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Abstract: Activated carbon fiber was prepared from liquefied wood by chemical activation with
ZnCl, (Z-LWACEF) at different impregnation ratios, with a particular focus on its adsorption property,
kinetic and isotherm. The characterization and properties of Z-LWACFs were investigated by nitrogen
adsorption/desorption, X-ray photoelectron spectroscopy (XPS), methylene blue (MB) and iodine
adsorption. Two activation process methods were employed to prepare Z-LWACF and contrasted
with others fibers. The results showed that the Z-LWACEF obtained by one-step ZnCl, activation
present higher yields and specific surface area than others fibers. Besides, the change of MB adsorption
value at different impregnation ratios was consistent with pore structure distribution above 1.5 nm
pore size, indicating that larger micropores (1.5 to 2 nm) and mesopores played a major role in
the MB adsorption by Z-LWACE. The kinetics of MB adsorption process was found to follow the
pseudo-second-order kinetic model and the adsorption rate was controlled by chemisorption. It was
also found that MB adsroption by Z-LWACF belonged to monolayer adsorption and Z-LWACF was
easy to adsorb MB.

Keywords: adsorption property; kinetic; adsorption isotherm; activated carbon fiber; liquefied wood

1. Introduction

Presently, several environmental problems, including the greenhouse effect, water pollution and
air pollution have attracted increasing attention from governments and researchers all over the world.
Dyes, one of water pollutants, have been widely used in many industries [1]. Methylene blue (MB),
a cationic dye commonly applied in the textile and petroleum industry [2], can cause substantial
harmful effects including vomiting, diarrhea, tissue necrosis and quadriplegia on human beings [3].
Besides, high concentrations of textile wastewater will impede the penetration of light and greatly
reduce photosynthetic activity of aquatic organisms in the water ecological environment [4]. Thus,
economical and high effective ecological treatment of MB containing wastewater will become more
and more indispensable.

Various methods such as adsorption, advanced oxidation, biosorption and membrane filtration
have been extensively applied in the treatment of contaminated water [5]. From the perspective of
the initial cost of wastewater treatment technology, adsorption is an effective method with simplicity
and ease of operation. Activated carbon fiber (ACF) can be considered as fibrous activated carbon.
Fiber is characterized by high strength performance and free deformation. In addition, it does not
cause secondary pollution and can also be made into other forms such as activated carbon fiber felt,
cloth, mesh and paper in the application process. Currently, ACF is widely used in air purification, gas

Materials 2019, 12, 1377; d0i:10.3390/ma12091377 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0001-8632-0571
https://orcid.org/0000-0001-8039-9581
http://www.mdpi.com/1996-1944/12/9/1377?type=check_update&version=1
http://dx.doi.org/10.3390/ma12091377
http://www.mdpi.com/journal/materials

Materials 2019, 12, 1377 2 of 15

purification, industrial waste water treatment and water purification because of its excellent adsorption
performance. Thus, air purifiers, dehumidifiers, and purifiers have been industrialized, and these
products have also become a necessity in our daily lives.

Many raw materials, including polyacrylonitrile fiber [6], phenolic resin [7], pitch fiber [8], viscose
fiber [9] and others biomaterials can be used as a precursor to produce ACFE. However, those traditional
raw materials are mostly non-renewable resources. Consequently, more and more researchers have
focused on finding renewable resources for the preparation of ACE. In previously studies, ACF have been
successfully prepared from some bio-resources such as wood, hemp, jute, ramie and bamboo [10-13].
Generally, activated carbon fibers exhibit different porosities and pore structure characteristics under
various activation methods and treatment conditions. The adsorption performance of ACF is closely
related to the special structure and chemical composition on the surface, and scholars have done a lot
of research on its adsorption properties [14]. When the molecular diameter of adsorbent was larger,
the adsorption value of ACF was related to the specific surface area [15,16], abundant mesopore and
oxygen content [17,18]. Otherwise, ACF have been successfully prepared from liquefied wood [19] by
various activation methods. Huang et al. [20] investigated the adsorption property of wood-based
ACEF by different activation methods and found that the chemical/physical coupling activation could
greatly generate more mesopores resulting in improvement of MB adsorption capacity. Li et al. [21]
had prepared activated carbon fibers from liquefied wood (WACFs) by CO, activation and found the
iodine adsorption amount and yield rate of WACFs were 779.22 mg/g and 51.48% at 900 °C. Adsorbate
substance can be used to characterize different pore size structures based on their particle size. Due to
the large molecular linear size of MB, it is generally used to characterize the pore structure with a pore
size greater than 1.5 nm on the surface of the adsorbent or to evaluate the decolorization ability of ACE.
In addition, Iodine molecules are spherical molecules with a diameter of about 0.54 nm, and the area
occupied by adsorption is about 0.39 nm? or more. Therefore, iodine adsorption is usually used for the
micropore characterization of porous materials.

