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a b s t r a c t

Magnetic activated carbon (MAC) was synthesized by co-precipitation method for the removal of 
cationic dye, malachite green (MG) from solution. The characterization of MAC was presented, such 
as Fourier transform infrared spectrum (FTIR), X-ray diffraction (XRD), thermogravimetric anal-
ysis (TGA) and BET surface area, etc. The results suggested that γ-Fe2O3 was the main magnetic 
phase. Adsorption studies were performed at a range of adsorbent dose, different pH, coexisted 
ions concentrations, contact time and dye concentration in the batch mode. Results showed that the 
value of pH at 8–9 was best for the adsorption and the adsorption capacity at 303 K could reach up 
to 766 mg·g–1. The equilibrium data were fitted well by Freundlich model while kinetic data were 
predicted by pseudo-fist-order model. Thermodynamic parameters were calculated and the results 
showed that the process was spontaneous and endothermic in nature. In addition, MAC could be 
reused and the regeneration rate could reach up to 93.6% after three cycles. The results showed that 
MAC may be potential as a high-efficiency adsorbent for the removal of MG from aqueous solution.
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1. Introduction

The environmental pollutions caused by dyes from 
various ways have drawn more attention in recent years 
[1,2]. As a result, various methods have been developed 
for removal of dyes from wastewater including adsorp-
tion, chemical and electrochemical oxidation, membrane 
separation process, photo degradation, etc [3–5]. Among 
these methods, adsorption technology is widely used as it 
is fast, easy-operated, effective and relatively inexpensive. 
Powder activated carbon with high surface area, pore vol-
ume, is widely used as an adsorbent in chemical and food 
industry [6] and be considered as one of the best material 
to remove contaminants in water or wastewater treatment 
process [7–9]. However, filtration or centrifugation as the 

traditional method to separate powder activated carbon 
always had the drawback of blockage of filters and the loss 
of activated carbon [10]. Therefore, to make the full use of 
activated carbon and reduce the secondary pollution, it was 
important to find a quick and effective technique for sepa-
rating activated carbon.

In recent years, the application of magnetic parti-
cles in adsorption has received considerable attention to 
solve environmental problems [11–13]. The magnetiza-
tions of adsorbents such as polypyrrole [14], polydopa-
mine [15], polyaniline [16] coated magnetic particles and 
dipping [17] or doping [18] magnetic particles etc. were 
prepared for removal of dyes and other contaminants. 
Magnetic particles can be separated from the medium 
by a simple magnetic process. However, the uses of 
almost adsorbents have been limited because of their 
small adsorption capacity [19,20]. To solve this situation, 
different doping or co-precipitation methods using mag-
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netic particles and activated carbon were explored to 
purify water [17,21,22].

Malachite green (MG, cationic dye) was widely used 
in many industries for their coloring agent and it was dis-
charged to water body during process of synthesis or use. 
MG is toxic and carcinogenic that can cause irritation, 
allergy and cancer in human [23–25]. Various adsorbents 
and photo catalysts were used to remove cationic dye 
from the wastewater [26–30]. Khattri and Singh studied 
the removal of MG from dye wastewater on neem saw-
dust and made the full use of Natural waste [31]. Malik et 
al. utilized groundnut shell waste to prepare powdered 
activated carbon as adsorbent and the adsorbent demon-
strated attractive removal efficiency [32]. Yang et al. used 
oxygen-rich pentaerythritol to modify multi-walled car-
bon nano tube to remove alizarin yellow R and alizarin 
red S and showed strong adsorption capacity [33]. Yu et 
al. prepared TiO2-based photo catalysts to degrade meth-
ylene blue, rhodamine B and methyl orange and also 
realized the aim of water purification [34]. In this paper, 
the magnetic activated carbon which was prepared by 
ferric salts and activated carbon through co-precipitation 
method had not been used for removal the MG in the 
wastewater. So the cationic dye pollutant, MG, was cho-
sen as objective pollutant.

