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ABSTRACT: Novel adsorption ultrafiltration (ADUF) membrane was designed
for the removal of methylene blue (MB) by introducing Chinese herbal waste-
based activated carbon (AC) into the ultrafiltration membrane. We prepared AC
particles from Chinese herbal medicine waste residue (reed rhizome residue) as a
raw material by ZnCl2 activation and introduced them into the ultrafiltration
membrane by phase inversion to prepare a reed rhizome residue-based activated
carbon adsorption ultrafiltration (RAC-ADUF) membrane. The RAC-ADUF-0.1
membrane was characterized by a series of physical structures and chemical
properties, which showed that the prepared membrane has a more hydrophilic
surface and high porosity. The RAC-ADUF-0.1 membrane showed an excellent
pure water flux of 255.77 L·m−2·h−1 and a high bovine serum albumin rejection of
99.3%. The RAC-ADUF membranes also possessed excellent antifouling
performance. Notably, the RAC-ADUF-0.1 membrane provides excellent removal
of MB (99% retention) compared to conventional ultrafiltration membranes. The static adsorption capacity was up to 238.48 mg/g.
The significant increase in dynamic adsorption capacity on the RAC-ADUF membrane is due to the three-dimensional distribution
of RAC particles on the PSF membrane cross section, which provides more active sites and increases the contact time between RAC
and MB. By fitting the adsorption kinetics and isothermal adsorption curves, the results showed that the pseudo-second-order kinetic
model and the Langmuir isothermal model were more accurate in explaining the adsorption process. Further kinetic analysis showed
that the adsorption process of MB molecules on RAC-ADUF membranes is controlled by both external mass transfer and
intraparticle diffusion, with intraparticle diffusion playing a dominant role. In addition, the RAC-ADUF membrane exhibited
outstanding adsorption and regeneration abilities, and the MB removal rate stayed at about 95% after 8 adsorption regeneration
experiments. In conclusion, this study provides a new idea for the preparation strategy of an adsorption ultrafiltration membrane
with high rejection and high permeability and the reuse of Chinese herbal medicine waste residue.

1. INTRODUCTION
With the rapid development of the textile industry, the annual
production of wastewater containing dyes is about one-fifth of
the total global wastewater.1−3 Because most aromatic dye
wastewater containing benzene rings is not easily degradable,
toxic, and carcinogenic,4−7 if the dye wastewater is discharged
directly without treatment, it would not only hinder photo-
synthesis and interfere with the natural purification process of
aquatic organisms but also bring irreversible damage to the
human environment.8−10 Among the many dyes, methylene
blue is one of the most commonly used heterocyclic aromatic
dyes and is commonly used for dyeing natural fabrics such as
silk and cotton. However, methylene blue can cause lasting
damage to organs (eyes, skin, etc.) in humans and animals. MB
can also irritate the gastrointestinal tract and cause heart rate
disorders if swallowed. Therefore, the maximum residual
amount of MB in aquatic products in Japan and other
countries should not exceed 10 μg/kg. Therefore, this type of
aromatic dye wastewater needs to be properly treated before
discharge.

At present, dye wastewater treatment methods mainly
include ion exchange, ozonation, biodegradation, adsorption
technology, and membrane separation technology.4,11−16

Among these technologies, membrane separation technology
and adsorption technology are widely used for wastewater
treatment because of their low cost and high treatment
efficiency.17 Nanofiltration (NF) and ultrafiltration (UF) are
commonly used membrane separation techniques for waste-
water treatment.5 NF technology has excessive treatment costs
for low concentration and the large volume of dye wastewater
due to a relatively high operating pressure.18 Compared with
NF, the operating pressure of UF technology is lower, which
can reject pollutants larger than the membrane pore size,19 but
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the removal effect is not ideal for pollutants smaller than the
membrane size (such as small molecular organic dye).
Adsorption technology is used to remove dye molecules by
adding the adsorbent to the dye wastewater and adsorbing the
dye molecules on its surface through physical or chemical
adsorption.11,20 Currently, the most commonly used adsorbent
material is activated carbon (AC).8,13 Many studies have
focused on AC extracted from natural low-cost wastes, such as
orange peels, bamboo shoots, peanut shells, and coconut shells,
to remove dye pollutants from water.12,21−23 Therefore, using
natural waste to produce AC increases the economic value and
reduces cost and is an ideal substitute for commercial AC.
However, the problem that cannot be ignored is that the AC
adsorbent is generally prepared in the form of powders and
added to the water body,24 which would make the separation
process of the adsorbent material (such as high-speed
centrifugation and filtration etc.) produce a large economic
cost. Moreover in the process of large-scale actual operation,
the loss of adsorbents is inevitable, and the loss of the
powdered AC material will also have potential harm to water
bodies.
To overcome the problems of powder adsorbent and