In this work, the activation process technology of liquefied wood carbon fiber by one-step method
and two-step method were studied and evaluated. The iodine and methylene blue adsorption value of
activated carbon fibers prepared from liquefied wood by ZnCl, activation (Z-LWACF) under various
impregnation ratios were measured. The effect of activation conditions on the microporous adsorption
performance and decolorization ability of Z-LWACF was investigated. Furthermore, the adsorption
equilibrium, kinetics and adsorption isotherm of MB on Z-LWACF were determined and correlated
with isotherm equations.

2. Materials and Methods

2.1. Materials

Chinese fir (Cunninghamia lanceolate), sourcing from Fujian, China, was used as a raw material.
Phosphoricacid, phenol, hydrochloric acid, hexamethyleneteramine, formaldehyde, sodium thiosulfate,
disodium hydrogen phosphate, monopotassium phosphate, copper sulfate pentahydrate and zinc
chloride were purchased from Beijing Chemical Works (Beijing, China). Soluble starch was purchased
from Xilong Chemical Co. Ltd. (Shantou, China). Potassium iodide and iodine was purchase from
Guangdong Guanghua Sc-tech Co. Ltd. (Shantou, China). Methylene blue was purchase from Tianjin
Jinke Fine Chemicals Co. Ltd. (Tianjin, China) All the chemicals were of reagent grade and used
without further purification.

2.2. Preparation and Characterization of ACFs

Precursor fibers were prepared from Chinese fir through a series of process including liquefaction,
melt-spinning and curing, according to our previous study by the authors [22]. In the impregnation
of precursor fibers, 50 mL of ZnCl, aqueous solution was brought into contact with about 2 g of
the material. The amount of activating agent present in such a solution was that corresponding to
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a given ZnCly: precursor fibers ratio (3~6 by weight). Then, ZnCl,-impregneated fibers were placed in
a horizontal transparent tube furnace (Y02PB, Thermcraft Inc., Winston Salem, NC, USA) and heated
from room temperature to 700 °C in a N, atmosphere. The heated rate was 4 °C/min, and the holding
time at 700 °C was 1 h. The produced sample were washed in 1 mol/L HCI, rinsed several times in
distilled water until the pH of water became neutral. Finally, the fibers were dried in an oven at 103 +
2 °C for 24 h to obtain the ACFs. The final yield of ACFs was determined as the weight ratio of ACFs
to precursor fibers. The as-prepared ACFs were denoted as Z-LWACEF-R, where R (3,4,5,6) represented
the impregnation ratio. In addition, two activation methods were employed to prepare ACFs (Figure 1).
These ACFs were denoted ZACF-700 and ZACF2-700. Meanwhile these two samples were compared
with ACFs prepared by others activation methods in previous studies. The carbon yield (Y) is defined
as the ratio of the weight of Z-LWACTFs to that of the precursor fibers.

Y = 22 x 100% 1)

where m,, is the mass of the liquefied wood precursor fiber and m, is the mass of Z-LWACF after
activation, washing, and drying.

