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a b s t r a c t
In this study, an activated carbon was prepared from paulownia (P. tomentose) wood by chemical 
activation with ZnCl2. Pore properties including surface area, pore volume, pore size distribution 
and average pore diameter of the activated carbon were determined by N2 adsorption at 77 K using 
the BET, t-plot and density functional theory (DFT) methods. The activated carbon had a BET sur-
face area of 2736 m2 g–1 and total pore volume of 1.387 cm3 g–1. The use of activated carbon for the 
removal of methylene blue (MB) from aqueous solutions was investigated in a batch system different 
pH, initial dye concentrations contact times, temperatures and adsorbent doses. The extent of dye 
removal decreased with increasing initial MB concentration and increased with increasing contact 
time, temperature and adsorbent dosage. The equilibrium data were analyzed by the Langmuir and 
Freundlich isotherm models. The experimental data for the adsorption of MB dye fit the Langmuir iso-
therm model very well and the maximum monolayer adsorption capacity of the activated carbon was 
determined as 322.58, 384.61, 370.37 mg g–1 for 25, 35 and 45°C, respectively. The adsorption kinetics 
were found to follow a pseudo-second-order kinetic model. The changes in entropy (∆S°) and heat of 
adsorption (∆H°) for MB adsorption on activated carbon were positive.

Keywords:  Paulownia wood; Activated carbon; Methylene blue; Adsorption kinetics; Isotherms; 
 Thermodynamics

1.  Introduction

Demand for different raw materials, water and 
energy is increasing continuously all over the world 
due to industrial development, urbanization and pollu-
tion growth. Pollution from various industries and from 
burning fossil fuels results in significant environmental 
problems including contamination of soil, water and air. 
Consequently, environmental pollution has become a sig-
nificant challenge to human beings [1]. Environmental 
regulations have forced industries to reduce and/or elim-
inate wastes. Therefore, industry has adapted to adopt 

sustainable development approaches. Growing concerns 
about the environment have resulted in the development 
of new environmental technologies, materials, and ways 
to reduce and minimize wastes [2]. Waste control, recy-
cling and reuse are very important and increasingly com-
mon. Synthetic dyestuffs are among various pollutants 
that affect waters. They have been increasingly used in 
many industries, including printing and dyeing, the food 
industry, and the production of textiles, carpet, leather, 
tanning, paper, printing, rubber, plastics, cosmetics, and 
pharmaceuticals, among others [3, 4]. Synthetic dyes 
have complex aromatic molecular structures that provide 
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physico-chemical, thermal and optical stability [5]. Dyes 
are inert and difficult to bio-degrade when discharged 
into waste streams [6]. Some dyes are mutagenic and/
or carcinogenic due to the presence of metal ions and 
other chemicals in their structures. These dyes are gener-
ally toxic: They consume the oxygen dissolved in water, 
and thus negatively affect aquatic life. Therefore, dyes in 
industrial effluents are considered to be potential sources 
of water pollution and pose serious threats to the environ-
ment [7]. Several methods are available for the removal of 
colors, odors, organic and inorganic matter from chem-
ical processes or waste effluents, including membrane 
separation, aerobic and anaerobic degradation using var-
ious microorganisms, chemical oxidation, coagulation 
and flocculation, reverse osmosis and solvent extraction 
[8–10]. However, these techniques have disadvantages 
of incomplete removal, high cost or side effects such as 
producing additional wastes [11]. Among the advanced 
chemical or physical treatments, adsorption is considered 
to be more effective, more convenient, less expensive and 
easier to operate than other technologies [8, 10–15]. The 
removal of colored and colorless organic pollutants from 
industrial wastewater is an important application of an 
adsorption process [14–15]. The nature of the precursor, 
activation method, and activation conditions determine 
the characteristics of porosity in activated carbon, includ-
ing pore size distribution, pore shape, and surface chem-
istry [16–20]. Chemical activations are widely used to 
generate activated carbon from carbon- containing mate-
rials. In chemical activation, the carbonization and the 
activation step occur simultaneously [9, 20–22].

