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Abstract
In this work, a series of experimental studies on the adsorption of Allura direct red dye (R40) on an as-prepared adsorbent 
has been carried out. The adsorbent has been produced from the activation of peanut hulls with steam at approximately 
850 °C. The current study has gone beyond isotherm modeling; for example, optimization has been carried out to mini-
mize the mass of adsorbent used in order to achieve the most economically feasible setup for industrial applications. 
Additionally, aside from kinetic modeling, contact time optimization has also been conducted for an adsorption process 
consisting of a setup using batches of adsorbent with filtration between each stage known as a multistage process 
such a process can increase efficiency, decrease the amount of adsorbent used, and improve the economic feasibility of 
the process. It is shown that, with an adsorbent loading rate of 1 g/L, it is possible to achieve 99% removal of the dye if 
adequate contact time is provided. Depending on the removal percent required, it is possible to reduce the residence 
time by more than 75% via the optimized multistage batch adsorption process. Thus, the prepared adsorbent is very 
effective at removing the Allura dye, and as such, can be an environmentally friendly and low-cost adsorbent for waste-
water treatment.

Graphic abstract Novelty statement In the manuscript, for the first time, the adsorbent produced from peanut hull waste 
is used in sequential batch reactors, and the process is optimized to obtain best wastewater treatment rates while opti-
mizing process time and minimizing adsorbent use
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List of symbols
qe  Amounts of adsorbate adsorbed at equilibrium 

(mg/g)
qm  Monolayer capacity of the adsorbent (mg/g)
Ce  Equilibrium solution concentration (mg/l)
KL  Langmuir adsorption equilibrium constant (l/

mg)
KF  Freundlich adsorption equilibrium constant (l/

mg)
N  Freundlich isotherm constant
KLF  Langmuir–Freundlich adsorption equilibrium 

constant (l/mg)
nLF  Langmuir–Freundlich isotherm constant
KPR  Redlich–Peterson isotherm constant (l/mg)
β  Redlich–Peterson isotherm constant
qt  Amounts of adsorbed adsorbate at time t (mg/g)
K1  Rate constant of pseudo-first-order adsorption 

(1/min)
K2  Rate constant of pseudo-second-order adsorp-

tion (1/min)
L or Ls  Amount of solution (L)
Ss1  Amount of adsorbent at the first stage (g)
Ss2  Amount of adsorbent at the second stage (g)
C0  Concentration of the solution at the beginning 

of first stage (mmol/L)
C1  Concentration of the solution at the end of first 

stage and beginning of second stage (mmol/L)
C2  Concentration of the solution at the end of sec-

ond stage (mmol/L)

q0  Concentration of the adsorbate at the beginning 
of first stage (mmol/g)

q1  Concentration of the adsorbate at the end 
of first stage and beginning of second stage 
(mmol/g)

q2  Concentration of the adsorbate at the end of 
second stage (mmol/g)

n  Stage number
S  Amount of adsorbent (L)
Cn  Concentration of the solution at the end of 

n + 1th stage (mmol/L) (n ≥ 0)
Cn−1  Concentration of the solution at the end of nth 

stage (mmol/L) (n ≥ 1)
Rn  Removal of adsorbate in each stage
Aq  Fitting constant
Bq  Fitting constant
Ak  Fitting constant
Bk  Fitting constant

1 Introduction

There are thousands of various chemicals and toxic 
substances in effluents discharged by industries. These 
include organic and inorganic pollutants, which can 
cause deoxygenation by promoting microbial activity, 
or substances that are directly toxic to the life-forms in 
the aquatic system. Therefore, treating such wastewaters 
is of utmost importance. Colored dyes are among such 
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pollutants that—in addition to toxic consequences—
render the water aesthetically unpleasant as well [1].

The textile industry discharges a large amount of 
colored effluents annually. Approximately 2% of the dyes 
used worldwide are discharged in wastewater leading to 
hundreds of thousands of tons of colored wastewaters. 
Because of the increase in cellulosic fibers, reactive acidic 
dyes are widely used. Various technologies can be used 
to treat textile wastewaters, including but not limited to, 
adsorption, advanced oxidation, electrocoagulation, con-
ventional coagulation–flocculation, and biological treat-
ment. Among them, treating effluents using adsorption 
has proven to be effective and is commonplace [2].

