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a b s t r a c t
In the current study, the effect on the adsorption of dyes (Basic red 2, Basic blue 3 and Ethyl orange) 
having almost similar molecular weight but belonging to different classes and functional groups 
on air activated carbon prepared from demineralised kraft lignin (DKLAAC) was investigated. 
The experimental and theoretical adsorption values for the dyes on DKLAAC were found to be 
0.599, 0.550 and 0.395 mmol g–1 and 0.569, 0.520 and 0.387 mmol g–1 for Basic red 2, Basic blue 
3 and Ethyl orange, respectively. Basic red 2 showed maximum adsorption (0.599 mmol g–1) on 
DKLAAC owing to more hydrophobicity and resonance in its structure. Contrarily, Ethyl orange 
showed minimum adsorption due to the hydrophilicity and less number of benzene rings. The pres-
ence of acid/basic site concentration of DKLAAC also affects the adsorption process. The obtained 
experimental data fitted best to the pseudo-second-order kinetic model. Thermodynamic parame-
ters analysed confirms the feasibility, spontaneity and endothermic nature of the adsorption process.
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1. Introduction

Dyes constitute one of the most polluting agents in 
water systems due to their stability and poor biodegrad-
ability. Various techniques [1–15] have been utilised for 
the removal of pollutants including dyes. However, among 
these techniques adsorption process is found to be a versa-
tile methodology for the removal of various types of dyes 
[15]. Several parameters viz. adsorbate concentration, sur-
face area, solution temperature, pore size etc. are found to 
affect the adsorption phenomenon in the case of the dyes. 
Among these what role a class or functional group of a dye 
can play especially in the case of similar molecular weight is 
discussed less in the literature. Therefore, the current study 

is focused on the adsorption behavior of dyes having sim-
ilar molecular weight but of different class and functional 
groups.

Dyes as well-known can be classified viz. acid, basic, 
direct, reactive, vat and disperse dyes [15]. Among these 
acid and basic dyes are important especially for colouring 
industries because of their high stability to light and tem-
perature, appreciable solubility in water, favourable char-
acteristics of bright color and even cost-effectiveness in 
the synthesis [16]. The main chemical classes of acid dyes 
are azo, triphenylmethane, anthraquinone, xanthene, nitro 
and nitroso, whereas, the principal chemical classes of 
basic dyes are oxazine, triarylmethane, diazahemicyanine, 
cyanine, hemicyanine, thiazine, azine and acridine [15].  
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For this study, Basic red 2 from azine class, Basic blue 3 
from oxazine class and Ethyl orange from the azo class 
were chosen. It is interesting to note that all these dyes have 
molecular weight of nearly 355. Basic red 2 also known as 
safranin O has a historical interest since the first synthetic 
dyes mauveine belongs to this class and is closely related 
to it [17]. Basic blue 3, belongs to a small group of little sig-
nificance in textile applications [18]. Also, new uses have 
been found in biomedical applications because of fluo-
rescence, as laser dyes and dopants in organic light-emit-
ting diodes [19]. Commonly these both dyes are used for 
colouring of the paper, polyacrylonitrile, modified nylons, 
modified polyesters, polyethylene terephthalate, silk, wool, 
and tannin-mordanted cotton [15]. Ethyl orange on another 
side consists of an azo group with nitrogen nitrogen double 
bonds (–N=N–). Acid azo dyes are generally used for dye-
ing and printing wool, polyamide, silk, and basic-modified 
acrylics and dyeing leather, fur, paper, and food [20].

Keeping this in view herein the adsorptive behavior of 
dye molecules belonging to different classes but the nearly 
same molecular weight on activated carbon developed from 
demineralised kraft lignin in the air (DKLAAC) at 950°C 
will be studied. The objective of the present work is also 
to investigate the adsorption potential of DKLAAC for the 
removal of acid as well as basic dyes having an almost the 
same molecular weight from aqueous solutions. To under-
stand the adsorption properties, the adsorption isotherms 
and kinetics of the selected dyes onto DKLAAC were mea-
sured. Besides these, the spontaneity, as well as thermody-
namic feasibility of the adsorption processes with respect 
to thermodynamic parameters is discussed too. In order to 
assess the potential of the adsorbents with regard to dye 
removal, the performance has been evaluated with respect 
to a commercial activated carbon (CAC) at 25°C. The results 
of investigations are expected to reveal the effect of class 

and functional groups on their adsorption at DKLAAC. 
Furthermore, the effect of different parameters such as con-
tact time, initial dye concentration and temperature on the 
adsorption is also analysed.