Major advantages of chemical activation are higher acti-
vated carbon yield, lower temperature of activation (i.e., 
lower energy cost), less activation time and, generally, higher 
development of porosity. The use of biomass as a precursor 
for producing activated carbon results in some advantages 
over using coal [23]. Biomass is renewable and widely avail-
able in large quantities. It is inexpensive and environmen-
tally friendly, and it has high carbon and low ash contents. 
The high concentration of volatiles associated with bio-
mass is ideal for creating highly porous structures within 
the activated matrix [24, 25]. Utilization of forestry wastes 
as raw material for the production of activated carbons has 
increased notably in recent years. There are many studies in 
the literature relating to preparation and characterization of 
activated carbon from various wood and forest wastes [18, 
20, 22, 23, 26–32]. 

Paulownia is an economically important genus in the 
family Scrophulariaceae, comprising nine species of very 
adaptable and fast-growing timber tress. It can be harvested 
for wood in 4 to –7 years [33]. Paulownia trees have a high 
biomass production and re-sprouting potential; up to 50 
t ha–1 y–1 [34]. Paulownia is receiving increasing attention 
as a genus suitable for use as a short-rotation wood crop 
in many parts of the world [20, 35]. Paulownia plants have 
been used to produce leaves useful as fodder or fertilizer, 
flowers for medicine or honey production, wood for solid 
products, and pulp to produce fine paper and activated car-
bon [20, 33–35]. There is only very limited study in the exist-
ing literature on the production of activated carbon from 
paulownia (P.  tomentose) wood [20]. There is no reported 

research on the use of activated carbon obtained from pau-
lownia wood for dye removal.

In our previous studies, [20] activated carbon with 
a high-surface area was prepared from paulownia 
(P.  tomentose) wood by chemical activation with ZnCl2 at 
different temperatures. In the present study, activated car-
bon thus produced was used for the removal of methylene 
blue (MB) from aqueous solutions. The effect of factors 
including pH, initial dye concentrations, contact times, 
temperatures and adsorbent doses on MB removal were 
investigated in a batch system. Kinetic models were used 
to identify the possible mechanisms of the adsorption pro-
cess. The equilibrium data were analyzed by the Langmuir 
and Freundlich isotherm models. The thermodynamics 
of the adsorption process were studied, and the changes 
in Gibbs free energy and the enthalpy and the entropy of 
adsorption were also been determined; these are import-
ant parameters required for the design of any industrial 
adsorption system.

2. Experimental

2.1. Material and preparation of activated carbon

Paulownia wood used in this study as a raw material 
was obtained from the Çorum Black Sea region in Turkey. 
Prior to use, wood was air dried, ground in a high-speed 
rotary cutting mill, and screened to give the fraction of 
0.6 < Dp < 1.8 mm particle size for chemical activation 
with ZnCl2. Elemental analyses of the wood and activated 
carbon were performed on a Carlo Erba Model EA 1108 
elemental analyzer. The proximate and ultimate analyses 
of the paulownia wood and activated carbon are given 
in Table 1. The adsorbent was prepared from paulownia 
wood by chemical activation with ZnCl2. The activation 
temperature and ZnCl2/paulownia sawdust ratio (impreg-
nation ratio) were selected as 400°C and 4/1, respectively. 
In the first step of activation, 80 grams of ZnCl2 was dis-
solved in 200 mL of distilled water, and 20 g of the wood 
sawdust was mixed with the ZnCl2 solution and stirred at 
approximately 80°C for 7 h. The mixture was then filtered 
and the remaining solid was dried at 110°C for approxi-
mately 12 h. In the second step, the impregnated sample 
was carbonized using a fixed-bed reactor. The 316 stain-
less steel reactor had a volume of 400 cm3 (70 mm i.d.) and 
was externally heated by an electrical furnace in which 
the temperature was measured by a Ni–Cr thermocouple 
inside the bed. A more detailed description of the pyroly-
sis system and carbonization procedure has been reported 
elsewhere [20, 36]. The impregnated sample was heated to 
the final carbonization temperature (400°C) under 150 cm3 
min–1 nitrogen flow at a heating rate of 10°C min–1 and held 
for 1 h at this final temperature under N2 gas flow. The 
resulting solid after carbonization was boiled at approxi-
mately 90°C with 100 mL of 1 N HCI solution for 30 min to 
leach out the activating agent. Subsequently, the activated 
sample was repeatedly washed with hot distilled water 
to remove residual chemicals until the pH of the solution 
reached 6.5, and the sample was washed with cold dis-
tilled water. Then, the activated carbon was dried at 110°C 
for 12 h and stored in a desiccator.
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2.2. Characterization of textural properties of activated carbon

The pore structure characteristics of the activated car-
bon were determined by nitrogen adsorption at 77 K using 
an automatic adsorption instrument (Quantachrome, 
Autosorb-1C). Adsorption data were obtained over a range 
of relative pressure, P/Po, from approximately 10–6 to 1.

