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ab s t r ac t
A waste material in the form of discarded solid bleached sulfate (SBS) paperboard coated with poly-
ethylene terephthalate (PET) was characterized by Fourier transform infrared spectroscopy and scan-
ning electron microscopy. The aim was to investigate its use as an adsorbent for the removal of the 
reactive dye Remazol Brilliant Blue R (RBBR) from aqueous solutions in batch mode. The effects of 
pH, agitation speed and adsorbent dosage were determined using the response surface methodology. 
Sorption of RBBR onto SBS paperboard coated with PET was found to be efficient at pH 2. The opti-
mum conditions were adsorbent dose of 4.5 g and agitation speed of 100 rpm. With regard to the kinet-
ics, four different isotherm models were tested and the pseudo-second-order model best described the 
sorption mechanism (R2 = 0.999). The equilibrium data were analyzed using Freundlich, Langmuir, 
Temkin and Dubinin–Radushkevich isotherms. The Freundlich adsorption capacity (Qo) was found to 
be 1.21 mg g–1 with R2 = 0.995. Thermodynamic studies showed a negative ΔH° value, indicating that 
the sorption process is exothermic.

Keywords: Textile dye; Adsorption; Experimental design

1. Introduction

The dyeing and finishing processes applied in the textile 
industry are large generators of wastewaters, consisting of 
organic and inorganic fillers, strong color, high biochemical 
oxygen demand and chemical oxygen demand, and sus-
pended particles [1,2]. The dyes present in these wastewaters, 
even at low concentrations, can have a serious impact on the 
aquatic environment and public health due to their poten-
tially carcinogenic, toxic and mutagenic nature [3,4]. Many of 
these dyes are of synthetic origin and have complex aromatic 
structures that make them more stable and resistant to fad-
ing in the presence of light, high temperature and chemicals, 
thus hindering their degradation [5].

Reactive dyes are among the more commonly applied 
dyes since they have a chromophore group and a functional 
group that can form covalent bonds with cellulosic fibers [6]. 
Remazol Brilliant Blue R (RBBR) is an example of a reactive 
dye that is highly resistant to degradation, due to its anthra-
quinone structure, and thus it remains longer in the waste-
water [5]. RBBR also has a relatively low binding capacity 
(75%–80%) to bind to fabric, due to the formation of vinyl 
sulfone and hydrolysis reactions. Furthermore, RBBR is an 
anthracene derivative, it represents an important class of 
recalcitrant organopollutants and it is toxic [7,8]. Thus, the 
development of a strategy to eliminate this dye and reduce 
its effect on natural water bodies is of great importance [9].

Due to the wide diversity and the complexity of 
wastewaters, together with the requirements imposed by 
government legislation regarding effective treatments, new 
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technologies have been developed seeking to improve the 
existing treatment processes, in terms of cost, time and effi-
ciency, for the elimination of the toxicity of wastewaters [1]. 
There are several types of wastewater treatments, which can 
involve physical, chemical and biological processes, including 
flocculation, adsorption, oxidation, filtration, coagulation and 
electrochemistry [10]. Among the various physical and chem-
ical methods, the adsorption process is one of the most effec-
tive techniques for removing color from wastewaters [2,5,11].

Currently, three dye adsorption mechanisms have been 
recognized. The first is based on dispersion forces between 
the π electrons of the aromatic ring and the π electrons in 
the adsorbent layer. The π–π interactions are enhanced 
when adsorption occurs in the smaller micropore because 
the potential for adsorption is enhanced by the proximity 
between the pore walls. The second mechanism involves the 
interaction between the electron donor groups on the surface 
of the adsorbent and the aromatic ring that acts as a receiver. 
This kind of interaction occurs in larger micropores and mes-
opores. The third mechanism is based on the formation of a 
hydrogen bond between the hydroxyl aromatic group and 
surface oxygen groups that are mainly located on the exter-
nal surface or edges of the layers of adsorbent [12].

However, one of the main disadvantages associated with 
adsorption processes is the high cost of activated carbon 
adsorbents and the large amount of waste produced at the 
end of the procedure [4]. Thus, there is growing interest in 
the use of biosorbents derived from lignocellulosic waste, 
or industrial, agricultural and other natural waste materials, 
as potential adsorbents for scavenging different varieties of 
toxic pollutants [13]. The various adsorbents studied for the 
removal of textile dyes and heavy metal ions from aqueous 
media include coconut kernels [14], nanocomposites [15–19], 
hen feathers [13], egg shell, egg shell membrane [20], Hibiscus 
cannabinus fiber [21], coconut shells [6], rice husk [22], peach 
gum [23], leaves of Azadirachta indica [24], sugarcane bagasse 
[25] corncobs [26], ‘De-Oiled Soya’ and ‘Bottom Ash’ [27].