ultrafiltration membrane in removing small-molecular dyes,
the adsorption ultrafiltration (ADUF) membrane has attracted
wide attention in the field of removing small molecular organic
matter in wastewater.25−27 The ADUF membranes can achieve
efficient removal of small molecule dyes and overcome the
diffusion of the adsorbent during treatment via fixing the
adsorbent on the ultrafiltration membrane.28 This strategy
achieves the dual function of ultrafiltration and adsorption in
one unit. Therefore, the ADUF membrane is considered one of
the most efficient and competitive water reuse technologies. At
present, the preparation of the ADUF membrane mainly
includes physical blending and surface modification.29,30 The
physical blend is the introduction of adsorbent materials such
as Fe3O4 nanoparticles,

31 zeolite nanoparticles,32 and graphene
oxide nanoparticles33 into the membrane matrix to act as
adsorbents for dye molecules. Unfortunately, the complex
preparation process and high material price of these materials
limit their large-scale use. The surface modification method is
to introduce adsorption materials on the membrane surface,
which cannot be ignored as it would lower the porosity and
pore size of the membrane, resulting in a reduction in
membrane filtration performance.34 Therefore, improving
membrane filtration and adsorption performance is a major
challenge.
As mentioned above, using wastes to produce AC for the

treatment of dye wastewater can increase economic value,
reduce costs, and reduce waste. China is a big country in the
Chinese herbal medicine production industry. With the
development of the Chinese herbal medicine production
industry, more than 30 million tons of Chinese herbal
medicine waste residue, such as reed rhizome residue, are
produced every year.35,36 The traditional treatment methods
are landfill and incineration, which not only waste resources
but also pollute the environment.
Therefore, we chose reed rhizome residue as the raw

material to prepare AC by ZnCl2 activation, and the
synthesized AC was filled into the membrane matrix by
phase inversion to prepare the ADUF membrane for the
efficient removal of MB. The synthesized membrane was
characterized by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and N2

adsorption−desorption analyses. The doping ratio of AC was
optimized to achieve the simultaneous improvement of
membrane filtration performance, antifouling performance,
and adsorption performance of MB, and the adsorption
mechanism of the ADUF membrane was clarified by fitting the
adsorption kinetics and adsorption isothermal model. In
addition, the regenerative capacity of the ADUF membrane
was investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. The reed root residue (RR) was supplied by

Guangdong Lianfeng Chinese Medicine Beverage Co., Ltd;
polysulfone (PSF, P S20) was supplied by BASF (Germany).
Bovine serum albumin (BSA, Mw = 67 kDa) protein, N-
methylpyrrolidone (NMP, 99.5%), polyethene glycol (PEG-
400), polyethene glycol octylphenyl ether (TritonX-100),
methylene blue (MB, 98%), hydrochloric acid (HCl, 1 N),
zinc chloride (ZnCl2, 99%), sodium chloride (NaCl, 99%), and
sodium sulfate (Na2SO4, 99%) were purchased from
Sinopharm Chemical Reagent Co. All chemical reagents used
in this experiment were of analytical grade and were not further
purified.