2. Materials and methods

Ethyl orange and Basic blue 3 were procured from Sigma-
Aldrich, whereas, Basic red 2 was procured from SRL (India). 
The structures and selected properties of dyes are given in 
Table 1. All other chemicals used were of analytical grade. 
Standard commercial activated carbon (CAC) was procured 
from Rankem (India). The raw kraft lignin sample was pro-
cured from Lignotech Iberica (Spain), and was converted 
into demineralised kraft lignin (precursor for DKLAAC) 
by a demineralisation process as discussed elsewhere [21]. 
For the preparation of DKLAAC, 5 g of demineralised 
kraft lignin (DKL) was physically activated in a conven-
tional muffle furnace at 950°C at a heating rate of 8°C min–1 
(30 min) in the presence of oxidising atmosphere (air) [21].

The DKLAAC and CAC were characterised with the 
help of FE-SEM (Tescan Mira 3) and FTIR (Perkin Elmer 
model Paragon 1000PC spectrophotometer and Perkin 
Elmer spectrum two). The textural properties of the samples 
were studied with the help of nitrogen adsorption at 77 K 
(Quantachrome Quadrasorb 3SI and Micromeritics ASAP 
2010) [21]. Acid/basic sites and pzc of the activated carbons 
(DKLAAC and CAC) were determined by titration method 
using a procedure discussed elsewhere [22]. The physi-
cochemical properties of DKLAAC and CAC are briefly 
summarised in Table 2 and discussed in detail elsewhere 
[21,23]. Double distilled water was used throughout for the 
preparation of solutions.

Adsorption studies using batch technique being simple 
and easy to operate were carried out to assess the adsorption 

Table 1
Characteristic properties of similar molecular weight dyes

Name of dye Molecular structure lmax (nm) Mol. weight Chemical class Molecular formula

Basic red 2

 

 

N+

N

NH2

CH3H3C

H2N

Cl-
520 350.85 Azine C20H19ClN4

Basic blue 3

 
O+

N

NN

C2H5

C2H5

C2H5
Cl -

C2H5 655 359.89 Oxazine C20H26ClN3O

Ethyl orange

 
N=NN S

C2H5 O-

O
OC2H5

Na+
475 355.39 Azo C16H18N3NaO3S
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behavior of dyes. For this, a fixed amount of DKLAAC 
(0.01 g) was added to 10 mL of dyes solution of varying con-
centrations taken in stopper glass tubes and were placed in 
thermostat cum shaking assembly. The solutions were stirred 
continuously at constant temperatures for 300 min for acid 
and basic dyes, to achieve equilibration. The concentration 
of the dye in the solution after complete equilibrium adsorp-
tion was determined spectrophotometrically at lmax of the 
adsorbate. The experiments were repeated a number of 
times and average values are reported.

3. Results and discussion

3.1. Effect of contact time and initial concentration

The contact time is an important parameter for the anal-
ysis of equilibrium time for the maximum adsorption of 
dyes. To study this, the adsorptive removal of Basic red 2,  
Basic blue 3 and Ethyl orange at the fixed concentration on 
DKLAAC was investigated as a function of contact time 
and the results are presented in Fig. 1. Results show that 
the uptake of these dyes was fast initially due to the avail-
ability of accessible pores/active sites and free functional 
groups attached to the surface. Additionally, less steric hin-
drance was experienced by the adsorbate molecules. With 
the increase in contact time, the process slows down which 
was assigned to the less availability of adsorption sites on 
DKLAAC and increase in the steric hindrance of dye mol-
ecules [24]. Maximum removal of the dyes takes place in 
<40 min and for all dyes, it takes 240 min to reach the equi-
librium. Thus for all equilibrium adsorption studies, the 
contact time was kept at 300 min.