These wastes are good adsorbents and can generally be 
used after minimal processing, thereby reducing the produc-
tion costs, representing a low-cost raw material and elimi-
nating the energy costs associated with heat treatment [28]. 
Another example of lignocellulosic waste material that can be 
applied for this purpose is solid bleached sulfate (SBS) paper-
board coated with polyethylene terephthalate (PET), referred 
to herein as SBS/PET board. It has been reported that the PET 
present in this waste material is an adsorbent of organic com-
pounds such as dyes and phenols [12]. SBS/PET board has 
increasingly been used for food packaging purposes due to 
the changing eating habits of consumers caused by urban-
ization and globalization. These new habits include the pri-
oritization of foods that are easier and quicker to prepare, 
boosting the industrial development of semi-ready-to-eat 
and ready-to-eat foods [29,30].

However, the production of SBS/PET board, used as 
packaging for these types of food products, generates large 
amounts of solid waste that has a negative impact on the envi-
ronment. Thus, studies on the reuse of this type of packaging 
waste are of environmental significance, as this will decrease 
the volume discarded to landfills. In this context, the aims of 
this study were: first, to reduce waste generation by investigat-
ing the reuse of discarded SBS/PET board originating from the 

packaging industry as an industrial waste of lignocellulosic ori-
gin; and, second, to develop a sustainable adsorption process 
for the treatment of wastewaters containing dyes. Hence, this 
paper reports the results of an investigation on the adsorption 
of the textile dye RBBR, using as a sorbent material discarded 
pieces of SBS paperboard coated with PET. Kinetic, isotherm 
and thermodynamic studies were conducted to understand 
the nature and mechanism of the adsorption process.

2. Materials and methods

2.1. Materials

The reactive dye RBBR was provided by M/s DyStar 
(Brazil) and used as an adsorbate model due to its wide 
application in the textile industry. The molecular structure of 
RBBR is shown in Fig. 1. The SBS/PET board employed in this 
study is used in the thermoforming of food packaging and 
was provided by M/s Baumgarten Gráfica (Blumenau, Brazil) 
as a waste material. It was processed in a slicer to reduce the 
size to around 7 mm. 

2.2. Characterization of adsorbent

2.2.1. FTIR spectrometry

Fourier transform infrared (FTIR) spectrometric analysis 
was performed on a Bruker spectrometer (model Vertex 70) 
in order to identify the functional groups on the surface of 
the SBS/PET board waste material with and without the dye.

2.2.2. Scanning electronic microscopy 

The morphology of the SBS/PET board was investigated 
by scanning electron microscopy (SEM) using a TESCAN 
microscope (model VEJA 3).

2.2.3. Determining the point of zero charge

The point of zero charge (PZC) of the SBS/PET board 
was determined using a 0.01 M NaCl solution, adjusting the 
pH in the range of 1–12 using NaOH or HCl (0.01 M). The 
SBS/PET board (30 mg) was placed in Erlenmeyer flasks with 
10 mL of 0.01 M NaCl at different pH values. These flasks 
were kept under stirring at 150 rpm for 24 h at 30°C. After 
this period, the pH was measured again. To determine the 
PZC (when the ΔpH of the solution is equal to zero), a graph 
was constructed using the value ΔpH vs. the pHinitial [31].

Fig. 1. Chemical structure of RBBR.
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2.3. Adsorption study

A 3k factorial design was used to determine the best 
adsorption conditions (in triplicate), to assess the influence of 
the pH of the RBBR dye solution (2, 6 and 10), the mass of 
adsorbent (m; 1.5, 3.0 and 4.5 g), the stirring speed (VA; 50, 100 
and 150 rpm) and totaling 27 assays. The levels of the variables 
studied are –1, 0 and +1 applied in a 3k factorial design. These 
assays were performed in Erlenmeyer flasks containing 
100 mL of dye solution at a concentration of 50 mg L–1, which 
is the average output concentration found in textile plants 
[6]. NaOH or HCl solutions (0.1 M) were used for the pH 
adjustment.

