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Abstract 11 

Polyacrylonitrile (PAN)-based activated carbon fiber (PAC400 and PAC600) was 12 

prepared by heating Zn(NO3)2 pretreated-PAN at 400 °C and 600 °C for the removal of 13 

Cr(VI) from aqueous solution. Formation of PAC400 and PAC600 was confirmed by FTIR 14 

and XPS. Field Emission Scanning Electron Microscopy (FESEM) imaging of PAC400 15 

and PAC600 revealed the formation of nearly spherical agglomerated particles. The 16 

conditions for adsorption of Cr(VI) onto the PAC400 and PAC600 had been optimized and 17 

kinetics and isotherm studies were performed. Although the adsorption took place in the 18 

range of pH (2−6), pH 3 was found most suitable. The adsorption data fitted well with the 19 

Pseudo-second-order rate model and Langmuir isotherm model. PAC600 showed much 20 

higher ability in the adsorption of Cr(VI) than PAC400, and the Qmax were calculated to be 21 

187.79 mg g
−1

 and 136.87 mg g
−1

 based on Langmuir model, respectively. Desorption 22 

experiment showed PAC600 and PAC400 can be regenerated and reused. The adsorption 23 

process for the removal of Cr(VI) was governed by the ionic interaction between 24 

protonated amine groups of PAC and HCrO4
−
 ions. 25 
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1. Introduction 28 

There has been increasing attention on the chromium contamination in the 29 

environment in recent decades. As a major pollutant in surface water and groundwater, Cr 30 

is released to the environment by industrial activities including plating, chromate 31 

manufacturing, leather tanning and wood preservation.
1-3

 Industrialists have now been 32 

looking for effective measures to comply with stringent contaminant limit set by the World 33 

Health Organization (WHO).
4
 34 

In natural water, chromium is present in both Cr(III) and Cr(VI). Cr(III) is an essential 35 

micronutrient that help the body in metabolizing sugar, protein and fat (requirement is 50–36 

200 μg per day).
5
 However, Cr(VI) is rarely alone occurs naturally and the main pollutant 37 

compound due to its high water solubility and mobility. Cr(VI) is of significant 38 

environmental concern due to its carcinogenic, mutagenic and teratogenic effects on 39 

biological system.
6, 7

 So, it is important to control chromium in potable water and discharge 40 

into inland surface water.
8
 41 

Recently, activated carbon is widely used as contaminant removal media to tackle 42 

Cr(VI) in water pollution problems 
9
 considering its simplicity, cheap, easy to scale-up and 43 

ability to remove low concentration contaminants. The adsorption of heavy metals by 44 

activated carbon greatly relies upon its physical properties such as specific surface area and 45 

pore size distribution and surface chemistry.
10

 The surface chemistry of activated carbon 46 

can be changed by treating it with an oxidizing agent either in gas phase,
11

 in aqueous 47 
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solution 
10

 or through impregnating foreign materials such as surfactants,
12

 PAN 48 

(polyacrylonitrile) is common and inexpensive commercial product and has been applied 49 

for the production of nanofibers via electro spinning.
13

 Using PAN as adsorbent is a highly 50 

efficient material for the removal and recovery of metal ions due to the high adsorption 51 

capacity, fast adsorption equilibrium, high recycling rate, and low cost.
14

 Moreover, PAN 52 

has desirable chemical resistance, thermal stability, low flammability, and good mechanical 53 

properties.
15-18

 54 

PAN-based activated carbon fiber has high carbon content,
19, 20

 high molecular weight 55 

21, 22
 and also high degree of molecular orientations.

22-24
 Recently, PAN-based activated 56 

carbon fiber has been receiving increasing attention as adsorbent for gas adsorption and 57 

water treatment 
25, 26

 due to its high adsorption performance as compared to other 58 

counterparts. Many studies have kept a watchful eye on the preparation of PAN-based 59 

activated carbon from its raw precursor, where the values of specific surface area varying 60 

from 500 to 900 m
2
 g

−1
.
27-29

  However, there is little concerning about the use of 61 

PAN-based activated carbon to remediate metal contaminated wastewater in the most of 62 

published literature. 63 

In the present work, Polyacrylonitrile (PAN)-based activated carbon fiber (PAC400 64 

and PAC600) was prepared by heating Zn(NO3)2 pretreated-PAN at 400 °C and 600 °C and 65 

their metal binding ability was evaluated. The effect of several parameters, such as pH, 66 

contact time, dose of adsorbent and initial concentration of Cr(VI) were tested in batch 67 
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mode. PAC400 and PAC600 were also characterized by FESEM, ATR-FTIR and XPS. In 68 

addition, PAC400 and PAC600 were examined to understand the mechanism of the 69 

adsorption process. 70 

2. Materials and methods 71 

2.1. Preparation for materials 72 

Polyacrylonitrile, a commercial product, was provided by Tianjin Heowns Biochem 73 

