conditions while
having excellent dye/salt separation performance. In sum-
mary, PES-PCA-LS-0.5 membrane exhibits the potential to
remove anionic dyes at higher inorganic salt concentrations.

3.5. Adsorption mechanism

It is well known that hydrophilicity is a very import-
ant index in evaluating aqueous filter membranes. Fig. 7a
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demonstrates that the contact angle of PES membrane becomes
smaller with the prolongation of time, and reaches about 75°
after 5 s. In contrast, the contact angle of PES-PCA-LS-0.5
membrane could reach 50° within 0.5 s, and the value could
reach about 10° after 5 s. This may be attributed to the fact
that the deposited PES-PCA-LS-0.5 contains more hydrophilic
groups (-50,-, -OH, -NH-, etc.) on the surface and inside
of PES-PCA-LS-0.5 membrane compared to PES membrane.

Fig. 6a exhibits the comparative analysis of the filtration
effect of PES and PES-PCA-LS-0.5 membrane on CR, and the
average pore size becomes larger after deposition. In dye
filtration experiments, the retention rate decreases with the
increase in the filtration volume. The above-mentioned results
indicate that the retention mechanism of PES-PCA-LS-0.5
membrane is mainly adsorption rather than pore size siev-
ing. To further investigate the adsorption mechanism, the
zeta potentials of PES membrane and PES-PCA-LS-0.5 mem-
brane were analyzed. Fig. 7b exhibits that PES membrane is
negatively charged in the pH range of 3-10. However, PES-
PCA-LS-0.5 membrane presents positive charge in the pH
range of 3-8, which is mainly attributed to the large num-
ber of amine groups contained in PES-PCA-LS-0.5 mem-
brane. The CR molecule, containing two amine groups and
two sulfonic acid groups, is an anionic dye. When the pH
of the dye solution is 6.0-6.5, PES-PCA-LS-0.5 membrane
can adsorb CR by intermolecular electrostatic interaction.
Fig. 8b shows that this conclusion was also confirmed by
performing different dye filtration experiments.

Besides, the aromatic ring in the CR molecule can inter-
act with the benzyl ring in PES-PCA-LS-0.5 membrane
through m—m stacking. In summary, the retention of anionic
dyes by PES-PCA-LS-0.5 membrane is mainly due to the
strong electrostatic attraction between the positive charges
carried by the amine and sulfonic acid groups and the
anionic dye molecules under acidic conditions. The action
of electrostatic force is more precise for dye retention by
adsorption compared to pore size sieving. Based on this
adsorption mechanism, PES-PCA-LS-0.5 membrane exhibits
the promising potential for selective retention of dyes.

3.6. Selective filtration of different dyes

The removal rate was measured by filtering 100 mL
of solution of different types of dyes (100 ppm) through

(b)

—o— PES-PCA-LS

40+

204

ZetaPotential (mV)
=

Fig. 7. (a) Water contact angle and (b) zeta potential analysis of PES and PES-PCA-LS membranes.
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a PES-PCA-LS-0.5 membrane with an effective area of
12.56 cm? Fig. 8a and b exhibit that the removal rates of
anionic dyes (CR, MB) are more than 95% and those of cat-
ionic dyes (MG, RB) are about 20%. This result further con-
firms the important role of the electrostatic interaction. It
was also found that the removal percentage of MB was less
than that of CR due to the specific structure of MB; that is,
the secondary amine and the ortho-position between amine
and sulphonate groups.

The separation performance of this PES-PCA-LS-0.5
membrane was tested by using CR (anionic dye) and RB (cat-
ionic dye) as probes. The mixture (400 mL) of CR (50 ppm)
and RB (50 ppm) was filtered and the filtrate was detected
by UV spectroscopy. Fig. 8c exhibits that the spectrum of
mixture covers the curve of CR and the curve of RB. After
filtration, the characteristic peak representing CR at 488 nm
almost completely disappears, the spectrum after filtration
of mixture is consistent with the curve of RB. Thus, PES-
PCA-LS-0.5 membrane may separate CR from its mixture
with cationic dyes. In summary, based on the strong electro-
static interaction between PES-PCA-LS-0.5 membrane and
anionic dyes, PES-PCA-LS-0.5 membrane attains the poten-
tial to selectively retain anionic dyes from the dye mixture.

3.7. Cycle performance and antifouling ability

Cycling performance is important for the utilization
of PES-PCA-LS-0.5 membrane. The flux and removal rate
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were measured by filtering 400 mL of mixed solution of
CR (NaCl 5,000 ppm, CR 100 ppm) per cycle through PES-
PCA-LS-0.5 membrane with an effective area of 12.56 cm?
This membrane was desorbed by NaOH solution (pH = 11)
to regenerate. Fig. 9a illustrates that the PES-PCA-LS-0.5
membrane after filtration on the left shows a distinct red
disc in the middle effective area. After desorption, the red
disc is almost completely cleared.