Phenol,
' z hexamethyleneteramine
phosphoric acid =
Wood : Liquefied Spinning
powd er Liquefaction wood Heating solution

Melt spinning

Formaldehyde,
Hydrochloric acid

Precursor
fibers

| Carbonization

Carbon fibers

Figure 1. Preparation process diagram of activated carbon fiber by two methods.
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XPS analysis was performed using a spectrophotometer (Escalab 250Xi, Thermo Scientific,
Waltham, MA, USA) with a monochromated AlK« X-ray source (hv = 1486.6 eV; 10 mA, 13 kV).
The survey scans were collected from a binding energy ranging from 0 to 1350 eV. Pore structure
parameters of those prepared ACFs were measured by N, adsorption-desorption isotherms at —196 °C
(Autosorb-iQ, Quantachrome, Boynton Beach, FL, USA). Before analysis, all the ACFs were degassed
at 300 °C for 3 h. The specific surface area (Sggt) of prepared ACFs was estimated by BET method.
The total volume (Vta1) was estimated to be the liquid volumes of N, at high relative pressure (P/P
= 0.995). The micropore volume (Viicro) and mesopore volume (Vmeso) Were determined by t-plot
analysis method and BJH method. The pore size distribution (PSD) of the prepared ACFs have been
calculated by the density functional theory (DFT) method.

2.3. Adsorption Experiments

The MB adsorption value of Z-LWACFs prepared under different activation conditions were
determined according to the Chinese national standard GB/T 12496.10-1999 [23]. The prepared MB
solution was diluted to a concentration of 0.24 mg/L, 0.48 mg/L, 1.2 mg/L and 2.4 mg/L with a buffer
solution. Each aqueous solution was compared with copper sulfate standard filtrate and the absorbancy
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of various MB solution were measured as shown in Table 1 by UV spectrophotometer at a wavelength
of 665 nm. The methylene blue standard curve is plotted as shown in Figure 2. The prepared sample
was ground into powder and dried. About 0.100 g of Z-LWACFs was placed in a 100 mL erlenmeyer
flask, and methylene blue reagent was added with the burette. These flasks were kept in isothermal
shaker at 25 °C for 24 h. All the ACFs were filtered using a medium-speed qualitative filter paper which
had a diameter of 12.5 cm in order to reduce the interference of samples with the measurement. After
filtration, the filtrate was placed in a cuvette with 1 cm light path and absorbancy of aqueous sample
was measured by using the UV spectrophotometer (Biowave II, WPA, Biochrom Ltd., Cambridge, UK)
at a wavelength of 665 nm. The remaining concentrations of MB was calculated by using the standard
curve. Furthermore, 25 mL of MB solution with initial concentrations of 120 mg/L, 240 mg/L, 360 mg/L,
480 mg/L, and 600 mg/L were prepared in advance and placed in erlenmeyer flasks. About 20 mg of
Z-LWACF-6 samples was added to each flask and maintained under synthermal shaker at 150 rpm
for1h,2h,3h,4h,5h,12 h and 24 h. The concentration (C;) of MB was measured according to
the method just described above, and finally the adsorption value (Q) of Z-LWACEF on different MB
concentrations was calculated using the following equation:

m

where Cj is the initial MB concentration, C; is remaining concentration at adsorption time, V is the
volume of aqueous solution and m is the mass of Z-LWACF.

Table 1. Parameter of MB solution for standard curve.

MB Concentration (mg/L) UV Absorbancy

0.24 0.031
0.48 0.054
1.2 0.136
24 0.264
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Figure 2. Standard curve of methylene blue.

The iodine adsorption value of Z-LWACEF prepared under different activation conditions was
determined according to China national standard GB/T 12496.8-1999 [24]. About 0.5 g Z-LWACF was
smashed firstly and added with 10 mL HCl into a 100 mL iodine volumetric flask in order to make
the sample moist. These flasks were placed on the electric furnace and heated to boiling for 30 + 2 s.
When the temperature was cooled to room temperature, 50 mL iodine standard solution (0.1 mol/L)
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was added in the flask and kept in isothermal shaker for 15 min at 25 °C. After filtration, 10.0 mL of the
filtrate was pipetted into a 250 mL iodine flask, and 100 mL water, was added. With sodium thiosulfate
standard solution used in titration and 2 mL starch developing agent as indicator, iodine adsorption
value (A) of Z-LWACEF was calculated by the following equation:

_ 50(10C; - 12G,V)127

A= M ®)

where C; is the molarity of iodine standard solution, C; is the molarity of sodium thiosulfate standard
solution, V is the volume of sodium thiosulfate solution, M is the mass of Z-LWACEF, D is the
correction coefficient.