In this study, magnetic activated carbon (MAC) was 
prepared by co-precipitation for fast and effective removal 
of MG from solution. Several characterizations of MAC 
were presented and its property of adsorption toward MG 
was performed. Moreover, the equilibrium and kinetics 
data were analyzed and thermodynamic parameters were 
calculated. Regeneration and reuse of MG-loaded MAC 
were also performed.

2. Material and methods

2.1. Materials

Ferric Chloride (FeCl3, Fengchuan Chemical Reagent, 
Tianjin, China), ferrous sulfate (FeSO4, Sinopharm Chem-
ical Reagent, Shanghai, China), ammonium hydroxide 
(25%–28%, w/w, Sinopharm Chemical Reagent, Shanghai, 
China), Sodium chloride (NaCl, Kermel, Tianjin, China), 
Calcium chloride (CaCl2, Kermel, Tianjin, China), cetyl-
trimethyl ammonium bromide (CTAB, Sinopharm Chem-
ical Reagent, Shanghai, China), Absolute ethanol (Fuchen 
Chemical Reagent, Tianjin, China), Polyethylene gly-
col-6000 (Sinopharm Chemical Reagent, Shanghai, China), 
Activated charcoal (Macklin, Shanghai, China). Malachite 
green dye (Kermel, China) was purchased from Tianjin, 
China and its structure was shown in Fig. 1. All chemicals 
were of analytical grade and used without further purifica-
tion. Distilled water was used.

2.2.  Preparation of magnetic activated carbon (MAC)  
and magnetic particle (MP)

The magnetic activated carbon was prepared by co-pre-
cipitation. 1.6 g of activated carbon and 0.04 g of polyeth-
ylene glycol-6000 were placed in beaker and dissolved in 
distilled water with mechanical agitation (15 min). Subse-

quently 2.03 g of FeCl3 and 1.39 g of FeSO4 were added while 
stirring for 30 min. Ammonia solution (pH = 12.5) was 
added drop wise until the pH value of the solution reach up 
to 11. After the reaction, the solution was aged for 30 min. 
The whole process was carried out at 50ºC (water-bath). 
Magnetically modified activated carbon was collected by 
magnet and then washed by water till the pH of superna-
tant was approximately 7. Then it was placed in oven at 
60°C to drying. Magnetic particle (MP) was prepared by the 
same method without activated carbon [21].

2.3. Characterization of MAC and MP

The determination of pHpzc was conducted by adjusting 
pH of 10 ml 0.01 mol·L–1 NaCl solution to a value between 2 
and 12 in 50 ml flasks. 0.010 g MAC was added in solution 
and equilibrium time was 90 min. Then pHfinal of solution 
was measured by pH meter. The pHpzc is the point where 
pHintial – pHfinal = 0.

The Fourier transform infrared (FTIR) spectroscopy 
(FTIR-2000, PerkinElmer) was measured to determinate 
characteristic functional groups of MP, MAC and MAC-MG 
(MG absorbed MAC). It aimed to demonstrate the success-
ful of co-precipitation of AC and MP and the adsorption of 
MG onto MAC.

Boehm titration was used to determine the amount 
of surface acidic and basic functional groups. Each sam-
ple (0.400 g) was accurately weighed and shook with 
0.05 mol·L–1 HCl, NaOH, Na2CO3, NaHCO3 in a closed flask 
and agitated for 24 h at room temperature. After the reac-
tion, the remaining HCl, NaOH, Na2CO3, NaHCO3 were 
determined by titration using 0.05 mol·L–1 NaOH or HCl, 
respectively [35].

X-ray diffraction (XRD) analysis was used to identify 
any crystallographic structure in MAC using a comput-
er-controlled X-ray diffractometer (X’ Pert PRO, China). 

Thermogravimetric (TGA) analysis was performed to 
quantifify the contant of AC in MAC using Simultaneous 
Thermal Analyzer (STA 409 PC, Germany). MP and MAC 
was heated from 303 K to 873 K at 3 K·min–1, under air atmo-
sphere, respectively.

Scanning electron microscopy (SEM) was a technique 
to observe the micro morphology of the material. In 
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Fig. 1. The structure of MG.
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this paper, the micro morphology of MP and MAC was 
observed under 15.0 kV with scanning electron micro-
scope (Su8020, China).