LLC. The other chemicals used in the study were of reagent grade. 74 

10 g of PAN was added to a 250-ml beaker with 100 ml of water solution containing 1 75 

mol L
−1 

Zn(NO3)2. The mixture was stirred in a shaking water bath at 40 °C for 24 h. The 76 

mixture was dried to constant weight in an oven at 70 °C. The mixture was divided into two 77 

portions. Then, the mixture fed into a lab-scale tubular reactor within a muffle furnace. The 78 

chamber of tube furnace was sealed and replenished with nitrogen gas (400 mL min
−1

) to 79 

keep the inert atmosphere along with the heating process. The furnace temperature was 80 

programmed to increase to 400 °C and 600 °C within one hour, and held at the peak 81 

temperature for 1 h. The resulted activated carbon deriving from polyacrylonitrile was 82 

permitted to cool at room temperature under a flow of nitrogen gas, which was referred as 83 

PAC400 and PAC600, respectively. Then, it was washed with ultrapure water, and dried in 84 

an oven at 65 °C. 5 g of PAN was added to a 250-ml beaker with 100 ml of water. There 85 

are AC400 and AC600 without adding Zn according to the same way as above. 86 

2.2 Characterization methods 87 

Page 5 of 30 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



The Brunner Emmett Teller (BET) surface areas were determined by N2 adsorption–88 

desorption isotherm. The morphology of Polyacrylonitrile (PAN)-based activated carbon 89 

was characterized by field-emission scanning electron microscopy (FESEM, JSM 6700F, 90 

Japan). FTIR measurements were performed using a Fourier Transform Infrared 91 

Spectrometer (IRAffinity-1, Shimadzu) with KBr as background over the range of 92 

4000−400 cm
−1

. The elements of PAC400 and PAC600 were determined by an ESCALAB 93 

250Xi X-ray Photoelectron spectrometer (XPS) (Thermo Fisher, USA). Binding energies 94 

(BEs) of the spectra were performed with the C1s neutral carbon peak at 284.6 eV with 95 

accuracy of ± 0.05 eV. The Zeta potential of PAC400 and PAC600 were obtained using 96 

Electroacoustic Spectrometer by varying solution pH from 1.0 to 6.0. 97 

2.3 Adsorption and desorption experiments 98 

The stock solution containing 1 g L
−1 

Cr(VI) was prepared by dissolving K2CrO4 in 99 

ultrapure water. The pH was adjusted by drop-wise addition of 1.0 mol L
−1

 HCl or 1.0 mol 100 

L
−1 

NaOH solution. 101 

Adsorption experiments were performed as follows: The influence of pH on Cr(VI) 102 

adsorption onto activated carbon was performed by varying solution pH from 1.0 to 6.0. 103 

0.0500 g PAC400 and PAC600 were weighted into 150 mL conical flask which contained 104 

50 mL of 200 mg L
−1 

Cr(VI) solution. Then conical flask was shaken at 150 rpm in a water 105 

shaker at room temperature for 24 h. The influence on the dosage of adsorbent was 106 

researched in the range of 0.02 g to 0.2 g by keeping Cr(VI) at 200 mg L
−1

 and pH at 3. 107 
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Kinetic experiment was conducted at Cr(VI) 200 mg L
−1

 and pH at 3. After shaking, the 108 

solution samples were withdrawn at different time period. Equilibrium experiment was 109 