2.2. Preparation of Reed Rhizome Residue Based on
Activated Carbon. In a previous study, the optimum
conditions for the preparation of reed root residue activated
carbon were determined using the Response surface method-
ology (RSM) method.37 Specifically, 4.0 g of washed reed root
residue was dipped into 40 mL of configured ZnCl2 solution
and mixed thoroughly, and the impregnated sample was
obtained after 12 h of room-temperature impregnation and 12
h of drying (100 °C). The sample was weighed and loaded in a
nickel boat and placed in a 316 stainless-steel tube reactor
(SK3-5-12-6 energy-saving vacuum tube furnace from
Hangzhou Zhuochi Instruments Co., Ltd.) and heated to
600 °C for 1 h under nitrogen protection to complete the
charring. The obtained reed activated carbon samples were
washed with a dilute hydrochloric acid solution to remove
impurities such as metal ions and ash, and the samples were
washed with deionized water to neutral, followed by drying,
and grinding, and sieving to obtain 80 μm activated carbon
powder.

2.3. Preparation of RAC-ADUF Membranes. All cast
film solutions were prepared using a fixed concentration of PSF
(15 wt %), PEG 400 (2 wt %), and TritonX-100 (2 wt %). The
concentration of the solvent in the casting solution varies
depending on the content of the RAC, which has been sieved
to obtain particles with a particle size of less than 80 μm and
then added to the casting solution at different additions (see
Table 1). To obtain a homogeneous suspension, all
components were mixed simultaneously with NMP and stirred
by mixing with a magnetic stirrer (400 rpm) for 12 h and then

Table 1. Compositions of Casting Solution Used in This
Study

membrane name
PSF
(wt %)

PEG
(wt %)

TritonX-100
(wt %)

RAC
(wt %)

NMP
(wt %)

PSF 15 2 2 0 81.00
RAC-ADUF-0.05 15 2 2 0.05 80.95
RAC-ADUF-0.10 15 2 2 0.10 80.90
RAC-ADUF-0.15 15 2 2 0.15 80.85
RAC-ADUF-0.20 15 2 2 0.20 80.80
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cast onto the surface of the non-woven fabric using a casting
knife with a thickness of 250 μm (see Figure 1a). The prepared
membranes were then placed in a water bath for solvent/non-
solvent exchange. Finally, the resulting membranes were stored
in deionized water at 4 °C before use.

2.4. Characterization of RAC and Membranes. The top
surface and cross-sectional morphology of the membranes
were observed using a scanning electron microscopy (Nano-
sem 430, FEI, USA). The hydrophilicity of the membrane
surface was assessed using a contact angle analyzer (OCA
20LHT, datphysics). Fourier transform infrared spectroscopy
attenuated total reflection (FTIR-ATR, VERTEX70, Bruker
Optics) measurements were used to assess the chemical
properties of the rutabagas and membranes. N2 adsorption−
desorption (ASAP-2020, Micromeritics Co. American) was
used to determine the pore structure characteristics of the
RAC and membranes. Zeta potentials were measured using an
electrokinetic analyzer (SurPASSTM 3 Anton Paar, Austria) to
determine the surface charge of the RAC-ADUF membrane.

2.5. Evaluation of Membrane Filtration Performance.
The permeate flux and solute rejection of the membrane are
the most important indicators for evaluating ultrafiltration
membranes. In this experiment, the pure water flux and solute
rejection of the membrane was measured in a homemade
laboratory filtration device (Figure 1b). The effective filtration
area of the membrane was 19.63 cm2 and the specific
measurement procedure was as follows: the pure water flux
was measured by pre-pressurizing the membrane for half an
hour at 0.15 MPa pressure, and then the pressure was adjusted
to 0.1 MPa after the water flux had stabilized. The pure water
flux J0 can be calculated by the following formula

J
V

A t0 =

where J0 is the pure water flux (L·m−2·h−1); V is the permeate
volume (L); A is the effective membrane area; and Δt is the
filtration time (h).
Membrane rejection was evaluated by filtration of the BSA

solution. 0.1 g/L BSA phosphate buffer solution was

permeated through the membrane at 0.1 MPa pressure. The
absorbance of BSA in the feed solution and permeate was
measured at 280 nm using a UV spectrophotometer and the
corresponding concentrations were obtained
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where R is the BSA retention rate; CF is the feed fluid BSA
concentration (ppm); and CP is the permeate BSA
concentration (ppm).
To reduce the experimental error, all test experiments were

repeated three times and the final results were averaged.
2.6. Fouling Resistance of Membranes. The antifouling

