
 Introduction

With the development of the dye industry, dye 
wastewater emissions have increased dramatically. The 
presence of dyes in untreated effluents is unfriendly to 
the environment, for example, coloring water bodies, 
disturbing the aquatic system, being chronic and acute 
toxicities to human beings, etc. So dye-containing 
wastewater requires treatment before disposal. The 
most common techniques for removing dyes include 
membrane separation [1, 2], advanced oxidation [3, 4], 
and biological treatment [5, 6], etc. However, there are 
certain disadvantages of these techniques such as high 
cost or secondary pollution. The adsorption technique 
is considered to be an effective method for wastewater 
treatment, especially with activated carbon due to its 

high adsorption capacity [7-12]. However, the high 
initial and regeneration cost of activated carbon limits 
its use [13, 14]. Hence, many investigators are studying 
for the alternate adsorbents that are equivalent to 
activated carbon, but inexpensive and abundant. These 
include: shell [15, 16], sludge [17], slag [18], palm fruit 
bunch [19], and straw [20].

As the product of coal gasification at medium 
temperature, semi-coke is the raw material of certain 
industries such as ferroalloy, calcium carbide and 
so on. During the transportation and production 
process, a large amount of semi-coke powder with 
particle size less than 3 mm is produced. This powder 
becomes solid waste for not meeting the production 
process requirements. So semi-coke powder is cheap 
and available, and moreover it has some beneficial 
properties in preparation of activated carbon. As solid 
waste, semi-coke powder is harmful to the environment. 
When it is prepared to be activated carbon it becomes 
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valuable material. If the adsorption properties of the 
activated carbon from semi-coke were better, it could 
be used as an adsorbent instead of  common activated 
carbon for wastewater treatment, and the cost could be 
reduced. It has been reported in the literature [21] that 
the activated carbon was prepared from semi-coke by 
KOH activation. In this research, we explore activating 
semi-coke only by high-temperature vapor without 
pretreatment and investigate the adsorption capacity 
and mechanism of the activated semi-coke for removing 
dyes from simulated wastewater. 

Materials and methods

Materials

Semi-coke (SC) was obtained from the Tongda 
Semi-Coke Plant in Shenmu County in Shanxi Province. 
The received semi-coke was ground and separated by 
sieving to obtain the particles with grain diameter below 
0.6 mm.

Methyl orange(MO), Ind, was purchased from 
Beijing Chemical Plant.

Industrial-grade blue dye (BD) was purchased from 
Shanghai Jiaying Chemical Co., Ltd.

Activated Carbon Preparation 

The proximate analysis of SC was done in duplicate. 
Thermo-gravimetric analysis (TG) (Setsys Evolution, 
France) was conducted from room temperature to 
1000ºC at a rate of 10ºC/min under nitrogen conditon 
before 850ºC and air condition after 850ºC in order to 
assess the thermostability of SC.

Physical activation was carried out for activated 
carbon preparation. The procedure was as follows: the 
sample was heated at a rate of 5ºC/min in a laboratory 
tubular furnace under N2 atmosphere from room 
temperature to 800ºC, then N2 atmosphere was switched 
to vapor and maintained at 800ºC for 2 h to activate the 
sample. After that, the sample was allowed to cool down 
under N2 flow, then dried in an oven at 110ºC for 12h. 
The activated sample was named SAC. 

Characterization of Samples

The textural characterization of the samples before 
and after activation was evaluated by N2 adsorption and 
desorption data at 77 K (ASAP 2010, USA). Specific 
surface area of the samples was calculated according 
to the Brunauer-Emm-ett-Teller (BET) method, and 
micropore/mesopore volume and pore size distribution 
were determined by the Barrett-Joyner-Halenda (BJH) 
equations. X-ray diffraction (XRD) was conducted 
by using an instrument with Cu Kα radiation (Dmax 
2200PC, Japan) to analyze crystalline structure changes 
of the samples before and after activation. The images 
of SC and SAC were taken using scanning electron 

microscopy (JSM7500F, JEOL, Japan) to see pores and 
surface appearance changes before and after activation. 
Fourier transform infrared (FTIR) spectra (IRTracer-100) 
was used to analyze the changes of functional groups of 
the sample surface before and after activation and of the 
SAC surface before and after adsorption.