In the statistical analysis of this experimental planning, 
Statistica 10.0 was used to apply analysis of variance (ANOVA) 
and the response surface methodology, thus obtaining, in 
response to the dye removal efficiency, a quadratic equation. 

This method is a multiple regression technique used to 
fit a mathematical model to a set of experimental data [32].

2.4. Kinetic studies

Kinetic studies were performed in triplicate for a period 
of 32 h at 25°C in Erlenmeyer flasks containing 100 mL of 
dye solution (50 mg L–1) under the best conditions observed 
in this adsorption study. Each flask was removed from the 
shaker at predetermined time intervals and the samples were 
then immediately filtered using a vacuum pump. The final 
concentration of the dye in each sample was determined by 
reading the absorbance on a Shimadzu UV-1650 spectropho-
tometer, at a wavelength of 590 nm. 

The kinetic data were analyzed using pseudo-first-order, 
pseudo-second-order, intraparticular and Elovich diffusion 
models.

2.5. Adsorption equilibrium 

The adsorption equilibrium studies were similar to the 
adsorption kinetics studies. The experiments were conducted 
at temperatures of 25°C and 45°C, for the time applied 
in the study on the contact kinetics at concentrations of 
25–150 mg L–1. After equilibration, the mixture was immedi-
ately filtered with a vacuum pump. The final concentration of 
the dye in each sample was determined by reading the absor-
bance on a Shimadzu spectrophotometer (model UV-1650), 
at a wavelength of 590 nm. The equilibrium study carried 
out at different temperatures provided information with 
regard to the adsorption thermodynamics. The adsorption 
equilibrium was assessed using the Langmuir, Freundlich, 
Dubinin–Radushkevich and Temkin isotherms.

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. FTIR spectrometry

The presence of functional groups is of fundamental impor-
tance since many of them act as active sites for different types 
of adsorbates. The interaction between the functional groups 
and the colorant generates a decrease in the wavelength. This 
occurs when the dye electron withdraws a functional group 

from the adsorbent [33]. The presence of a strong broad band 
at 3,300–3,900 cm–1 may be related to the stretching frequency 
of the O–H groups. The region 2,800–2,890 cm–1 is associ-
ated with stretching vibrations of the C–H bond, present 
in cellulose and hemicellulose [34]. The peaks in the region 
1,100–1,000 cm–1 can be assigned to the stretching vibrations 
of the lignin C–O bond [35]. The appearance of hydroxyl and 
carbonyl groups in the SBS/PET board is responsible for the 
interaction of the dye with the adsorbent.

3.1.2. Scanning electronic microscopy

In the SEM images, it can be observed that the surface 
of the SBS/PET board is irregular. This SEM micrograph 
also shows the porous nature of the material. These porous 
regions are favorable to the use of SBS/PET board as an 
adsorbent, since they promote the adsorption of the dye. It 
can be observed that the cellulose fibers are more exposed 
due to the grinding process.

3.1.3. Point of zero charge

The adsorption process is greatly affected by the surface 
charge of the adsorbent. Thus, the behavior of the surface 
charge and the manner in which it is influenced by the pH 
needs to be studied, since this can increase or decrease the 
dye-adsorbent affinity. When the pH is less than the value of 
pHpzc the surface of the adsorbent is protonated, favoring the 
adsorption of anionic dyes. On the other hand, when the pH 
is above the surface pHpzc the adsorbent is deprotonated (neg-
atively charged), thus favoring the adsorption of cationic dyes 
[31,36]. The pHpzc of the adsorbent was determined as 7.23, 
indicating that the adsorbent below this value has a positive 
surface charge, which favors the adsorption of anions, and 
above this value the surface is negatively charged, facilitating 
the adsorption of cations. The reactive dye RBBR has several 
functional groups, especially sulfonated groups, which are 
negatively charged [6]. Thus, the interaction of the dye with the 
surface of the adsorbent takes place via the protonated groups 
of the adsorbent with the anionic groups of the dye, as corrob-
orated by the results of the adsorption study described below.

3.2. Analysis of variance

The ANOVA showed that the variables, the linear terms 
X1, X2 and X3; interaction terms X12 and X13; and square terms 
X1, X2 and X3, were significant with regard to the response, 
with a P value of <0.05 and a confidence interval of 95% 
(Table 1). Therefore, the linear and quadratic effects of all 
these variables, as well as the pH interaction with the adsor-
bent mass and agitation speed, were statistically significant.

