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abstract
Activated carbons prepared from oak sawdust, a timber industry waste, have been examined for 
the removal of remazol brilliant blue (RB) dye from aqueous solutions through batch adsorption 
technique. Activated carbons were prepared from oak sawdust by chemical activation with 10% 
HNO3 (AC1) followed by pyrolysis at 500°C in the absence of air and by physical activation at 500°C 
in the absence of air (AC2). Activated carbons were characterized by SEM, BET and FTIR. Also 
pHpzc was followed by pyrolysis at 500°C in the absence of air and by physical activation at 500°C 
in the absence of air for both activated carbons was determined. The effect of pH, adsorbent dose, 
agitation speed, contact time and initial dye concentration on remazol blue (RB) adsorption were 
studied. Equilibrium data were fitted to Langmuir, Freundlich and Temkin isotherm models. The 
equilibrium data were best represented by the Langmuir isotherm model. The kinetic data were 
fitted to pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models, and 
it was found to follow closely the pseudo-second-order model. 
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1. Introduction

There are various types of dyes such as acidic, reactive, 
disperse, metal complex, direct, sulphur, vat dye and so 
on. Nonetheless, the reactive type is the most popular 
utility in the textile industry and more than 15% of it 
runs off in wastewater stream [1]. A typical dye pollutant 
of textile wastewater, reactive brilliant blue X-BR (RBB 
X-BR), was investigated in this study. Synthetic dyes from 
the effluents of textile industry are known to be a major 
source of environmental pollution, in terms of both the 
volume of dye discharged and the effluent composition 

[2]. Approximately 1 million kg of dye are discharged 
in effluents from the textile industry each year in the 
world [3]. Reactive dyes have been a great concern for 
protecting the water ecosystem because many azo dyes 
and their breakdown products have been found toxic 
to aquatic life [4–9], mutagenic/carcinogenic [10] and 
gentoxic [11]. Recent studies indicate that approximately 
12% of synthetic dyes are lost during manufacturing and 
processing operations and that 20% of the resultant color 
enter the environment through effluents from industrial 
wastewater treatment plants [12]. Color in dye house 
effluents has often been associated with the application 
of dyestuffs, during which up to 50% of the dyes may be 
lost to the effluent, which poses a major problem for the * Corresponding author.
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industry as well as a threat to the environment [13–16]. 
Decolorization of dye effluents has therefore acquired 
increasing attention during the last two decades. Several 
studies have been carried out for biological, physical and 
chemical treatment of dye containing effluents [17–19].

Among all methods of wastewater treatment, adsorp-
tion seems to offer the most considerable potential for the 
removal of dyes from industrial effluents [20]. The use 
of activated carbon in the adsorption process of dyes as 
well as inorganic pollutants from wastewater has many 
advantages such as high surface area, unique chemical 
nature of its surface and microporous structure [21]. On 
the other hand, the use of activated carbon has some 
disadvantages such as high cost together with the fact of 
difficult regeneration of it. In attempt to overcome this 
problem, many investigations are concerned with the 
use of inexpensive alternative materials as sources of 
activated carbon. Many source materials of agricultural 
origin have been used to produce activated carbon such 
as baggasse pith [22], sawdust [23], pandanus carbon [24] 
coconut shell [25] and many other agricultural wastes.

The aim of this investigation is to evaluate activated 
carbons derived from oak sawdust as a waste from wood 
manufacture in Egypt on the removal of reactive blue 19.

The activated carbons were produced by two differ-
ent treatments. The two activated carbons characterized 
using FTIR, SEM and BET.

2. Materials and methods

2.1. Materials

Remazol brilliant blue (RB), an anionic dye is a 
G.R. product of ASMA Company, Egypt. It was used 
as received without further purification. The chemical 
structure and characterizations of the dye are presented 
in Fig. 1 and Table 1, respectively.

A stock solution of remazol blue (RB), (1000 mgL–l) was 
prepared and suitably diluted to the required initial con-
centration. All chemicals were of analytical reagent grade.

 
2.2. Adsorbent preparation

Oak sawdust was washed with distilled water to re-
move the water-soluble impurities and surface adhered 
particles, dried in a digital dryer of (Carbolite, Aston lane, 
Hope Sheffield, 5302RP, England) for 24 h at 105°C to 

Fig. 1. Chemical structure of remazol brilliant blue (RB).

get rid of the moisture and other volatile impurities and 
sieved using sieve analyzer (AS200 Retsch, Germany) to 
different particle size ranges of 45–500 μm. The material 
after sieving in the range of 125–250 μm was isolated and 
divided into two parts and subjected by two different 
types of activation.