The effect of initial concentration on the adsorption 
performance was also investigated at varying concentrations 

(4 × 10–4 and 5 × 10–4 M). The results are shown in Fig. 2 for 
Basic red 2 and similar plots were also observed for Basic 
blue 3 and Ethyl orange (figures not provided). The plot 
shows that the amount of dye adsorbed per unit mass of 
DKLAAC increased on increasing the initial dye concentra-
tion [25].

Therefore, an increase in initial dye concentration enhances 
the adsorption of dyes on DKLAAC which is due to the 
increase in the driving force of concentration gradient on 
increasing the initial concentration of the adsorbate. The ini-
tial concentration provides the necessary driving force to 
overcome the resistance to the mass transfer of the adsorbate 
between the aqueous and solid phases [26,27].

3.2. Adsorption isotherms

To investigate the interactive behavior between the 
adsorbate and adsorbent and the maximum adsorptive 
capacity for the removal of the dyes having almost same 
molecular weight but differing in class and functional 
groups, adsorption isotherms were obtained as a func-
tion of equilibrium concentration and shown in Fig. 3. 
The experimental adsorption values (Table 3) of the dyes 
on DKLAAC at 25°C were found to be 0.599, 0.550 and 
0.395 mmol g–1 for Basic red 2, Basic blue 3 and Ethyl 
orange, respectively, which are in the order: Basic red 2 > 
Basic blue 3 > Ethyl orange. DKLAAC posses

A comparison was also made with raw demineralised 
kraft lignin (precursor) and a commercial activated car-
bon in order to test the performance of DKLAAC and 
the obtained isotherms are shown in Figs. 4–6. Similar to 
DKLAAC, the adsorption of dyes on commercial activated 
carbon was also found to be in order Basic red 2 > Basic 
blue 3 > Ethyl orange. However, the amount of dyes adsorbed 

Table 2
Physicochemical properties of activated carbons

DKLAAC CAC

(i) Field-emission scanning electron microscopy*1

Surface of DKLAAC clearly 
shows porosity and cavities

Surface of CAC shows porosity 
and ash

(ii) Fourier-transform infrared spectroscopic analysis*1

1,117 (C–O–C, ether)
1,389 cm–1 (C–H bend in CH3)

1,120 (C–O–C, ether)
1,398 cm–1 (C–H bend in CH3)

1,559 cm–1 (C=C aromatic rings) 1,582 cm–1 (C=C aromatic rings)
3,400 cm–1 (hydroxyl groups) 3,415 cm–1 (hydroxyl groups)

(iii) Textural analysis*1

Total surface area (m2 g–1) 1,305 770
Mean pore width (nm) 1.12 2.66
Total pore volume (cm3 g–1) 0.472 0.512

(iv) Mass titration

pHpzc 7.5 7.6
(v) Acid/basic sites concentration

Acid sites 0.560 mmol g–1 0.579 mmol g–1

Basic sites 0.365 mmol g–1 0.360 mmol g–1
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0.455, 0.411 and 0.341 mmol g–1 for Basic red 2, Basic blue 3  
and Ethyl orange, respectively on CAC was found to be 
comparatively lower than DKLAAC owing to its lower sur-
face area (770 m2 g–1) and already discussed elsewhere [21]. 
In the case of demineralised kraft lignin (DKL), interest-
ingly the adsorption of Basic red 2, Basic blue 3 was found 
to be more compared to acid dyes owing to its negatively 
charged surface which attracts positively charged dyes 
(basic dyes) more easily. The amount of adsorption of Basic 
red 2 and Basic blue 3 by DKL was found 6.42 × 10–3 and 
6.15 × 10–3 mmol g–1, respectively but it was found to be neg-
ligible in the case of Ethyl orange (values and graphs are 
not provided) due to very low surface area and the nega-
tively charged surface.