Adsorption is an attractive process mainly because of 
its efficiency, efficacy, and simplicity [3–5]. The availability 
and cost of selected adsorbents are of prime importance 
in any adsorption system [6, 7]. Therefore, the selection of 
the adsorbent is critical since it can significantly influence 
the effectiveness and operational cost of the treatment 
process [8, 9]. An ideal adsorbent should be of low cost 
and locally available and have a high adsorption capacity, 
fast adsorption kinetics, and the possibility of regeneration 
and reuse [10, 11].

Adsorption isotherms and kinetic studies have been 
routinely used to characterize adsorption processes [12, 
13]. These tools are important for understanding the appli-
cability of adsorption, as well as the mechanisms involved 
[13]. This is necessary for the proper design of adsorption 
unit operations [14].

Oladipo and Ifebajo [15] have investigated the adsorp-
tive performance of Magnetic Chicken Bone Biochar 
(MCBB) for removal of tetracycline (TC) and rhodamine 
B dye (RB) in a single- and two-stage stirred adsorption 
design. The adsorption process was suitably modeled with 
the Freundlich isotherm. The results demonstrated that in 
a single-stage design, MCBB is able to efficiently remove 
93.2% of TC (at pH 8.0) and also 85% of RB (at pH 10). Also, 
33.2 g of MCBB is required to reach 96% TC removal and 
22.2 g for RB removal (100 mg/L solutions) within 180 min 
in the two-stage stirred adsorption design.

Oladipo and Gazi [16] studied the application of mul-
tistage adsorption for the removal of acid red 25 (AR25) 
onto biomagnetic material. The experimental data fit 
the Freundlich and Sips isotherms. Based on laboratory 
results, optimum AR25 removal was observed at pH 5.0. 
The contact time decreases with the application of the 
two-stage process by more than 50% such that the con-
tact time is 400.8 min for removal of 96% AR25 in the two-
stage adsorber design, while in the single-stage adsorber 
design, it is 895 min.

Li et al. [17] have also studied the removal of disperse 
(Disperse yellow brown S-2RFL) and reactive (Reactive Yel-
low K-4G) dye onto poly-epicholorohydrin–dimethylamine 

(EPIDMA) cationic polymer modified bentonite with a two-
stage adsorption process. The equilibrium data revealed 
that the reactive and disperse dye adsorption fit the Fre-
undlich and Langmuir isotherms, respectively. Also, the 
obtained results revealed that the two-stage adsorber 
design is able to reduce adsorbent usage at a fixed dye 
removal rate when compared to a single-stage adsorber.

Markandeya et  al. [18] investigated the adsorp-
tive capacity of sawdust for removal of methylene blue 
(MB) dye via a two-stage batch adsorption system. The 
experimental data followed the Langmuir isotherm (R2 of 
0.996) with maximum adsorption capacity of 76.92 mg/g. 
Moreover, the results showed that the studied adsorp-
tion process can be modeled with the pseudo-second-
order kinetic model. For initial MB dye concentration of 
300 mg/L, the minimum contact time in each stage of the 
two-stage batch adsorption system (with an adsorbent 
loading of 4 g/L) to reach a removal rate of 99% was found 
at approximately 38 min.

Özacar and Şengil [19] have also studied adsorption 
of MB onto bentonite (at pH 7.9, concentration range of 
100–1000 mg/L and 298 K) through a two-stage batch 
adsorption design in order to minimize the contact time. 
The kinetics of MB adsorption on bentonite was inves-
tigated through the application of three models, and 
pseudo-first- and pseudo-second-order kinetics. The 
derived results demonstrated that the studied adsorption 
process was best modeled with the Langmuir isotherm. 
The experimental data best fit the pseudo-second-order 
equation.

Shukla et al. [20] studied adsorption of MB on used tea 
leaves with a two-stage batch adsorption design in order 
to minimize the contact time. The adsorption process 
was investigated through three different kinetic models 
based on the pseudo-first- and pseudo-second-order 
equations as well as the intraparticle diffusion equations. 
Results revealed that experimental data followed the 
Langmuir isotherm (with maximum adsorption capac-
ity of 166.67 mg/g) and could best be described by the 
pseudo-second-order equation. The minimum contact 
time for reaching 99% removal of MB by using a fixed mass 
of used tea leaves was found at 28.1 min [18 min (stage 1) 
and 10.1 min (stage 2)].

In this project, experimental equilibrium data will be 
used to test four equilibrium isotherm models to find out 
which model fits best for Allura direct red dye on treated 
peanut hulls. Next, the best-fitting model is used to mini-
mize the mass of adsorbent used in order to reduce costs 
in industrial applications. The kinetic modeling of the 
batch contact time data is also important to predict the 
optimum design of batch processes to remove pollutants 
from effluents. The experimental contact time data will 
be used to test a set of kinetic models to establish which 
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model fits the data and mechanistic system the best. The 
contact time will be optimized as well.