The first one was chemically treated followed by py-
rolysis. The activation was carried out using 10% HNO3 
solution, where the sample was soaked in a ratio 1:10 w/v 
acid for 24 h with shaking at 200 rpm. After decantation, 
the sample was washed and dried at 105°C for 6 h. The 
dried sample was placed in a stainless steel covered tube 
and pyrolysed in a muffle furnace (Carbolite, Aston Lane, 
England) in the absence of air at 500°C for 1 h. Adsorbent 
obtained by chemical activation with 10% HNO3 is termed 
Activated Carbon-1 (AC1).

The second one was physically activated by carboniza-
tion in a muffle furnace. The second part was placed in a 
stainless steel covered tube, where it was carbonized in 
the absence of air at 500°C for 1 h. Adsorbent obtained 
by physical activation only is termed Activated Carbon-2 
(AC2).

2.3. Chemical and physical characteristics of adsorbent

The adsorbent was characterized with a number of 
methods. A scanning electron microscope (SEM) was used 
to examine the surface of the activated carbons using Jeol 
JSM-6360 LA analytical scanning electron microscope and 
the sample was prepared by coating with gold. 

Also the textural characteristics of activated carbon 
including surface area, pore size analyzer (BET) were 
determined using standard N2-adsorption techniques 
(Beckman Coulter, SA3100, USA) [26].

Surface chemistry of the activated carbons were de-
termined using Fourier Transform Infrared spectropho-
tometer (FTIR) analysis was performed using FTIR-8400 
S Shimadzu, Japan, prepared by mixing the samples 
with KBr.  

Table 1
Characterizations of the remazol brilliant blue (RB)

Parameters Remazol brilliant blue 
(RB)

Color index name Reactive blue 19
Chromophore group Anthraquinone
Reactive anchor systems Vinylsulfone
Molar mass, g/mol 506.5
Max absorbance, λm, nm 585
Purity, % ~50
Water solubility at 293 K, g/L 100
Acute oral toxicity LD50, mg/kg 2000
pH value, 10 g/L water 5–5.5
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The pHpzc of carbons was determined using the pH 
drift method [27]. The pHpzc is the pH on zero point 
charge, which is the point at which the net charge of the 
adsorbent is zero. The procedure of pHpzc determination 
is described as follows: aliquots with 50 cm3 of 0.01 M 
NaCl solution were prepared in different flasks. Their pH 
values were adjusted to the value between 2 and 12 with 
the addition of 0.01 M solutions of HCl or NaOH. When 
the pH value was constant, 0.15 g of activated carbon 
sample was added to each flask and it was shaken for 
48 h. The final pH was measured using laboratory scale 
pH meter (PHS-3C Model) after 48 h. The pHpzc value is 
the point where the curve pHfinal vs. pHinitial crosses the 
line pHinitial = pHfinal [28].

2.4. Adsorption study

Adsorption experiments with AC1 and AC2 were per-
formed by batch technique at room temperature (22±2°C). 
A series of 250-mL Erlenmeyer flasks containing 100 mL of 
RB solutions of various concentrations (10–200 mg/L) and 
required doses of adsorbents (0.5–10 g/L) were employed 
at a desired pH by adding a required amount of 0.1 M 
HCl or 0.1 M NaOH solutions. These flasks were shaken 
using an orbital shaker (Yellow line Os10 Control, Ger-
many) for a specific period of contact time (2–330 min) to 
achieve equilibration. Once the equilibrium was reached, 
the solution was carefully filtered and concentration of 
the dye in the solution after equilibrium adsorption was 
determined by measuring the absorbance. The effects 
of the medium pH on the adsorption capacities of AC1 
and AC2 were investigated in the pH range 1.0–12.0. In 
adsorption batch experiments, the pH of each solution 
was measured by using a laboratory scale pH meter 
(PHS-3C Model).

2.5. Dye analysis

The concentration of RB remaining in the superna-
tant after and before adsorption was determined with a 
1.0 cm light path quartz cells using UV-Vis double beam 
spectrophotometer (LABOMED, Inc.) at λmax of 585 nm.

The adsorbed dye amount (mg/g), qt and the percent-
age removal of dye at any time were computed as follows, 
respectively:

( ) ( )0 /t tq C C V M= − ⋅  (1)

( )0 0% removal / 100tC C C= − ⋅    (2)

where C0 and Ct are the initial and any time t dye con-
centration (mg/L), V is the solution volume (L) and M is 
the adsorbent mass (g).

3. Results and discussion

3.1. Chemical and physical characteristics of adsorbent 

3.1.1. Scanning electron microscope

Scanning electron microscope technique (SEM) was 
employed to observe the surface physical morphologies 
of active carbon produced by acid treatment as well as 
heat treatment of oak sawdust. The SEM of AC1 was 
produced from treatment with nitric acid and AC2 was 
produced from pyrolysis of oak sawdust. Fig. 2.shows 
that AC1 has honey comb void. It was obvious that the 
nitric acid treated active carbon AC1 was full of cavities, 
showed a  larger interior pore and it could be explained 
by the solublization of some ingredients of the walls by 
nitric acid treatment. On the other hand, the active car-
bon produced from pyrolysis of sawdust AC2 showed 

Fig. 2. Scanning electron micrograph of (a) AC1 and (b) AC2.