The surface area, pore volume and pore size distri-
bution of the activated carbon were determined by the 
Brunauer-Emmett-Teller (BET) method and the t-plot analy-
sis software including with the instrument. The BET surface 
areas were assessed by applying relative pressures ranging 
from 0.01 to 0.15 [20]. The t-plot  method was applied to 
micropore volume and mesopore surface area, and the mes-
opore volume was obtained by subtracting the micropore 
volume from the total pore volume. The pore size distribu-
tion of the activated carbon was obtained by applying the 
micromeritics density functional theory (DFT) method to 
nitrogen adsorption isotherms using the software supplied 
by Autosorb-1C.

2.3. Adsorption experiments

An adsorption technique for the treatment of MB 
dye-containing aqueous solution using activated carbon was 
investigated.

MB dye [C.I. = 52015, chemical formula, C16H18ClN3S.
H2O, molecular weight, 337.85 g mol–1, λmax = 660 nm] was 
supplied by Merck. Dye stock solution (1,000 mg L–1) was 
prepared by dissolving an accurately weighed quantity of 
the MB dye in double-distilled water. Experimental solu-
tions of different concentrations were prepared by diluting 
the stock solution with suitable volumes of double-dis-
tilled water. Adsorption experiments were carried out by 
shaking a constant mass (0.1 g) of activated carbon with a 
constant volume (50 mL) of MB solution at initial dye con-
centration 400–1,000 mg L–1. The flasks were agitated at a 
constant speed of 400 rpm in an isothermal shaker to reach 
solid-solution mixture equilibrium. The influence of pH 
(2–11), initial dye concentration (400–1,000 mg L–1), contact 
time (1–25 h), temperature (24, 35 and 45°C), and adsorbent 
dose (0.05–0.3 g/50 mL) on the adsorption process was stud-
ied. Concentrations of the MB dyes were determined by 
measuring the absorbance at the characteristic wave length 
(660 nm) using a double-beam UV-vis spectrophotometer 
(Shimadzu UV 12001). The amount of dye adsorbed on the 
adsorbent surface was calculated as

q
C C V
m

o e=
( )−

 (1)

where q is the amount of dye the adsorbed onto the adsor-
bent (mg g–1); Co and Ce (mg L–1) are the concentrations of 
dye at initial and equilibrium, respectively; V is the volume 
of the solution (L); and m is the mass of the  adsorbent (g). 
The procedures followed in the kinetic experiments were 
similar to those used in the equilibrium experiments. 
 Kinetic experiments were carried out at different tempera-
tures (25 and 35°C). The aqueous samples were taken at 
preset time intervals, and concentrations of MB dye were 
similarly measured. The amount of adsorption at time t, 
was calculated as

q
C C V
mt

o t( )−  (2)

where qt is the amount of dye absorbed onto adsorbent 
(mg g–1); Co and Ct (mg L–1) are the liquid-phase concentra-
tions of dye at initial and any time t, respectively; V is the 
volume of the solution (L); and m is the mass of the activated 
carbon (g). The percentage removal of MB dye was calculated 
by using the following equation:

Removal (%) = ×
( )C C
C
o e

o

−
100  (3)

where Co and Ce (mg L–1) are the initial and equilibrium dye 
concentrations, respectively. All the experiments were car-
ried out in two replicates and the average values were used 
for further calculations.

2.4. Adsorption kinetics

Kinetic analysis can help to determine the mechanism of 
the adsorption process, whether controlled by chemical reac-
tion or diffusive mass transfer. Thus, the most commonly used 
kinetic models including pseudo-first order,  pseudo-second 
order and intraparticle diffusion were applied for the batch 
experiments [37, 38].