It is worth mentioning that a few studies have been 
reported on the adsorption of Basic blue 3, Basic red 2 
and Ethyl orange on various adsorbents. The adsorption 
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Fig. 1. Effect of contact time for the removal of Basic red 2, 
Basic blue 3 and Ethyl orange on DKLAAC (Ci: 5 × 10–4 M; 
T: 25°C).
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Fig. 2. Effect of initial concentration for the removal of Basic 
red 2 on DKLAAC at different initial concentrations (T: 25°C).
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values of studied dyes on DKLAAC were compared with 
other materials as available in the literature and are pre-
sented in Table 4. It can be observed from Table 4 that the 
amount of adsorption of these dyes on the DKLAAC is 
more efficient and as good as other adsorbents reported in  
literature.

The effect of solution temperature on the adsorptive 
removal of dyes with almost similar molecular weight but 
different in class and group functionality on DKLAAC was 
investigated in the temperature range between 25°C to 
45°C and the adsorption isotherms are shown in Fig. 3. It 
is observed that the adsorption of Basic red 2, Basic blue 3  

0.00000 0.00007 0.00014 0.00021 0.00028 0.00035 0.00042 0.00049
0.00

0.08

0.16

0.24

0.32

0.40

0.48

0.56

0.64

0.72

 25°C
 35°C
 45°C

q e 
(m

m
ol

g-1
)

Ce (molL
-1

)

 

0.00000 0.00008 0.00016 0.00024 0.00032 0.00040 0.00048
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 25°C
 35°C
 45°C

q e (m
m

ol
g-1

)

Ce (molL
-1

)

 

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 25°C
 35°C
 45°C

q e (m
m

ol
g-1

)

C
e
 (molL

-1
)

 

(a) 

(b) 

(c) 

Fig. 3. Adsorption isotherms for the removal of (a) Basic red 2, (b) Basic blue 3 and (c) Ethyl orange on DKLAAC at different 
temperatures.
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and Ethyl orange dyes onto DKLAAC increases from 
0.599 to 0.620, 0.550 to 0.589 and 0.395 to 0.443 mmol g–1, 
respectively, which indicating the process to be endo-
thermic in nature. It is noteworthy that the main reason 
for this trend is the mass diffusion of dyes molecules at 
the external boundary layer and in the inner pores of the 
adsorbent particle which increases with increase in tem-
perature, owing to decrease in the viscosity of the adsorbate 
solution [28–32].

Furthermore, to analyse the adsorption mechanism 
of dyes on DKLAAC, Langmuir and Freundlich models 
were used and the results are shown in Table 3. The math-
ematical form of the Langmuir equation [33] is shown as:

1 1 1
q q q bCe e

= +
max max

 (1)

where Ce is the concentration of dye in the solution at 
equilibrium, qe is the adsorbed amount of dye at equilib-
rium, qmax is the theoretical maximum adsorption capacity 
also known as Langmuir monolayer capacity and b is the 
adsorption equilibrium constant for Langmuir isotherm. 
The plot between 1/qe and 1/Ce for the adsorption of Basic 
red 2, Basic blue 3 and Ethyl orange have been drawn 
and shown only for Basic red 2 in Fig. 7 (plots being same 
for Basic blue 3 and Ethyl orange hence not shown here). 
The calculated Langmuir parameters qmax and b are given 
in Table 3. The Langmuir monolayer capacity (qmax) and 
adsorption equilibrium constant for Langmuir isotherm (b) 
for Basic red 2, Basic blue 3 and Ethyl orange were found to 
be 0.569, 0.520 and 0.387 mmol g–1 and 7.14 × 104, 6.93 × 104 
and 3.89 × 104 L mmol–1, respectively at 25°C. These results 
clearly state that the values are comparable to the exper-
imental adsorption capacity (qexp) and shows maximum 
affinity for Basic red 2 and minimum for Ethyl orange. 
The values of qmax as well as b increased on increasing the 
temperature indicating the endothermic nature of the pro-
cess. The RL values for the dyes were found to lie between 
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Fig. 6. Adsorption isotherms for the removal of Ethyl orange on 
DKLAAC and CAC at 2.