performed using different concentrations of Cr(VI) including 50 mg L
−1

 , 80 mg L
−1

,100 110 

mg L
−1

, 150 mg L
−1

, 200 mg L
−1

, 250 mg L
−1

, 300 mg L
−1

, 400 mg L
−1

, and pH at 3. PAC 111 

adsorption amount (qt) can be calculated as follows: 
30

 112 

( )o t
t

c c v
q

m

 
                                                 (1) 113 

Where qt (mg g
−1

) is the amount of Cr(VI) adsorbed onto PAC; Co and Ct are the respective 114 

Cr(VI) concentration in solution at initial time and at time t (mg L
−1

); V (L) is the solution 115 

volume; m (g) is the amount of PAC. 116 

Desorption experiments were performed as follows: 0.05 g of PAC400 and PAC600 117 

were added to 50 mL of 200 mg L
−1

 Cr(VI) solution with the same conditions of the 118 

adsorption experiments. When the adsorption equilibrium was reached, the PAC was taken 119 

out and rinsed with ultrapure water to remove residual solution trapped among the PAC. 120 

Then, the PAC loading with Cr(VI) was transferred to a flask with 50 mL of 1 mol L
−1

 121 

NaOH solution to desorb the pre-adsorbed Cr(VI), and this step was repeated five times 122 

over. The data of adsorption and desorption were average value by three times parallel 123 

experiments.  124 

3. Results and discussion 125 

3.1. Characterization of Polyacrylonitrile (PAN)-based activated carbon fiber 126 
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Characterization of PAC400 and PAC600 help to understand the properties that may 127 

affect the removal of metal ions. A lot of oxygen enter the mixture in the process of drying. 128 

The heat treatment process in the furnace which converted PAN fiber to carbon fiber, was 129 

the oxidation and stabilization. The oxidation of PAN is the first and important stage and 130 

form linear PAN. In the stabilization step, the linear PAN is converted to a cyclic structure. 131 

However, cyclization is very complicated process and there are different kinds of opinion 132 

on the reaction mechanisms. The most likely structure is to form ladder PAN chains 133 

structure which can withstand the high temperature processing.
31-34

 Zn was added to the 134 

PAC in the heating. The location of the hydrogen was probably displaced by Zn.
27

 This is 135 

because the position of hydrogen is lively, easy to be replaced. In addition, Zn mainly exists 136 

in the form of ZnO which can be proved by FTIR and XPS. So, the above explanations can 137 

be visualized in Fig. 1.
35

 PAC400 (surface Area: 10.8036 m
2
 g

−1
) and PAC600 (surface 138 

Area: 12.1801 m
2
 g

−1
) possessed a lower surface area. However, Fig. 2 showed the pore 139 

size distribution and the average pore radiuses were large by analyzing adsorption and 140 

desorption data points using the Brunner Emmett Teller (BET) measurements. This was 141 

probably because PAC400 and PAC600 contain considerable proportion of zinc oxide, 142 

which had small surface areas and abundant transitional pores. 143 

Surface morphology of PAC400 and PAC600 was studied using scanning electron 144 

microscopy (Fig. 3). Scanning electron microscopy (SEM), which had been a primary tool 145 

for characterizing the surface morphology and fundamental physical properties of the 146 
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adsorbent’s surface, was useful for determining the particle shape, porosity and appropriate 147 

size distribution of the adsorbent.
36

 It was clear that PAC400 and PAC600 had a 148 

considerable number of pores, where there was a good possibility for Cr(VI) to be trapped 149 

and adsorbed into these pores. 150 

The chemical structures of the PAC400 and PAC600 were analyzed by using FTIR 151 

spectroscopy. Fig. 4 shows the FTIR spectrum of PAC400 and PAC600 in the frequency 152 

range (4000–0 cm
−1

). The FTIR spectra of Zn-loaded PAC revealed one distinct absorption 153 

band at around 464 cm
−1

. 37
 The position and number of these bands not only depend on 154 

crystal structure and chemical composition but also on particle morphology.
29, 38, 39

