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Abstract: In this work, we demonstrated a strategy to design a modified starch/polyvinyl alcohol
composite (CCSP), which was employed as a highly efficient and economical fixed-bed adsorbent for
treating textile wastewater. Characterization revealed that most of the CCSP was shaped with the
morphology of sphericity, and had some water swelling properties. The crystallinity of the CCSP
was lower than that of native starch and polyvinyl alcohol, and its average particle size gradually
increased with the dosage increase of cationic starch in the preparation. Adsorption experiments
showed that the adsorption capacities of CCSP were more than 605 and 539 mg/g for Reactive Black
5 and Reactive Orange 131, respectively, which were over 10 times larger than that of commercial
activated carbon (AC). The mixture adsorbent composed of CCSP and AC could remove starch,
polyvinyl alcohol, and dyes from textile wastewater completely and simultaneously combined with
the fixed-bed technique, and its adsorption capacity was conducted as a function of the bed height
and flow rate. Most importantly, the disabled mixture adsorbent could be converted into regenerated
AC through a chemical activation process, thereby avoiding the production of solid waste. This study
will provide a new efficient green sustainable method for treating textile wastewater.

Keywords: composite microspheres; modified polyvinyl alcohol; modified starch; textile wastewater;
regenerated activated carbon

1. Introduction

The environmental problems caused by textile printing and dyeing wastewater have become the
focus of attention. Typical textile printing and dyeing wastewater usually contains dyes, polyvinyl
alcohol (PVA), starch, and so on [1,2]. Some dyes may be further degraded into toxic and carcinogenic
substances, which will affect human health [3]. The efficient and complete removal of dyes from
effluents is necessary. Starch and PVA in textile printing and dyeing wastewater have a great influence
on the reoxygenation behavior of bodies of water. As a result of the high chemical oxygen demand
(COD) values and lower biodegradability, PVA is difficult to remove from textile wastewater by simple
treatment facilities [4,5]. A lot of technologies, including flocculation, membrane separation, chemical
oxidation, and degradation, have been studied for treating dye wastewater [6–9] or for treating
PVA-containing wastewater [5,10–13], but so far, there have been no reports on the simultaneous
removal of dyes, PVA, and starch from textile printing and dyeing wastewater. These methods also
have many difficulties for industrial application, due to the high cost of investment and operation,
complicated processes, and inability to remove pollutants completely [5,12,14]. By contrast, adsorption
is one of the most efficient and reliable textile wastewater treatment techniques [15–17], and fixed-bed
adsorption is often desired from an industrial point of view, because of its advantages of its 100%
pollutant removal ability from wastewater, lower floor space, and lower cost of equipment investment
and operation [18–22]. Many studies have been conducted on the dye adsorption properties of
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various adsorbents used in fixed beds, such as agricultural waste, chitosan-based materials, zeolites,
and industrial by-products, etc. [18,23–25]; however, these adsorbents usually have defects with a
low adsorption capacity. Up until now, activated carbon (AC), although its removal efficiencies for
organic dyes are still relatively low [26,27], is still the most commonly used adsorbent for industrial
wastewater treatment [28,29]. Therefore, in order to remove dye, polyvinyl alcohol, and starch from
textile wastewater simultaneously, it is necessary to develop an efficient and low-cost fixed-bed
adsorbent alternative.

Starch and its derivatives are of increasing interest because of their higher biodegradability and
renewability [30,31]. Cationic starch derivatives with quaternary ammonium groups are commonly
prepared through the reaction of starch with 3-chloro-2-hydroxypropyltrimethylammonium chloride
(CHPTAC) [32,33]. As a result of the strong quaternary ammonium groups, cationic starch derivatives
can adsorb anionic compounds, and have been widely utilized for removing various ions and organic
pollutants from wastewater [34–36]. PVA possesses hydrophilic, biocompatible, and nontoxic characters.
PVA derivatives are important functional polymers, and are widely used in paper, medicine, and
water treatment [37–39]. Nevertheless, so far, there have been no reports on the synthesis of modified
starch/PVA composite microspheres and their applications in textile wastewater treatment.