The Brunauer–Emmett–Teller (BET) method was used 
to measure the specific surface area of MAC by an Auto-
mated Gas Sorption Analyzer (Autosorb-iQ, China). The 
precisely weighed MAC (0.1529 g) was degassed at 100° 
and adsorbed under N2 at 77 K.

UV-vis spectroscopic measurements were carried out 
to determine the concentrations of MG left in supernatant 
solutions referring to the standard curve of MG at the maxi-
mum wavelength (615 nm) (UV/VIS-3000, China). 

2.4. Adsorption experiments

Batch adsorption experiments with 10 ml of MG solu-
tion in 50 mL conical flaks were performed for various dose 
(1–22 mg, CMG = 800 mg·L–1), 5 to 720 min contact times (CMG = 
400 mg·L–1), coexisted ions (NaCl, CaCl2, CTAB), 3–9 pH (CMG 
= 400 mg·L–1) and 20, 25 and 30°C (CMG = 300–1000 mg·L–1, 
pH = 8–9). Then the conical flasks were placed and shook in 
an orbital shaker (SHZ-82, China) at 120 rpm. Solution pH 
was adjusted by 1.0 mol·L–1 of hydrochloric acid and sodium 
hydroxide solutions and the pH values of MG solutions were 
measured by a pH meter (PHS-3C, China). After adsorption, 
the samples were withdrawn from the flasks by magnet. The 
concentration of MG in the supernatant solution was ana-
lyzed by measuring the absorbance at 615 nm.

The data obtained in batch mode studies were used 
to calculate the MG uptake quantity. The quantity of MG 
adsorbed onto unit weight of adsorbent (qt or qe, mg·g–1) and 
the dye removal efficiency (p, %) were calculated using the 
following equations, respectively:

q
V C C

m
=

−( )0  (1)

p
C C

C
=

−( )
×0

0

100e %  (2)

where C0 is the initial MG concentration (mg·L–1), Ct or Ce is 
the MG concentration at any time t or equilibrium(mg·L–1), 
V is the reaction solution volume (L), and m is the mass of 
MAC (g). 

To investigate the reusability of MAC, the regener-
ation and re-adsorption of MG experiments were con-
ducted. Several methods of regeneration were chosen and 
three continuous circulations were carried out. Each cycle 
consists of adsorption (t = 360 min, pH = 9, MAC dose = 
0.5 g·L–1, C0 = 400 mg·L–1, T = 303K) followed by desorp-
tion (t = 360 min). After adsorption reaction, the resultant 
MG-loaded MAC (MG-MAC) was collected, washed and 
air dried and reintroduced into the desorption experi-
ments. The desorption efficiency and regeneration effi-
ciency were calculated in the following:
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where D is the desorption efficiency of the adsorbent (%); m 
is the MG mass (g), which is desorbed from the adsorbent 
and mc is the remaining MG mass on the adsorbent before 
desorption (g). η is regeneration efficiency of the adsorbent 
(%), qn and qe are the adsorption quantity of regenerative 
MAC for n (1, 2, 3) times and the fresh MAC in the same 
experimental conditions, respectively. 

3. Results and discussion

3.1. Characterization of MAC and MP

3.1.1. FTIR analysis

FTIR of MP, MAC and MG-MAC are presented in Fig. 2. 
They all showed the similar infrared adsorption between 500 
and 700 cm–1. The wide peak around 3400 cm–1 of MAC and 
MP represented the –OH stretching vibrations due to acti-
vated carbon. The peaks between 1650 cm–1 and 1450 cm–1 
belonged to the benzene ring. At fingerprint region, the small 
peak near 886 cm–1 could be assigned to C–H bending vibra-
tion. The characteristic peak of iron oxides was located at 
587 cm–1 [36,37]. From Fig. 2, strong peak located at 3300 cm–1 
about MG-loaded MAC was due to stretching vibration of  
–OH from adsorbed water. The peak located at 1620 cm–1 from 
benzene ring framework was obvious seen as there was ben-
zene ring in MG molecular. Absorption peak near 1375 cm–1 
was due to bending vibration of –CH3 from MG structure. 
Peak from iron oxides was still observed at 587 cm–1. These 
confirmed that MG was adsorbed onto surface of MAC.