3. Results and Discussion

3.1. Comparisons with Activation Method

The yields and specific surface area of ZACF prepared from liquefied wood by one and two step
methods and others ACFs were shown in Table 2. It can be observed that the yield and BET surface
area of ZACF-700 were higher than those of ZACF2-700. Although the ZACF-700 and ZACF2-700 have
been prepared under the same activation condition, ZACF2-700 was heated in two times leading to
generate more by-products and the yield of ZACF2-700 was decreased. However, ZACF-700 has been
directly activated by ZnCl, after impregnation. The carbonization and activation have simultaneously
occurred in the precursor fibers. Under low temperature, zinc chloride has a protective effect on the
carbon body so that the precursor fibers can form a relatively stable condensed carbon structure and
reduce the incidence of by-products. Then pores were produced and grown in the carbon fibers under
the activation of ZnCl,, leading to a decrease of yield and an increase of specific surface area. Therefore,
one step method would be more suitable for producing ACFs from liquefied wood by ZnCl, activation.
Furthermore, it is obvious from the data shown in Table 2 that the ACFs obtained by ZnCl, activation
present higher yields and BET surface area than those prepared by others methods [25-29]. This
indicated that ACFs prepared from liquefied wood by ZnCl, would show good adsorption properties.

Table 2. The yield and Sggt of ZACF produced by one and two step methods and others ACFs.

Sample Activating Activation Activation Yield (%) BET Surface

Agent Temperature (°C) Time (min) Area (m?/g)
ZACEF-700 ZnCl, 700 60 53.79 1086
ZACF2-700 ZnCl, 700 60 44.37 762
WACEF-700 @ Steam 700 60 49.00 784
ACF-700WB P Steam 700 60 43.45 716
ACF-700 © Nap,HPO, 700 60 54.44 560
WACFs-700 4 CO, 700 40 54.75 490

ACF-1~3°¢ KOH 850 60 66.8~35.6 536~1371

2: Liu et al. (2012) b: Zhang et al. (2013) ©: Wu et al. (2015) d: Lietal. (2013) € Huang et al. (2016).

3.2. XPS Analysis of Z-LWACFs

The XPS survey scan spectra of ZnCl2-activated ACFs with various impregnation ratios are
shown in Figure 3. It was apparent that the element C and O are dominant constituents in all samples.
The species and relative content of carbon functional groups on the surface of Z-LWACFs can be
obtained by fitting the peak of Cls in the X-ray photoelectron spectroscopy. Since the Cls peak
spectrum curves of all the samples were very similar in shape, only one sample was used, which was
shown in Figure 4. The background was deducted using Shirley’s method, and Cls peak of Z-LWACFs
were fitted optimally by XPS PEAK41 software. As can be seen from the figure, the two sides of the
main peak in the Cls region were not symmetrical, and there was a trailing phenomenon on one side.
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This was ascribed to the generation of oxygen-containing carbon group and graphite carbon on the
surface of the ACF sample. As displayed in Figure 4, the C1s spectrum of ACFs were fitted into four
peaks of established groups: graphite carbon (BE = 284.7 eV), C-OH (BE = 285.6 eV), -C=0 (BE =
286.5 eV) and -COOH (BE = 288.3 eV) [30].

Cis

O1s

Z-LWACF-6
Z-LWACF-5
Z-LWACF-4
Z-LWACF-3

1350 1200 1050 900 750 600 450 300 150 0

Intensity (a.u.)

Binding Energy (eV)

Figure 3. XPS survey scan spectra of Z-LWACFs prepared at different impregnation ratio.