In this paper, the cationic cross-linked starch/PVA composite microspheres (CCSP) were
synthesized for the purpose of removing the starch, PVA, and dyes from the textile wastewater
concurrently, and their properties were determined. Combined with fixed-bed adsorption techniques,
the adsorption capacities of CCSP for treating textile wastewater were investigated. Most importantly,
the CCSP used exhibited great sustainable reutilization by converting into regenerated AC, thereby
avoiding secondary solid-waste pollution. It is expected that the strategies shown in this work will
provide new inspiration and ideas for the development of environmentally-friendly textile wastewater
treatment techniques.

2. Materials and Methods

2.1. Materials

Corn starch containing approximately 71% amylopectin and 29% amylose was supplied by Tianjin
Tingfung Starch Development Co., Ltd., Tianjin, China. Polyvinyl alcohol (PVA; 1700 degrees of
polymerization, 99% hydrolyzed) was obtained from China Petroleum and Chemical Corporation,
Shanghai, China. 3-Chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC) was obtained
from Sigma-Aldrich Chemie Gmbh, Steinheim, Germany. Colour Index (C.I.) Reactive Black 5 and
C.I. Reactive Orange 131 were supplied by BASF SE, Ludwigshafen, Germany. Their structures are
displayed in Figure 1. The commercial activated carbon (AC) was purchased from Ningxia Huahui
Activated Carbon Company (Yinchuan, China), and its methylene blue number was 225.3 mg/g. All of
the other chemicals were of analytical grade, obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), without further purification.
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2.2. Preparation of Modified Starch/PVA Composites

Cross-linked cationic PVA (CCP) was obtained by a two-stage process. First, the cationic PVA (CP)
was prepared by PVA with CHPTAC, in the presence of sodium hydroxide, at 40 ◦C for 4 h [40]. In the
second step, 7.2 g of Span-80 was added into 100 g of cyclohexane and was stirred, and was then added
into 50 g of a cationic PVA aqueous solution (5 wt%). The mixture was homogenized at 6000 r/min by
a high-shear dispersion homogenizer for 30 min to form a stable W/O emulsion system. Then, 12 g
of a borax solution (2.5 wt%) was dropwise added into the mixture within 30 min, and continued to
react for another 4 h at 35 ◦C. Finally, it was centrifuged, washed with acetone, and dried in an oven at
40 ◦C. Thus, the CCP microspheres were obtained. The degree of substitution of synthesized CP was
0.24 (2.99 mmol/g of the cationic group content), which was calculated based on the content of the
element nitrogen. Cross-linked cationic starch (CCS) and cationic starch (CS) were prepared using
borax and CHPTAC as a cross-linking agent and cationic reagent, respectively, in the same way as the
above methods. The degree of substitution of the synthesized CS was 0.39 (1.76 mmol/g of the cationic
group content), calculated from the nitrogen content.

The modified starch/PVA composite sample (denoted as CCSP1) was prepared based on the
preparation procedures of CCP, by replacing only the CP with a mixture of CS and CP (CS/CP with a
mass ratio of 2:1). The same treatments were repeated in order to obtain the samples of CCSP2 and
CCSP3, by changing only the mass ratios of CS/CP from 2:1 to 1:1 and 1:2, respectively.

2.3. Characterization

The FT-IR spectra of the samples were measured using a Nicolet IS 10 FT-IR spectrophotometer
(Nicolet, Madison, Wis., USA). The particle size analyses were carried out using a laser
light-scattering-based particle sizer (Rise-2028, Jinan, China), and ethyl alcohol and distilled water
were used as the dispersion medium. The sample microtopography was observed using a scanning
electron microscope (SEM; JSM-6400, Tokyo, Japan), and the morphology was observed using a
transmission electron microscopy (TEM; JEOL JEM-2100F, Tokyo, Japan). The samples were treated
with supersonic dispersion before the TEM measurement [41]. The crystalline structure of the samples
was examined using powder X-ray diffraction (XRD; DX2700, Dandong, China). The surface charges
of the samples were obtained by a Zeta potential analyzer (Malvern-Zetasizer nano ZS, Malvern, UK)
under neutral conditions.