The quadratic polynomial equation (Eq. (1)) obtained by 
applying the response surface methodology for percentage 
removal showed a high value for the coefficient of determi-
nation R2 (0.962), demonstrating that the model explains 96% 
of the process.
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3.2.1. Analysis of the response surface

The effect of pH on the percentage removal of RBBR and 
its interaction with the quantity of adsorbent are shown in 
Fig. 2(A). These results indicate that the maximum RBBR 
removal was achieved in the greater mass range and at acidic 
pH. The rapid increase in the adsorption as the adsorbent 
mass increases is attributed to an increased surface area and 
the availability of more active sites [37]. Fig. 2(B) shows the 
effect of the stirring on the percentage removal of RBBR dye. 
It can be observed that the maximum removal can be achieved 
with any stirring speed, indicating that at acidic pH the stir-
ring has less effect on the adsorption process. Regarding the 
effect of pH, this behavior can be explained by the fact that 
under acidic conditions, hydrogen atoms (H+) in solution tend 
to protonate the surface of the adsorbent [32]. Thus, the pro-
cess occurs via electrostatic interactions between the anionic 
dyes and the protonated groups. At low pH, more groups are 
protonated and an increase in the adsorption capacity occurs 
[38]. This behavior was also observed by Silva et al. [39], who 
reported that the best RBBR adsorption occurred at pH 2.0. 
At higher pH the negative surface of the adsorbent hinders 
the adsorption of the dye, due to electrostatic repulsion and 
excess OH– groups, which can compete with the RBBR anions. 
The model predicted the removal of 76% of the RBBR at pH 2, 
with 4.5 g of adsorbent and a stirring speed of 100 rpm.

3.3. Adsorption kinetics

The adsorption kinetics were investigated in order to 
understand the dynamics of the adsorption process in terms 
of the order of the rate constant and the efficiency of the 
adsorbent to remove the dye [40]. Fig. 3 shows the amount of 
dye adsorbed on the SBS/PET board after different time inter-
vals. The adsorption initially occurred rapidly because of the 
larger contact area available on the external surface and grad-
ually decreased with time until reaching equilibrium at 10 h. 
The equilibrium time is similar to and/or greater than that 
of other materials used for the removal of the reactive dye 
RBBR, for example, aqueous bentonite reached equilibrium 

after 120 min [41] and for orange peel the equilibration time 
was reported to be 15 h [42].

The pseudo-first-order, pseudo-second-order, intrapar-
ticular diffusion and Elovich kinetic models were applied to 
the adsorption kinetics data in order to investigate the behav-
ior of the dye adsorption onto the SBS/PET board.

3.3.1. Pseudo-first-order model

This model assumes that the solute adsorption rate over 
time is directly proportional to the difference in the saturation 
concentration and the amount of solid adsorbed over time. 
The pseudo-first-order model [43] is expressed by Eq. (2):

d
d

K q qqt

t
e t= −1( )  (2)

Table 1
Analysis of variance (ANOVA) for the studied responses

Factor Sum of 
squares

Degrees of 
freedom

Mean 
square

F Value P Value

X1 10,962.09 1 10,962.09 1,773.004 0.000000a

X2 6,786.86 1 6,786.86 1,097.705 0.000000a

X3 60.98 1 60.98 9.863 0.002735a

X12 701.57 1 701.57 113.472 0.000000a

X13 36.93 1 36.93 5.973 0.017825a

X23 7.96 1 7.96 1.287 0.261670

X11 22,374.26 1 22,374.26 3,618.806 0.000000a

X22 58.54 1 58.54 9.469 0.003280a

X33 434.75 1 434.75 70.316 0.000000a

aP < 0.05 with a 95% confidence interval.

Fig. 2. Response surface showing percentage removal of RBBR: 
(A) pH – mass of adsorbent (g) and (B) pH – agitation (rpm).

Fig. 3. Amount of reactive dye RBBR adsorbed on SBS/PET board 
over time.
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where qt and qe are the quantities adsorbed (mg g–1) at time 
t and the equilibrium time, respectively, t is the adsorption 
time (min) and K1 is an adsorption rate constant (min–1). The 
integration of Eq. (2), applying the boundary conditions T = 0, 
qt = 0 and t = qt = qt, gives Eq. (3):

log log
.

q q q
K

te t e−( ) = − 1

2 303  (3)

From the plot of log(qe – qt) vs. time t, it was possible to 
find the q and K1 values (Fig. 4(A)). The values of K1, R2 (cor-
relation coefficient), Pearson’s correlation coefficient (r) and 
qe are given in Table 2.