3.1.2. Zero point of charge

The zero point of charge of materials indicated the func-
tional groups on their surface and the results are shown in 
Fig. 3. It is seen from Fig. 3 that the pHpzc values are nearly 
7.1 for both two materials. This illustrated that the amount 
of charge on the surface of MP and MAC was no change.
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Fig. 2. FTIR of MP, MAC and MG-loaded MAC.
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3.1.3. Boehm titration

The number of acidic and basic functional groups of MP 
and MAC are listed in Table 1. The iron oxides in MAC reacted 
with hydrochloric acid and could not obtain the amount of 
basic functional groups on its surface. In Table 1 there are 
more acidic groups for AC and less basic groups. Further-
more, there are more carboxyl and phenolic groups and less 
lactonic groups. For MAC, there are comparatively less acidic 
groups. It was also found that there were much more phenolic 
groups and less carboxyl and lactonic groups for MAC.

3.1.4. XRD analysis

The XRD patterns of MP and MAC are presented in 
Fig. 4. The analysis results suggested that the peaks may 
relate to the presence of γ-Fe2O3 or Fe3O4. Maybe one or two 
iron oxide existed in MP and MAC. In addition, the boarder 
peaks for MAC indicated a smaller crystallite size than MP 
according to Scherrer´s equation [38].

3.1.5. TGA analysis

Thermogravimetric analysis of MP and MAC are shown 
in Fig. 5. No weight gain was observed during the course 
of continuous heating, indicating that no Fe2+ was oxidized 
to Fe3+. Combining the appearance and magnetic character-
istics of magnetic particles, it was presumed that the mag-
netic particles were γ-Fe2O3. For MP analysis, the weight 
loss was observed. It could be attributed to water vapor 
(<200ºC) and the oxidation of dispersant (glycol) which 
was introduced in the preparation of materials (<200ºC). 
MAC showed weight loss of 6.22% due to water at the tem-
perature lower 200ºC. In the temperature range 200–600ºC, 
weight loss of 54.84% was related to the oxidation of carbon 
[39]. Based on the analysis results, it was estimated that the 
mass fraction of AC in MAC was about 50%.

3.1.6. SEM analysis

Fig. 6 shows the scanning electron microscopy of MP 
and MAC. From Fig. 6, the particles of MP and MAC are 

not uniform and the size of more particles is less than 1 μm. 
Some particles were aggregated. It was also seen that MAC 
and MP exhibited granular micro structure with irregular 
shaped grains [36,37].

3.1.6. The BET surface area

The adsorption isotherm of N2 on MAC is illustrated in 
Fig. 7. The Brunauer Emmette Teller method (BET, the most 
usual standard procedure) was used to calculate the surface 
area and it was 1130 m2·g–1. The results suggested that the 
MAC may be promise to be as a superior adsorbent.

2 4 6 8 10 12

-3

-2

-1

0

1

2

pH
0

∆pH

 MP
 MAC

pHpzc=7.1

Fig. 3. Plots of ΔpH against initial pH for the determination of 
pHpzc of MAC and MP.

Table 1  
Quantity of surface acidic and basic functional groups of MAC 
and MP

AC MAC

Surface basicity (mmol·g–1) 0.0528 –
Surface acidity (mmol·g–1) 0.388 0.335
Carboxyl (mmol·g–1) 0.164 0.0178
Lactonic (mmol·g–1) 0.0641 0.0743
Phenolic (mmol·g–1) 0.163 0.243
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Fig. 4. XRD pattern of MP and MAC.
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It was concluded from analysis of characterization that 
MAC was favor of adsorption as there was higher surface 
area and irregular shaped forms, besides its easy separation 
from solution through external magnet.

3.2. Adsorption study

3.2.1. Effect of adsorbent dosage on adsorption quantity

The determination of optimum dosage of adsorbent 
is dispensable and its effect is shown in Fig. 8. It is seen 
from Fig. 8 that the values of qe decreased and the removal 
efficiency (p) values increased gradually with the increase 
of adsorbent dosage. It was inferred that the active sites 
increased along with the adsorbent dosage increased. As 
can be seen in Fig. 8 that the two values of qe and p are in the 
medium level when the adsorbent dosage is 0.5 g·L–1 and it 
was chosen as the option dosage in next test.