 155 

Therefore, reference spectra of ZnO often shows among from 406 cm
−1 

to 512 cm
−1

.
34

 ZnO 156 

may be the cause of the high adsorption Cr(VI). 157 

Fig. 5 shows C 1s, O 1s and Zn 1s XPS spectra of PAC400 and PAC600. The C 1s 158 

spectrum of PAC600 appeared at 283.8 eV, 284.7 eV, 285.6 eV and 288.7 eV, assigned to 159 

the forms of C-H/C-C,
40

 C-O,
40

 C-N,
41

 COO
− 

(carboxyl and ester) 
42

 (Fig. 5a). However, 160 

four different peaks centered on 284.5 eV, 284.6 eV, 286.3 eV and 288.4 eV were observed 161 

in Fig. 5b, corresponding to C-C, C-H, C-O and C=O.
41

 O 1s XPS spectra of the samples 162 

obtained in high resolution were presented in Fig. 5c and Fig. 5d. Three peaks were 163 

observed at similar binding energies: 529.5 eV, 529.9 eV and 531.4 eV (Fig. 5c), which 164 

could be ascribed to hydroxide, molecular water and zinc oxide, respectively.
43

 There were 165 

some subtle differences between PAC600 (Fig. 5c) and PAC400 (Fig. 5d) due to different 166 
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calcination temperature. The Zn2p3/2 peak (PAC600 (Fig. 5e) and PAC400 (Fig. 5f)) at 167 

binding energy (BE) =1021.3±0.1 eV was attributed to zinc oxide.
44, 45

 The Zn2p3/2 peak at 168 

higher binding energy, 1022.2±0.1 eV could be attributed to zinc hydroxide in agreement 169 

with data available in the literature.
45-47

  170 

As shown in Fig. 6, zeta potential values of PAC400 and PAC600 in the chosen pH 171 

range are indicative of the highly positive charged surface. The presence of more positive 172 

charges in the structure of PAC400 and PAC600 significantly improves their ability to 173 

immobilize Cr(VI) ions, which may be caused by the edge surface charges of Zn-O groups. 174 

Due to their most positive charge, PAC400 and PAC600 may provide a favorable 175 

environment for adsorbing negative charged Cr(VI) ions through electrostatic interactions. 176 

3.2. Effect of pH on Cr(VI) adsorption 177 

As shown in Fig. 7 that the pH significantly affected the Cr(VI) adsorption. And the 178 

effect on PAC600 was more pronounced than PAC400. The maximum removal of Cr(VI) 179 

was achieved at pH = 3. Precipitations of chromium occurred when pH was higher than 6. 180 

Therefore, absorption was not studied beyond pH of 6. The amount of Cr(VI) adsorption by 181 

PAC400 and PAC600 increased sharply when pH increased from 1.0 to 2.0. At pH 2.0−3.0, 182 

the amount of Cr(VI) adsorption increased slowly. However, decrease of adsorption of 183 

Cr(VI) was observed when pH increased from 3.0 to 6.0. 184 

Cr(VI) exists as salts of H2CrO4, HCrO4
−
 and CrO4

2−
 depending on the pH and 185 

concentration of Cr(VI) in the solution. H2CrO4 predominates at pH less than about 1.0, 186 
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HCrO4
−
 at pH between 1.0 and 6.0, and CrO4

2−
 at pH above about 6.0. 

48
 The adsorption of 187 

metal ions by PAC400 and PAC600 depended on solution pH, which is because pH 188 

influenced the adsorbent surface charge. When the pH value is low, adsorbent (PAC400 189 

and PAC600) static charges was presented in positively charged form. However, more and 190 

more negative charge formed on the surface of the adsorbent with the increasing of pH. 191 

Therefore, the optimum sorption, that was to say pH was 3.0, the dominant species of Cr 192 

ion in solution was HCrO4
−
. The chromate anion interact strongly with the positive charged 193 

ions of the PAC400 and PAC600. So, The reason of the adsorption of Cr(VI) on the surface 194 

of PAC400 and PAC600 perhaps is the electrostatic interaction between the positive 195 

electric charge of Zn ions and the negative electric charge of HCrO4
−
ions, just as shown in 196 

Fig. 8. It was also found from Fig. 7 that higher pH, lower removal efficiency of PAC400 197 

and PAC600. This may be due to the retarded interaction between adsorbent (PAC400 and 198 

PAC600) and Cr(VI) at higher pH.
49

 199 

3.3. Adsorption kinetics 200 

Fig. 9 presented the effect of contact time on Cr(VI) adsorption onto activated carbon. 201 

The data indicated that the rate of Cr(VI) adsorption was fast, with 90 % of the ultimate 202 

adsorption occurring in the first 200 min, followed a very slow way to equilibrium. 203 