The pseudo-first order equation is expressed as follows 
[17, 39, 40]:

ln(qe – qt) = ln (qe) – k1t (4)

where qe and qt are the amounts of dye adsorbed (mg g–1) at 
equilibrium and at time t (min), respectively, and k1 is the 
rate constant for pseudo-first-order adsorption (min–1). The 
k1 values and qe were calculated from the slope and intercept 
of the plots of ln(qe–qt) versus t for different temperatures, 
respectively (Fig. 7). The k1 values, calculated qe value and 
correlation coefficient are given in Table 3.

The pseudo-second-order equation is expressed as 
[6, 39, 41]:

t
q k q q

t
t e e

= +
1 1

2
2

 (5)

where qe and qt are amounts of dye adsorbed (mg g–1) at 
equilibrium and time t (min), respectively, and k2 is the rate 
constant of pseudo-second-order adsorption (g mg–1 min–1). 
The plot of t/qt against t at different temperatures is shown 
in Fig. 8. The values of the pseudo-second order model con-
stants (qe and k2) were determined from the slope and inter-
cept of these plots, respectively. The k2 values, calculated qe 
value and correlation coefficient are given in Table 3.

The intraparticle diffusion varying with the square root 
of time is given by [42]:

qt = kidt0.5 (6)

where qt is the amount (mg g–1) adsorbed at a given time, t is 
the time (min) and kid (mg g–1 min–0.5) is the rate constant of in-
traparticle diffusion. The intraparticle diffusion rate constant 
was determined from the slope of the plot of qt versus t0.5 as 
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shown in Fig. 9. The kid values, calculated qe and  correlation 
coefficients are given in Table 3.

2.5. Adsorption isotherms

The equilibrium relationship between adsorbents and 
adsorbates can be described by adsorption isotherms. 
Adsorption isotherms are basic requirements for the anal-
ysis and design of adsorption systems [6]. Langmuir and 
Freundlich models were chosen because they are simple 
and they give a good description of experimental behaviour 
across a large range of operating conditions. In general, the 
Langmuir equation is intended for a homogenous surface; a 
good fit of this equation reflects monolayer adsorption. On 
the other hand, a good fit with the Freundlich equation, which 
is suitable for a highly heterogeneous surface, most likely 
indicates multilayer adsorption [14]. In this study, the exper-
imental data were applied to the Langmuir and Freundlich 
isotherm equations. The Langmuir isotherm equation is rep-
resented by the following equation [1, 6, 39, 41, 43]:

C
q Q b

C
Q

e

e o

e

o

= +
1

 (7)

where Ce is the dye concentration at equilibrium (mg L–1), 
qe is the adsorption capacity in equilibrium (mg g–1), b is the 
Langmuir adsorption constant (L mg–1) and Qo signifies ad-
sorption capacity (mg g–1). Fig. 11 shows the Langmuir (Ce/qe) 
versus (Ce) plots for the removal of MB dye at different tem-
peratures. The linear form of the Freundlich isotherm equa-
tion is represented by the following equation [6, 11, 13, 14, 
44]:

ln( ) ln( ) lnq
n

C Ke e f= +
1

 (8)

where qe is the amount of dye adsorbed at equilibrium (mg 
g–1), Ce is the equilibrium concentration of dye in the solution 
(mg L–1), and kf (L g–1) and n are isotherm constants indicat-
ing the capacity and intensity of the adsorption, respectively.  
Fig. 12 shows the plots of ln(qe) versus ln(Ce) at 25, 35 and 
45°C adsorption temperatures. The values of kf and n were 
calculated from the slope and intercept of the plot of ln(qe) 
versus ln(Ce).

2.6. Estimation of thermodynamic parameters

Thermodynamic parameters were determined by analyz-
ing Langmuir adsorption isotherms obtained at 25, 35 and 
45°C. The changes in standard free energy (∆G°), enthalpy 
(∆H°) and entropy (∆S°) of adsorption were calculated from 
the following equations [1, 38, 41–42]:

∆G° = RT lnKc (9)

where R is the gas constant (8.314 J mol–1 K–1), Kc is the equi-
librium constant and T is temperature in K. The Kc value is 
calculated from the following equation:

K
C
Cc
Ae

Se

=  (10)

where CAe and CSe are the equilibrium concentrations of the 
dyestuff on activated carbon (mgL–1) and in the solution 
(mgL–1), respectively. Standard enthalpy (∆H°) and entropy 
(∆S°) of the adsorption can be estimated from the van’t Hoff 
equation: 

lnK S
R

H
RTc =

∆ ∆ 

−  (11)

The values of ∆H° and ∆S° were calculated from the 
slope and intercept of the van’t Hoff plot of ln(Kc) versus 1/T 
(Fig. 13) and are listed in Table 5.