3.2.2. Effect of contact time on adsorption quantity

The effect of contact time on the adsorption process is 
demonstrated in Fig. 9. The adsorption process contained 
three parts: first 5–70 min was the initial phase of rapid 
adsorption and then 70–150 min was a slow process until 
equilibrium at 240 min. The results might be attributed to 
much more active sits and stronger driving force in the 
early stage of adsorption and the slow adsorption rate at the 
end due to the saturation of binding sites [40,41]. The whole 
adsorption process reached equilibrium quickly, essentially 
due to the large specific surface area and rich pore struc-
ture. The equilibrium time was taken as 360 min for further 
experiments. In addition, the comparison of MP and MAC 
toward MG showed that MAC had large adsorption quan-
tity and MAC was a promising adsorbent to remove MG 
from solution.

3.2.3. Effect of coexisted ions on adsorption quantity

The effect of coexisting ions should also be considered 
in the wastewater treatment. Considering that the mal-
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Fig. 5. Thermogravimetric analysis of MP and MAC.

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

150

200

250

300

350

400

Vo
lu

m
e (

cc
·g-1

)

Relative Pressure ( P/P0)
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Fig. 6. SEM analysis (a) MP; (b) MAC.
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achite green was a cationic dye and contained the hydro-
philic element (N), NaCl, CaCl2 and CTAB were selected as 
the coexisting ion. Fig. 10 shows the effects of different con-
centrations of NaCl, CaCl2 and CTAB on the values of qe. As 
can be seen from Fig. 10 that the presence of NaCl and CaCl2 
had slightly negative effect on the values of qe. It suggested 
that electrostatic attraction existed in the adsorption process 
but not the dominant force [42]. In addition, the existence 
of CTAB negatively affected the values of qe and the neg-
ative effects decreased as the concentration of CTAB was 
increased. The critical micelle concentration of CTAB at 308 
K was 9.2×10–4 mol·L–1. It was conferred that the micelle of 
CTAB formed and the force of CTAB with MAC was weak-
ened. The negative effect of CTAB for adsorption process 
inferred that the hydrophilic group of CTAB, not MG, also 
combined with the oxygen-containing functional groups of 
MAC by hydrogen bond [43].

3.2.3. Effect of pH on adsorption quantity

To study the effect of pH on the adsorption, the initial 
pH was adjusted within 3–9 and the results are presented in 

Fig. 11. The values of qe became larger with the increase of 
pH from 2 to 8. When the value of pH was over 8, the adsorp-
tion capacity changed little and the pH of the working solu-
tion was adjusted to 8–9. As pHpzc of MAC was 7.1 and MG 
was cationic dye, MG was easily adsorbed on MAC surface 
at alkaline conditions through electrostatic attraction. Also, 
at acidic solution, the presence of excess H+ competed with 
MG adsorbed on MAC [44,45]. From Fig. 10, even at pH = 2, 
there was still some adsorption quantity compared to pH = 
8. This showed that there were other actions between MAC 
and MG, such as π-π dispersion, hydrogen-bonding, etc [6].

3.2.4.  The effect of MG concentration and temperature on 
adsorption quantity

The initial concentration and adsorption temperature 
influence much on the adsorption process [46]. The effec-
tiveness of equilibrium MG concentration and temperature 
are researched and the results are shown in Fig. 12. It can be 
seen that the value of qe increased with the increase of MG 
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concentration. This could be attributed to the driving force 
of the concentration gradient. 

In Fig. 12, when the temperature was 303 K, the adsorp-
tion capacity was better than 293 K and 298 K while the 
adsorption capacity was nearly equal at T = 293, 298 K. The 
results indicated that the adsorption process was endother-
mic and insensitive to temperature at lower temperature. 
The experimental data showed that the maximum adsorp-
tion capacity was up to 1830 mg·g–1. The comparison of MG 
adsorption capacity by MAC and other adsorbents is listed 
in Table. 2. It can be referred that MAC have superior capac-
ity for MG from solution.