Intensity (a.u.)

296 294 292 290 288 286 284 282 280
Binding Energy (eV)

Figure 4. Peak fitting of Cls region of Z-LWACF-4.

The curve-fitting results of Cls peak of Z-LWACFs prepared under different impregnation ratios
are shown in Table 3. With the increase of impregnation ratio, the relative content of graphite carbon
(C—C) decreased and the relative content of oxygen-containing groups increased gradually. This was
attributed to the increase of zinc chloride concentration and enhancement of activation effect on carbon
fiber. More graphite carbons have been oxidized to form oxygen-containing carbon functional groups
on the surface, resulting in the decrease of graphite carbon content on the fiber surface. It was obvious
that the relative content of C-OH was the highest among oxygen-containing functional groups. When
the impregnation ratio increased from 3 to 5, the relative content of C-OH gradually increased, while
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the content of C=0 and -COOH did not change much. This implied that the increase of zinc chloride
could promote the oxidation reaction of the graphite carbon on the surface of the precursor and
generate by-products like alcohol, ether or phenolic groups. In addition, while the impregnation ratio
was 6, the relative contents of C=0 and -COOH increased rapidly and the relative contents of C-O
decreased from 24.25% to 22.20%, indicating that some C-O groups were further oxidized into ketone
or acid groups under the action of activators. These functional groups would exert some effect on the
surface performance of Z-LWACFs [31].

Table 3. Results of the fits of Cls region of Z-LWACFs prepared at different impregnation ratios.

S | Graphite (C-C) (%) C-0 (%) C=0 (%) -COOH (%)
ample

BE = 284.7 (eV) BE = 285.6 (eV) BE =286.5(eV) BE =288.3(eV)
Z-LWACEF-3 59.66 19.25 13.77 7.31
Z-LWACF-4 56.13 22.75 12.14 8.98
Z-LWACE-5 54.73 24.25 13.45 7.56
Z-LWACF-6 51.08 22.20 16.07 10.66

3.3. Effect of Impregnation Ratio and Pore Size on Adsorption of Methylene Blue

Since the molecular linear size of methylene blue is large and the pore size of the adsorbent should
be greater than 1.5 nm, MB is often used to characterize the decolorization ability of materials and the
development degree of pore structure above 1.5 nm of porous materials. The MB adsorption value of
ACFs prepared at different ZnCl, impregnation ratios and the pore size distribution of pore structure
in the range of 1.5 nm to 25 nm are shown in Table 4 and Figure 5. It can be seen from Table 5 that
the amount of methylene blue adsorbed by the Z-LWACF sample gradually improved with the rising
of the impregnation ratio, and reached a maximum value of 641 mg/g while the impregnation ratio
was 6. As the impregnation ratio was increased from 3 to 6, the MB adsorption capacity of ZACF
increased from 251 mg/g to 641 mg/g. The variation trend of MB adsorption amount of Z-LWACF
with the impregnation ratio was basically consistent with the change trend of mesopore structure
distribution. As displayed in the Figure 5, Z-LWACF had a narrow pore size distribution in the range
of 3 and 4. However, with the increase of zinc chloride, the activation reaction was strengthened and
the wall of smaller pores were further activated and eroded leading to enlarge the pore size. Therefore,
the mesopore volume of Z-LWACF-5 and Z-LWACEF-6 were greatly improved. The above results also
indicated that the content of larger micropores (1.5 to 2 nm) and mesopores played a major role in the
adsorption of MB by Z-LWACEFs [32].

Table 4. MB adsorption value and pore volume of Z-LWACFs prepared at different impregnation ratios.

Pore Volume (cm?/ 8) MB Adsorption
Sample
Vtotal Vmicro Vimeso Value (mg/ g)
Z-LWACE-3 0.446 0.237 0.191 251
Z-IWACF-4 0.598 0.326 0.251 359
Z-LWACEF-5 0.872 0.371 0.439 560
Z-LWACF-6 0.953 0.376 0.566 641

Table 5. Iodine adsorption values of Z-LWACFs prepared at different impregnation ratios.