2.4. Adsorption Studies

The adsorption properties of the samples were investigated using a fixed-bed column (1.2 cm
in diameter × 30 cm in height) connected to a spectrophotometer detector. The fixed-bed column
was prepared according to the method of Zhang et al. [42]. In view of this, the microsphere samples
(CCS, CCP, and the CCSPs) had some of the swelling properties of water absorption, and diatomite or
activated carbon were chosen as the filter aid to increase the space velocity of the fixed-bed column.
The column was filled with a mixture adsorbent composed of microsphere samples (5 g) and diatomite
(5 g; as the filter aid), or a mixture adsorbent composed of microsphere samples (5 g) and activated
carbon (5 g), or only 10 g of activated carbon. The microsphere samples, diatomite, and commercial
activated carbon were all sieved into a particle size range of 200–300 mesh. The simulated wastewater
was continuously fed to the top of the column at a flow rate of 2 mL/min, which was controlled by a
peristaltic pump at room temperature. The absorbance readings were taken at set time intervals to
analyze the solutions leaving the column. Among these, iodine and potassium iodide solutions and
iodine-boric acid solutions were used as color developing agents for solutions containing starch and
PVA, respectively. The simulated wastewater used in this study included dye wastewater (0.5 g/L),
starch solution (0.1 g/L), PVA solution (0.1 g/L), and simulated textile wastewater (0.5 g/L of Reactive
Orange 131, 0.1 g/L of starch, and 0.1 g/L of PVA). The volumes of the completely purified effluent
solution were recorded. The adsorption capacities of the adsorbents were calculated based on the
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volumes of the completely purified effluent. As for the simulated textile wastewater, the adsorption
capacity was the sum of the adsorption amount for each component. The effect of the bed height (9.5,
7.6, and 5.7 cm) and flow rate (2, 3, and 4 mL/min) on the column adsorption capacity of the mixture
adsorbent (CCSP2 and AC) to treat the textile wastewater was investigated. The effluent solution was
analyzed to yield output concentration breakthrough curves.

2.5. The Recycle of Disabled Adsorbent

After adsorption, the disabled mixture adsorbent was recycled as follows. First, the disabled
adsorbent was dried at 110 ◦C for 12 h under an air atmosphere, and then carbonized at 350 ◦C for
3 h under an N2 atmosphere. Next, the carbon spheres were impregnated with the activating agent
KOH [43], and the activation process was carried out at 850 ◦C for 2 h under an N2 atmosphere. The
obtained material, signed as regenerated activated carbon (RAC), was washed with diluted HCl and
deionized water separately, and finally dried.

The schematic representation of the adsorption-recycle process is shown in Figure 2.
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Figure 2. Schematic representation of the adsorption-recycle process. PVA—polyvinyl alcohol;
CHPTAC—3-chloro-2-hydroxypropyltrimethylammonium chloride.

3. Results

3.1. FT-IR Analysis

The FT-IR spectra of samples are shown in Figure 3(1). It can be seen that the main absorption
bands for CCSP2, as depicted in curve c, were found at 3396, 2931, 1444, and 1027 cm−1. The peak at
3396 cm−1 was attributed to the stretching vibration of hydroxyl. The peak at 2931 cm−1 was caused by
the stretching vibration of C–H. The peak at 1027 cm−1 was attributed to the stretching vibration of
C–O–C. The peak at 1444 cm−1 was assigned to the bending vibration of C–N [32,44]. For the FT-IR
spectra of (a) CCS, the peaks at 3404, 2926, and 1018 cm−1 were attributed to the stretching vibration of
O–H, C–H, and C–O–C, respectively. The peak at 1430 cm−1 in curve b (CCP) was similarly assigned
to the bending vibration of C–N. The FT-IR spectra of the mixture adsorbent composed of CCSP and
AC before and after treating the textile wastewater are shown in Figure 3(2); it can be seen that the
characteristic peak of the hydroxyl group (3419 cm−1) was enhanced relatively after treating the textile
wastewater, and the peak at 1475 cm−1 confirmed the existence of azo groups in the dye molecules.



Polymers 2020, 12, 289 5 of 13
Polymers 2020, 12, x FOR PEER REVIEW 5 of 13 

 

 

Figure 3. (1) The FT-IR spectra of (a) cross-linked cationic starch (CCS), (b) cross-linked cationic PVA 

(CCP), and (c) CCSP with a mass ratio of CS/CP of 1:1 (CCSP2). (2) The FT-IR spectra of the mixture 

adsorbent was composed of CCSP2 and activated carbon (AC), (a) before and (b) after treating the 

textile wastewater. 

3.2. XRD Analysis 

As shown in Figure 4, it can be clearly seen that corn starch exhibited a typical A-type XRD 

pattern [45], and strong diffraction bands centered at about 15°, 17°, 18°, and 23° (2θ degrees). 