Generally, adsorption reached equilibrium within 24 h, so 24 h was used in all batch 204 

experiments. The initial rapid increase in amount of adsorption may be due to many vacant 205 

sites available at the initial time interval, as a result there was an increased concentration 206 
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gradient of adsorbate between solution and adsorbent.
50

 Generally speaking, the initial 207 

adsorption in rapid, because this time the adsorption involved a surface reaction process. 208 

Then, a slower adsorption could be due to the gradual decrease of the available adsorption 209 

site.
5
 210 

Adsorption kinetic was modeled by the first-order, and the second-order, rate equation 211 

expressed as follows: 212 

1( ) log
2.303

e t e

k
log q q q t                                            (2) 213 

2

2

1

t e e

t t

q k q q
                                                       (3) 214 

Where k1 is the rate constant of adsorption (min
−1

); k2 is the second-order constant (g mg
−1

 215 

min
−1

); qe and qt were the amount of Cr(VI) adsorption at equilibrium and at time t.  216 

The rate constants and R
2
 values for the different kinetic models for the adsorption were 217 

showed in table 1. The Fig. 10 showed that kinetic rate of Cr(VI) adsorption with PAC400 218 

and PAC600 were described less by the pseudo-first-order equation (R
2
=0.972, 0.983) than 219 

by the pseudo-second-order equation (R
2
=0.986, 0.995). So, the adsorption kinetic is not 220 

diffusion controlled but chemisorptions. 221 

3.4. Effect of adsorbent dose 222 

The effect of the adsorbent dose on Cr(VI) adsorption was perform by varying the 223 

adsorbent dose PAC600 and PAC400. Fig. 11 showed that there were non-significant 224 

increase adsorption capacity of Cr(VI) when adsorbent dose was increased from 0.02 g to 225 
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0.05 g. But the removal efficiency for Cr(VI) was increased sharply when adsorbent dose 226 

was increased from 0.02 g to 0.05 g. These suggest that PAC400 and PAC600 reached 227 

maximum adsorption capacity, but there was still Cr(VI) in the solution. However, the lack 228 

of Cr(VI) in the solution and the excessive adsorbent dose make the amount of Cr(VI) 229 

adsorption decreased sharply with the increase of adsorbent dose. This is because the 230 

adsorbent is increased, but the Cr (VI) is constant, not reaching adsorption equilibria. So, 231 

the removal efficiency for Cr(VI) were slightly changed when adsorbent dose was 232 

increased from 0.10 g to 0.20 g. 233 

3.5. Adsorption isotherm 234 

The adsorption isotherms of Cr(VI) were studied with Cr(VI) concentrations ranging 235 

from 50 mg L
−1

 to 400 mg L
−1

. Fig. 12 showed that the adsorption capacity of AC400 and 236 

AC600 are significantly lower than PAC400 and PAC600. Even, the adsorption capacity of 237 

AC400 and AC600 were lower than the general activated carbon. This suggests that 238 

PAC400 and PAC600 have significantly improved the ability of adsorbing Cr(VI) by 239 

adding Zn. Langmuir and Freudlich equations are classical models for adsorption isotherms. 240 

Freudlich equation is expressed as: 241 

n

e f eq k c                                                           (4) 242 

where, Ce (mg L
−1

) is the equilibrium concentration, qe (mg g
−1

) is the amount of Cr(VI) 243 

adsorbing at equilibrium time, kf is the adsorption capacity, n is intensity incorporating all 244 

factors affecting the adsorption process. Langmuir equation is expressed as:  245 
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max

1

e
e

e

q b c
q

b c

 


 
                                                 (5) 246 

Where, Qmax (mg g
−1

) is the maximum amount of Cr(VI), b is a constant relating to the 247 

absorbing energy. Constants and correlation coefficients of Langmuir and Freundlich 248 

models for Cr(VI) adsorption onto PAC400 and PAC600 are shown in Table 2. The 249 

corresponding correlation coefficients were 0.976 (PAC400, Langmuir), 0.980 (PAC600, 250 

Langmuir) and 0.903 (PAC400, Freundlich), 0.911 (PAC600, Freundlich). Therefore, the 251 

Langmuir model fit the data better than the Freundlich model in Fig. 13. The Qmax of 252 

