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Abstract A new surface dicarboxylatic kapok fiber (DC-KF) was prepared by
surface modification. During the sorbent preparation, the response surface
methodology based on the experimental design of central composite design was
employed to select the optimum conditions. Fourier transform infrared, scanning
electron microscopy, X-ray diffraction, thermogravimetry, and X-ray photoelectron
spectroscopy were employed to investigate the structures of raw, wax removed, and
surface DC-KF. As a novel sorbent, it was used in removing cationic dyes of natural
red, methylene blue, and rhodamine 6G. The influences of contact time, pH, dye
concentration, and ionic strength on dye removal were studied. The adsorption
kinetics and isotherms were analyzed. Results showed that the dyes adsorbed onto
DC-KF could reach the equilibrium within 1 h. The maximum adsorption capacities
calculated from the Langmuir model were 816.4, 524.4, and 613.4 mg/g for NR,
MB, and Rh-6G, respectively. The pH and ionic strength had a significant effect on
dye removal. Excellent regeneration property demonstrated that DC-KF had the
potential of actual applications. For its high adsorption capacity, excellent regen-
eration, low cost, simple preparation, and complete environmental friendliness, DC-
KF will be an excellent candidate for treating cationic dye polluted water.
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Introduction

Dyes have brought us a vivid and colorful world. However, hazards lurk when we
enjoy this visual banquet. Many dyes are discharged by dyeing, tannery, textile, and
paint industries [20, 36]. The discharged dyes in water with strong color will adsorb
sunlight and reduce light penetration, which will affect the growth of aquatic
organisms and microbes. Also, toxicity, dissolved oxygen consumption, and bio-
recalcitrant will lead to huge risks to environmental safety [3, 18]. Involved are
three types of dyes: anionic dyes, reactive dyes, and cationic dyes. Among those,
cationic dyes are more toxic because of their high tinctorial values and facility of
combining with negatively charged phospholipid bilayers of the cell membrane,
which will especially impede the growth of plants [7]. Therefore, there are
responsibilities and challenges to control and manage cationic dye contamination.
At present, many feasible methods, including adsorption [10, 26], ion-exchange [7],
biological [24], photodegradation [46], and chemical oxidation [9], have been much
investigated for dye removal from wastewater [47]. Among these methods, due to
the simple operation, high removal efficiency, low secondary pollution, and
abundant raw material source, adsorption is the most attractive method [45, 48].
However, to be an ideal adsorbent, it is obligatory to provide the characterizations
of efficiency, economy, and biodegradation. Natural materials always have the
properties of economy and biodegradation. However, few of them are efficient.
Therefore, modification is necessary for them to serve as ideal adsorbents.

Kapok fiber (KF) is a type of agriculture product that is obtained from the fruits
of the silk-cotton tree [39]. It has a distinct hollow-tube structure with a hollow rate
of above 86 %, and a wall thickness of about 0.8—1.0 um [17]. The walls mainly
comprise about 64 % cellulose, 13 % lignin, 2.5 % xylan, and 0.8 % wax [32]. Due
to the properties of hydrophobic, as an adsorbent, KF is gaining more attention as an
alternate for oil removal [5, 40-42], rarely in aqueous solution [12, 56]. Some
researches have reported that the cellulose and lignin can remove dyes from aqueous
solution [4, 36]. However, for KF, the hydrophobicity and low density make it
difficult to disperse in aqueous solutions. Therefore, it is a prerequisite to change the
wettability of KF to achieve hydrophilicity so as to be used as a dye adsorbent.
Treating with sodium chlorite to remove the surface wax is an effective method for
KF to gain hydrophilicity [21]. Additionally, for cationic dye removal, it is better for
the adsorbent to contain some functional groups, such as a sulfonic acid group or a
carboxyl group, which can possess negative points in aqueous solution. It has been
reported that 2,3-dicarboxy cellulose can be easily obtained by treating cellulose
with sodium periodate and sodium chlorite [22]. So, based on the high cellulose
content of KF, it is available to generate carboxyl groups on the surface of KF by
surface modification.