However, the XRD pattern of CCS had only a dispersed broad peak, and the crystallization peaks of 

starch disappeared (see curve c), indicating that the modification could inhibit the crystallization of 

starch molecules [45]. As for PVA, the intensity of its crystallization peak also significantly decreased 

after cross-linking and cationic modification. The XRD pattern of CCSP2 was similar to that of CCP. 

 

Figure 4. The XRD patterns of (a) starch, (b) PVA, (c) CCS, (d) CCP, and (e) CCSP2. 

3.3. SEM and TEM Analysis 

From the SEM images (Figure 5 a–e), the particle sizes of CCS were larger than those of the other 

four samples. The morphology of most of the CCP was shaped with a good sphericity, although some 

particles congregated together. It can be obviously seen that the particle sizes of the CCSPs were all 

larger than that of CCP, but smaller than that of CCS, and gradually increased with the dosage 

increase of cationic starch in its preparation. This result was in good agreement with the analysis of 

the TEM images (see Figure 5 f–h). 

Figure 3. (1) The FT-IR spectra of (a) cross-linked cationic starch (CCS), (b) cross-linked cationic PVA
(CCP), and (c) CCSP with a mass ratio of CS/CP of 1:1 (CCSP2). (2) The FT-IR spectra of the mixture
adsorbent was composed of CCSP2 and activated carbon (AC), (a) before and (b) after treating the
textile wastewater.

3.2. XRD Analysis

As shown in Figure 4, it can be clearly seen that corn starch exhibited a typical A-type XRD
pattern [45], and strong diffraction bands centered at about 15◦, 17◦, 18◦, and 23◦ (2θ degrees). However,
the XRD pattern of CCS had only a dispersed broad peak, and the crystallization peaks of starch
disappeared (see curve c), indicating that the modification could inhibit the crystallization of starch
molecules [45]. As for PVA, the intensity of its crystallization peak also significantly decreased after
cross-linking and cationic modification. The XRD pattern of CCSP2 was similar to that of CCP.

Polymers 2020, 12, x FOR PEER REVIEW 5 of 13 

 

 

Figure 3. (1) The FT-IR spectra of (a) cross-linked cationic starch (CCS), (b) cross-linked cationic PVA 

(CCP), and (c) CCSP with a mass ratio of CS/CP of 1:1 (CCSP2). (2) The FT-IR spectra of the mixture 

adsorbent was composed of CCSP2 and activated carbon (AC), (a) before and (b) after treating the 

textile wastewater. 

3.2. XRD Analysis 

As shown in Figure 4, it can be clearly seen that corn starch exhibited a typical A-type XRD 

pattern [45], and strong diffraction bands centered at about 15°, 17°, 18°, and 23° (2θ degrees). 

However, the XRD pattern of CCS had only a dispersed broad peak, and the crystallization peaks of 

starch disappeared (see curve c), indicating that the modification could inhibit the crystallization of 

starch molecules [45]. As for PVA, the intensity of its crystallization peak also significantly decreased 

after cross-linking and cationic modification. The XRD pattern of CCSP2 was similar to that of CCP. 

 

Figure 4. The XRD patterns of (a) starch, (b) PVA, (c) CCS, (d) CCP, and (e) CCSP2. 

3.3. SEM and TEM Analysis 

From the SEM images (Figure 5 a–e), the particle sizes of CCS were larger than those of the other 

four samples. The morphology of most of the CCP was shaped with a good sphericity, although some 

particles congregated together. It can be obviously seen that the particle sizes of the CCSPs were all 

larger than that of CCP, but smaller than that of CCS, and gradually increased with the dosage 

increase of cationic starch in its preparation. This result was in good agreement with the analysis of 

the TEM images (see Figure 5 f–h). 
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3.3. SEM and TEM Analysis

From the SEM images (Figure 5a–e), the particle sizes of CCS were larger than those of the other
four samples. The morphology of most of the CCP was shaped with a good sphericity, although some
particles congregated together. It can be obviously seen that the particle sizes of the CCSPs were all
larger than that of CCP, but smaller than that of CCS, and gradually increased with the dosage increase
of cationic starch in its preparation. This result was in good agreement with the analysis of the TEM
images (see Figure 5f–h).
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Figure 5. SEM images of (a) CCS, (b) CCP, (c) CCSP1, (d) CCSP2, and (e) CCSP with a mass ratio of
CS/CP of 1:2 (CCSP3). TEM images of (f) CCSP1, (g) CCSP2, and (h) CCSP3.