(a) (b)
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fractured and fragmented structure more than AC1. The 
carbon had a sponge-like structure [29].

3.1.2. Surface area, pore size analyzer (BET)

The preparation of activated carbon by activation 
removes non-carbon elements such as hydrogen and 
oxygen, and leads to a carbon skeleton (char), with a ru-
dimentary pore structure. Meanwhile in case of chemical 
activation the main role of the activating compound is 
the degradation of cellulosic materials. This is achieved 
upon thermal treatment, where the final pore structure 
is formed. On one hand, it leads to hydrolysis of ligno-
cellulosic materials and subsequent partial extraction of 
some products, thus weakening the particle which swells. 
On the other hand, it occupies a volume which inhibits 
the contraction of the particle during the heat treatment, 
thus leaving porous structure. So Activated carbon from 
thermal activation AC2 shows BET surface area 140.9 m2/g 
which is much lower than that of the chemically treated 
activated carbon AC1 with BET surface area 276.64 m2/g.

3.1.3. Infrared spectra

The FTIR results are shown in Fig. 3. Peaks around 
1700 cm–1 appear in both active carbon AC1 and AC2 
and they could be attributed to the carbonyl group of 
the carboxylic acid group. Also a peak appearing in the 
acid treatment active carbon as well as heat treated active 
carbon at 1600 cm–1 could be assigned as C–C quinines or 
the presence of carbonates or carboxyl carbonate. There is 
a significant peak in nitric acid treated active carbon AC1 
at 2355 cm–1 which may be attributed to nitriles or nitrogen 
double bond of thiol or thiol substituted compounds. In 
the case of heat treated active carbon AC2 there are two 
peaks at 1255 cm–1 and 1422 cm–1 which may be assigned 
to C–O–H bending or C–O ether and –C=C– cyclic amide 
respectively. The region around 3000 cm–1 showed a very 
broad peak due to the stretching vibration of surface 
hydroxyl groups with the hydroxyl groups of water 
adsorbed molecules.

3.1.4. Zero charge point of PH

Point of zero charge (pHpzc ) is an important character-
istics for any activated carbon as they indicate the acidity/ 
basicity of the adsorbent, type of activated carbon (either 
H- or L-type), and the net surface charge of the carbon 
in the solution.

The combined influence of all the functional groups of 
activated carbon determines pHpzc, i.e., the pH at which 
the net surface charge on carbon was zero. At pH < pHpzc, 
the carbon surface has a net positive charge, while at pH 
> pHpzc the surface has a net negative charge [30]. The 
pHpzc of theAC1 was 3.4 and the pHpzc of the AC2 was 8.2.

3.2. Determination of optimum adsorption conditions

In order to determine the optimum operational param-
eters governing the adsorption process, the effect of pH, 
adsorbent dose, contact time, initial dye concentration 
and agitation speed were investigated.

3.2.1. Effect of initial pH

Solution pH affects both aqueous chemistry and sur-
face binding sites of the adsorbents. The effect of initial 
pH on adsorption of RB was studied from pH 1 to 12 at 
22±2°C, constant initial dye concentration of 50 mg. L−1, 
adsorbent dose of 10 g L−1, agitation speed 200 rpm and 
contact time of 2 h. Fig. 4. shows the effect of pH on the 
percentage removal of RB dye onto AC1 and AC2. The 
maximum removal of the RB dye for both AC1 and AC2 
is obtained at studied pH 1. Fig. 4. depicts that the pH 
significantly affects the extent of adsorption of dye over 
the AC1 and AC2, and a reduction in the removal with 
increasing pH was observed. The hydrolysis constant 
value of the sulfonate groups of the dye molecule is 2.1 
[31]. This functional group can be easily dissociated and 
thus, the dye molecule has net negative charges in the 
working experimental conditions. In this pH range the 

Fig. 3. FTIR spectra of AC1andAC2.

Fig. 4. Effect of pH on the removal efficiency of RB dye by AC1 
and AC2. (Initial dyes concentration 50 mg.L−1, adsorbent dose 
10 g L−1, agitation speed 200 rpm, temperature 22±2°C and 
contact time 2 h.)
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surface of AC1 and AC2 are positively charged (pHpzc for 
AC1 = 3.4 and AC2 = 8.2).