3.3. Isotherm studies

In order to figure out the adsorption mechanism of 
MG on MAC, the Langmuir, Freundlich, Temkin models 
were used to fit the adsorption isotherm. The used mod-
els are listed in Table. 3. The fitting parameters and the 
determined coefficients (R2) are listed in Table 4 by non-
linear regressive analysis and the fitted curves are also 
shown in Fig. 12.

In Table 4 there are higher values of R2 for Frundlich 
model. Frundlich model is an empirical formula used to 
describe the adsorption process of high concentration 
adsorbates on heterogeneous surfaces. The adsorption coef-
ficient KF increased with the increase of temperature, which 
indicated that the increase of temperature was beneficial 
to the adsorption process. The fitting parameters 1/n was 
between 0 and 0.5, illustrating easily adsorption. 

3.4. Kinetic studies

In order to explore the mechanism of MG on adsorbent 
and figure out what controls the process, kinetic analysis 
were performed. The experimental data were fitted by three 
models, namely pseudo-first-order kinetic model, pseu-
do-second-order kinetic model and Elovich equation (equa-
tions also presented in Table. 3).

 The fitting result was evaluated by R2 and all the 
obtained parameters are listed in Table 5. The experimental 
and fitted curves were compared and are illustrated in Fig. 
13. As shown in Table 5, all the adsorption rate constant val-
ues (k1, k2, α) which were obtained from the fitting results 
increased with the increase of adsorption temperature. It 
suggested that the increase of temperature was beneficial 
to raise the reaction rate [56]. Furthermore, the qe(exp) values 
also increased with the increase of temperature and this 
showed that the adsorption process was an endothermic 
process, which was in accordance with the results of the 
isotherm studies. In addition, comparing the R2 values of 
three fitting models and the degree of proximity between 
qe(exp) and qe(theo) from pseudo-first-order kinetic model and 
pseudo-second-order kinetic model, it was found that pseu-
do-first-order kinetic model was best to describe the adsorp-
tion process. Therefore, it was confirmed that the MG over 
MAC was controlled by physisorption process [49].

3.5. Thermodynamic studies

Temperature change had effect on MG adsorption. The 
temperature dependence of adsorption is related to various 
thermodynamics parameters. The thermodynamics param-
eters, including Gibbs free energy (ΔG0), enthalpy (ΔH0), 
entropy (ΔS0) and activation energy (Ea) were calculated by 
the following formula [6].
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Fig. 12. Adsorption isotherms of MG adsorption onto MAC at 
various temperatures.

Table 2  
Comparison of monolayer adsorption capacity of MG onto 
various adsorbents

Adsorbent qm (mg·g–1) Reference

MAC 2138 This study
Almond gum 196.07 [1]
Activated carbon/Co2 Fe2O4 
composites

89.29 [10]

Magnetic activated carbon 
(impregnation)

333 [17]

Cellulose aerogel 212.7 [23]
Bagasse fly ash 170.33 [45]
β-cyclodextrin-graphene  
oxide nano composites

990.10 [47]

CO2-activated porous carbon 295.86 [48]
Magnetic barium phosphate 
composite

1639 [49]

Jute fiber carbon 136.58 [50]
Iron nano particles loaded on 
ash

500.0 [51]

Reduced graphene oxide 476.2 [52]
Aminopropyl  
functionalized magnesium 
phyllosilicate

334.80 [53]

Natural zeolite 27.3 [54]
Rambutan peel-based 
activated carbon

418.60 [55]
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where Kc’ is apparent adsorption equilibrium constant. 
Cad,e represents the equilibrium concentration of MG on the 
adsorbent. Kc’ is calculated at lowest experimental concen-

Table 3 
Adsorption equilibrium models: description and nomenclature

Models Non linear form Nomenclature

Isotherm model

Langmuir
q

q K
Ke

m L e

L e

C
C

=
+1

qm (mg·g−1) = mono layer maximum adsorption quantity; KL (L·mg−1) = 
Langmuir constant related to binding energy.