1.1  Allura direct red dye

Allura red, also named FD&C Red No. 40 or CI Food Red 
17, is an azo dye. This means that it is formed from aren-
ediazonium ions reacting with highly reactive aromatic 
compounds as in all azo compounds. This is referred to 
as a diazo coupling reaction. Since there are azo linkages 
bringing aromatic rings into conjugation, the resulting 
colors are generally deep. Often, azo dyes rings are sub-
stituted with sulfonic acid substituents as well as having 
extended conjugation. This fact considerably increases 
their polarity and solubility in water [21]. Allura red’s sol-
ubility in water is approximately 180,000 mg/L at 20 °C, 
220,000 mg/L at 25 °C, and 260,000 mg/L at 60 °C [22].

FD&C Red No. 40 has no functional groups such as 
epoxides, lactones, esters, amides, and acetals that hydro-
lyze in water. Desulfonation of the aromatic sulfonic acid 
or its corresponding sulfonic acid salt is the only reaction 
that may be expected in aqueous solutions. In acids such 
as sulfuric acid, desulfonation takes place at 100–175 °C. 
Since these temperatures are not present in the natural 
environment, the dye and the corresponding salts are 
more or less stable in water [22, 23].

2  Materials and methods

Peanut hulls waste is an inexpensive and abundant agri-
cultural by-product. The ready availability and low cost of 
peanut hulls make them potential adsorbent candidates 
for dye removal [24–26]. The production of the adsorbent 
(referred to as PH-857-H2O) from peanut hulls has been 
explained elsewhere [27]. For the sorption tests, analyti-
cal grade Allura red (≥ 98.0%) was purchased from Sigma-
Aldrich (now Merck). For experiments, a precisely weighed 
amount of the adsorbent was used in 0.5 L of dye solu-
tions. The containers were subjected to stirring at 150 rpm. 
Small samples were taken from the container, and the con-
centration of the aqueous phase was measured using a 
UV–Vis spectrophotometer (Cary 1E, Varian) after filtration 
through syringe filters (0.22 μm, Millex GP, Millipore) and 
dilution with deionized water. For long-term data points, 
measurements were made up to 1200 h. A completely ran-
domized design was used for experimental design with 
which each experiment was assigned a random order hav-
ing the same odds of being carried out. Readings were 
made in triplicate and averages used in order to decrease 
error.

2.1  Equilibrium isotherm models

When the desorption and adsorption rates are equal, i.e., 
when the amount of solute being adsorbed is equal to the 
amount being desorbed, equilibrium has been reached. 
At equilibrium, as the name implies, the concentration 
of the solution remains constant. Generally, equilibrium 
isotherms can be shown graphically by plotting the con-
centration of the sorbate on the adsorbent against the 
concentration of the sorbate in the liquid phase. This is 
the most expedient and practical method of investigat-
ing the adsorption capacity of an adsorbent [14]. Popu-
lar adsorption isotherm models are shown in Table 1. A 
200 mL solution of Allura red dye with a concentration 
range of 2–80 mg/L was contacted with 0.2 g of the adsor-
bent for 5 h for isotherm studies. Subsequently, the phases 
were separated and the dyes were quantified by UV–Vis 
spectrometry.

There are many more equilibrium isotherms and their 
variations reported in the literature. For example, the 
Redlich–Peterson isotherm is defined as [31]:

It should be mentioned that � has a value between 0 
and 1 and reflects the heterogeneity of the adsorbent. 
When the site energy distribution function is based on the 
Redlich–Peterson isotherm, it will have various advantages 
such as converging to the Langmuir isotherm and Henry’s 
law when values for � are equal to 1 and 0, respectively. 
Also, when the isotherm parameters qmKR and KR are more 
than 1 and � is less than 1 the Redlich–Peterson isotherm 
will approach the Freundlich isotherm. However, in this 
study, only the three main models in Table 1 (Langmuir, 
Freundlich, and Langmuir–Freundlich) are considered.

2.2  Batch adsorption kinetics models

Kinetic models are generally employed to investigate the 
mechanism of adsorption. These models can also help 

(1)qe =
qmKRCe

1 + KLC
�
e

.