According to the numerous advantages, KF here is employed to prepare a new
adsorbent [surface 2,3-dicarboxy cellulose kapok fiber (DC-KF)] for cationic dye
removal, which has excellent hydrophilicity, and is fully environmentally friendly.
To select the optimum conditions, response surface methodology (RSM), an
experimental strategy for seeking the optimum conditions for a multivariable
system, is an efficient technique for optimization and is employed [11]. In this work,
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RSM uses the experimental design of central composite design (CCD) to fit the
model by least squares technique [1].

Materials and methods
Materials

Kapok fiber with a length of 50-100 pm was supplied by Prof. Jian Xu’s group from
Sichuan Province. Sodium chlorite, sodium periodate, calcium chloride, and Natural
red (NR) were bought from Tianjin Guangfu Fine Chemical Research Institute.
Rhodamine 6G (Rh-6G) was obtained from J&K Scientific Limited. Methylene blue
(MB) was purchased from Sanxi’an chemical reagent factory. All reagents were
used as received, and all aqueous solutions were prepared with distilled water.

Preparation of DA-KF

Firstly, the KF was treated with sodium chlorite to remove the botanic wax [21]. In
detail, 6 g of KF was dispersed in 400 ml of NaClO, solution and stirred for 1 h at
70 °C. Then the fibers were washed to neutrality with distilled water and dried at
60 °C under vacuum. The treated KF was labeled as TKF. The surface 2,3-
dialdehyde cellulose kapok fiber (DA-KF) was prepared by the method of surface
in situ oxidation. As follows: with stirring, 0.25 g of TKF was dispersed in 30 ml of
distilled water, and 0.2 g CaCl, was added as a cellulose activator [34]. An
appropriate amount of NalO, was added while the temperature reached the designed
value and was stirred for 3 h in dark and then washed to neutrality with distilled
water and filtered. After freeze drying, the DA-KF was obtained. The surface
reaction process is shown in Scheme 1.

Preparation of DC-KF

For DC-KF preparation, NaClO, played the role of mild oxidant. In the process,
0.2 g DA-KF was dispersed in 50 ml of solution with NaClO, concentration of
0.05 M and the pH value of 5.0 (adjusted by acetic acid). After the mixture was
stirred for 24 h, the DC-KF was obtained. The oxidation reaction is shown in
Scheme 2.
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Scheme 2 Sodium chlorite OH
oxidation of DA-KF OH
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Central composite design

CCD was employed for the optimization of two variables, which are the amount of
NalO,4 and reaction temperature in DA-KF preparation. The prepared DA-KF was
further oxidized to DC-KF by a slight excess of NaClO, with the same amount. In
this design model, the reaction temperature (60—80 °C) and the amount of NalO,
(0.15-0.35 g) were taken as input variables (Table 1), and the adsorption capacities
of DC-KF for NR, MB, and Rh-6G were taken as the responses. Response surface
was created using Design Expert Software Version 8.0.6 (STAT-EASE Inc.,
Minneapolis, MN, USA).

Characterization

FTIR spectra were recorded on a Thermo Nicolet NEXUS TM spectrophotometer
using KBr pellets in the range of 400-4000 cm ™. The micrographs of samples were
observed using SEM (JSM-5600LV, JEOL) after fixing the samples on aluminum
stubs and coating with gold. The specific surface area of samples was determined by
nitrogen adsorption—desorption isotherms at 77 K using Brunauer—-Emmett—Teller
method (BET, ASAP2020, Micromeritics Inc.). The XRD patterns were obtained
from D8 ADVANCE X-ray diffractometer equipped with a Cu-Ka radiation source.
Thermogravimetry (TG, STA449F;) was employed to determine the thermal
stability of samples. The thermograms were obtained under a nitrogen atmosphere
at a uniform heating rate of 2.5 °C/min from ambient temperature to 600 °C. The
X-ray photoelectron spectroscopy (XPS: AMICUS) analysis was carried out by
using Al Ko X-ray source (1258.6 eV).