3. Results and discussion

3.1. Material and characterization of textural properties of 
 activated carbon

The proximate and ultimate analyses of the raw mate-
rial and activated carbon are presented in Table 1. The high 
volatile matter and low ash content of a biomass resource 
make it a good starting material for preparing activated 
carbon [24]. As shown in Table 1, paulownia wood has low 
ash and high volatile matter contents. The high concentra-
tion of volatiles associated with paulownia wood is ideal 
for creating highly porous structures within the activated 
carbon matrix. Activated carbon contains high ratios of 
mass transfer voids [27]. Because the thermal treatment 
removes the moisture and the volatile matter contents of 
the wood, the activated carbon shows different properties 
from the paulownia wood. The important differences are 
mainly in physical-chemical properties such as composi-
tion, elemental analysis, and ash content when the com-
position of the activated carbon is compared with that of 
the paulownia wood: the carbon level increases and the 
oxygen and hydrogen levels decrease. These changes are 
due to the liberation of volatile compounds during the 
carbonization and activation process. The H/C molar ratio 
was lower for the paulownia wood compared with the 
activated carbon. This decrease from 1.64 to 0.38 indicates 
a higher degree of aromaticity of the activated carbon. 
A similar trend has also been reported in the literature 
[45, 46]. Fig. 1 shows the adsorption-desorption isotherm 
of the activated carbon prepared from paulownia wood 
by chemical activation with ZnCl2. It is clear that the car-
bon activated by ZnCl2 had higher adsorption capacity 
(per unit mass). This higher capacity is due to the larger 
volumes of micropore and mesopore in the structure of 
activated carbon. As shown in Fig. 1, at low relative pres-
sure, a rapid increase in the adsorption-desorption iso-
therm was observed when relative pressure was increased. 
This increase was followed by a nearly horizontal plateau 
at higher relative pressure, indicating a type I isotherm 
based on the classification of Brunauer, Deming, Deming 
and Teller (BDDT); small closed hysteresis loops indicates 
the existence of both micro and mesopores. The type I iso-
therm is associated with microporous structured material. 
The major uptake that occurred at low relative pressure 
indicated the formation of highly porous materials with a 
narrow pore size distribution as shown in Fig. 2. The pore 
size distribution of activated carbon is an important factor 
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for application in specific process operations. As shown in 
Fig. 2, it appears that the activated carbon was dominantly 
microporous.

Table 2 shows the pore properties of carbon including 
SBET, Smi, Sme, Vt, Vmi, Vme and average pore diameter (Dp). 

The experimental results show that the activated carbon 
included micropores and mesopores. The percentage of 
micropore and mesopore surface areas were 63.1%, and 
36.9%, respectively. SBET and total pore volume were found 
to be 2,736 m2 g–1 and 1.387 cm3 g–1, respectively. Activated 
carbon obtained from wood had a high surface area and pore 
volume comparable with commercially produced activated 
carbons with a typical surface area range from 500 to 2,000 
m2 g–1 [47].

3.2. Adsorption experiments

3.2.1. Effect of initial pH

The efficiency of adsorption is dependent on the solution 
pH. The initial pH of dye solution is one of the important 
factors controlling the adsorption of dye molecules onto sus-
pended particles by affecting the surface charge of the adsor-
bents as well as the degree of ionization of adsorbate [14, 44]. 
The MB, being a cationic dye, gives positively charged ions 
when dissolved in water. The acidic condition produces 
more H+ ions in the system. The percentage removal of the 
MB dye as a function of pH is shown in Fig. 3. The removal 
of MB by activated carbon was found to increase with the pH 
of the dye solution.