Table 1  Popular adsorption isotherms and their corresponding 
equations

Isotherm model Equation References

Langmuir q
e
=

qmKLCe

1+KLCe

[28]

Freundlich q
e
= K

F
C
1∕1nLF
e

[29]

Langmuir–Freundlich
q
e
=

qmKLFC
1∕nLF
e

1+KLFC
1∕1nLF
e

[30]
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discern the rate-controlling steps such as the chemi-
cal reaction, or mass transport and diffusion processes. 
Two general categories exist for kinetic models for batch 
adsorption: (1) pseudo-kinetic chemical reaction con-
trolled models such as the pseudo-first-order and pseudo-
second-order, and (2) mass transfer controlled models.

2.2.1  Pseudo‑first‑order kinetic model

More than 100 years ago, Lagergren [32] proposed a rate 
equation to model the sorption of solutes in a liquid solu-
tion. To date, the Lagergren equation is still one of the 
most widely used rate equations, if not the most widely 
used rate equation:

Integrating the above equation from t = 0 to t gives:

The kinetic constant K1 is found when a plot is drawn 
in which ln

(

qe − qt
)

 is displayed on the vertical axis and t  
is used for the horizontal axis. Alternatively, the plot can 
show ln

(

qe − qt
)

∕qe versus t .

2.2.2  Pseudo‑second‑order kinetic model

Ho and McKay [33] more recently developed a second-
order equation which can be written as:

Integrating the above equation gives:

If the above equation is linearized, it can be written as 
follows:

One way to know whether the pseudo-second-order 
model is applicable or not is to plot t∕qt against t  ; if the 
plot yields a straight line, not only can one say that the 
pseudo-second-order equation is appropriate, but also, 
the equilibrium adsorption capacity, qe , can be directly 
found from the slope of the linear plot. That is one of the 
reasons why this model has been extremely popular and 
widely used in fitting kinetic data [33].

(2)
dqt

dt
= K1

(

qe − qt
)

.

(3)ln
(

qe − qt
)

= ln qe − K1t.

(4)
dqt

dt
= K2

(

qe − qt
)2
.

(5)
1

qe − qt
=

1

qe
K2t.

(6)
t

qt
=

1

K2q
2
e

+
1

qe
t.

2.3  Optimization of adsorbent mass

Due to limitations in time, a single-stage adsorption 
operation seldom fully achieves the target level of 
adsorbate removal. Nonetheless, a single-stage opera-
tion has high operating flexibility. A setup using small 
separate batches of adsorbent with filtration between 
each stage is known as a multistage process. Such a 
process can increase efficiency, decrease the amount 
of adsorbent used, and improve the economic feasibil-
ity of the process. It should be noted that filtration and 
handling costs are limiting factors, resulting in processes 
that are rarely more than two stages [34].

Figure 1 shows a schematic of what the flow would 
look like in a two-stage process. Each stage treats the 
same amount of solution, Ls , but employs different 
amounts of sorbents denoted as Ss1 and Ss2 . The concen-
tration of the solution is reduced from C0 to C1 in the first 
stage, and then from C1 to C2 in the second stage.

So the material balance for the first stage can be writ-
ten as [35]:

and for the second stage, the balance becomes [35]:

Since q0 is the concentration of the target species 
on the sorbent at the beginning of the stage, and since 
fresh sorbent is used, it is always equal to zero.

As will be shown in the Results and Discussion sec-
tion, for isotherm modeling, the Langmuir–Freundlich 
isotherm was selected. This is because it displayed the 
least summation of the squares of errors. The Lang-
muir–Freundlich isotherm is:

(7)Ls
(

C0 − C1
)

= Ss1
(

q1 − q0
)

,

(8)Ls
(

C1 − C2
)

= Ss2
(

q2 − q0
)

.

Stage 

2 

S2 g-adsorbent 

q0 mmol/g 

S2 g-adsorbent 

q2 mmol/g 

S1 g-adsorbent 

q0 mmol/g 

Ls liters solution 

C0 mmol/L 

S1 g-adsorbent 

q1 mmol/g 

Stage 

1 

Ls 

C1 Ls liters solution 

C2 mmol/L 

Fig. 1  Schematics of a two-stage adsorption operation
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The material balance for stage 1 can be rewritten as:

and for stage 2, it becomes:

The total amount of adsorbent can then be calculated 
from:

If 
d[(Ss1+Ss2)∕Ls]

dC1
 is set equal to zero, the minimum total 

adsorbent required can be calculated. Thus, the equation 
becomes:

Since all parameters other than C1 are known/chosen by 
us, the Microsoft Excel solver add-in can be used to find C1 . 
Thus, the determined concentration of C1 can be used to 
find the amount of sorbent required for each stage using 
Eqs. (11) and (13).