Adsorption and desorption
The adsorption experiments were carried out by mixing 10 mg DC-KF with 50 ml

of dye solution in 100-ml Erlenmeyer flasks in a thermostatic shaker with constant
shaking at 140 rpm. Among those, 0.1 M NaOH and 0.1 M HCI were employed to

Table 1 Experimental range and levels of independent variables for the process of DA-KF preparation

Factors Range and levels (coded)

—1 level +1 level —alpha +alpha
Reaction temperature (°C) 60 80 55.86 84.14
Amount of NalO, (g) 0.15 0.35 0.11 0.39
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adjust the pH value. After adsorption, the absorbent was collected by centrifugation,
and the concentrations of dyes before and after adsorption were determined through
Vis spectrophotometry (V-1100D) at 530, 658, and 523 nm for NR, MB, and Rh-
6G, respectively. The adsorption kinetics was firstly conducted at various contact
time ranging from O to 3 h at 25 °C with initial dye concentration of 200 mg/I at
neutral pH. The pH-dependence adsorption was investigated by adjusting the pH
from 3.0 to 8.0 for NR, 2.0 to 10.0 for MB, and Rh-6G respectively, with an initial
concentration of 200 mg/l, time of 3 h and temperature of 25 °C. The adsorption
isotherm study was carried out in different dye initial concentrations ranging from
50 to 300 mg/1, with the time of 3 h, temperature of 25 °C, and pH value of 7.0. To
study the effect of ionic strength on dye removal, the sodium chloride (NaCl) was
employed to adjust the solution ionic strength ranging from 0 to 0.2 M, keeping the
initial concentration of 165 mg/l for NR, 210 mg/l for MB, and 200 mg/I for Rh-
6G, time of 3 h, pH of 7.0, and temperature of 25 °C, respectively. HCI (0.1 M),
NaOH (0.1 M) and ethyl alcohol were used for desorption, respectively. Desorption
efficiency was investigated to select the most efficient desorption reagent.

Results and discussion
Characterizations of samples

The FTIR spectra of KF, TKF, DA-KF and DC-KF are displayed in Fig. 1A.
Compared with raw kapok fiber, the NaClO, treated kapok fiber (TKF) had a
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Fig. 1 A FTIR spectra of a KF, b TKF, ¢ DA-KF, and d DC-KF. B SEM images of a TKF, b DC-KF.
C XRD pattern of a KF, b TKF and ¢ DC-KF. D DTG curves of KF, TKF, and DC-KF
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broader and stronger band at 3405 cm™', which was assigned to O—H stretching
vibration mainly from cellulose or lignin, implying the successful removal of plant
wax from fiber surface and the increment of cellulose hydroxyl groups [39].
However, the absorption peak belonged to C=O stretching vibration of ketones,
carboxylic groups, and esters in lignin and acetyl ester groups in xylan at
1740 cm ™! [42] had no obvious change, which indicated that the NaClO, treatment
had no destruction to lignin and xylan. After treating with NalOy, the band of O-H
stretching vibration had a blue shift and moved to 3421 cm ™. This was attributed to
that the conjugated structure of cellulose was broken, and some hydroxyl of
cellulose on the TKF surface might be oxidized to aldehyde by NalO, and the
formed 2, 3-dialdehyde cellulose. For DC-KF spectra, there was a new and strong
band that appeared at 1623 cm™' corresponding to bending vibration of water. This
may be because of the combination of the formed dicarboxylic and water.