performance of RAC-ADUF and PSF membranes was
investigated using BSA as a model contaminant. The
membranes were filtered with pure water at 0.1 MPa for 60
min and the pure water flux J0 was recorded. 500 mg/L BSA
solution was filtered through the membranes at 0.1 MPa for 60
min to obtain the flux of J1, and then pure water was
hydraulically cleaned for 60 min to obtain the water flux of J2.
The flux recovery rate (FRR), reversible fouling ratio (Rr),
irreversible fouling ratio (Rir), and total fouling rate (Rt) were
calculated as follows
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2.7. Static Adsorption Performance of MB. The effect
of an initial concentration of 400 ppm (MB) in the dye
solution and a solution pH in the range of 2−11 on the
amount of dye adsorbed was investigated. The initial pH of all
solutions was adjusted with 0.1 mol/L hydrochloric acid
solution or 0.1 mol/L NaOH solution at the desired
concentration.
The ionic strength experiments were carried out in the 400

ppm MB solution at pH 5, NaCl and Na2SO4 solution
concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 mol/L.
To study the adsorption isotherm, the pH of the MB

solution (pH = 5) was first adjusted using 0.5 mol/L HCl and
NaOH solutions. Then, 0.25 g (membrane area 19.63 cm2) of
the membrane was placed into different concentrations of MB
(100, 200, 300, 400, 600, 800, and 1000 ppm) and adsorbed
for a certain time at 200 rpm oscillation speed or kept for 24 h
to reach adsorption equilibrium. To gain insights into the
adsorption process, the adsorption kinetics of the membranes
were investigated by measuring the adsorption of MB at a
concentration of 400 ppm at different adsorption times (10,
30, 60, 90, 120, 150, 180, and 210 min). Details of the relevant
equations are provided in the Supporting Information.
The absorbance of MB before and after adsorption was

measured by a UV spectrophotometer at 664 nm to obtain the
corresponding concentration. The adsorption capacity of the
membranes was calculated as follows.

Figure 1. (a) RAC-ADUF membrane preparation process and (b)
schematic diagram of membrane filtration performance testing
process.
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where: qe is the adsorption capacity (mg/g), C0 is the initial
concentration of MB (ppm), Ce is the concentration of MB at
equilibrium (ppm), V is the volume of solution (mL), and m is
the mass of the membrane (mg).

2.8. Removal of MB Solution by Dynamic Filtration.
To investigate the actual operational performance of the RAC-
ADUF membrane, MB at a concentration of 100 ppm was
filtered at certain flow rates (0.526, 1.023, and 1.548 mL/min)
in a homemade laboratory filtration apparatus (as shown in
Figure 1b). Permeate samples were collected once every 100
mL. The concentration of MB was measured before and after
filtration using a UV spectrophotometer. The MB removal of
the membranes was calculated as follows.

R
C C

C
( )

100%0 e

0
= ×

where: R is the MB removal (%), C0 is the initial concentration
of MB (ppm), and Ce is the concentration of MB at
equilibrium (ppm).

2.9. Membrane Regeneration Performance Study.
The repeated regeneration capacity of the RAC-ADUF
membrane in this study was determined by multiple
adsorption/desorption experiments. After each filtration and
adsorption, the membranes were soaked in anhydrous ethanol
for 3 h and then washed with deionized water for 1 h.38 After
washing, the regenerated membranes were repeated for
filtration and adsorption of solutions containing MB under
the same conditions as described above.

3. RESULTS AND DISCUSSION
3.1. Characterization of RAC-ADUF Membrane. As

shown in Figure 2a−c, the pore structure characteristics of the
synthesized RAC, PSF membrane, and RAC-ADUF membrane
were examined using N2 adsorption−desorption isotherms,
and it can be seen in Figure 2a and Table 2 that the specific