PAC400 for Cr(VI) (136.87 mg g
−1

) was higher than of PAC600 (187.79 mg g
−1

). The 253 

parameter b is related to the affinity of the binding sites, which allows comparison of the 254 

affinity of activated carbon towards the metal ions.
9
 255 

3.6. Desorption of Cr(VI)  256 

To make the sorption media cost effectively for Cr(VI) removal from industrial 257 

wastewater, it is important that the PAC400 and PAC600 should be reused for repeated 258 

cycles. Fig. 14 was the result of the desorption of Cr(VI) from the adsorbent. It is observed 259 

that the removal efficiencies were 98.8% (PAC400) and 98.3% (PAC600) in one cycle. In 260 

the second cycle the material removed 90.6% (PAC400) and 89.3% (PAC600) Cr(VI). The 261 

removal efficiencies also were reached more than 80%. It indicated that the reduction 262 

property of PAC400 and PAC600 to Cr(VI) was diminished after first adsorption. In the 263 

subsequent twice cycles the removal efficiencies reduced to 73.7% (PAC400), 74.8% 264 
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(PAC600) and 63.2% (PAC400), 70.4% (PAC600). In the process of desorption it found 265 

that desorption reached equilibrium within ten minutes. Desorption recyclability studies 266 

indicated that PAC400 and PAC600 could be repeatedly used as efficient adsorbent in 267 

process of adsorbing Cr(VI). 268 

4. Conclusion 269 

The present work demonstrated the feasibility of PAC400 and PAC600 to remove 270 

heavy metals Cr(VI) from aqueous solution. PAC400 and PAC600 were prepared by 271 

heating PAN which was immersed 100 ml of water solution containing 1 mol L
−1

 272 

Zn(NO3)2 and oxidation drying in air. Activated carbons deriving from PAN fiber are 273 

highly pores centered at the supermicropore region. The adsorption process was high 274 

dependence on pH. The favorable pH value for the adsorption was 3. PAC600 showed 275 

better adsorption efficiency than PAC600. It was found that the pseudo second order 276 

equation was able to better describe the adsorption of Cr(VI) by comparing the correlation 277 

coefficient (R
2
). Adsorption of Cr(VI) accorded with the Langmuir model better as 278 

evidenced by comparing with correlation value. This paper was an attempt to demonstrate 279 

the possible interaction mechanism of Cr(VI) and PAC, and for the purpose of obtaining 280 

the optimal conditions for the maximum removal of Cr(VI). PAC400 and PAC600 281 

adsorbents could be regenerated and reused for three consecutive cycles. Therefore, they 282 

could be useful material in treatment water contaminated with Cr(VI). 283 
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Figure captions: 

Fig. 1 Possible interaction mechanism of PAN in heating 

Fig. 2 Characterization of PAC400 and PAC600: pore size distributions of PAC400 

and PAC600. 

Fig. 3 SEM images showing the surface morphologies of: (a) PAC600, 50000 X; (b) 

(PAC400, 50000 X); c (PAC600, 10000 X) d (PAC400, 10000 X) 

Fig. 4 FTIR spectra of PAC400 and PAC600 

Fig. 5 XPS spectra of PAC400 and PAC600:C 1s( a (PAC600), b (PAC400)); O 1s( c 

(PAC600), d (PAC400)), and Zn 2p3/2( e (PAC600), f (PAC400)) core level spectra 

Fig. 6 Zeta potential values as a function of pH for PAC400 and PAC600 

Fig. 7 Effect of initial pH on adsorption of Cr(VI) by PAC400 and PAC600 (under 

the conditions: adsorbent dosage = 0.05 g, rotate speed = 120 rpm, temperature = 

25 °C, adsorption time=24 h and C0 = 200 mg L
−1

). 

Fig. 8 Possible adsorption process of Cr(VI) by the PAC400 and PAC600 

Fig. 9 Effect of contact time on adsorption of Cr(VI) by PAC600 and PAC400 (under 

the conditions: pH= 3.0, adsorbent dosage = 0.05 g, rotate speed = 120 rpm, 

temperature = 25 
◦
C and C0 (Cr(VI)) = 200 mg L

−1
). 

Fig. 10 The pseudo-first-order equation and the pseudo-second-order equation plots 

for Cr(VI) adsorption by PAC400(a) and PAC600 (b) at pH 3. 