SEM images of TKF and DC-KF are shown in Fig. 1B. It was observed that the
structures of air-filled lumen kept integrated after being treated with NaClO, and
further oxidation. The surface of TKF was smooth and silky, however, some gullies
were observed on a rough surface after two oxidation processes. The results
demonstrated that the surface but the structure of fibers had some changes after the
NaClO, treating and further oxidation. Additionally, the measured BET surface of
DC-KF was 3.47 mZ/g, while the TKF and KF BET surfaces were only 1.34 and
0.78 m*/g.

The XRD patterns in Fig. 1C show two major diffraction peaks close to 15.5 and
22.1 corresponding to the (101) and (002) peaks for all the samples. Clearly, the
intensity of each peak for samples was decreased in the order of KF, TKF, DC-KF,
which indicated varies of crystallinities. According to the method of segal, the
crystallinity index Crl was determined follows Eq. (1) [39]:

:1002—1

Crl 100 % (1)

002
where Iyp, (20 = 22.1) includes both amorphous and crystalline material, I,
(20 = 18.0) represents amorphous material only.

It was calculated that the Crl of KF, TKF, and DC-KF was 35.65, 32.74, and
26.02 %, respectively. The result demonstrated that the crystallinities of the samples
were decreasing with further treating. Interestingly, the microstructure of fibers is
maintained although the Crl decreased from 35.65 to 26.02 % (Fig. 1B).

As DTG curves show in Fig. 1D, the samples of KF, TKF, and DC-KF
demonstrated three weight loss stages. Compared with TKF and DC-KF, the first
weight loss band at around 75 °C was broader than that of TKF and DC-KF. This
was because the raw kapok fibers contained a small amount of wax, which had a
complex compound that had a low decomposition temperature. After being treated
by NaClO,, the wax on the KF surface was removed and thus resulted in a narrow
weight loss band at around 75 °C that represented the vaporization of water in
fibers. At about 303 °C, a decompose peak appeared for KF and TKF, respectively.
This result was ascribed to the weight loss of hydroxyl in cellulose. However, the
second weight loss peak of DC-KF was located at a lower temperature at about
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257 °C that corresponded to the decomposition of carboxyl [28] and hydroxyl.
Because, after KF was oxidated by NalO, and NaClO,, some other carboxyl groups
were formed, and the higher surface area of DC-KF also made the hydroxyl easier to
degradate [52]. The third weight loss stage for samples contributed to the splitting of
carbon—carbon bonds. The main degradation peak was around 349, 344, and 337 °C
for KF, TKF, and DC-KF, respectively. This was due to the larger surface area,
which contributed to easier decomposition from the fiber surface.

The XPS was employed to determine the variation of chemical composition of
samples surface. As shown in Fig. 2a—c, it is obvious that KF, TKF, and DC-KF
mainly consisted of carbon and oxygen, which corresponded to the C1 s spectrum
(284.6 eV) and Ol s spectrum (532.5 eV). However, for DC-KF, there had a Nal s
spectrum (1072 eV) regardless of C1 s and O1 s spectrum. This might be the Na™
from NaClO, or NaClO that replaced the hydrogen in carboxyl acid or hydrogen
during the formation of carboxyl groups. After being treated with NaClO,, the O/C
of TKF was increased from 27.7 to 31.9 %, which was attributed to the removal of
plant wax that mainly consisted of carbon and hydrogen on the KF surface. The O/C
was even raised to 66.4 % for DC-KF, which proved that more oxygen was
introduced on the fibers’ surface by oxidating with NalO, and NaClO,. The Ols
spectrum was curve-fitted into three component peaks with binding energies of
about 531.6 (C=0), 532.5 (C-O-C/C-O7), and 533.3 eV (-OH) to survey the
distribution of varies oxygenous groups on fibers surface. It was calculated that the
content of C=0 (mainly attribute to lignin) and —OH had little change in KF and
TKEF, but their content had increased about 3 % and decreased about 10 % for C=0
and —OH in DC-KF, respectively. This indicated that at least 3 % of —OH had
oxidated to C=0, and some —OH had formed the —ONa.
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Fig. 2 a—c XPS spectra of KF, TKF, and DC-KEF, respectively. d—f XPS analysis of Ol s spectra for KF,
TKF, and DC-KF, respectively
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RSM optimization