Adsorption of Methyl Orange (MO) 
and Blue Dye (BD)

The adsorption experiments were carried out in a 
shaker at 150 rpm at room temperature using a 150 mL 
conical flask with cover containing 0.05 g (for studing 
adsorption kinetics) and 0.1 g (for studing adsorption 
isotherms) of investigated SAC and 50 mL of MO  
or BD solutions with concentrations between 100 and  
500 mgL-1 for a period of 24 h. The original solution of 
the experiment was 1000 mgL-1 by dissolving chemical-
grade MO or BD in distilled water. The experimental 
solutions with certain concentrations were obtained by 
diluting the original solution appropriately with distilled 
water. The exact initial and equilibrium solutions 
concentrations of MO and BD were determined by 
ultraviolet and visible spectrophotometry (TU-1810). 
The adsorption capacities of SAC for MO and BD were 
calculated from the equation as:

mCCVq ee /)( 0 −×=

…where qe is the equilibrium adsorption capacity of 
SAC (mgg-1 ), C0 and Ce are initial and equilibrium 
concentrations of MO or BD (mgL-1), V is the solution 
volume of MO or BD (L) and m is the SAC weight (g).

Results and Discussion

Proximate analysis results of SC are given in  
Table 1. The carbon content is 83.9% which means that 
SC can be activated directly without carbonization step.

Thermo-gravimetric analysis of  SC was done using 
TG/DTG curves shown in Fig. 1. Two major weight 
losses oocurred. The first weight loss is at 60ºC, which 
is related to surface water. Another weight loss occurred 
between 600ºC and 800ºC in connection with the 
decomposition of volatiles.

Textural characteristics of semi-Coke (SC) 
and SC-Based Activated Carbons (SAC)

The nitrogen adsorption isotherm curves of SC and 
SAC at 77 K are shown in Fig. 2. In terms of  IUPAC 

Table 1. Proximate analysis of Semi-coke(SC).

Sample Cfix(wt%) Ash(wt%) VM(wt%) W(wt%)

SC 83.98 7.55 8.47 15
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classification, two of the curves stand for a type II shape, 
which is usually considered to represent monolayer 
adsorption at low pressure, while as the pressure 
increases the multi-layer adsorption is generated. When 
the pressure is quite high, the adsorption gas begins to 
condense into liquid phase, so the adsorption quantity 
rises sharply.

The porous property parameters obtained by N2 
adsorption at 77K in Table 2 shows that the surface area 
(SBET) and total pore volume (VTotal) of SAC are higher 
than that of SC due to the high temperature vapor 
activation process that enhanced the porous texture of 

SAC. SBET of SAC is 724.9 m2g-1, while SBET of SC is 
only 56.3 m2g-1 and SAC is maily mesporous.

Microstructural characterization of SC and SAC was 
carried out using SEM. It shows in Fig. 3b) clearly that 
the surface of SAC is very porous and denser compared 
to SC, as Fig. 3a) shows. Obviously, this is a benefit to 
the activation process.

FT-IR was employed to observe surface functional 
groups of SC and SAC, SAC after adsorption of MO 
and BD (as shown in Fig. 4). The bands correspond 
to four major absorption peaks of both SC and SAC 
that were observed and attributed to O-H, C-H, C=C 
or C=N, C=O stretching functional groups, and all of 
them were dramatically enhanced in the SAC due to the 
high temperature vapor activation, indicating that the 
surface of SC was strongly oxidized. After adsorption 
of MO or BD, the absorption peak of SAC at 1620 cm-1 

Fig. 1. Thermo-gravimetric (TG) and derivative thermo-
gravimetric (DTG) curves of semi-coke (SC).

Fig. 2. Nitrogen adsorption isotherms of the samples.

Table 2. Nitrogen adsorption results for SC and SAC.

sample SBET(m2/g) SMicro(m
2/g) SMeso(m

2/g) VTotal(cm3/g) VMicro(cm3/g) VMeso(cm3/g)

SC 56.3203 28.9646 27.3557 0.116622 0.015758 0.096685

SAC 724.9393 458.3668 228.9162 0.747538 0.242298 0.5017

Fig. 3. SEM images of SC a) and SAC b).
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disappeared. It can be expected that the functional 
group had reacted with BD or MO during the adsorption 
process. The absorption peak at 1123 cm-1 of SAC is 
observed enhanced after adsorption of BD, indicating 
that the C=O functional group played a role in the 
adsorption process.