surface area and pore volume of the AC synthesized with reed
rhizome residue were larger. Comparing the PSF membrane
and RAC-ADUF-0.1 membrane, it can be concluded that the
pore volume of the RAC-ADUF-0.1 membrane is elevated and
the pore size is decreased. From Figure 2c, it can be seen that
the RAC-ADUF-0.1 membrane presents the characteristics of a
distinct mesoporous material. Due to the presence of RAC, the
RAC-ADUF-0.1 membrane has a hysteresis loop compared
with the PSF membrane. Moreover, the specific surface area
and pore volume of the RAC-ADUF-0.1 membrane was
significantly higher than those of the PSF membrane, which
would facilitate the adsorption of MB.39 The textural
properties of RAC, RAC-ADUF-0.1, and PSF membranes are
shown in Table 2.
Figure 3a−f shows the SEM images of the RAC, PSF

membrane, and RAC-ADUF-0.1 membrane. From Figure 3a,b,
it can be seen that the AC synthesized with the reed rhizome
residue has a uniformly distributed pore structure on the

Figure 2. N2 adsorption−desorption curves of (a) RAC, (b) PSF, and (c) RAC-ADUF-0.1 membranes.

Table 2. Textural Properties of RAC, PSF, and RAC-ADUF-
0.1

sample
surface area
(m2/g)

pore volume
(cm3/g)

pore size
(nm)

RAC 890.2 0.477 56.56
PSF 4.869 0.031 15.310
RAC-ADUF-0.10 265.3 0.232 13.261

Figure 3. SEM image of RAC and UF membrane; (a,b) RAC particle;
(c) PSF membrane surface and (d) cross-section; and (e) RAC-
ADUF-0.1 surface and (f) cross-section.
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surface. This indicates that the AC prepared by using reed
rhizome residue can be used as an ideal adsorbent material.
Comparing Figure 3c,e, it can be seen that when RAC was
added, the membrane surface was slightly protruded, which
was caused by the high viscosity of the membrane casting
solution.40 Comparing Figure 3d,f, the addition of RAC limits
the formation of finger-like macropores during the phase
inversion. In addition, it can also be learned from Table 2 that
the porosity of the RAC-ADUF-0.1 membrane was increased
by 20% compared to the PSF membrane, indicating that the
porous structure of the RAC-ADUF-0.1 membrane was more
pronounced. In addition, the RAC-ADUF-0.1 membrane
contains more finger holes at the top of the membrane unlike
the large holes at the bottom of the PSF membrane. The pore
structure of the RAC-ADUF-0.1 membrane is beneficial to
reduce mass transfer and improve membrane flux and reduce
membrane surface fouling.
The chemical properties of the functional groups of RAC,

PSF membrane, and RAC-ADUF-0.1 membrane are exempli-
fied in Figure 4a. It can be seen that the synthesized RAC
particles have a large number of hydrophilic functional groups
(−OH and −COOH). Compared to the PSF membrane, the
RAC-ADUF-0.1 membrane has characteristic peaks at 3430
cm−1 (−OH) and 1639 cm−1 (−COOH).41 It indicates that
the introduction of RAC into the PSF membrane matrix
resulted in the appearance of a large number of hydrophilic
hydroxyl (−OH) and carboxyl (−COOH) groups on the PSF

membrane surface,42,43 which can facilitate reinforcement of
the water flux and antifouling performance of the membrane
and can be discussed intimately within the later section.
The hydrophilicity of the membrane is an important factor

influencing its flux and anti-fouling performance.44 We
measured the WCA of the membrane to determine its
hydrophilicity. From Figure 4b, the WCA dramatically lowers
following the inclusion of RAC in the PSF membrane, and it
further decreases with increasing RAC content. The FTIR
results show that by introducing RAC, a high number of
hydrophilic hydroxyl and carboxyl groups form on the PSF
membrane surface, considerably enhancing the hydrophilicity
of the PSF membrane and will hopefully achieve the goal of
improving the water flux.41

3.2. Performance of RAC-ADUF Membranes. Figure 5a
depicts the pure water flows and BSA rejection of PSF and
RAC-ADUF membranes. The pure water fluxes of the
membranes increase and then decrease as the RAC content
increases. When the RAC content is 0.1 wt %, the pure water
flux of the RAC-ADUF-0.1 membrane is 255.77 L·m−2·h−1,
which is a 50% increase compared with the flux of the PSF
membrane. The increased porosity and hydrophilicity of the
PSF membrane caused by the addition of RAC prompted the
improved water flux. When increasing the RAC content, the
viscosity of the casting fluid will increase and the RAC may
agglomerate, thus limiting the formation of macropores,
reducing the transmembrane channels for water molecules

Figure 4. (a) FTIR results of RAC, PSF membrane, and RAC-ADUF-0.1 membrane and (b) WCA of PSF membrane and RAC-ADUF
membranes.