Fig. 11 Effect of adsorbent dose on Cr(VI) adsorption at fixed Cr(VI) concentration 

(200 ppm) and Cr(VI) removal (%) pH 3.0, batch volume (25 ml), contact time (24h, 

120 rpm) at 25 
◦
C. 

Fig. 12 Adsorption (in ppm) vs. Cr(VI) concentration at fixed adsorbent dose (0.05 g), 

pH 3.0, contact time (24h, 120 rpm) at 25 
◦
C, Ce(Cr(VI) concentration). 

Fig. 13. Langmuir and Freundlich isotherm for PAC400 and PAC600 (Cr(VI) 

solution volume: 50 mL; adsorbent dose: 0.05 g; contact time: 24 h; pH: 3.0 

Fig. 14 Desorption cycles of the desorption condition: stripping solution 1 mol L
−1

 

NaOH, total volume 50 ml, equilibration time 120 min. 
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Fig. 1 Possible interaction mechanism of PAN in heating  

 

Fig. 2 Characterization of PAC400 and PAC600: pore size distributions of PAC400 

and PAC600. 
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Fig. 3. SEM images showing the surface morphologies of: (a) PAC600, 50000 X; (b) 

(PAC400, 50000 X); c (PAC600, 10000 X) d (PAC400, 10000 X) 
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Fig. 4 FTIR spectra of PAC400 and PAC600 
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Fig. 5 XPS spectra of PAC400 and PAC600:C 1s( a (PAC600), b (PAC400)); O 1s( c 

(PAC600), d (PAC400)), and Zn 2p3/2( e (PAC600), f (PAC400)) core level spectra 

 

Fig. 6 Zeta potential values as a function of pH for PAC400 and PAC600 
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Fig. 7 Effect of initial pH onadsorption of Cr(VI) by PAC400 and PAC600 (under the 

conditions: adsorbent dosage = 0.05 g, rotate speed = 120 rpm, temperature = 25 °C, 

adsorption time=24 h and C0 = 200 mg L
−1

). 

 

Fig. 8 Possible adsorption process of Cr(VI) by the PAC400 and PAC600 
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Fig. 9 Effect of contact time on adsorption of Cr(VI) by PAC600 and PAC400 (under 

the conditions: pH= 3.0, adsorbent dosage = 0.05 g, rotate speed = 120 rpm, 

temperature = 25 
◦
C and C0 (Cr(VI)) = 200 mg L

−1
). 

 

 

Fig. 10 The pseudo-first-order equation and the pseudo-second-order equation plots 

for Cr(VI) adsorption by PAC400(a) and PAC600 (b) at pH 3. 
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Fig. 11 Effect of adsorbent dose on Cr(VI) adsorption at fixed Cr(VI) concentration 

(200 ppm) and Cr(VI) removal (%) pH 3.0, batch volume (25 ml), contact time (24h, 

120 rpm) at 25 
◦
C. 

 

Fig. 12 Adsorption (in ppm) vs. Cr(VI) concentration at fixed adsorbent dose (0.05 g), 

pH 3.0, contact time (24h, 120 rpm) at 25 
◦
C, Ce(Cr(VI) concentration). 
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Fig. 13. Langmuir and Freundlich isotherm for PAC400 and PAC600 (Cr(VI) solution 

volume: 50 mL; adsorbent dose: 0.05 g; contact time: 24 h; pH: 3.0 

 

Fig. 14 Desorption cycles of the desorption condition: stripping solution 1 mol L
−1

 

NaOH, total volume 50 ml, equilibration time 120 min. 
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Table 1. Adsorption kinetic parameters of Cr(VI) onto PAC600 and PAC400 

Adsorbents Pseudo-first-order model Pseudo-second-order model 

K1 (min−1) qe (mg g−1) R2 K2 (g mg−1 min−1) qe (mg g−1) R2 

PAC400 0.017 102.518 0.972 1.823 116.925 0.986 

PAC600 0.016 123.976 0.983 1.419 142.693 0.995 

 

Table 2. Langmuir and Freundlich isotherm constants for Cr(VI) adsorption onto 

PAC400 and PAC600 

Adsorbents Langmuir isotherm Freundlich isotherm 

b qm(mg g−1) R2 Kf n R2 

PAC400 0.012 136.87 0.976 12.936 0.411 0.903 

PAC600 0.008 187.79 0.980 16.093 0.335 0.911 
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