Freundlich q K Ce F e
1/n= KF (L·g−1) and n are Freundlich constant depending on temperature.

Koble-Corrigan
q

AC
BC

n

ne
e

e

=
+1

A (L·mg−1) and B (L·mg−1) are related to the capacity of adsorption.

Temkin q A B Ce e= + ln A and B (J·mg−1) are Temkin constants.

Kinetic model

Pseudo-first-order kinetic q q e k t
t e= − −( )1 1 k1 (min−1) is the rate constant, qe (mg·g−1) or qt (mg·g−1) is the amount of 

solute adsorbed on adsorbent at equilibrium or any time t.
Pseudo-second-order kinetic

q
k q t

k q tt
e

e

=
+

2
2

21

k2 (mg·g−1·min−1) is the rate constant.

Elovich
q tt ln= ( ) +

1 1
β

αβ
β

ln
α (mg g−1 min−1): initial sorption rate constant, β (g mg–1): desorption 
constant.

Table 4  
The parameters of isotherms at different temperatures by 
nonlinear regressive analysis

Langmuir

T/K KL 
(L·g−1)

qe(exp) 
(mg·g−1)

qm(theo) 
(mg·g−1)

R2

293 0.0306 1.57×103 1.79×103 0.918

298 0.0708 1.60×103 1.52×103 0.751

303 0.0926 1.83×103 2.14×103 0.672

Freundlich

T/K KF 1/n R2

293 257 0.352 0.970

298 366 0.277 0.935

303 454 0.363 0.698

Temkin

T/K A B R2

293 −353 364 0.952

298 83.4 270 0.887

303 182 401 0.678

Koble-Corrigan 

T/K A B n R2 

293 218 0.0432 0.455 0.966

298 259 −0.435 0.0983 0.932

303 405 0.105 0.554 0.646

Table 5  
Parameters of kinetic analysis by pseudo-first-order and 
pseudo-second-order models

Pseudo–first–order equation

T/K qe(exp) (mg·g−1) qe(theo) 
(mg·g−1)

k1 (min−1) R2

293 695 659 0.0349 0.967
303 766 733 0.0600 0.981
313 811 790 0.0706 0.994

Pseudo–second–order equation

T/K qe(exp) (mg·g−1) qe(theo) 
(mg·g−1)

k2 
(g·mg−1·min−1)

R2

293 695 765 5.57×10–5 0.994
303 766 825 9.29×10–5 0.974
313 811 880 1.08×10–4 0.958

Elovich equation

T/K α (mg·g−1·min−1) β (g·mg−1) R2

293 80.8 0.00661 0.983
303 176.1 0.006645 0.891
313 282.4 0.00668 0.821
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tration, as Kc’ needs to be obtained at very dilute concentra-
tion in theory. The ΔG0 (Gibbs free energy) value is obtained 
by Kc’, based on the following formula.

ΔG0 = –RT ln Kc’ (8)

where T is the experimental temperature (K) and R is uni-
versal gas constant (8.314 J·mol–1·K–1). The ΔH0 and ΔS0 value 
are obtained by intercept and slope of Van’t Hoff plot in the 
basis of the liner relationship between ΔG0 and T. 

ΔG0 = ΔH0 – TΔS0e (9)

The activation energy (Ea) is defined as the minimum 
energy barrier required for the combination of MG and 
MAC. The value of Ea was obtained by linear relation 
between lnk and 1/T in the general Arrhenius equation. The 
Arrhenius equation was given as follows:

lnk
E
RT

Aa
1 = − + ln

 
(10)

where k1 is the rate constant and A (min–1) is pre-exponential 
factor.

Thermodynamic parameters are listed in Table 6 
according to Eqs. (8)–(10). The negative values of ΔG0 at 
various temperatures showed the spontaneity of the MG 
adsorption process, confirming the affinity of MAC for 
MG. The increment in the absolute of ΔG0 with the increase 
in temperature indicated the adsorption process favored 
at higher temperature. Usually, a value of ΔG0 between 0 
and −20 kJ·mol–1 is consistent with electrostatic interaction 
between adsorption sites and the adsorbing ion, while 
ΔG0 values more negative than 40 kJ·mol–1 involve charge 
sharing or transfer from surface of adsorbent to adsorbate 
to form a coordinate bond [57]. As shown in Table 6, the 
magnitude of ΔG0 for this adsorption system is within the 
physical adsorption range.