Higher uptakes of dye obtained at lower pH values 
may be due to the electrostatic attractions between these 
negatively charged dye’s anions and positively charged 
adsorbent’s surface (AC1 and AC2) [32]. A lower adsorp-
tion at higher pH values may be due to the abundance 
of OH− ions and because of ionic repulsion between the 
negatively charged surface and the anionic dye molecules. 
There are also no more exchangeable anions on the outer 
surface of the adsorbents at higher pH values and conse-
quently the adsorption decreases [33–35]. Similar results 
were reported for the adsorption of other reactive dyes 
from aqueous solutions [36,37].

Also, it was observed that at constant pH the percent 
removal increased in the order AC1 > AC2, and this means 
that the chemically treated adsorbent is favorable for 
anionic dye removal. 

Due to the higher pHpzc of AC2 than that of AC1, AC2 
showed higher efficiency than AC1 in the pH range from 
6.5 to 8 resulted from the presence of positive charge on 
its surface below pHpzc.

3.2.2. Effect of the adsorbent dose

The effect of the adsorbent dose (AC1 and AC2) on 
the adsorption of RB was investigated with different ad-
sorbent doses in the range of 0.5–10 g/L at a temperature 
22±2°C, initial pH 1, initial dye concentration 50 mg/L, 
agitation speed 200 rpm and contact time 2 h.

Fig. 5 shows the effect of the adsorbent dose (AC1 
and AC2) on the percentage removal of RB and the 
uptake capacity of AC1 and AC2. It was observed that 
the percentage removal of RB increased with increasing 
the adsorbent dose for both AC1 and AC2. This may be 
attributed to the increase of the adsorbent surface area 

and availability of more adsorption sites resulting from 
the increased dose of the adsorbent. While the adsorbed 
amounts of RB per unit adsorbent weight decreased by 
increasing the adsorbent dose from 0.5 to 10 g/L. At higher 
adsorbent (AC1 and AC2) to solute concentration ratios, 
there is a very fast superficial sorption onto the adsorbent 
surface that produces a lower solute concentration in the 
solution than when the adsorbent to solute concentra-
tion ratio is lower [38]. The increase in the adsorbed RB 
amounts per unit adsorbent weight at a low adsorbent 
dose can be explained by the availability of more adsorp-
tion sites. The decrease in the uptake amounts (q, mg/g) 
may be due to the splitting effect of flux (concentration 
gradient) between adsorbate and adsorbent with the in-
creasing adsorbent dose causing a decrease in the amount 
of dye adsorbed onto the unit weight of the adsorbent [38].

Another reason may be due to the particle interac-
tive behavior, such as aggregation, resulting from the 
high adsorbent dose. Such aggregation would lead to a 
decrease in the total surface area of the adsorbent and an 
increase in the diffusion path length. Similar phenomena 
were also observed for malachite green adsorption on 
sawdust [39] and reactive dyes onto the cross-linked 
chitosan beads [35]. 

3.2.3. Effect of contact time and initial dye concentration

The effect of contact time on the percentage removal of 
RB dye by AC1 and AC2 is shown in Fig. 6. The removal 
increases with time and attains equilibrium in 180 min 
for all concentrations studied (10–200 mg/L) and did not 
depend on the initial dye concentrations. The curves were 
single, smooth and continuous till the saturation of dye on 
the AC1 and AC2 surface. Similar results were reported 
for various dye adsorptions by other adsorbents [40–42]. 
Equilibrium time is one of the important considerations 
in the design of water and wastewater treatment systems 
because it influences the size of the reactor, thereby the 
plant economics [43]. 

The rate of percent dye removal is higher in the begin-
ning due to a larger surface area of the adsorbent being 
available for the adsorption of the dye. After adsorption, 
the rate of dye transported from the exterior to the interior 
sites of the adsorbent particles. The two stage sorption 
mechanism with the first rapid and quantitatively pre-
dominant and the second slower and quantitatively insig-
nificant has been extensively reported in literature [44].

The initial concentration provides an important driv-
ing force to overcome all mass transfer resistances of all 
molecules between the aqueous and solid phases [45]. 

Also from Fig. 6 it can be noticed that by increasing 
the initial dye concentration the percentage removal 
decreased, this indicates that there was a reduction in 
immediate solute adsorption, owing to the lack of avail-
able active sites required for the high initial concentration 
of RB, while the actual amount of dye adsorbed per unit 

Fig. 5. Effect of adsorbent dose on the adsorption of RB dye 
by AC1 and AC2. (Initial dye concentration 50 mg.L−1, pH = 1, 
agitation speed 200 rpm, temperature 22±2°C and contact 
time 2 h.)
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mass of activated carbon increased with the increased in 
initial concentration as presented in Fig. 7. This increase 
is due to the decrease in resistance to the uptake of solute 
from dye solution. Similar results have been reported in 
literature [46,47].

Finally, it can be noticed from Fig. 6 that AC1 has the 
maximum percentage removal compared to AC2.