With the adsorption capacity of DC-KF for dye as response, the three-dimensional
response surfaces are shown in Fig. 3. It is clear that both the temperature and the
amount of NalO, in the process of DA-KF preparation had some effect on dye
removal. The values of “Prob > F” were 0.0248, 0.001, and 0.0013 for NR, MB,
and Rh-6G removal response surface model, respectively. They were all <0.05
indicated all the model terms were significant, whereas, temperature had less of an
effect on dye removal compared with NalO4. This implied that the NalO4 amount
had a bigger contribution than temperature to increase the adsorption capacity of
DC-KF. As Fig. 3 shows, the larger NalO4 amount and a higher temperature were in
favor of improving the DC-KF adsorption capacity for MB and Rh-6G. However,
they were not the best. Therefore, to obtain an adsorbent that had great adsorption
capacity for these three types of dyes, the functions of “numerical optimization”
and “point prediction” of CCD-based RSM were used to select the optimum
preparation conditions for DA-KF. As a result, when NalO, was 0.35 g and
temperature was 62.1 °C for DA-KF preparation, DC-KF had the highest predicted
adsorption amount of 723.6, 508.6, and 571.8 mg/g, while the experimental actual
values were 738.6, 507.5, and 567.2 mg/g, with the relative deviation of 2.07, 0.22,
and 0.80 % for NR, MB, and Rh-6G, respectively. According to the result of
Wang’s group, the NaClO,-treated kapok fiber had the maximum adsorption
capacity of 110.13 mg/g for MB [21]. It was found that the surface modification of
KF by oxidation enhanced the adsorption capacity for MB.

Effect of contact time and adsorption Kinetics

Adsorption kinetics based on contact time is one of the most important parameters
to decide the efficiency of an absorbent. Firstly, the effects of contact time on dye
removal were investigated as shown in Fig. 4a. The adsorption rate was quite rapid
for three dye types and the equilibrium could be reached within 1 h. More
importantly, 71.5, 97.4, and 90.3 % of the equilibriums were obtained within 1 min
for NR, MB, and Rh-6G, respectively, and 95.9 % of the equilibrium of NR removal
was completed within 20 min. This implied that removals of three types of dyes
were efficient. Additionally, the results showed that the adsorption capacities of DC-
KF for the dyes were NR > Rh-6G > MB. To further study the adsorption process,
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Fig. 3 3D response surface of adsorption capacity of DC-KF for a NR, b MB, and ¢ Rh-6G
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Fig. 4 a The effect of contact time (Cy = 200 mg/l, pH = 7.0, T = 25 °C, r = 140 rpm). b Plots of
pseudo-second-order. ¢ Intraparticle diffusion model

the adsorption kinetics were analyzed by fitting for pseudo first-order kinetics
[Eq. (2)] [8] and pseudo-second-order kinetics [Eq. (3)] [35] models, respectively.

g = kigee 4" (2)
t 1 1

I 3

@ kgt qe G)

where ¢, is the amount (mg/g) of dye adsorbed at time ¢ (min), g, is the adsorption
capacity (mg/g) at equilibrium; and k,, k; [g/(mg-min)] are the rates constant for
pseudo-first-order and pseudo-second-order models, respectively. The plot of ¢,
versus ¢ and t/q, versus t were employed to describe the pseudo-first-order and
pseudo-second-order model, respectively. The pseudo-second-order model result is
shown in Fig. 4b, and the calculated data are listed in Table 2. The result showed
that the adsorption kinetics of the three dyes fit well to the pseudo-second-order
model, which assumed that two steps were mainly existed in adsorption process.
The first one was fact that adsorbate adsorbed onto the adsorbent could reach
equilibrium quickly, and the second was a slower adsorption process, which could
continue for a long time [51].