3.3.2. Pseudo-second-order model

For this model, it is assumed that the adsorption capacity 
is proportional to the number of active sites on the adsorbent 
employed [44], and it is represented by Eq. (4) [45].

d
d

K q qqt

t
e t= −2

2( )  (4)

Integrating Eq. (4), applying the boundary conditions 
T = 0, qt = 0 and t = qt = qt, gives Eq. (5):

1 1 1

2
2q K q q

t
t e e

= +  (5)

where K2 is the pseudo-second-order rate constant 
(g mg–1 min–1). The values for q and K2 can be determined from 
the slope and intercept of the line graph of t/qt vs. t shown in 
Fig. 4(B). The initial adsorption rate [45], h (g–1 mg–1 min), can 
be calculated using Eq. (6):

h K qe= 2
2  (6)

The values for K2, the correlation coefficient (R2), the 
Pearson’s correlation coefficient (r) and qe are given in Table 2. 
The R2 and r values were 0.999 and 1.000, respectively (Table 2), 
suggesting a strong relationship between the parameters, 
indicating that the process follows pseudo-second-order 
kinetics. Elmoubarki et al. [2] and Isah et al. [6] observed 
pseudo-second-order kinetics for the adsorption of the 
dyes methylene blue and malachite green using clay as the 
adsorbent and the dye RBBR with coconut shell-based acti-
vated carbon, respectively.

Fig. 4. (A) Pseudo-first-order kinetic model, (B) pseudo- 
second-order kinetic model, (C) intraparticular diffusion model 
and (D) Elovich model for adsorption of RBBR dye (50 mg L–1) 
onto SBS/PET board.

Table 2
Kinetic parameters for adsorption of RBBR onto SBS/PET board

Pseudo-first-order kinetic model

qe,exp. (mg g–1) qe (mg g–1) K1 (min–1) R2 Pearson’s r

0.840 0.338 2.303 × 10–3 0.964 0.956

Pseudo-second-order kinetic model

qe,exp. (mg g–1) qe (mg g–1) K2 (g mg–1 min–1) h (mg g–1 min–1) R2 Pearson’s r

0.840 0.835 3.954 × 10–2 2.759 × 10–2 0.999 1.000

Intraparticular diffusion model

qe,exp. (mg g–1) Ci (mg g–1) Kin (mg g–1 min–1/2) R2 Pearson’s r

0.840 0.597 7.230 × 10–3 0.886 0.942

Elovich model

qe,exp. (mg g–1) α (g g–1 min–1) β (g g–1) R2 Pearson’s r

0.840 4.207 13.513 0.928 0.964
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3.3.3. Intraparticular diffusion model

The dye transport to the surface of the adsorbent particles 
takes place in three stages (film diffusion, intraparticle diffu-
sion and saturation). First, the dye migrates through the solu-
tion to the outer surface of the adsorbent particles. Second, 
the dye moves into the pores of the particles and third, it is 
absorbed at sites on the interior surface of the adsorbent parti-
cles. This phase occurs very rapidly and does not represent a 
rate-limiting step in the dye adsorption onto the waste material 
[46]. The intraparticle diffusion model is expressed by Eq. (7):

q K t Ct i= +in
1 2/  (7)

where Kin is the intraparticle diffusion constant (mg g–1 min–1/2) 
and Ci is a constant related to the diffusion resistance. The Kin 
values and Ci can be determined from the slope and intercept 
of the line graph of qt vs. t1/2 shown in Fig. 4(C). The values for 
Kin, R2 (correlation coefficient), Pearson’s r (correlation coeffi-
cient) and Ci are given in Table 2.

3.3.4. Elovich model

The Elovich equation is one of chemical equations most 
commonly used to describe the adsorption kinetics of a dye 
onto the surface of SBS/PET board [47,48]. A modified form 
of the Elovich model is expressed by Eq. (8):

q tt = ( ) + 






 ( )1 1

β
αβ

β
ln ln  (8)

where α and β are constants: α being the initial rate of 
adsorption (g g–1 min–1) and β the adsorption constant (g g–1). 

The α and β values can be determined from the slope and 
intercept of the line graph of qt vs. ln(t) shown in Fig. 4(D). The 
values for α, β, R2 (correlation coefficient) and the Pearson’s r 
(correlation coefficient) are given in Table 2.