Figure 5. (a) Effects of RAC contents in the casting solution on membrane performance; (b) time-dependent flux of the RAC-ADUF-0.1
membrane under one filtration cycle; and (c) antifouling index of RAC-ADUF-0.1 membrane and PSF membrane.
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and enhancing the transmembrane resistance.40,45 Conse-
quently, the water flux of the membrane reduces at higher
RAC content. The rejection of BSA increased with the increase
of RAC content, owing primarily to a reduction in the
membrane pore size. When RAC content is 0.1%, the RAC-
ADUF-0.1 membrane exhibits the highest pure water flux while
maintaining excellent BSA rejection. Therefore, we selected the
RAC-ADUF-0.1 membrane for the antifouling experiment, MB
removal experiment, and regeneration experiment.

3.3. Antifouling Performance of RAC-ADUF-0.1
Membrane. We utilized the BSA solution to examine the
antifouling performance of the RAC-ADUF-0.1 membrane (as
shown in <u>Figure 5b,c</u>). After 1 h of filtration, the PSF
membrane and the RAC-ADUF-0.1 membrane showed a
decrease in flux due to further compaction, but the higher
porosity and more hydrophilic RAC-ADUF-0.1 membrane
exhibited a higher pure water flux. When the feed solution is
replaced with BSA solution, the pure water flux decreased
further due to membrane fouling. However, the flux of the
RAC-ADUF-0.1 membrane was higher than that of the PSF
membrane, indicating that the RAC-ADUF-0.1 membrane has
superior antifouling performance to the PSF membrane. After
washing the fouled membranes with pure water, the RAC-
ADUF-0.1 membrane still exhibited a pure water flux of 237.03
L·m−2·h−1. By calculating the antifouling index (Figure 5c), the
results showed that the RAC-ADUF-0.1 membrane had high
flux recovery (91.14%), and a low reversible fouling (Rr) and

irreversible fouling (Rir), while the opposite was true for the
PSF membrane. It can be obtained that the RAC-ADUF-0.1
membrane has excellent antifouling performance.19 This is
because the RAC-ADUF-0.1 membrane is more hydrophilic
than PSF membranes, which causes water molecules on the
membrane surface to form a hydration layer, thus exhibiting
superior antifouling properties.41

3.4. Static Adsorption of MB by RAC-ADUF-0.1
Membrane. 3.4.1. Effects of pH and Interference Ions on
Static Adsorption. The solution pH affects the surface charge
of the RAC-ADUF membrane, the dissociation of active site
functional groups, and the structure of the dye. Therefore, the
effect of pH on the adsorption of MB by the RAC-ADUF-0.1
membrane was investigated (Figure 6a). It is observed that the
overall trend of equilibrium adsorption rises with increasing
pH, and the growth rate gradually slows down for pH larger
than 5. The effect of solution pH on the adsorption of MB by
the membrane is mainly in two ways. One is to change the
charge on the surface of the membrane, as seen by the zeta test
(Figure 6b), with increasing pH the negative charge on the
membrane surface increases due to the increased ionization of
the surface carboxyl group into −COO−.11,46 Moreover, the
form of the dye in the water has changed. MB is a cationic dye,
and increasing pH value also promotes more ionization of MB
into MB+.12 Therefore, changing the pH of the solution can
help the RAC-ADUF-0.1 membrane to adsorb more
methylene blue on the RAC-ADUF-0.1 membrane through

Figure 6. (a) Effect of pH on adsorption capacity of MB on RAC-ADU-0.1 membrane; (b) zeta potential of RAC-ADUF-0.1 membrane; and (c)
effect of ionic strength on adsorption capacity of MB on RAC-ADU-0.1 membrane.