To certify the steps involved in the process of adsorption, the intraparticle
diffusion model was analyzed by using the following expression [Eq. (4)] [23]:

qr = kptl/2 +C (4)

where K, is the diffusion coefficient, and C is a constant.

Table 2 The determined parameters of pseudo-first-order and pseudo-second-order models

Dyes Pseudo-first-order Pseudo-second-order K, [mg/(g min'?)]

ky (g/mg min) R* k> (g/mg min) R? K1 Kp» Kp3
NR 1.3306 0.9647 0.00295 0.99997 528.98 53.15 1.34
MB 4.1551 0.9979 0.00864 0.99999 497.37 1.49 0.03
Rh-6G 2.5665 0.9931 0.00266 0.99998 513.03 9.15 1.31
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The plot of g, versus '/ gives a straight line, in which K,, is the slope and C is the
intercept (Fig. 4c). It was obvious that the dyes adsorbed onto DC-KF contented
three steps. The related diffusion coefficients of these three steps for dyes
transferring to DA-KF were expressed by K,;, Kj», and K3, respectively, and the
values are calculated in Table 3. A higher diffusion coefficient meant a higher
adsorption rate, which indicated that the first step had the highest adsorption rate.
The second step was following by, and the third step had the lowest adsorption rate.
The result was explained as the first step was an instantaneous diffusion stage.
During the time, the concentrations of dyes were so high that a large amount of dyes
were rapidly adsorbed on the exterior surface of the DC-KF until all of the
adsorption sites of the exterior surface were occupied. Then, the second adsorption
step occurred. Because of the increased resistance, the adsorption rate was
decreased, which was described as dyes entered into the pores of the DC-KF and
were adsorbed on the interior surface of the ducts. Finally, with the saturation of
adsorption sites of DC-KF and the decrease of dyes concentrations, the intraparticle
diffusion rate gradually slowed down and finally reached equilibrium [49].

Effect of initial dye concentration and adsorption isotherm

The effect of initial concentration on dye adsorption onto DA-KF was investigated
in the range of 50-300 mg/l under neutral and 25 °C for 3 h. As shown in Fig. 5a,
due to the abundant adsorption sites, the dye in aqueous solution was mostly
adsorbed onto DC-KF at the dye concentration of 50 mg/l. The results demonstrated
that the adsorption capacity was linearly increased with an increase of the initial dye
concentration when the dye concentration was lower than 150 mg/l. It could reach
the maximum adsorption capacities of 786.6, 513.7, and 630.0 mg/g for NR, MB,
and Rh-6G, respectively. To further study the adsorption properties, two models, the
Langmuir isotherm [Eq. (5)] and the Freundlich isotherm [Eq. (6)], were used to
analyze the data [6, 54].

_abC, (s)
= 15bC,
Table 3 Langmuir and Freundlich isotherm parameters for dye adsorption on DC-KF
Dyes Langmuir Freundlich
b (L/mg) a (mg/g) R* Ky (mg' ™" L"/g) n R?

NR 0.5907 816.3 0.9557 416.3 6.879 0.7341
MB 0.1908 524.4 0.9938 345.4 13.228 0.9873
Rh-6G 1.4260 613.4 0.9677 355.8 8.215 0.8882
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where g, and C, are the amount of dye adsorbed per unit weight of the adsorbent
(mg/g) and the equilibrium concentration of dye (mg/l), respectively; a is the
maximum adsorption capacity (mg/g) for fitting; a is a constant related to the free
energy of adsorption (L/mg), and K and n are the constants for Freundlich model.
The isotherm parameters were determined by curve fitting (Fig. 5b) and are shown
in Table 3. By comparing the correlation coefficient (R*) value of the two models, it
was not difficult to find that three type dyes adsorbed onto DC-KF were fitted well
to Langmuir isotherm, which demonstrated that the adsorbate had equal affinity for
the whole adsorption sites [15]. Additionally, the maximum adsorption capacities,
which were obtained from Langmuir isotherm, were 816.4, 524.4, and 613.4 mg/g
for NR, MB, and Rh-6G, respectively, are higher than many previous adsorbents
(Table 4). This result corresponds to the values of the experimental results.