3.4. Adsorption isotherms 

The adsorption isotherms are used to develop a model 
that can be used to describe the adsorption process [49]. The 
equilibrium data for the adsorption of RBBR with SBS/PET 
board were assembled using the Langmuir, Freundlich, 
Temkin and Dubinin–Radushkevich adsorption isotherms.

The Langmuir isotherm is the simplest theoretical model 
and it assumes a monolayer adsorption onto a surface with a 
finite number of identical active sites. The equation is appli-
cable to homogeneous adsorption, where the adsorption pro-
cess has the same activation energy. The adsorption isotherm 
of Langmuir [50] is represented by Eq. (9):

q
q K C
K Ce

m L

L

=
+

0

1
 (9)

where C (mg L–1) and qe (g-1 mg) are the concentration of the 
liquid phase and the concentration of the solid phase of the 
adsorbate at equilibrium, respectively, qm (mg g–1) is the max-
imum adsorption capacity of the adsorbent and KL (L mg–1) is 
the constant of the Langmuir model.

The parameters calculated from the Langmuir model are 
shown in Table 3. The Langmuir constant, qm, represents the 
monolayer adsorption capacity and for the SBS/PET board its 
values were 1.527, and 0.928 mg g–1 for temperatures of 298 
and 315 K, respectively. These qm values are lower than those 
reported for biosorbents based on other materials, such as, 

Table 3
Isothermal parameters and regression coefficients at different temperatures for RBBR adsorption onto SBS/PET board

Temperature (K) Langmuir model

qm (mg g–1) KL (L mg–1) RL R2 Pearson’s r
298 1.527 0.099 0.134 0.985 0.993

315 0.928 0.123 0.112 0.973 0.991

Freundlich model
Kf (mg1–1/n L1/n g–1) 1/n n R2 Pearson’s r

298 0.378 0.298 3.356 0.995 0.998
315 0.340 0.206 4.856 0.995 0.944

Temkin model
A (L mg–1) b (J g mg–1 mol–1) B (mg g–1) R2 Pearson’s r

298 2.216 9,529.120 0.260 0.980 0.990

315 6.958 20,029.180 0.132 0.898 0.948

Dubinin–Radushkevich model
kd (kmol2 J–2) qm (mg g–1) E (kJ mol–1) R2 Pearson’s r

298 0.001 1.154 22.360 0.798 0.893

315 0.003 0.805 12.901 0.887 0.942
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laundry sewage sludge (qm of 33.47 mg g–1) [39], orange peel 
(qm of 11.62 mg g–1) [42] and coconut shell (qm of 2.22 mg g–1) 
[6]. It should be noted that the adsorption capacity of adsor-
bents can vary significantly depending on the characteristics 
of the adsorbent, the extent of chemical modification and the 
dye concentration.

The Langmuir constant, KL, which indicates the energy 
of adsorption, was 0.099 L mg–1 at 298 K and increased with 
increases in the temperature (Table 3). The equilibrium 
parameter RL was applied to reveal the type of isotherm, as 
defined by Eq. (10):

R
K CL
L

=
+
1

1 0
 (10)

where C0 is the initial concentration (mg L–1) and KL (L mg–1) 
is the constant of the Langmuir model. The RL value indicates 
the adsorption behavior as follows: RL > 1 (unfavorable), RL = 1 
(linear), 1 < RL > 0 (favorable) and RL = 0 (irreversible) [51]. 
In this study, the RL values calculated were in the range of 
1 < RL > 0 (Table 3), which indicates that the SBS/PET board is 
adequate for the adsorption of RBBR dye and the adsorption 
process is favorable. The Freundlich isotherm represented by 
Eq. (11) is an empirical equation that assumes heterogeneous 
adsorption due to the variety of active adsorption sites [52]:

q K Ce f
n= 1/  (11)

where qe (mg g–1) is the adsorption capacity at equilibrium, Kf 
is the Freundlich constant, C is the concentration of adsorbate 
in solution (mg L–1) and 1/n indicates the type of isotherm as 
follows: irreversible (1/n = 0), positive (0 < 1/n <1) and unfa-
vorable (1/n > 1) [53]. The parameters calculated from the 
Freundlich model are shown in Table 3.

The results showed that the experimental data are con-
sistent with the Freundlich model, confirming the values for 
Pearson’s r and R2 of 0.944 and 0.995, respectively (Table 3). 
The Freundlich model describes the nature of the heteroge-
neity of the active sites of the dye molecules involved in the 
adsorbent surface interactions [6]. The values calculated for 
1/n were in the range of 0 < 1/n < 1 (Table 3), which indicates 
that the SBS/PET board was suitable for the adsorption of 
RBBR dye and the adsorption process is favorable.