The cycling performance of PES-PCA-LS-0. membrane
is shown in Fig. 9b. During the first four cycles, the flux
showed a decreasing trend, which was mainly due to the
difficulty of washing the adsorbed dye layer thoroughly
during the regeneration process, resulting in the accumu-
lation of dye and a gradual decrease in flux. After the fifth
cycle, the flux of CR solution filtered with PES-PCA-LS-0.5
membrane remained stable at about 22 L-m2h!, while the
removal rate decreased gradually and remained 97% at
the tenth cycle. This may prove that the PES-PCA-LS-0.5
membrane shows excellent cycling performance.

In order to study the antifouling ability of PES-
PCA-LS-0.5 membrane during cycling, the FRR, R, and R,
of PES and PES-PCA-LS-0.5 membrane were studied after
ten cycles. Table 1 presents that the FRR of PES-PCA-LS-0.5
membrane was lower than that of PES membrane by about
thirteen percentage points after ten cycles. This is mainly
due to the fact that PES-PCA-LS-0.5 membrane channel is
smaller and more prone to clogging than PES membrane
channel. Compared to those of PES membrane, both R and
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Fig. 8. (a) UV-Vis absorption spectra of CR solution before (red) and after (black) filtration, (b) filtration test of cationic (MG, RB)
and anionic (CR, MB) dyes, (c) separation of CR from its mixture with RB, and (d) photographs of selective filtering of CR from

RB/CR mixture.
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Fig. 9. (a) Photographs of PES-PCA-LS-0.5 membrane after filtration and after washing and (b) cyclic performance of

PES-PCA-LS-0.5 membrane.

Table 1
FRR, R, R, of the pristine PES and PES-PCA-LS-0.5 membranes

Number of PES PES-PCA-LS-0.5
cycles FRR R R FRR R R,
10th 89% 7%  10%  76%  15%  23%

R, of PES-PCA-LS-0.5 membrane were almost twice, because
it was not possible to completely desorb the adsorbed CR
during the adsorption and desorption processes. This could
lead to partial blockage of the channels. This finding also
confirms the reason why the flux decrease is mainly con-
centrated in the first four cycles, as shown in Fig. 9b. In
summary, although the antifouling capacity decreases after
modification, it is within the acceptable range. However, the
significant improvement in separation of CR was obtained
after the modification is more important.

4. Conclusion

In this study, PES-PCA-LS membranes were prepared
by a simple deposition method. Various characterizations
of PES-PCA-LS membrane confirmed the successful modi-
fication of PES membrane, leading to smoother surface and
better hydrophilicity of PES-PCA-LS membrane. With a CR
removal rate of 99.5%, each m? of PES-PCA-LS membrane
could treat approximately 350 L of a mixture of CR and salt
(CR, 100 ppm; NaCl, 5,000 ppm). Simultaneously, it main-
tained low retention of inorganic salts (NaCl, 2.8%; Na,SO,,
3.5%; K,SO,, 0.9%). PES-PCA-LS membrane showed excel-
lent selectivity for anionic dyes in filtration experiments on
mixed dyes. It was able to retain anionic dyes from a mixture
of anionic and cationic dyes. Dye separation experiments
were conducted on PES-PCA-LS membrane containing
different amounts of added sodium lignosulfonate to opti-
mize the amount of sodium lignosulfonate. The recycling
and antifouling experiments illustrated that the antifoul-
ing performance was slightly reduced after modification.
However, the separation performance of PES-PCA-LS mem-
brane for dyestuffs decreased by less than 2% in cycling.
Thus, PES-PCA-LS membrane did not lose too much flux

and antifouling performance compared to the unmodified
PES membrane. At the same time, excellent dye separation
performance and circulation performance were obtained.
This makes PES-PCA-LS membrane a promising candidate
in the field of dye wastewater treatment.

Abbreviations

PES, polyethersulfone. PES-PCA-LS, lignosulfon-
ate-based polycatecholamine and polyethersulfone com-
posite. PCA-LS, lignosulfonate-based polycatecholamine.
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and tetraethylenepentamine. PCA, products obtained from
the reaction of tetraethylenepentamine with catechol. FRR,
flux recovery ratio. R, flux decline ratio due to reversible
fouling effects. R, , flux decline ratio due to irreversible foul-
ing effects. Performance, the maximum volume of Congo
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with a 99.5% removal rate.
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