3.2.4. Effect of agitation speed 

Agitation is an important parameter in sorption 
phenomena, influencing the distribution of the solute 
in the bulk solution and the formation of the external 
boundary film. The effect of agitation speed (in rpm) 
on the % removal of the original dye concentration was 

Fig. 6. Effect of contact time on the removal efficiency of RB dye by a) AC1 and b) AC2. (pH = 1, agitation speed 200 rpm , 
temperature 22±2°C and adsorbent dose 10 g L−1.) 

(a) (b)

Fig. 7. Effect of initial dye concentration on the adsorbed 
amount/g of RB dye by AC1 and AC2. (Adsorbent dose 10 g/L, 
pH = 1, agitation speed 200 rpm, temperature 22±2°C and 
contact time 2 h.)

investigated in the range of 0–400 rpm of the agitation 
speed while the temperature, initial pH, adsorbent dose, 
initial dye concentration and contact time values were 
kept at 22±2°C, 1,10 g/L ,50 mg/L and 2 h, respectively, 
as shown in Fig. 8. The % removal seemed to be affected 
by the agitation speed for values between 0 and 200 rpm, 
thus confirming that the influence of external diffusion on 
the sorption kinetic control plays a significant role. Also 
it is clear that while increasing the mixing rate from 200 
to 400 rpm, % removal decreased from 81.5 to 61.2 and 
77.8 to 32.4 for AC1 and AC2, respectively. This decrease 
may be attributed to an increase in desorption tendency 
of dye molecules and/or having similar speed of adsor-
bent particles and adsorbate ions (i.e., the formation of 
a more stable film around the adsorbent particles). This 

Fig. 8. Effect of agitation speed on the removal efficiency 
of RB dye by AC1 and AC2. (Initial dyes concentration  
50 mg.L −1, pH = 1, adsorbent dose 10 g/L, temperature 22±2°C 
and contact time 2 h.)
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also indicates that a 200 rpm shaking rate is sufficient to 
assure that all the surface binding sites are made readily 
available for dye uptake. Then the effect of external film 
diffusion on the adsorption rate can be assumed to be 
insignificant. The results were in agreement with Batzias 
and Sidiras [48].

All adsorption parameters were studied in accordance 
with the characterization results of AC1 and AC2, where 
AC1 gives higher efficiency than AC2, which could be 
attributed to the pores widening. It results from the 
treatment and the solvolysis of the constituent of the 
boundary walls.

3.3. Adsorption isotherms

The adsorption isotherm indicates how the adsorption 
molecules are distributed between the liquid phase and 
the solid phase when the adsorption process reaches an 
equilibrium state. The analysis of the isotherm data by 
fitting them to different isotherm models is an important 
step to find a suitable model that can be used for design 
purposes [49]. Adsorption isotherm is basically important 
to describe how solutes interact with adsorbents, and is 
critical in optimizing the use of adsorbents. Adsorption 
isotherm study was carried out on three isotherm models: 
the Langmuir, Freundlich and Temkin isotherm models. 
The applicability of the isotherm equation to the adsorp-
tion study done was compared by judging the correlation 
coefficients, R2.

3.3.1. Langmuir adsorption model

The Langmuir isotherm assumes monolayer adsorp-
tion onto a surface containing a finite number of adsorp-
tion sites of uniform strategies of adsorption with no 
transmigration of adsorbate in the plane of the surface 
[50]. The linear form of the Langmuir isotherm equation 
is given as:

( )0 0/ 1/ /e e ec q Q b C Q= +  (3)

where Ce is the equilibrium concentration of the adsor-
bate (mg/L), qe is the equilibrium amount of adsorbate 
adsorbed per unit mass of adsorbent (mg/g), Q0 and b are 
Langmuir constants and are the significance of the maxi-
mum adsorption capacity corresponding to complete 
monolayer coverage (mg of adsorbate per g of adsorbent) 

and energy of adsorption (L/mg), respectively.
When Ce/qe was plotted against Ce, a straight line with 

the slope of 1/Q0 and intercept of 1/(Q0b) was obtained 
(figure is not included). The values of Langmuir constants 
b and Q0 are listed in Table 2 along with the correspond-
ing correlation coefficient. The correlation coefficient R2 
of 0.99 for both AC1 and AC2 indicated that the adsorp-
tion data of RB on the AC1 and AC2 were well fitted to 
the Langmuir isotherm. The essential characteristics of 
the Langmuir isotherm can be expressed in terms of a 
dimensionless equilibrium parameter (RL) [50]. The pa-
rameter is defined by:

( )01/ 1 /LR b C= +   (4)

where b is the Langmuir constant and C0 is the initial dye 
concentration (mg/L). The value of RL indicates the type 
of the isotherm to be either unfavorable (RL > 1), linear (RL 
= 1), favorable (0 < RL <1) or irreversible (RL = 0). All the 
values of RL for both AC1 and AC2 are listed in Table 3 
and are observed to be in the range 0–1, confirming that 
the Langmuir isotherm was favorable for adsorption of 
RB onto the AC1 and AC2 under the conditions used in 
this study. 