Effect of pH and ionic strength

The pH is an important factor in deciding the sensitivity and surface charge of the
adsorbent, and ionization degree of dye [30]. As shown in Fig. 6a, the result
displayed the pHs had a significant effect on dye adsorption. The adsorption
capacities of DC-KF for dyes were obviously raised with higher pH when the pH
was lower than 7.0 for NR, 5.0 for MB, and Rh-6G. This was attributed to the strong
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Table 4 Comparison of NR, MB, and Rh-6G maximum adsorption capacities onto other adsorbent

Adsorbent Dye Adsorption capacity ~ References
(mg/g)

Pleurotus ostreatus nanoparticles NR 61.7 Lei et al. [19]
Fe3;0,4 hollow nanospheres NR 105 Iram et al. [16]
Zn3[Co(CN)glo-nH,O nanospheres NR 285.7 Wang et al. [41-43]
Cottonseed hull NR 176.9 Zhou et al. [57]
Polyacrylamide microspheres NR 1937 Yao et al. [50]

MB 1977

Gentian 1850

violet

Si/Mg modified palygorskite MB 527.2 Wang et al. [44]
Strychnos potatorum seeds MB 78.8 Senthamarai et al. [31]
Activated carbon MB 185 Ghaedi et al. [14]
SBA-15 MB 280 Dong et al. [13]
Goethite nanoadsorbents MB 9.6 Nassar and Ringsred [25]
Acrylic acid-based superabsorbents MB 86 Shukla and Madras [33]

Rh-6G 73
Chitosan-g-(N-vinyl Rh-6G 36.6 Vanamudan et al. [37]

pyrrolidone)/montmorillonite
Urban food waste Rh-6G 714 Parshetti et al. [27]
Chitosan clay nanocomposite Rh-6G 440.9 Vanamudan and
Nanoclay 4289 Pamidimukkala [38]
Chitosan 411.3
Trichoderma harzianummycelial Rh-6G 1.99 Albuquerque et al. [2]
waste

Carboxylation kapok fiber NR 816.4 This work

MB 524.4

Rh-6G 613.4
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Fig. 6 Effect of a pH and b ionic strength on dye removal
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competition of HY combined with -COO~ on DC-KF surface and occupied the
adsorption sites at lower pH [29]. At higher pH, the deprotonation of carboxyl was
increased, which caused an increase in electrostatic attraction and higher adsorption
capacities for cationic dyes [34]. However, adsorption capacities were rarely
increased at pH 7.0-8.0 for NR, and 5.0-10.0 for MB and Rh-6G. This is because
the available -COOH on adsorbent surface was mostly forming the -COO™, and
combining with cationic dyes at pH 5.0. Subsequently, the deprotonation of
hydroxyl groups were anabatic increased that increased the adsorption capacity of
DC-KF for NR, but they had little contribution to improving the amount of MB and
Rh-6G adsorbed onto DC-KF due to their high electronegativities.

Actually, there exist different ionic strengths in different printing and dyeing
wastewater, and it may have some effect on dye removal. Therefore, in this study,
NaCl was employed to investigate the impact of ionic strength on dye removal.
From Fig. 6b, it was found that the ionic strength had a significant effect on dye
removal. In detail, for NR and MB removal, the adsorption capacities were
obviously decreased with increasing ionic strength when the concentration of NaCl
was lower than 0.18 mol/l. Then, they remained unchanged with any further
increase in ionic strength. Compared with the original conditions, which were
without NaCl, there were 27.7 and 30.1 % of the adsorption capacities for NR and
MB reduced. However, for Rh-6G removal, it seemed that the ionic strength had an
especially significant effect on Rh-6G that 0.01 mol/l NaCl could result in 8.6 % of
the DC-KF adsorption capacity loss, and about 70.4 % of the adsorption capacity
for Rh-6G without NaCl was reduced when the concentration of NaCl was 0.2 mol/
1. These results might contributed to the Na® competing with cationic dye for
surface adsorption sites, and also NaCl in solution produced an electrostatic shield
between the charges on DC-KF surface [53, 54].