3.4. Particle Size Analysis

The particle size distributions of CCS, CCP, and the CCSPs are shown in Figure 6. From Figure 6,
no matter whether using ethyl alcohol or distilled water as the dispersion medium, the average
diameter of CCS was the largest, while the average diameter of CCP was the smallest out of the
five samples. This result was in good agreement with the morphology analyses of the samples (see
Figure 5). The average diameters of the five kinds of microsphere samples all increased obviously
when the dispersion medium was changed from ethyl alcohol to distilled water, indicating that CCS,
CCP, and the CCSPs all had some of the swelling properties of water absorption. This result meant
that the microsphere samples should be used together with filter aids (diatomite or activated carbon)
in the column adsorption process.
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3.5. Application in Wastewater Treatment

The adsorption properties of the samples were investigated using the fixed-bed column. Previous
research has shown that the cationic group built-in CCS molecule could interact with dye molecules in
wastewater via charge neutralization [46]. The results of the fixed-bed column adsorption experiments
are shown in Table 1. Among these, the adsorption capacities of CCS, CCP, the CCSPs were calculated
by subtracting the adsorption capacity of diatomite from that of the corresponding mixture adsorbents.

Table 1. The results of the fixed-bed column adsorption experiments.

Simulated Wastewater
Solutions

The Adsorption Capacity (mg/g)

CCS CCP CCSP1 CCSP2 CCSP3 AC
Mixture

Adsorbent
(CCSP2 and AC)

Reactive Black 5 572.0 693.5 605.0 629.5 661.0 54.0 378.0
Reactive Orange 131 494.0 605.5 539.0 560.0 573.5 48.0 340.5

Starch solution 12.4 9.3 11.4 10.6 9.9 16.2 14.4
PVA solution 7.7 16.2 10.1 13.4 15.1 19.6 17.7

Textile wastewater 40.6 52.5 68.6 73.5 60.9 56.7 93.1

From Table 1, CCS, CCP, and the CCSPs all had a much larger adsorption capacity than that of AC
when treating simulated dye wastewater, and CCP had the largest dye adsorption capacity, owing to
its highest cationic group content. Meanwhile, they all had a smaller adsorption capacity than that of
AC when treating a starch or PVA solution. CCS had a better adsorption capacity than that of CCP
and the CCSPs when treating a starch solution, but CCP had a better adsorption capacity than that
of CCS and CCSPs when treating a PVA solution. All of the CCSPs had a larger adsorption capacity
than that of CCS, and had a smaller adsorption capacity than that of CCP when treating the simulated
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dye wastewater and PVA solution. Inversely, all of the CCSPs had a smaller adsorption capacity than
that of CCS, and had a larger adsorption capacity than that of CCP when treating a starch solution.
The composition of the CCSPs had a great influence on their adsorption capacity. The adsorption
capacities of the CCSPs for Reactive Black 5, Reactive Orange 131, and PVA all gradually increased
with the dosage increase of cationic PVA in their preparation, but decreased for starch. These results
indicated that the adsorption capacities of the CCSPs could be developed based on the respective
advantages of CCS and CCP when they were used to treat practical textile wastewater. Compared with
CCS and CCP, the adsorption capacity of the CCSPs increased significantly when treating simulated
textile wastewater. The adsorption capacities of the CCSPs were over 10 times larger than that of
the commercial activated carbon (AC) when treating dye wastewater. According the zeta potential
analysis (see Table 2), the surfaces of the CCSPs all possessed a high positive charge, whereas the dye
molecules had negative charges in the solutions. This means an electrostatic interaction between the
cationic group built-in CCSP and dye molecules there should exist [46]. In addition, CCSP had quite
a similar molecular structure, with both the starch and PVA molecules, indicating that a hydrogen
bonding mechanism might also exist. Therefore, the electrostatic interaction and hydrogen-binding
interaction might be the main adsorption mechanisms of CCSP for treating textile wastewater.

Table 2. The zeta potential of the prepared microspheres.