In the acidic region, the surface of the activated carbon 
gathers positive charges by adsorbing H+ ions which prevent 
the adsorption of MB dye ions onto adsorbent surface due to 
electrostatic repulsion and the competition between H+ ion 
and MB for the adsorption sites [14, 44]. A further increase 
in dye adsorption between pH = 2 and 7 was insignificant. 
However, with the increasing solution pH values, the adsorp-
tion of MB on activated carbon tends to increase, which can 
be explained by the electrostatic interaction of the cationic 
dye species with the negatively charged adsorption sites. 
The electrostatic force of attraction increases with increas-
ing negative surface charge of the activated carbon [14, 44]. 

Table 1  
Proximate and ultimate analyses of paulownia wood and activated carbon (prepared at impregnation ratio of 4 and carbonization 
temperature of 400°C) [20]

Analysis Wood (wt%) Activated carbon (wt%) ASTM test standard

Proximate
Moisture 6.50 3.20 D 2016-74
Ash 1.06 2.65 D 1102-84
Volatile matter 71.80 13.80 E 987-82
Fixed carbon2 20.64 80.35

Ultimate
Carbon 44.73 71.36
Hydrogen 6.12 2.25
Oxygen1 48.28 25.93
Nitrogen 0.87 0.46
H/C molar ratio 1.64 0.38
O/C molar ratio 0.81 0.72
Calorific value (MJ/kg) 20.6 25.3 D 3286
Empirical formula CH1.64 O0.81 N0.02 CH0.38O0.27N0.005
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Fig. 1. Nitrogen adsorption-desorption isotherm for activated 
carbon. 
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These interactions facilitate higher adsorption capacity. The 
dye removal percentage increased with significant enhance-
ment in the adsorption process as the pH increased from 7 
to 11. A similar trend was observed in the effect of pH on the 
adsorption of MB onto activated bituminous coal in a pre-
vious study [14]. The percentage of dye removal increased 
from 65% to 75% with increasing pH from 2 to 11. An increase 
in the pH value caused only a slight increase in the removal 
efficiency. This was negligible. Similar results have been 
reported for adsorption of MB onto dehydrated wheat bran 
carbon [44]. Therefore, further experiments were conducted 
without adjusting the initial solution pH.

3.2.2. The effect of initial dye concentration and contact time 
at different temperatures

The percentage removal of MB on both of the acti-
vated carbons at different temperatures (25, 35 and 45°C) 
and different initial dye concentrations (400–1,000 mg L–1) 
are shown in Fig. 4. In all cases, the percentage removal of 
dye decreased with increasing initial dye concentration. 
The uptake is almost 100% at low dye concentration for all 
temperatures. At higher initial dye concentrations, lower 
adsorption yields were observed. This lower yield may be 
due to the surface saturating with dye molecules and the 
formation of a monolayer by the adsorbate on the acti-
vated carbon surface [48]. The percentage of dye removal 
decreased from 100% to 62–79% as the initial concentration 
of dye was increased from 400 to 1,000 mg L–1. Furthermore, 
the uptake of dye increased with temperature when the 
temperature was raised from 25 to 45°C. The removal per-
centages of dye increased from 62% to 79% for an initial dye 
concentration of 1,000 mg L–1. The uptake of MB increas-
ing with temperature indicated that the adsorption process 
was endothermic. A similar result has been reported in 

the literature for the removal of MB by different activated 
carbons [15]. Fig. 5 shows the effect of contact time on the 
percentage of MB removed at 25 and 35°C. The uptake of 
dye was rapid initially and slowed as time proceeded. The 
percentage of dye removed was observed to increase with 
increasing contact time and temperature. Equilibrium was 
practically attained after 24 h.

3.2.3. Effect of adsorbent dose

The effect of adsorbent dosage on the removal of MB by 
activated carbon is shown in Fig. 6. Dye removal increased 
with adsorbent dosage up to a certain limit and then 

Table 2
Surface area and porosity of the activated carbon

SBET (m2 g–1) Smi (m2 g–1) Smi (%) Sme (m2 g–1) Sme (%) Vt (cm3 g–1) Vmi (cm3 g–1) Vmi (%) Vme (cm3 g–1) Vme (%) Dp (nm)

2736 1727 63.1 1009 36.9 1.387 0.690 49.7 0.697 50.3 2.17

SBET: BET surface area, Smi: micropore surface area, Sme: mesopore surface area, Vt: total pore volume, Vmi: micropore volume, Vme: mesopore 
volume, Dp: particle size, Smi (%) = (Smi/SBET).100, Sme (%) = (Sme/SBET).100, Vmi