Pore Volume (cm®/g) Iodine Adsorption
Sample
Viotal Vmicro Vmeso Value (mg/g)
Z-LWACEF-3 0.446 0.237 0.191 880
Z-LWACF-4 0.598 0.326 0.251 1005
Z-LWACF-5 0.872 0.371 0.439 1117

Z-LWACF-6 0.953 0.376 0.566 1159
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Figure 5. Pore size distributions of Z-LWACFs prepared at different impregnation ratios (1.5 nm to
25 nm).

3.4. Effect of Impregnation Ratio and Pore Size on Adsorption of lodine

Iodine adsorption mainly occurs on the surface of adsorbents with a pore radius of about 0.8 nm
to 1.0 nm. It is usually used to reflect the adsorption capacity of activated carbon fibers for small
molecules to a certain degree [33]. The iodine adsorption values and micropore size distributions of
Z-LWACFs produced at different impregnation ratios are shown in Table 5 and Figure 6. It can be
seen from Figure 6 that the pore volume of Z-LWACF decreases with the increase of the impregnation
ratio at the pore size of 0.5 nm to 0.7 nm. In contrast, the pore volume of Z-LWACF was gradually
increased at the pore size of 0.8 nm to 2 nm. This indicated that some micropores with small pore
sizes were enlarged to the ones of larger size because of the more violent activation reaction as the
impregnation ratio increased. Therefore, the iodine adsorption value of ZACF gradually increased
with increasing impregnation ratio from 3 to 6, and when the impregnation ratio was between 5 and 6,
the iodine adsorption value of Z-LWACEF-5 and Z-LWACF-6 did not change much due to approximate

pore volumes.
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Figure 6. Micropore size distributions of Z-LWACFs prepared at different impregnation ratios.
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3.5. Effect of Contact Time and Initial Mb Concentration on Adsorption Equilibrium

The curve of the adsorption amount of Z-LWACEF-6 in MB solution which under the initial
concentrations of 120 mg/L, 240 mg/L, 360 mg/L, 480 mg/L, and 600 mg/L over time is shown in
Figure 7. It can be seen from the figure that all the adsorption curves of Z-LWACEF-6 at different
initial concentrations have the same trend. As the initial concentration increased, the equilibrium
adsorption capacity of sample increased gradually. It was due to the rise of concentration leading to
increase chances of contact between adsorbate molecules and sample surface [34]. When the initial
concentration was 120 mg/L.~240 mg/L, the adsorption rate of MB which can reach the adsorption
equilibrium in a short time was very fast, and the adsorption amount of sample in equilibrium is
150 mg/g~299.75 mg/g. In contrast, the time of adsorption equilibrium was prolonged when the
initial concentration is from 360 mg/L to 600 mg/L. However, the adsorption of MB at different initial
concentrations all reached the equilibrium state while the adsorption time was 5 h, and the adsorption
value of Z-LWACEF-6 at equilibrium was 446.12 mg/g to 725.63 mg/g. Besides, with the prolongation
of adsorption time, the instantaneous adsorption rate of Z-LWACF-6 was firstly faster and gradually
became slower as equilibrium position was approached [35]. This was mainly because Z-LWACF-6
needed to undergo three processes for the adsorption of MB in solution. The first stage was the
diffusion and transfer of adsorbate molecules in solution. Secondly, methylene blue molecules entered
the pores of Z-LWACF-6 under the action of pore diffusion. Finally, it was adsorbed on the active sites
of internal pores [36,37]. As more and more methylene blue molecules were adsorbed, the adsorption
rate began to become slow, resulting in a relatively long time required for the adsorption process [38].