Temkin and Pyzhev considered the effects of indirect 
interactions between the adsorbate and the adsorbent. The 
heat of adsorption of all the molecules in the layer decreases 
linearly according to the height of the layer of the adsorbent 
due to interaction with the adsorbate [54]. Temkin’s model 
can be expressed by Eq. (12):

q RT
b

ACe e=








 ln( )  (12)

where RT/b = B is related to the adsorption heat, R is the gas 
constant (8.31 J mol–1 K–1), T (K) is the absolute temperature and 
A is the binding constant, which corresponds to the maximum 
equilibrium binding energy. The constants A and B together 
with the values of Pearson’s r and R2 are given in Table 3.

The Dubinin–Radushkevich isotherm is an empirical 
model initially considered for the adsorption of subcritical 
vapors onto microporous solids and commonly applied to 
express an adsorption mechanism with a Gaussian energy 
distribution on a heterogeneous surface [55]. The linear shape 
of the Dubinin–Radushkevich model can be represented by 
Eq. (13):

ln lnq Q ke m d= − ε2  (13)

where qe (mg g-1) is the amount of RBBR adsorbed per unit 
mass of adsorbent, kd (mol2 J–2) is a constant that relates to the 
energy of the absorption system, Qm (mg g–1) is the theoretical 
adsorption capacity and ε is the Polanyi potential, which can 
be calculated according to Eq. (14):

ε = +








RT ln 1 1

C
 (14)

where R is the gas constant (8.31 J mol–1 K–1) and T is the 
temperature (K). The values for the isotherm constants (Qm 
and kd) are defined from the intercept and slope of the linear 
graph of lnqe against ε2, respectively. The mean free energy of 
adsorption (E) for the transfer of 1 mol of target from infinity 
in solution to the solid surface was calculated from the Kd 
value using Eq. (15).

E
kd

=
1
2

 (15)

The value of E (kJ mol–1) provides information on the type 
of adsorption, that is, physical or chemical. When E < 8 kJ mol–1, 
the adsorption process is physical, at 8–16 kJ mol–1 a chemical 
ion-exchange process occurs, and at 20–40 kJ mol–1 the process 
is chemical in nature [55,56]. The parameters calculated from 
the Dubinin–Radushkevich model are shown in Table 3. The 
E values were 22.360, and 12.909 kJ mol–1 for temperatures of 
298 and 315 K, which indicates chemical and ion-exchange 
adsorption process, respectively.

In Fig. 5, it can be verified that the experimental data 
are in agreement with the isothermal models, especially 
the Freundlich model, which provided higher values for 
the Pearson’s r and R2 when compared with the Langmuir, 

Fig. 5. Amount of dye adsorbed at 298 K according to data 
obtained experimentally and applying the Langmuir, Freundlich, 
Temkin and Dubinin–Radushkevich models.
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Temkin and Dubinin–Radushkevich models (Table 3), and 
thus best describes the adsorption data. According to the 
results obtained, the suitability of the isothermal models 
for describing the adsorption of RBBR onto SBS/PET board 
decreased in the following order: Freundlich > Langmuir > 
Temkin > Dubinin–Radushkevich, at both temperatures.

The Freundlich model, which provided excellent results 
in this study, also reportedly provided the best fit for the 
adsorption of the dyes Blue Remazol R160, Rubi S2G, Red 
Remazol 5R, Violet Remazol 5R and Indanthrene Olive Green 
onto coconut bagasse [57] and the adsorption of the dye 
RBBR onto coconut shell-based activated carbon [6].

3.5. Adsorption thermodynamics 

The thermodynamic parameters [49] in the form of the 
Gibbs free energy (ΔG°), enthalpy (ΔH°) and entropy (ΔS°) 
were calculated using Eqs. (16)–(18).

∆G RT°  ln= Kc  (16)

KC =
q
C
e

e

 (17)

lnK S H
c = −

∆ ∆° °
R RT

 (18)

where R (8.314 J mol–1 K–1) is the gas constant, T (K) is the 
absolute temperature of the solution and Kc (L g–1) is the ther-
modynamic equilibrium constant defined by qe/Ce.