3.3.2. Freundlich model

Freundlich adsorption isotherm is an indicator of the 
extent of heterogeneity of the adsorbent surface [50]. The 
Freundlich adsorption model stipulates that the ratio of 
solute adsorbed to the solute concentration is a function 
of the solution. The well-known logarithmic form of the 
Freundlich isotherm is given by the following equation:

log log 1/ loge f eq K n c= +  (5)

where Kf is a constant for the system, related to the bond-
ing energy. Kf can be defined as the adsorption or distribu-
tion coefficient and respects the quantity of dye adsorbed 
onto adsorbents for a unit equilibrium concentration (a 
measure of adsorption capacity, mg g−1). A plot of log (qe) 
vs. log (ce), where the values of Kf  and 1/n are determined 
from the intercept and slope of the linear regressions 
(figure is not included), are listed in Table 2 along with 
the corresponding correlation coefficient for AC1 and 
AC2. The slope of 1/n ranging between 0 and 1 for both 
AC1 and AC2 is a measure of the adsorption intensity or 
surface heterogeneity, becoming more heterogeneous as 

Table 2
Langmuir, Freundlich and Temkin adsorption constants for different adsorbent material

Type of 
adsorbent

Langmuir Freundlish Temkin

Q0 b R2 Kf 1/n R2 a b R2

AC1 6.62 0.293 0.999 3.64 0.13 0.60 –1.91 0.93 0.64
AC2 5.76 0.276 0.999 3.17 0.126 0.69 –2.53 1.22 0.72
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Table 3
RL values for different adsorbents

Dye concentration 
(mg/l)

Value of RL

AC1 AC2
50 0.064 0.068
75 0.044 0.046

100 0.033 0.035
200 0.017 0.018

its value gets closer to zero [51]. A value for 1/n below 1 
indicates a normal Freundlich isotherm while 1/n above 
1 is indicative of cooperative adsorption [52]. The low 
values of R2 (<< 90%) for AC1 and AC2 show that the 
adsorption of RB dye on the different adsorbents used 
could not be well described by the Freundlich isotherms.

3.3.3. Temkin model

Temkin and Pyzhev considered the effects of indirect 
adsorbent/adsorbate interactions on the adsorption iso-
therm. The heat of adsorption of all the molecules in the 
layer would decrease linearly with coverage due to ad-
sorbent/adsorbate interactions [53]. The Temkin isotherm 
has been used in the following form:

lne eq a b C= +  (6)

Therefore a plot of qe vs. ln Ce enables one to determine 
the constants a and b from the slope and intercept (figure 
is not included). When a value is larger, this means that 
the adsorbent/adsorbate interaction is also larger [54]. 
The constants a and b together with the R2 values are 
listed in Table 2. The low values of R2 (<< 90%) for AC1 
and AC2 show that the adsorption of RB dye on the dif-
ferent adsorbents used could not be well described by 
the Temkin isotherm.

Finally, the applicability of the three isotherm’s models 
(Langmuir, Temkin and Freundlich) for the present data 
approximately follows the Langmuir isotherm in the case 
of RB dye on AC1 and AC2.

3.4. Sorption dynamics

The study of adsorption dynamics describes the 
solute uptake rate and evidently this rate controls the 
residence time of adsorbate uptake at the solid–solution 
interface. The kinetics of RB adsorption on AC1 and AC2 
was analyzed using pseudo first order, pseudo second 
order, Elovich and intraparticle diffusion kinetic models. 
The conformity between the experimental data and the 
model predicted values was expressed by the correlation 
coefficients (R2 values close or equal to 1). A relatively 
high R2 value and indicates that the model successfully 
describes the kinetics of the adsorption.

3.4.1. Pseudo-first-order model

The pseudo-first-order model was presented by La-
gergren [55]. The Lagergren’s first-order reaction model 
is expressed as follows by Yalçın et al. [56]:

( )1/t t e tdq d k q q= −  (7)

where qe and qt are the amounts of dye (mg/g) adsorbed 
on the adsorbent at equilibrium, and at time t, respectively 
and k1 is the first-order reaction rate constant (min−1). 
Integrating and applying the boundary condition, t = 0 
and qt = 0 to t = t and qt = qt, Eq. (7) takes the form:

( ) 1ln lne t eq q q k t− = −  (8)

The values of ln (qe – qt) were linearly correlated with 
t (figures are not included). The values of k1 and qe were 
determined from the slope and intercept of the linear 
plots ln (qe − qt) against t respectively for the adsorption 
of RB using AC1 and AC2 and are listed in Table 4 along 
with the corresponding correlation coefficients. The cor-
relation coefficients for the first-order model are low for 
all adsorbents and concentrations. Also, the estimated 
values of qe calculated from the equation differed from 
the experimental values (Table 4). Therefore it can be 
inferred that the first-order model does not show good 
compliance with experimental data.