Table 4
Comparison of the adsorption capacities of the developed activated carbon for Basic red 2, Basic blue 3 and Ethyl orange with 
some other adsorbents reported previously

S. No. Adsorbent Max. adsorbed amount (mg g–1) References

Basic red 2

1. Phosphoric acid modified coconut coir 96.81 [43]
2. Date pits 92 [44]
3. Poly lignin nanoparticles glycol polyacrylic acid 138.88 [45]
4. Natural raw kaolinite 16.23 [46]
5. Avocado integuments 15.6 [47]
6. DKLAAC 210 This work

Basic blue 3

1. Macadamia seed husks 1.4 [48]
2. Ternary nanocomposite (Gum Arabic/PVA/Alginate) 200 [49]
3. Pineapple plant stem 58.983 [50]
4. Durian peel 49.50 [51]
5. Ethylenediamine modified rice hull 14.68 [52]
6. DKLAAC 197 This work

Ethyl orange

1. Carbon slurry 233 [53]
2. ZnO hybrid chitosan 0.014 [54]
3. Carbon slurry 198 [55]
4. DKLAAC 140 This work
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0 and 1, which confirm the favorability of the adsorption 
isotherm [34].

Besides Langmuir isotherm, the adsorption data of the 
similar molecular weight dyes (acid/basic dyes) was also 
analysed by Freundlich model [35] shown as:

log log logq K Ce f e= +  (2)

where qe is the amount adsorbed at the equilibrium con-
centration, Kf is an indicator of adsorption capacity and n 
is heterogeneity factor. A plot between logqe vs. logCe was 
made and shown in Fig. 8 for the dye Basic red 2 (plots 
being same for Basic blue 3 and Ethyl orange are not shown 
here). The values of Freundlich constants (Kf and 1/n) were 
calculated from the intercept and slope, respectively and 
are presented in Table 3. The low correlation coefficient 
(R2) values obtained for Freundlich comparatively to the 
Langmuir isotherm model, further confirm that the process 
can be described well by the Langmuir model. Furthermore, 
the theoretical values of adsorption capacity observed by 
the Langmuir model were close to the experimental value, 
hence supporting our view that the Langmuir model fits 
well to the process.

The results show that the investigated dyes do not have 
a big difference in their adsorption values on DKLAAC. 
The reason could be that DKLAAC is neither too acidic 
nor too basic in nature. It has a pzc of 7.5 which makes it 
slightly amphoteric in nature, therefore, do not attract or 
repel the molecules due to its charge. However, it is worth 
noting that besides other factors hydrogen bonding and 
electrostatic interactions between dyes and oxygen-contain-
ing functional groups (Table 2) on carbons are also responsi-
ble for dye adsorption.

The difference observed in the adsorption values of 
dyes can be explained on the basis of two factors, firstly, 
the presence of acid/basic site concentration on carbons and 
secondly, the difference in the structure of dyes molecules. 
Basic dyes adsorbed more as compared to acidic dyes on 
DKLAAC owing to more acidic sites (Table 2). A similar 

trend was observed in the case of CAC since it also has more 
acidic sites (0.579 mmol g–1) than basic sites (0.360 mmol g–1) 
with a pzc (7.6) and functional groups as observed from 
FTIR (Table 2) similar to DKLAAC. Nevertheless, the three 
dyes (Basic red 2, Basic blue 3 and Ethyl orange) used in 
this study have almost the same molecular weight but dif-
fer in their chemical class and functional groups which also 
makes a difference in their adsorption behavior. Basic red 2 
is a cationic dye of the azine group and its chemical struc-
ture is different from the two others. Basic red 2 showed 
better interaction with the DKLAAC as resonance is more 
in Basic red 2 due to the presence of an extra benzene ring 
[36]. Though, Basic blue 3 is also a cationic dye but belongs 
to oxazine class, showed slightly less adsorption capacity 
than Basic red 2 due to the lesser number of the benzene 
ring. However, the difference in the adsorption amount of 
Basic blue 3 and Basic red 2 is not too big which may be 
attributed to another factor, that is, hydrophobicity. Basic 
blue 3 has a chemical structure which is more hydrophobic 
due to the presence of four ethyl groups in the structure cre-
ating more affinity towards DKLAAC [37] whereas, Basic 
red 2 contains only two methyl group making it less hydro-
phobic. Ethyl orange which is an anionic azo dye had the 
least adsorption on DKLAAC owing to more hydrophilic-
ity. Ethyl orange has a sulphonic group which enhances its 
hydrophilicity, moreover, it is reported that any dye which 
has less number of the ring [36] in their structure, also have 
less adsorption. Thus Ethyl orange having only two ben-
zene rings is expected to have the least stabilization. This 
could be the main reason that Ethyl orange has the least 
adsorption among the dyes.