Adsorbents Zeta Potential (mV)

CCS 20.3
CCP 30.4

CCSP1 22.7
CCSP2 26.2
CCSP3 28.1

It is worthwhile to note that the mixture adsorbent composed of CCSP2 and AC (1:1 in weight)
had the largest adsorption capacity compared with the other adsorbents when treating the simulated
textile wastewater, which indicated that the combination of AC and CCSP2 could show an obvious
synergetic effect on each other for adsorption, and that the starch, PVA, and dyes could be removed
effectively from the simulated textile wastewater simultaneously. The effect of the bed height and
flow rate on the adsorption capacity of the mixture adsorbent (CCSP2 and AC) to treat the textile
wastewater was investigated, and the results are shown in Table 3. It can be found that the column
adsorption performance of the mixture adsorbent could be enhanced at a higher bed height and lower
flow rate. The reason for this could be that the residence time of the adsorbate molecules in fixed-bed
columns could be longer at the higher bed height and at the lower flow rate, and more adsorbate
molecules would establish the adsorption equilibrium in the column [18,25]. As shown in Figure 7, the
breakthrough curves of the dye, starch, and PVA were diverse from each other, and the breakthrough
point, defined as the point at which the pollutant concentration (any one of starch, or PVA, or dyes)
of the effluent reached to above zero, of the starch first appeared, while at this point, the mixture
adsorbent still had a high adsorption capacity to the dye and PVA. This result indicated that it could
obtain the higher adsorption ability for treating textile wastewater by adjusting the composition of the
mixture adsorbent based on the breakthrough curves of the adsorbates.
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Table 3. Effect of bed height and flow rate on the column adsorption capacity of the mixture adsorbent
(CCSP2 and AC) to treat the textile wastewater.

Bed Height (cm) Flow Rate (mL/min) The Adsorption Capacity (mg/g)

9.5 (10g) 2 93.1
7.6 (8g) 2 88.9
5.7 (6g) 2 80.5
9.5 (10g) 3 86.8
9.5 (10g) 4 77.0
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3.6. The Recycle of Disabled Adsorbent

After treating the simulated textile wastewater, the particle surfaces of the mixture adsorbent
composed of CCSP and AC would gather a large amount of starch, PVA, and dyes. It was difficult
to be regenerated by the conventional desorption methods. In order to avoid producing solid waste,
a chemical activation process was carried out to convert these disabled adsorbents into regenerated
activated carbon. The SEM images of the original activated carbon (AC) and the regenerated activated
carbon (RAC) that came from the disabled mixture adsorbent composed of CCSP2 and AC (mass ratio
of 1:1) are shown in Figure 8. As can be seen from Figure 8, significant differences in the morphology
of the RAC and AC were observed. The average particle size of the RAC was obviously smaller than
that of the AC, and some honeycomb-shaped porous carbons were developed after carbonization.
The Brunauer-Emmett-Teller (BET) data (see Table 4) showed that the RAC had a larger surface area
and pore volume than that of AC. This result indicated that the starch and PVA in CCSP2 should be
converted into biomass carbon and porous carbon after carbonization [47,48]. It is worth mentioning
that the adsorption capacity of RAC on the simulated textile wastewater was higher than that of the
original activated carbon, no matter whether used alone or in combination with CCSP2 (see Figure 9).
This result indicated that the mixture adsorbent composed of CCSP2 and AC exhibited the advantages
of a high adsorption capacity, recycling ability, and no solid waste when it was used as the adsorbent
of the fixed-bed to treat the simulated textile wastewater.
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Table 4. Characterization of the regenerated activated carbon (RAC) and AC.

Characterization BET Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore Diameter
(nm)

AC 386 0.39 4.12
RAC 581 0.53 3.13
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4. Conclusions

A novel modified starch/polyvinyl alcohol composite (CCSP) was prepared and employed as a
highly efficient adsorbent for textile wastewater treatment. The CCSP was shaped with sphericity, and
had some of the swelling properties of water absorption and a lower crystallinity. The dye adsorption
capacity of CCSP was much larger than that of AC. The mixture adsorbent composed of CCSP and
AC could make full use of the respective advantages of its components, and could remove starch,
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PVA, and dyes from the textile wastewater simultaneously, combined with the fixed-bed adsorption
technique. The fixed-bed column adsorption process could be influenced by the bed height and flow
rate. After adsorption, the disabled mixture adsorbent was converted into regenerated activated
carbon for sustainable use by the chemical activation process, and the regenerated activated carbon
had a higher adsorption capacity to the textile wastewater than AC. The developed method, through
fixed-bed adsorption using CCSP, would be an excellent green textile wastewater treatment, on account
of the high adsorption capacity, recycling ability, and no solid waste.
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