Fig. 5 shows XRD patterns of SC and SAC samples. 
Two diffraction peaks can be observed at 2θ = 26º,  
2θ = 43º, which can be indexed to different crystal 
planar of carbon. Fig. 5 shows that the intensity of the 
diffraction of SAC became weaker than that of SC, 
indicating amorphous carbon with a chaotic layer of 
SAC redued. Besides, there are more impurity peaks in 
the SAC pattern than SC because of the erosion of some 
carbon during activation, thus the content of impurities 
is higher in SAC.

Adsorption Behaviours

Adsorption properties of methyl orange (MO)  
and blue dye (BD) with SAC are shown in Fig. 6.  

The adsorption rate of MO was faster than that of BD 
with SAC perhaps duo to the molecule of the former 
was smaller than that of the latter, so the MO molecules 

Fig. 4. FTIR spectra of SC, SAC, SAC after adsorption of blue 
dye and SAC after adsorption of methyl orange.

Fig. 5. XRD patterns of SC and SAC.

Fig. 6. MO and BD adsorption capacities with the contact  
time (C0 = 100 mg/L, shaking speed = 150 rpm and m = 0.1 g, 
V = 50 mL, T: room temperature).

Fig. 7. Adsorption isotherms of SAC for MO a) and BD b); 
stirring Speed =150 rpm and m = 0.05 g, V = 50 mL, T: room 
temperature.
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moved faster in solution. But the maximal adsorption 
capacity of both was almost the same, proving that  
SAC had more mesopores  and macropores, which  
agreed with BET because MO and BD are all 
macromolecule.

In order to further research the adsorption  
mechanism of SAC we studied the adsorption isotherm 
and kinetics. For adsorption isotherm, the Langmuir 
and Freundlich isotherms are two widely used ones. 
Fig. 7(a-b) are adsorption isotherms of MO and BD 
on SAC. Langmuir and Freundlich constants and 
correlation coefficients of MO and BD adsorption 
isotherms are given in Table 3. The Freundlich equation 
fits a little better than Langmuir with higher correlation 
coefficients.

Kinetics studies contribute to the investigation 
of adsorption dynamics mechanisms. In our study, 
the experimental data were analyzed by the pseudo  
first- and second-order models. Results are shown in 
Fig. 8(a-b). 

Table 4 shows the kinetic parameters and correlation 
coefficients of the kinetic models from which we can see 
that, for both MO and BD, the correlation coefficients 
described by the pseudo first-order model are somewhat 
lower than that of the pseudo second-order model, 
but the experimental qe(exp) values are close to the 
calculated ones. So we think the pseudo first-order 
model is the better fit.

Conclusions

Highly porous activated carbon was successfully 
prepared from solid waste semi-coke by high 
temperature vapor activation and applied in the 
adsorption of dyes from aqueous solutions. Results of 
SEM showed that the activated semi-coke (SAC) was 
more porous than the original semi-coke (SC), and BET 
gave the result that SAC had a much higher surface area 
than SC. In the adsorption experiment, SAC had high 
adsorption efficiency toward dye removal. An adsorption 
kinetics study demonstrated that the pseudo first-order 
equation could describe the adsorption process better. 
From adsorption isotherm data we could find that  

Fig. 8. Adsorption kinetics of SAC for methyl a) and orange dye  
b); C0 = 100 mg/L, stirring speed = 150 rpm and m = 0.1g, 
V = 50 mL, T = room temperature.

Sample
First-order model Second-order model

qe,exp q e,cal K 1 R2 q e,cal K 2 R2

SAC adsorption  of MO 45.4 44.05287 0.06291 0.94402 51.24332 0.00159 0.97041

SAC adsorption  of BD 40.6 38.86566 0.03457 0.99425 43.89357 0.00113 0.99816

Table 3. Langmuir and Freundlich parameters for adsorption of MO and BD by SAC.

Table 4. Kinetic parameters for MO and BD adsorption on SAC.

Isotherm parameters
Langmuir model Freundlich model

qm b R2 Kf n R2

MO 213.17447 0.02796 0.73461 69.89535 0.17411 0.92795

BD 197.47482 0.05254 0.93466 51.53692 0.24036 0.95508
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the Freundlich equation fits a little better than Langmuir 
with higher correlation coefficients.

The preparation method to make semi-coke, the 
solid waste, to be valuable adsorbent is simple and 
effective, but further work is needed in order to make 
the activated carbon much better.
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