1000

900 L —0— 600mg/L
L —0— 480mg/L
800 |- —~— 360mg/L
I o 7 ——240mg/L
oo —o— 120mg/L
© 600
*E) I O
= 500
s £\
C 400
300 v
200
100
0 1 s ! n | L 1 " 1 .
10 15 20 25 30 35

Adsorption time (h)

Figure 7. Adsorption kinetic curves of MB with different initial concentrations onto Z-LWACF.
3.6. Kinetics Analysis

Adsorption kinetic analysis are thoroughly investigated at the condition of 25 °C and initial pH
value (6.3-6.5), which were suitable for the adsorption of cationic dyes like MB [20].The adsorption
rate and mechanism can be studied by kinetics analysis. The adsorption kinetics can be fitted by
pseudo-first-order kinetic equations and pseudo-second-order kinetic equation. These two kinetic
models can be described as follows:

11’1(Qe - Qt) =In Qe - klt (4)

t 1 1
Qt ko Q2 * @t ©)
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where Q. and Q; (mg/g) represent the amounts of MB adsorption at equilibrium state and any time (h),
respectively. ki (h™!) is the rate constant of the pseudo-first-order model and k, (g-mg~!-h7!) is the
pseudo-second-order rate constant.

The pseudo-first-order kinetic model for the adsorption of MB onto Z-LWACEF-6 and the equation
parameters are shown in Figure 8 and Table 6. Since sample adsorbed MB quickly to reach the
maximum adsorption amount at initial concentrations of 120 mg/L and 240 mg/L, only the relevant
data of initial concentration of 360 mg/L, 480 mg/L and 600 mg/L have been fitted here. As can be
seen from the figure, the data points were highly dispersive and the linear relationship was poor.
According to the data in the table, the correlation coefficient R? of the pseudo-first-order kinetics of
Z-LWACF-6 adsorbing MB at different initial concentrations was 0.9078~0.9505, and the fitting effect
was poor. When the initial concentration increased, the theoretical equilibrium adsorption amount
increased gradually. It implied that the equilibrium adsorption amount was closely related to the initial
concentration of MB. However, the theoretical value and the actual equilibrium adsorption amounts
were quite different, indicating that the pseudo-first-order model could not accurately describe the
whole process of MB adsorption onto Z-LWACF-6. According to previous literature [39], this would be
attributed to the intraparticle mass transfer resistance which was the limiting factor for MB adsorption
in pseudo-first-order kinetics studies.

4.5
ol O MB600mg/L
O  MB 480mg/L
A MB 360mg/L
3.5
- L
= 30}
E -
_25L
q_
o’ 20l -
~ O
=
15 | o .
FANNS u]
10k o
| . | , ] R ) o
1 2 3 4 5

t Ch)
Figure 8. Pseudo-first-order model for MB adsorption onto Z-LWACEF.

Table 6. Kinetic parameters of pseudo-first-order model for MB adsorption onto Z-LWACEF.

MB Concentration (mg/L) Q. (mg/g) R? Qe (mg/g) k2 (g/(mg-h))
600 725.63 0.9505 123.92 0.6447
480 587.63 0.9499 86.97 0.4827
360 446.12 0.9078 66.32 0.6884
240 299.75 - - -
120 150 - - -

Figure 9 and Table 7 show the pseudo-secondary kinetic model fitting and equation parameters
of MB adsorption onto Z-LWACF-6. It can be seen from Figure 9 that the experimental data at
different concentrations have a good linear relationship. From Table 8, with the increase of initial
concentration, the adsorption rate constant k, gradually decreased from 0.4489 to 0.0098. It was
obvious that the theoretical equilibrium adsorption calculated by pseudo-secondary kinetics was close
to the experimentally measured equilibrium adsorption at different initial concentrations. In addition,
the correlation coefficient of pseudo-secondary dynamics fitting was between 0.9998~1 and the fitting
results were better than pseudo-first-order kinetics. This indicated that the pseudo-second-order
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kinetics was more suitable for describing the process of Z-LWACFs for MB adsorption [40], including
external liquid membrane diffusion, surface adsorption and internal diffusion of particles, which can
more accurately reflect the adsorption mechanism of MB on Z-LWACFs.