 (%) =  (Vmi/Vt).100, Vme
 (%) =  (Vme/Vt).100.
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Fig. 3. Effect of the initial solution pH on MB removal by acti-
vated carbon (T = 25°C, Co = 1000 mg L–1, adsorbent dose = 0.1 
g/0.05 L, equilibrium time = 24 h).
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remained almost constant as more adsorbent was added. 
The percent removal of dye varied from 35% to 100% with an 
increase in adsorbent dosage from 0.05 to 0.2 g, and further 
addition of adsorbent did not affect the adsorption  process. 
It is understood that the number of available adsorption 
sites and the surface area both increase by increasing the 
activated carbon dose. A similar trend has been reported for 
adsorption of MB and colored effluent by different activated 
carbons [44, 48].

3.3. Kinetic analysis

In this study, the pseudo-first-order, pseudo-second- 
order and intraparticle diffusion models were used to obtain 
rate constants, equilibrium adsorption capacities, and adsorp-
tion mechanisms at different temperatures. These models are 
shown in Figs. 7, 8 and 9 for the effects of temperature on 
adsorption. A comparison of these kinetics results is given 
in Table 3. The correlation coefficient R2 for the pseudo- 
second-order adsorption model was large (>98%), and its cal-
culated equilibrium adsorption capacity, qe,cal

, was consistent 
with experimental data, qe,exp. In addition, the rate constant, 
k2, increased as the temperature increased from 25 to 35°C. 
These facts suggest that the pseudo-second-order adsorp-
tion mechanism is predominant, and that the overall rate of 
the MB adsorption process appears to be controlled by the 
rate of the chemisorption process. Similar results have been 
observed in the adsorption of MB onto different adsorbents 
[6, 39, 49].

3.4. Adsorption isotherms

Fig. 10 shows the plots of adsorption isotherms, qe 
versus Ce for the MB-activated carbon system at differ-
ent temperatures. Figure. 10 shows that, with an increase 
in temperature, the adsorptivity of MB increased. It was 
found that qe increased sharply with Ce at lower dye con-
centrations and then gradually plateaued. The plateau of 
the adsorption isotherm shows the adsorption capacity 
of an adsorbent. The capacity of activated carbon for MB 
can be determined by measuring equilibrium isotherms, 

and the adsorption experimental data were applied to 
Langmuir and Freundlich isotherm equations. The values 
of the Langmuir and Freundlich parameters were obtained, 
respectively, from Figs. 11 and 12. The Langmuir and 
Freundlich constants are very useful parameters for pre-
dicting adsorption capacities. The constant parameters and 
correlation coefficient (R2) are given in Table 4. As shown in 
Table 4, the Langmuir isotherm model fit the experimental 
data well with high correlation coefficients at all tempera-
tures. The monolayer adsorption capacity, Qo, increased 
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with temperature over the range of 25–45°C. The maximum 
adsorption capacity for MB onto activated carbon at 45°C 
was estimated to be 384.61 mg g–1.

Table 5 compares the maximum monolayer adsorption 
capacities of some dyes on various adsorbents. The acti-
vated carbon described in this study has a very large adsorp-
tion capacity compared with many of the other reported 
adsorbents.

3.5. Estimation of thermodynamic parameters

Values of the thermodynamic parameters for the adsorp-
tion of MB onto activated carbon are given in Table 6. The 
positive value of ∆H° indicates that the adsorption of MB onto 
activated carbon is an endothermic process. The positive value 
of ∆S° suggests good affinity of MB towards the activated car-
bon, with some structural changes occurring in the MB and 
activated carbon. Randomness increases at the solid/solution 
interface during chemisorption [11]. The negative value of the 
free energy change ∆G° suggests that the adsorption process is 
spontaneous, and the affinity of the adsorbent for MB is indi-
cated by the positive value of the entropy change. As shown in 
Table 5, the decreasing value of ∆G° with increasing tempera-
ture indicates a greater driving force at higher temperatures, 
resulting in more adsorption capacity at higher temperatures. 
A similar trend has been reported for MB adsorption onto a 
waste apricot adsorbent [11].