The values for ΔH° and ΔS°, defined from the intercept 
and the slope of the linear plot of lnKc vs. 1/T, respectively, are 
shown in Table 4. When ΔG° is positive the reverse reaction 
is spontaneous, when ΔG° is negative the reaction is sponta-
neously forward, and when ΔG° is zero the system reached a 
steady state. Positive ΔG° values indicate that the adsorption 
process leads to an increase in the Gibbs free energy [41]. On 
the other hand, negative ΔH° values indicate that the process 
is exothermic in nature, and negative ΔS° values mean that 
the dye molecules at the solid–liquid interface are more orga-
nized than those in the bulk solution phase [58].

The values for ΔG°, ΔH° and ΔS° indicate that the process 
is of a non-spontaneous exothermic nature for the adsorption 
of the dye RBBR onto SBS/PET board (Table 4). The ∆H° and 
∆S° data obtained showed the same thermodynamic behav-
ior previously observed in the adsorption of an anionic dye 
(Reactive Red 120) onto natural clay [58]. The behavior of 
ΔG° was similar to that observed in a study on the adsorption 
of an aqueous solution of the dye RBBR by bentonite [41].

4. Conclusions

The results reported herein verify that SBS paper-
board coated with PET exhibits adsorption properties 
and can be recommended as a material for the removal 
of the dye RBBR from solution. The variables considered 
and the levels employed in this study were effective in 
demonstrating the percentage removal of this dye. The 
experimental design indicated that the concentration of 

adsorbent and the pH have an important influence on 
the adsorption of RBBR onto SBS/PET board. The model 
obtained indicates that higher removal percentages are 
achieved on applying acidic pH, higher concentrations of 
adsorbent and moderate stirring. Of the models tested, the 
pseudo-second-order model described more accurately 
the adsorption kinetics for the adsorption of the reactive 
dye RBBR onto SBS/PET board, which reached equilibrium 
after 10 h. The maximum adsorption capacity for the dye 
RBBR was estimated to be 1,527 mg dye per g adsorbent at 
298 K. The Freundlich model best described the adsorption 
data, proving higher Pearson’s r and the R2 values. The 
thermodynamic study indicated that the dye adsorption is 
an exothermic process, suggesting more favorable adsorp-
tion at room temperature.

Symbols

A — Maximum equilibrium binding energy, L mg–1

α — Initial rate of adsorption, g g–1 min–1

B — Adsorption heat, mg g–1

β — Adsorption constant, g g–1

Ct — Concentration at time t, mg L–1

C — Concentration of adsorbate in solution, mg L–1

Ci — Constant related to the diffusion resistance
C0 — Initial concentration of the compound, mg L–1

E — Mean free energy of adsorption, kJ mol–1

ε — Polanyi potential
h — Initial adsorption rate, g–1 mg–1 min
K — Kelvin 
K1 — Adsorption rate constant, min–1

KL — Constant of the Langmuir isotherm, L mg–1

kd —  Constant that relates to the energy of the 
absorption system, mol2 J–2

Kf — Freundlich constant, mg1–1/n L1/n g–1

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

K2 — Pseudo-second-order constant, g mg–1 min–1

Kc — Thermodynamic equilibrium constant, L g–1

m — Mass of adsorbent, g
V — Solution volume, L
qm —  Maximum adsorption capacity of the adsor-

bent, mg g–1

qt — Quantity adsorbed at time t, mg g–1

qe — Quantity adsorbed at equilibrium, mg g–1

Table 4
Thermodynamic parameters of RBBR dye adsorption onto 
SBS/PET board at different temperatures

Concentration 
(mg L–1)

Thermodynamic parameters

∆H° 
(kJ mol–1)

∆S° 
(J mol–1 K–1)

∆G° (kJ mol–1)

298 K 315 K

25 –29.515 –112.821 4.141 6.382
50 –19.538 –88.295 6.790 8.543

75 –27.902 –120.886 8.134 10.534

100 –36.640 –143.998 9.077 11.937
125 –24.701 –115.897 9.847 12.147

150 –28.201 –128.451 10.108 12.658
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Qm — Theoretical adsorption capacity, mg g–1

R — Gas constant, mol–1 K–1

RBBR — Remazol Brilliant Blue Reactive
RL — Langmuir equilibrium parameter
T — Temperature, K
t — Adsorption time, min
ΔH° — Adsorption enthalpy, kJ mol–1

ΔS° — Entropy, J mol–1 K–1

ΔG° — Gibbs free energy, kJ mol–1
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