In this study, the required amount of sorbent for bring-
ing the concentration of the final effluent to 1%, 5%, and 
10% of the original concentrations was investigated.

2.4  Optimization for contact time minimization

In this method, the time needed for adsorption is opti-
mized. Obviously, longer sorption times would result in 
better adsorption, while shorter times, although economi-
cally cheaper, would be unfavorable in terms of adsorption. 
It should be noted that previous studies generally exam-
ined the application of pseudo-first- and pseudo-second-
order kinetic models for optimization of two-stage batch 
adsorber design [18–20, 35]. The results revealed that the 

(9)qe =
qmKLFC

1∕nLF
e

1 + KLFC
1∕1nLF
e

.

(10)
Ss1

Ls
=

C0 − C1

q1 − q0
,

(11)
Ss1

Ls
=

(C0 − C1)
(

1 + KLFC
nLF
1

)

KLFC
nLF
1

,

(12)
Ss2

Ls
=

C1 − C2

q2 − q0
,

(13)
Ss2

Ls
=

(C1 − C2)
(

1 + KLFC
nLF
2

)

KLFC
nLF
2

.

(14)

Ss1 + Ss2

Ls
=

1

KLF

(

(C0 − C1)
(

1 + KLFC
nLF
1

)

KLFC
nLF
1

+
(C1 − C2)

(

1 + KLFC
nLF
2

)

C
nLF
2

)

.

(15)
1

KLF

(

nLF
1

C
nLF
1

(

C0

C1
+ 1

)

+
1

C
nLF
1

)

=
1

KLFC
nLF
2

.

pseudo-second-order kinetic model provides better correla-
tions for the experimental data in comparison with the first 
order for all of the systems studied [18–20, 35].

A mass balance equation can be used alongside the 
kinetic model, in order to determine the amounts of Allura 
red removed in each stage. The two-stage batch adsorption 
process is shown in Fig. 1. The wastewater first enters stage 1 
where it comes into contact with S1 grams of the adsorbent. 
Due to adsorption, the concentration of the adsorbate in the 
liquid phase is reduced from C0 to C1 . Then the wastewater 
is treated in stage 2 with S2 grams of the adsorbate, further 
reducing the concentration of the adsorbate to C2 . Generally, 
the mass balance gives:

As shown before, the pseudo-second-order equation is:

By combining Eqs. (16) and (17), the mass balance equa-
tion becomes:

The removal of adsorbate in each stage, Rn , can be calcu-
lated using the following equation:

The total removal is:

If qe and K could be articulated as functions of C0, then the 
calculations would be easier and more convenient. Thank-
fully, there are such relations as follows:

(16)L
(

Cn−1 − Cn
)

= S
(

qn − q0
)

.

(17)
t

qt
=

1

Kq2
e

+
1

qe
t.

(18)Cn = Cn−1 −
SKq2

n
t

L
(

1 + Kqnt
) ,

(19)
n
∑

n=1

(

Cn − Cn−1
)

=

n
∑

n=1

SKq2
n
t

L
(

1 + Kqnt
) .

(20)Rn =
Cn−1 − Cn

C0
=

SKq2
n
t

LC0
(

1 + Kqnt
) .

(21)
n
∑

n=1

Rn =
St

LC0
=

n
∑

n=1

Kq2
n
t

1 + Kqnt
.

(22)qe = AqC
Bq

0
,

(23)k = AkC
Bk
0
.
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In which the constants Aq , Bq , Ak , and Bk could be found 
by fitting the data to Eqs. (22) and (23). Substituting the 
equations into Eq. (21) gives:

By using Eq. (24), the total time for the removal of the 
sorbate to the extent required can be calculated. The mini-
mum contact time can then be found by plotting the total 
time of the process against the time required in stage 1.

3  Results and discussion

3.1  Equilibrium studies

Table 2 shows the constants of the equilibrium isotherms 
which have resulted from fitting isotherm equilibrium 
experiment data to the previously discussed models. The 
sum of squares of errors (SSE) values were obtained with 
the aim of minimizing the errors and obtaining the best-
fitting curve.

As we can see from Table  2, the SSE of the Lang-
muir–Freundlich isotherm is the lowest which means it is 
the best-fitting model. The Langmuir isotherm is also very 
close. This result is visually shown in from Fig. 2, in which 
the Langmuir and the Langmuir–Freundlich isotherm 
curves exhibit suitable fits with data collected from the 
experiments.