3.3. Thermodynamic studies

The thermodynamic parameters such as free energy 
change (ΔG°), enthalpy change (ΔH°) and entropy change 
(ΔS°) have great importance in determining the feasibil-
ity, heat change and spontaneity of the adsorption process, 
respectively. These parameters were obtained utilising the 
equations:
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Fig. 7. Langmuir adsorption isotherms of Basic red 2 on DKLAAC 
at different temperatures.
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∆G RT b° = − ( )ln  (3)

lnb H
RT

S
R

= −
°

+
°∆ ∆  (4)

where T is the adsorption temperature, R is the gas constant 
(8.314 J mol–1 K–1) and b is the equilibrium constant for the 
adsorption process. A graph is plotted between lnb vs. 1/T 
(Van’t Hoff plot) using Eq. (3) (Fig. 9) and from the slope and 
intercept of the plot, the values of change in enthalpy and 
entropy were obtained, respectively, and are presented in 
Table 5.

The values of ΔG°, ΔH° and ΔS° for the dyes having 
similar molecular weight are presented in Table 5. Table 
5 reveals that the negative values of ΔG° is indicative of 
the spontaneity and physiosorptive nature of the adsorp-
tion process, whereas, the positive values of enthalpy 
change (ΔH°) indicated that the process is endothermic 
in nature. Moreover, ΔG° values increases on increasing 
the temperature which supports the fact that the process 
is more spontaneous at higher temperatures. In addition 
the positive values of ΔS° is an indicator of the increased 
randomness/disorder on the solid/solution interface and 
affinity of the dyes for DKLAAC.

3.4. Kinetic studies

To investigate the mechanism and rate-controlling steps 
of adsorption processes like chemical reaction and mass 
transfer, kinetics of the process for the adsorption of the 
dyes having an almost similar molecular weight (Basic red 
2, Basic blue 3 and Ethyl orange) has been carried out in time 
interval of 240 min. Different kinetic models such as pseudo-
first- order, pseudo-second-order and intraparticle diffusion 
model are applied to test the experimental data [38].

Pseudo-first-order [39] (Eq. (5) and Fig. 10) and pseudo- 
second-order rate equation [40] (Eq. (6) and Fig. 11) are rep-
resented linearly as:

log log
.

q q q
k

te t e−( ) = − 1

2 303
 (5)

t
q k q q

t
t e e

= +
1 1

2
2  (6)

where qe and qt are the amount of dye adsorbed on 
DKLAAC at equilibrium and time t, respectively. k1 and k2 
are the rate constants for pseudo-first and second-order-rate 
equation, respectively.

The values of qe, k1 and k2 are calculated from the slopes 
and intercepts of the respective plots and the values are 
provided in Table 6. Besides the theoretically calculated 
values, the correlation coefficients (R2) for both models 
were determined too and given in Table 6. Results revealed 
the better fitting of pseudo-second-order model over the 
pseudo- first-order rate equation due to the higher R2 values 
for the dyes, having similar molecular weight. Moreover, 
the theoretically calculated values (qe(exp)) were found to be 
in close relation with the experimental values (qe(cal)), which, 
further supports the better applicability of the pseudo- 
second-order model for the adsorption process. The root 
mean square error (RMSE) values were also evaluated to 
compare the prediction errors for the two models and were 
found to be in the range 0.002–0.004 for the pseudo-second- 
order model, whereas, for pseudo-first-order the values 
were found to be in the range 0.218–0.336. The low RMSE 
values for pseudo-second-order model further confirmed 
its applicability over the pseudo-first-order kinetic model.