Figure 7. (a) Freundlich and (b) Langmuir isotherm plot for MB adsorbed on the RAC-ADUF-0.1 membrane.
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electrostatic interactions. Thus, the optimum pH condition for
MB is 5. These conditions were used in subsequent
experimental studies.
Dye wastewater contains large amounts of inorganic salt ions

(NaCl and Na2SO4),
10 and the presence of inorganic salts can

affect the adsorption process of dyes.47,48 We tested the effect
of NaCl and Na2SO4 on the adsorption MB of the RAC-
ADUF-0.1 membrane, respectively, as shown in Figure 6c. It
can be seen that the adsorption of the RAC-ADUF-0.1
membrane decreases with increasing concentration of the salt
solution, this is because the presence of the inorganic salt
weakens the electrostatic gravitational force between the
adsorption active site and the dye molecules.49 It can also be
seen that Na2SO4 affects the adsorption process to a greater
extent than NaCl at the same ionic concentration, as Na2SO4
carries more charge than NaCl.50

3.4.2. Adsorption Isotherm. To gain insights into the
adsorption process, the characteristics of MB adsorption by the
RAC-ADUF-0.1 membrane were further analyzed by Langmuir
and Freundlich models. Based on the experimental data and
the isotherms obtained from the nonlinear regression of the
two models, as shown in Figure 7, the results demonstrated
that the Langmuir isotherm model fitted the adsorption data
better than the Freundlich model. This indicates that the
adsorption sites on the RAC-ADUF-0.1 membrane may have
similar adsorption energies, with dye molecules predominating
in monolayer adsorption. In addition, the separation factors RL
of the Langmuir model were all less than 151 (Table 3),
indicating the good performance of RAC-ADUF-0.1 adsorp-
tion MB. To deepen the understanding of the adsorption
mechanism, we chose the D−R isotherm model to describe the
adsorption on homogeneous and inhomogeneous surfaces, as
shown in Table 3, the average adsorption energy (E) was less

than 8 kJ/mol indicating that the adsorption process between
RAC-ADUF-0.1 membrane and MB was mainly physical
adsorption.52

3.4.3. Adsorption Kinetics. Adsorption is a physicochemical
process of transferring a solute from the liquid phase to the
surface of an adsorbent.53 The adsorption of MB by RAC-
ADUF-0.1 membrane was analyzed using pseudo-first-order
(PFO), pseudo-second-order (PSO) and the Weber−Morris
model. As shown in Figure 8, the removal rate of MB by the
RAC-ADUF-0.1 membrane was quite fast (∼83%) at the
beginning of the adsorption stage (0−10 min) and gradually
reached the adsorption equilibrium state after about 60 min.
This is primarily attributable to the presence of numerous
empty adsorption sites on the RAC-ADUF-0.1 membrane
during the early stages of adsorption,54 and the remaining
adsorption sites are difficult to be occupied over time due to
the repulsive forces between the RAC-ADUF-0.1 membrane
and the MB molecules.
The kinetic parameters and coefficients of determination

(R2) were determined by non-linear regression, as shown in
Table 4. The R2 values for the PSO kinetic model were closer
to 1 compared to the PFO model, and the fitted data for the
PSO model were close to the experimental data. Consequently,
the PSO kinetic model more accurately describes the behavior
of MB adsorption on the RAC-ADUF-0.1 membrane. We used
the Weber−Morris model to analyze the rate-determining step
of MB adsorption by the RAC-ADUF-0.1 membrane, as shown
in Figure 8c, the fitted curve is linear and not passing through
the origin, indicating that intraparticle diffusion is not the only
rate control step and that external mass transfer may also be
important in the rate control step due to the large intercept of
the linear part of the plot. Thus, the whole adsorption process
may be controlled by both external mass transfer and

Table 3. Langmuir, Freundlich, and Dubinin−Radushkevich Isotherm Constants for MB Adsorption on the RAC-ADUF-0.1
Membrane

Langmuir model Freundlich model Dubinin−Radushkevich model

qm(mg/g) KL(mL/mg) R2 RL KF(mg/g) n R2 B E R2

238.46 0.1194 0.99 0.077 60.3 0.248 0.895 0.07 2.67 0.934

Figure 8. (a) Pseudo-first- and (b) pseudo-second-order kinetic and (c) Weber−Morris model for MB adsorption on the RAC-ADUF-0.1
membrane.