0.035
0  MB 600mg/L
O  MB 480mg/L
0030 - A MB360mg/L
L v MB 240mg/L
0.025 | < MB 120mg/L
‘Tm N
_E 0.020
> |
. v
£ 0015 |
o
A
= 0010 | o
. .0
I o I O -8
0.005 |- A O =
g '
0000 1 | 1 |
2 3 4 5

t(h)
Figure 9. Pseudo-second-order model for MB adsorption onto Z-LWACF.

Table 7. Kinetic parameters of pseudo-second-order model for MB adsorption onto Z-LWACE.

MB Concentration (mg/L) Q. (mg/g) R? Qe (mg/g) k3 (g/(mg-h))
600 725.63 0.9999 714.28 0.0098
480 587.63 0.9998 588.24 0.0145
360 446.12 0.9998 454.55 0.0161
240 299.75 0.9999 303.03 0.1089
120 150 1.0000 149.25 0.4489

Table 8. Fitting parameters of different adsorption isotherm model.

Langmuir Model Freundlich Model
R?>  Qm(mg/g) Ki(L/mg)  R? 1/n  Kg (mg/g)
0.9822 729.93 0.96 0.9681 0.22 361.54

3.7. Adsorption Isotherms

Langmuir and Freundlich models were adopted to analysis the isotherm data of MB adsorption

onto Z-LWACFs. These two models can be expressed as follows:
C_ 1 . C

Qe B KLQm * Qm

(6)

InQe = InKg + %mce @)

where K1, (L/mg) is the Langmuir constants involved in adsorption rate, and Qm (mg/g) is adsorption
amount. K and 1/n are Freundlich constant and empirical constant.

The experimental data were fitted using Equations (6) and (7). The Langmuir and Freundlich
isotherms are displayed in Figure 10a,b respectively. The fitting parameters can be calculated from
these two isotherms and their value are shown in Table 8. As can be seen from the table, the correlation
coefficients R? (0.9822) of the Langmuir adsorption isotherms was close to 1 and better than Freundlich
model (0.9682), indicating the good application of Langmuir model [41]. Furthermore, the equilibrium
adsorption amount determined from the Langmuir model was 729.93 mg/g, which was close to the
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actual equilibrium adsorption amount. All the results manifested that the Langmuir isotherm model
was more suitable for the adsorption of MB onto Z-LWACEF, and the surface adsorption form was
monolayer adsorption. In addition, the parameter 1/n calculated by Equation (7) is frequently used
to characterize the adsorption intension. When 1/# is in the range of 0.1 to 0.5, it indicates that the
adsorption is easy occurred. From the table, the 1/n value was 0.22, indicating that MB is easy to be
adsorbed by Z-LWACFs.

003 (a) Langmuir model

0.025 |
y = 0.00137 x + 0.00131

0.02 | R? = 0.98217

: S
Q0015 |

@)

001

0.005 r

O ’ 1 1 1 1 )
0 5 10 15 20 25

Ce(mg/L)

68 (b) Freundlich model

-y =0.22029 x + 5.90841
R? = 0.96814

Figure 10. Linear fit of Langmuir model (a) and Freundlich model (b).
4. Conclusions

The trend of MB adsorption amount of Z-LWACF at different impregnation ratios was consistent
with pore structure distribution above 1.5 nm pore size, indicating that larger micropores (1.5 nm to
2 nm) and mesopores played a major role in the MB adsorption by Z-LWACEF. The iodine adsorption
capacity of Z-LWACEF is consistent with the change of pore structure at pore diameters of 0.8 nm to
1.5 nm and 2 nm to 4 nm. Under different initial concentrations, the adsorption amount of Z-LWACF
increased rapidly with the increase of adsorption time. With the increase of initial concentration, the
equilibrium adsorption capacity of Z-LWACEF increased gradually. The fitting results show that the
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pseudo-second-orde kinetic model is more suitable for describing the adsorption process of Z-LWACF
to MB, indicating that the rate of MB adsorption is controlled by chemisorption. The results of
adsorption isotherms show that the adsorption of MB by Z-LWACEF belongs to monolayer adsorption
and Z-LWACF is easy to adsorb MB.
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