The positive values of ΔH0 showed that the pro-
cess was endothermic, while the positive value of ΔS0 
(216 J· mol– 1·K– 1) indicated an increase in the degree of free-
dom (or disorder) of the adsorbed species. The low value 
of Ea agreed well with the kinetic fitting results, indicating 
that the adsorption process was physical adsorption. All 
these thermodynamic parameters illustrated that MAC had 
a good adsorption capacity.

3.6. Regeneration of the adsorbent

Regeneration of used adsorbent and possible recovery 
of adsorbate will make the adsorption process economical 
[58–61].

In order to explore the availability of adsorbent, the 
reusability of MAC was studied. Various methods were 
used for desorption and regeneration study and the results 
are shown in Fig. 14. From Fig. 14, almost all of the meth-
ods used for desorption had no desorption efficiency 
except using HCl solution as desorption agent. It could be 
conferred that H+ replace the position of MG on MAC and 
may be attributed to the existence of ion exchange during 
desorption process. Furthermore, It could also be seen that 
all materials possessed high regeneration efficiency (all 
above 85.4%) and probably because the adsorption was 
not saturated at first time. Three methods were chosen as 
the eluent for three times circulation. The results in Fig. 15 
shows that the desorption rate of HCl solution gradually 
decreased, regardless of the concentration, while the dis-
tilled water had almost no desorption rate. It could also be 
found that the greater the concentration of H+, the better the 
desorption effect. The regeneration results are shown in Fig. 

0 50 100 150 200 250

100

200

300

400

500

600

700

800

900

q t(m
g·g

-1
)

t (min)

 313 K
 303 K
 293 K
 Pseudo-fist-order model nonliner fit
 Pseudo-second-order model nonliner fit
 Elovich model nonliner fit

Fig. 13. Effect of contact time on adsorption quantity and kinetic 
model fitted curves.

0

20

40

60

80

100

120

pH
 = 4 

HCl

Desorption (or Regeneration) Method

D
es

or
pt

io
n 

(o
r R

eg
en

er
at

io
n)

 ra
te

 Desorption rate
 Regeneration rate

H 2
O

0.1
moL

⋅L
-1  N

aO
H

EtO
H

75
% EtO

H

30
0W 60

0W

90
0W

pH
 = 3 

HCl

Fig. 14. Desorption rate and regeneration rate of different de-
sorption methods.

Table 6  
Thermodynamic parameters of MG adsorption

Ea

(kJ·mol–1)
ΔH0

(kJ·mol–1)
ΔS0 
(J·mol–1·K–1)

ΔG0 (kJ·mol–1)

293 K 303 K 313 K

27.0 55.5 216 –7.88 –9.58 –12.2
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16. The regeneration capacity of HCl solution treated adsor-
bent was weaker than that of distill water treated. It was 
presumed that the positive charge of adsorbent increased 
with the treatment of H+, but the regeneration ability was 
still strong after three cycles.

4. Conclusion

In this work, the adsorption of MG on MAC was stud-
ied. The optimum conditions were established as 0.5 g·L−1 
adsorbent dosage, 360 min as contact time and pH of 8–9. 
There was still some adsorption capacity under acidic con-
ditions, indicating the adsorption process was not purely 
electrostatic attraction but π-π disperse. The co-existed 
CTAB had negative effect on adsorption, suggesting the 
existence of hydrogen bonding forces during adsorption 
process. The experimental data were well described by 
Freundlich model and Pseudo-first-order kinetic model 

and the activation energy value was 27.0 kJ·moL−1, which 
indicated that the adsorption was multilayer and physical 
adsorption process. The adsorption was spontaneous and 
endothermic. Furthermore, MAC had strong regeneration 
capacity. Based on all this, MAC can be used as an excellent 
adsorbent to remove MG from solution. 
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