Table 4. Kinetic Parameters Obtained for MB Adsorption Using PFO, PSO Kinetic Model, and Weber−Morris Model

Pseudo-first-order kinetic model Pseudo-second-order kinetic model Weber−Morris model

qe,cal(mg/g) k1(min−1) R2 qe,cal(mg/g) k2(g mg−1 h−1) R2 Ki(g mg−1 min−0.5) C(mg/g) R2

153.46 0.2332 0.986 156.81 0.00407 0.992 0.207 140.12 0.927
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intraparticle diffusion, with intraparticle diffusion playing a
dominant role in the control of the adsorption proc-
ess.47,49,52,55,56

3.5. Adsorption of MB by Dynamic Filtration. To
investigate the RAC-ADUF-0.1 membrane in practical
operation applications, the membrane performance for MB
removal was further investigated in continuous filtration.
Figure 9a compares the removal efficiency of the PSF
membrane and the RAC-ADUF-0.1 membrane for MB at a
fixed flow rate (0.526 mL/min), and it can be seen that the
removal efficiency of MB by PSF is almost 0. This is because
the sieving mechanism of the UF membrane is mainly size
sieving, and the MB molecular size is much smaller than that of
the pore size of the UF membrane.57 Therefore, MB can
completely pass through the UF membrane. On the contrary,
because RAC has a more excellent adsorption performance, the
removal efficiency of MB by RAC-ADUF-0.1 membrane
reaches 99%. In addition, the flow rate affects the mass-
transfer process of MB to the adsorption sites during the
dynamic filtration and adsorption process. Figure 9b reflects
the removal efficiency of MB removal by adsorption of the
RAC-ADUF-0.1 membrane at different flow rates. It can be
seen that when the flow rate was 0.526 mL/min, the RAC-
ADUF-0.1 membrane was able to reach about 98% of MB
removal; however, when the flow rate was increased to 1.548
mL/min, the removal of MB by RAC-ADUF-0.1 membrane
decreased to 15%. When the MB flow rate is faster making its
residence time on the membrane shorter, it leaves the
membrane before adsorption equilibrium occurs. Therefore,
at higher flow rates, the RAC-ADUF-0.1 membrane cannot
effectively remove MB.

3.6. Membrane Regeneration Performance. The
regeneration and reuse of adsorption membranes are important
factors in assessing their potential for practical applications. We
employ anhydrous ethanol solutions to regenerate membranes
after the adsorption of methamphetamine. The adsorption
capacity and MB removal rate of the RAC-ADUF-0.1
membrane after the different numbers of iterations and
regeneration using desorption are shown in Figure 9c. The
adsorption efficiency and adsorption capacity of the RAC-
ADUF-0.1 membrane for MB decreased gradually with the
increase of cycles, but it still maintained more than 95%
adsorption rate after eight adsorption−desorption cycles,
indicating that the RAC-ADUF-0.1 membrane sowed excellent

regeneration performance and has a greater potential for
application in the treatment of dye wastewater.

4. CONCLUSIONS
In this study, AC was prepared from the reed rhizome residue
(Chinese herbal medicine waste residue) and fixed in the UF
membrane by phase inversion. The prepared RAC-ADUF
membrane showed an excellent antifouling ability while
maintaining excellent pure water flux (255.77 L·m−2·h−1) and
BSA rejection (99.3%). The doping of RAC into the
membrane provides the UF membrane surface with adsorption
sites and a strong removal ability (99%) for MB. The analysis
of the isothermal adsorption model and adsorption kinetic
model demonstrated that the PSO kinetic model and
Langmuir were more accurate to describe the adsorption
process, and the adsorption mechanism was mostly pore filling.
Meanwhile, the prepared RAC-ADUF membrane can also be
reused, and the adsorption efficiency of MB can still be
retained at about 95% after eight adsorption-regeneration
experiments. In conclusion, the adsorption-separation dual-
function ultrafiltration membrane was prepared by using
Chinese herbal medicine waste residue as the raw material
not only to resolve the environmental impact of waste herbs
but also to reduce the environmental pollution of small-
molecule organic dyes.
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