Table 5
Thermodynamic parameters for the removal of similar molecular weight acid/basic dyes on DKLAAC

Dyes Temperature (°C) –ΔG° (kJ mol–1) ΔS° (J mol–1 K–1) ΔH° (kJ mol–1)

Basic red 2
25 27.7

106.9 4.1135 28.6
45 29.8

Basic blue 3
25 27.6

103.2 3.1135 28.6
45 29.7

Ethyl orange
25 26.2

95.6 2.2935 27.2
45 28.1
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Fig. 9. Van’t Hoff plots for the removal of Basic red 2, 
Basic blue 3 and Ethyl orange on DKLAAC.



351M. Chaudhary et al. / Desalination and Water Treatment 244 (2021) 343–354

The two kinetic models can also be conveniently esti-
mated via nonlinear regression method too using the original 
form of the equations given below:

q qt e
k t= −( )−1 1exp  (7)

q
k q t
k q tt
e

e

=
+
2

2

21
 (8)

The high correlation coefficients (~0.999) and low 
RMSE (0.001–0.004) values obtained for the three dyes by 
non linear regression in case of the pseudo-second- order 
model as compared to the low correlation coefficients 
(0.977–0.987) and high RMSE (0.009–0.016) values obtained 
in case of pseudo-first-order model further confirmed 
that pseudo-second-order model fits better to our process.

Intraparticle diffusion model: Additionally, the intrapar-
ticle diffusion model by Weber and Morris [41] was also 
applied to the experimental kinetic data in order to inves-
tigate the rate-controlling step of the adsorption process 
of almost similar molecular weight dyes onto DKLAAC.

Weber–Morris plot can be used to determine the rate 
controlling step and the intraparticle diffusion rate constant 
was calculated utilising the equation:

q k t Ct = ⋅ +id
1 2/  (9)

where C and kid are the constant for the thickness of the 
boundary layer and intraparticle diffusion. Fig. 12 shows 
that the plots do not pass through origin although have 
some degree of linearity which means that more than one 
step controls the adsorption process [42]. Moreover, the 
plots reveal the existence of two linear sections which were 
assigned to the film diffusion (I–Stage) and intraparticle 
diffusion (II–Stage). The value of intraparticle rate con-
stants kid and C (kid1 and C1 for I–stage and kid2 and C2 for 
II–stage) were determined using these plots and presented 
in Table 6. The results from Table 6 indicated that intra-
particle diffusion is not solely responsible for the rate-con-
trolling step. Therefore it can be assumed that the adsorp-
tion of these dyes on DKLAAC is a complex process and 
can be controlled by both, surface sorption and intraparticle 
diffusion.

4. Conclusions

In the present work, the role of similar molecular 
weight dyes (Basic red 2, Basic blue 3 and Ethyl orange) 
belonging to the different chemical classes on the adsorp-
tion process was studied. The amount of the adsorption of 
these dyes on the DKLAAC was found to be 0.599, 0.550 
and 0.395 mmol g–1 for Basic red 2, Basic blue 3 and Ethyl 
orange, respectively at 25°C. Basic red 2 showed maximum 
adsorption due to more hydrophobicity and resonance in its 
structure, on the other hand, Ethyl orange showed minimum 
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adsorption value owing to more hydrophilicity and less 
number of benzene rings. The small positive values of ΔH° 
4.11, 3.11 and 2.29 kJ mol–1 obtained for Basic red 2, Basic blue 
3 and Ethyl orange, respectively indicate that the adsorption 
is physical in nature involving weak forces of attraction. 
The Langmuir adsorption model fitted well to the process 
and high correlation coefficient values (0.994–0.999) were 
obtained for the process as compared to Freundlich model 
(0.896–0.934). The pseudo-second-order model was found to 
fit well for the adsorption of all dyes studied on the DKLAAC.
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