Regeneration

Regeneration property is very important in actual industrial applications. At the
same time, a proper selection of desorbent will get a better regeneration property.
Therefore, as desorption reagent, ethanol, 0.1 M NaOH, and 0.1 M HCIl were
studied for regeneration at different times (0.5, 1, 2, and 3 h) to select the best one.

Fig. 7 Regeneration of DC-KF
for dye removal

Removal ratio %

1 2 3 4 5 6 7 8 9 10
Recycle times
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The result gave us the information that DC-KF had a maximum desorption ration in
0.1 M HCI solution, and the desorption time had little effect on it that DC-KF had
almost identical desorption ration at 0.5 and 3 h. For adsorption—desorption—
adsorption experimental, as shown in Fig. 7, we assumed that the removal ration for
first cycle was 100 % for the three dyes. The results demonstrated that the
adsorption capacities of DC-KF for the three dyes were suddenly decreased in the
second cycle, which was because of the dedoping effect during the desorption
process [55]. Then, the removal ratio of DC-KF for the three dyes showed a slow
and consecutive decrease. After ten recyclings, the DC-KF still had 74.2, 47.3, and
39.8 % of removal ration for NR, MB, and Rh-6G, respectively. This indicated that
DC-KF had a good regeneration property. Summarized, the results of regeneration
experiments implied that DC-KF had the potential to remove cationic dyes from
aqueous solution in actual applications.

Mechanisms

The dye removal by DC-KF had two mechanisms: physical adsorption and ion
exchange. In the process of surface modified of kapok fiber. Some -OH on the
surface had oxidated to -COOH or -COONa or formed the —ONa that provide many
electric sites. The cationic dyes, such as NR, MB, and Rh-6G, provide positive sites
that can easily react with them through ion exchange in aqueous solution. After
surface modification, the BET surface and O/C of DC-KF had increased, the
hydrophily had improved, and the crystallinity had decreased. Those provide DC-
KF with more adsorb sites and contact area for cationic dyes. The physical
adsorption and ion exchange are conducted simultaneously. They also can be
concluded to adsorption process, and the process of dyes adsorbed on DC-KF is
mainly dependent on Langmuir adsorption and pseudo-second-order kinetics.

Conclusions

In conclusion, as a novel sorbent, DC-KF could easily be prepared. Thought the
central composite design and response surface methodology, the optimum
conditions for DA-KF preparation were the amount of NalO, was 0.35 g per
0.25 g TKF and the reaction temperature was 62.1 °C, under which the prepared
DC-KF response the adsorption capacities were 738.6, 507.5, and 567.2 mg/g for
NR, MB, and Rh-6G, respectively. The dyes adsorbed onto DC-KF were so rapid
that the equilibrium could be obtained within 1 h, and the adsorption kinetics fit
well to pseudo-second-order. The adsorption capacities of DC-KF for the three
types of dyes were increased with increasing solution pH. The maximum adsorption
capacities, which were obtained from the Langmuir isotherm model, were 816.4,
524.4, and 613.4 mg/g for NR, MB, and Rh-6G, respectively. The ionic strength had
a significant effect on dye removal so that 27.7, 30.1, and 70.4 % of the adsorption
capacities were reduced when the concentration of NaCl was 0.2 mol/l for NR, MB,
and Rh-6G, respectively. After 10 times recycle, DC-KF still remained high
adsorption capacities for dyes. On the whole, the high adsorption capacity, low cost,
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being fully environmentally friendly, and excellent regeneration property make DC-
KF have an infinite potential in treating cationic dyeing wastewater.
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