3.4.2. Pseudo-second-order model

The sorption data was also analyzed in terms of the 
pseudo second-order mechanism described by [57–61]

 (9)

where k2 is the rate constant of the pseudo-second-order 
sorption (g/mg min). Integrating and applying boundary 
conditions t = 0 and qt = 0 to t = t and qt = qt, Eq. (9) becomes

( ) 21/ 1/e t eq q q k t− = +  (10)

This is the integrated rate law for a pseudo second or-
der reaction. Eq. (10) can be rearranged to obtain Eq. (11), 
which has a linear form:

( )2
2/ 1/ 1/t e et q k q q t= +  (11)

The values of k2 and qe were determined from the 
intercept and slope of the linear plots ln (qe − qt) against t 
respectively for the adsorption of RB using AC1 and AC2 
(figures are not included) and are listed in Table 4 along 
with the corresponding correlation coefficients. Also the 
estimated values of qe calculated from Eq. (11) are listed 
in Table 4. The correlation coefficients R2 for the pseudo-
second-order adsorption model have the highest values 
(> 0.99), suggesting that the dye adsorption process is 
predominant by the pseudo-second-order adsorption 
mechanism.

( )2
2/t e tdq dt k q q= −
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3.4.3. Elovich equation

The applicability of the Elovich equation to the sorp-
tion process was also tested. The simple Elovich model 
may be expressed in the form [62,63]:

lntq A B t= +  (12)

where A represents the rate of chemisorptions at zero 
coverage (mg/g min) and B is related to the extent of the 
surface coverage and activation energy for chemisorp-
tions (g/mg).

Thus, a plot of qt vs. ln t should yield a linear relation-
ship with a slope of B and an intercept of A, if the sorption 
process fits the Elovich equation.

The Elovich equation parameters A, B and the correla-
tion coefficients, R2 for the sorption of the RB using AC1 
and AC2 (figures are not included) are listed in Table 5. 
The R2 values are not high and show not good fit. Thus, 
the Elovich equation could not be a good model for the 
sorption process.

Comparison of the three models reveals that the R2 

for first-order, pseudo-second-order and the Elovich 

Table 4
Comparison of the first- and second-order adsorption rate constants, calculated and experimental qe values for different adsorbents

Type of 
adsorbent

Dye concentra-
tion (mg/l)

qe exp 1st order 2nd order

R2 k1 qe calc R2 k2 qe calc

AC1 50 4.14 0.827 0.027 1.16 0.9998 0.054 4.23
75 5.97 0.99 0.043 2.68 0.9999 0.041 6.11

100 6.1 0.87 0.037 0.66 0.9998 0.0713 6.18
200 6.5 0.605 0.03 1.63 0.9998 0.057 6.58

AC2 50 3.9 0.91 0.04 3.13 0.9989 0.025 4.11
75 5.2 0.95 0.043 3.07 0.9995 0.032 5.38

100 5.41 0.83 0.042 1.32 0.9999 0.095 5.47
200 5.6 0.89 0.088 3.09 0.9958 0.469 5.65

equations show that the results can be well represented 
by the pseudo-second-order model.

Hence, on the basis of the excellent fit of the pseudo-
second order and the correlation of the experimental 
results with the pseudo-second-order model, the main ad-
sorption mechanism is probably chemisorption reaction.

3.4.4. Intraparticle diffusion model

Intraparticle diffusion can be described by three con-
secutive steps [64]:
(i) The transport of sorbate from bulk solution to outer 

surface of the sorbent by molecular diffusion, known 
as external (or) film diffusion.

(ii) Internal diffusion, the transport of sorbate from the 
particles surface into interior sites.

(iii) The sorption of the solute particles from the active 
sites into the interior surface of the pores.

The overall rate of the sorption process will be con-
trolled by the slowest, the rate limiting step. The nature of 
the rate-limiting step in a batch system can be determined 

Table 5 
Elovich adsorption rate constants and calculated and experimental qe values for different adsorbents

Type of 
adsorbent

Dye concentra-
tion (mg/l)

qe exp Elovich

R2 A B qe calc

AC1 50 4.14 0.8674 42.51 2.564 30.97
75 5.97 0.9604 80.99 4.703 59.825

100 6.1 0.9482 10.27 7.539 67.345
200 6.5 0.9487 11.53 9.723 67.782

AC2 50 3.9 0.8838 42.22 4.138 23.599
75 5.2 0.8735 70.87 5.688 45.27

100 5.41 0.94 85.27 8.003 49.259
200 5.6 0.8428 105.5 12.61 48.738
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from the properties of the solute and sorbent. In adsorp-
tion systems where there is the possibility of intraparticle 
diffusion being the rate-limiting step, the intraparticle 
diffusion approach described by Weber and Morris [65] 
is used. The rate constants, for intraparticle diffusion 
(ki) are determined using equation given by Weber and 
Morris [65]. This equation can be described as [66–68]:

0.5
t iq k t c= +  (13)

where ki and c are the intraparticle diffusion rate constants 
(mg/g min0.5) under different initial concentrations of dye 
and a constant, respectively. In Figs. 9 and 10, respectively, 
plots of qt (mg/g) vs. t1/2 (min–1/2) are presented for AC1 
and AC2. The ki is the slope of straight-line portions of 
the plot of qt vs. t0.5 and the value of c is the intercept. 
The values of constants ki and c for intraparticle diffusion 
kinetics are given in Table 6. These plots have generally 
the double nature, i.e., the initial curve portions and final 
linear portions. It is explained by the fact that the initial 
curved portions are boundary layer diffusion effects. The 
final linear portions are a result of intraparticle diffusion 
effects. An extrapolation of the linear portions of the plots 
back to the axis yield intercepts (c) which are proportional 
to the extent of boundary layer thickness [69].

4. Conclusions

This study has demonstrated that activated carbons 

Fig. 9. Intraparticle diffusion plot for adsorption of RB dye 
by AC1.

Fig. 10. Intraparticle diffusion plot for adsorption of RB dye 
by AC2. 

Table 6
Intraparticle diffusion rate parameter at different initial dye concentration for different adsorbents

Dye concentration 
(mg/L)

Type of adsorbent

AC1 AC2

ki c R2 ki c R2

50 0.0247 3.802 0.88 0.0659 3.0324 0.78
75 0.0254 5.6391 0.73 0.0281 4.8307 0.76

100 0.0103 5.9516 0.88 0.0118 5.2531 0.85
200 0.0334 6.0291 0.95 00083 5.4966 0.39

can be prepared from the chemical activation of oak saw-
dust with HNO3 as activating agent followed by pyrolysis 
at 500°C in the absence of air and by physical activation 
at 500°C in the absence of air. The two activated carbons 
prepared from oak sawdust have been used as an adsor-
bent for the removal of RB from aqueous solutions. RB 
was found to adsorb stronger onto the surface of AC1 than 
onto that of AC2. Adsorption was influenced by various 
parameters such as initial pH, initial dye concentration, 
adsorbent dose and agitation speed. The maximum ad-
sorption of RB dye by AC1 and AC2 occurred at an initial 
pH of 1.0. The removal efficiency increased with decreas-
ing the dye concentration and increasing the dose of the 
adsorbent. Adsorption equilibrium data were fitted to the 
Langmuir, Freundlich and Temkin isotherms. The equilib-
rium data were well described by the Langmuir isotherm 
model, with the maximum monolayer adsorption.

It was found that the pseudo-second-order equa-
tion gave a better fit to the adsorption process than the 
pseudo-first-order equation and Elovich equation. Con-
sequently, the main adsorption mechanism is probably a 
chemisorption reaction. Hence this model should be used 
in design applications. An intraparticle diffusion model 
developed by Weber and Morris was used to calculate the 
intraparticle diffusion coefficients. The adsorption data 
is properly controlled by both external mass transfer and 
intraparticle diffusion.
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Symbols

1/n — Sorption intensity
A — Rate of chemisorptions at zero coverage, mg/g 

min
AC1 — Activated carbon prepared from oak sawdust 

by chemical activation
AC2 — Activated carbon prepared from oak sawdust 

by physical activation
B — Extent of the surface coverage and activation 

energy for chemisorptions, g/mg
b — Langmuir constant energy of adsorption, L/mg
BET — Surface area, pore size analyzer 
C — Dye concentration at any time, mg/L
Ce — Equilibrium dye concentration, mg/L
C0  — Initial dye concentration, mg/L
FTIR — Fourier transfer for infrared spectrophotometer
k1 — First-order reaction rate constant, min–1

k2 — Second-order reaction rate equilibrium con-
stant, g/mg min

Kf  — Freundlich constant measure of adsorbent 
capacity, mg/g

ki — Intraparticle diffusion rate constant, mg g–1 
min–1/2

M — Adsorbent mass, g
pHpzc  — pH on zero point charge
Q0 — Langmuir constant adsorption capacity, mg/g
qe — Amount of dye adsorbed at equilibrium, mg/g
qt — Amount of dye adsorbed at any time, mg/g
R2 — Correlation coefficient
RB — Remazol brilliant blue
RL — Equilibrium parameter 
SEM — Scanning electron microscope
t — Time, min
t1/2 — Square root of time, min1/2

V — Solution volume, L
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