4. Conclusion

An activated carbon prepared from paulownia wood by 
chemical activation with ZnCL2 has been used succesfully for 
the removal of the MB from aqueous solution. The produced 

Table 3 
Comparison of the kinetic constants for pseudo-first-order, pseudo-second-order and intra-particle diffusion

Temperature (°C) Pseudo-first-order Pseudo-second-order Intra-particle diffusion

qe,exp
 

(mg g–1)
qe,cal

(mg g–1)
k1

(min–1)
R2 qe,cal

(mg g–1)
k2 (10–5)
(g mg–1 min–1)

R2 qe

(mg g–1)
kint

(g mg–1 min–0.5)
R2

25 293.50 241.51 0.0017 0.930 322.58 0.88 0.960 310.27 9.87 0.9721

35 329.25 241.65 0.0017 0.917 333.33 1.30 0.987 370.13 9.85 0.9441
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Fig. 10. Equilibrium adsorption isotherms of MB onto activated 
carbon at different temperatures (adsorbent dose = 0.1 g/0.05 L).
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activated carbon migh be a low cost alternative compared to 
the use of commercial activated carbons and other adsorbents.

It was found that the high volatile matter and low ash 
contents of paulownia wood make it a good starting raw 
material for preparing activated carbon. Textural chara-
cteristics of activated carbon were found to be strongly 
dependent on the impregnation ratio and final chemical 
activation temperature. It may be concluded that ZnCL2 is 
more effective as a chemical reagent in terms of high sur-
face area, porosity development and surface morphology of 
the activated carbon. Depending on the chemical activation 

conditions, the produced activated carbon exhibited well 
developed porosity and narrow size distribution that was 
essentially microporous. The activated carbon was evalu-
ated as a possible adsorbent for the removal of MB from 
aqueous solutions due to its high surface area, pore volume 
and porosity.

The results showed that the uptake of MB increased 
with increasing contact time, temperature and adsorbent 
dosage but decreased with initial dye concentration. The 
pH value did not affect the adsorption process considerably. 
The rate of adsorption was found to fit pseudo-second-order 

Table 4  
Langmuir and Freundlich adsorption isotherms parameters for activated carbon

Langmuir isotherm Freundlich isotherm

Temperature (°C) Qo (mg g–1) b (L mg–1) R2 k n R2

25 322.58 0.085 0.9944 176.21 10.05 0.8467

35 370.37 0.237 0.9907 148.78 5.90 0.9164

45 384.61 0.080 0.9962 198.88 8.56 0.7281

Table 6  
Values of thermodynamic parameters for the adsorption of MB onto activated carbon

Co (mg L–1) ∆H° (kJ mol–1) ∆S° (kJ mol–1 K–1) –∆G° (kJ mol–1)

298 K 308 K 318 K

500 91.06 0.329 7.35 9.98 13.97
600 48.19 0.179 5.65 5.97 9.30
700 59.46 0.210 3.43 5.47 7.65
800 37.43 0.134 2.42 4.61 5.08
900 36.15 0.129 2.44 3.78 2.99
1,000 31.78 0.111 1.22 2.68 3.42

Table 5 
Comparison of maximum monolayer adsorption capacity of some dyes on various adsorbents

Adsorbent Dye Capacity (mg/g) Refs.

Pine wood Malachite green 42.63 [11]
Pitch-pine sawdust Bismarck brown 27.78 [12]
Oak wood sawdust Methylene blue 29.94 [12]
Cherry wood sawdust Methylene blue 39.84 [12]
Walnut sawdust Methylene blue 59.17 [12]
Rubber wood Malachite green 124.47–144.52 [17]

Mansonia wood sawdust Methylene blue 33.44 [31]
Aleppo pine sawdust Astrazon yellow 81.80 [32]
Mahogany sawdust Acid dyes 138.80 [50]
Pine sawdust Malachite green 370.37 [51]
Wood apple Methylene blue 35.10 [52]
Paulownia wood sawdust Methylene blue 384.61 This study
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kinetics well. The negative value of ΔG° confirmed the spon-
taneous nature of the adsorption process. The positive value 
of ΔS° showed increased randomness at the solid-liquid 
interface during adsorption and the positive value of ΔH° 
showed that the adsorption process was endothermic.
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