It is good to note that the Langmuir isotherm has been 
derived from the following four assumptions and, at low 
concentrations, can effectively be reduced to Henry’s Law: 
(1) Adsorption is localized and occurs at a definite and 
fixed number of sites; (2) adsorption is monolayer, mean-
ing that each site can hold no more than one adsorbate 
molecule; (3) all of the adsorption sites are identical and 

(24)
n
∑

n=1

Rn =
St

LC0

n
∑

n=1

(

AkC
Bk
n−1

)(

AqC
Bq

n−1

)2

1 +
(

AkC
Bk
n−1

)(

AqC
Bq

n−1

)

t

.

equivalent to each other; and (4) when molecules are 
adsorbed, they no longer interact, even if they are located 
on adjacent sites [9]. If the third assumption is not cor-
rect and the adsorption sites were not identical/equiva-
lent, then the total adsorbed amount would have to be 
summed over all the sites. Alternatively, the Freundlich 
isotherm could be used when an exponentially decaying 
energy distribution is assumed. As the name implies, the 
Langmuir–Freundlich isotherm is a hybrid, which assumes 
the fragmentation of each molecule so that each molecule 
occupies 1∕t sites. It can be reduced to the Freundlich iso-
therm at low adsorbate concentrations. From the results 
of the modeling and the visual assessment of the graphs, 
it is safe to say that the Langmuir isotherm assumptions 
are relatively true, but since the Langmuir–Freundlich iso-
therm has displayed the best fit, it will be used for the mass 
optimization.

The concentration after the first stage, C1 , was deter-
mined by solving Eq.  (14). This can also be referred to 
as the intermediate concentration. So, the amount of 
activated carbon required for each stage can be found 
by using Eqs. (10) and (12). The required amount of acti-
vated carbon to reduce the final effluent concentration 
to 1%, 5%, and 10% of the original concentrations as well 
as reducing the final concentration to 0.5 ppm, 1 ppm, 
2 ppm, 5 ppm, and 10 ppm was investigated. Table 3(a)–(h) 
shows the summary of the optimized amount of activated 
carbon required.

From the above tables, if we plot the figures of (S1 + S2) 
versus C0 , (S1 + S2) versus C1 , and C1 versus C0 for the 
adsorption of Allura direct red dye on the activated car-
bon, we can conclude that the total amount of sorbent 
needed increases as the value of C0 goes up, and that the 
relationship is linear. C1 also has a linear relationship with 

Table 2  Summary of equilibrium isotherm constants for Allura red 
dye adsorption on the prepared PH-857-H2O

Langmuir isotherm

KL qm SSE
0.235 51.66 28.6

Freundlich isotherm

KF 1/n SSE
17.41 0.2895 742.5

Langmuir–Freundlich isotherm

qm KLF 1/nLF SSE
2784 0.00628 0.2929 25.4

Fig. 2  Equilibrium isotherms for Allura red dye adsorption on the 
prepared PH-857-H2O
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C0 . Since the first stage has a larger load in terms of the 
concentration of the sorbate, and a larger decrease in con-
centration occurs, it is logical for it to use/require more 
sorbent than the second stage.

3.2  Kinetic studies

For the kinetic studies, the variables shown in Table 4 
are used. Table 5 shows the results of the pseudo-sec-
ond-order kinetic modeling, and the variation of k and 
qe against C0 is shown in Figs. 3 and 4. As can be seen, 
with the increase in C0 , a decrease in K  and an increase 
in qe is observed. Table 6 depicts the fitting constants as 
explained in Eqs. 22 and 23.

When using the second-order model, the time needed 
to reach a target adsorption level, qt , can be derived by 
rearranging the formula to isolate t on one side:

In this study, eight different scenarios are considered 
[scenario (a)–(h)] and the time required for each of those 
scenarios is visually shown in Figs. 5, 6, 7, 8, 9, 10, 11, and 
12.

When higher amounts of activated carbon are used, 
the required contact time will understandably be less. 
The experimental data confirm this fact. This is also the 
case when there is a lower initial adsorbate concentration. 
Again, experimental data confirm this fact. This is because 
more active sites are available on which adsorption can 
occur, meaning that under such conditions it is more fac-
ile for dye molecules to become attached to the adsorp-
tion sites. This leads to a shorter contact time for reaching 
the target effluent concentration. When the number of 
sites vastly outnumbers the number of ions needed to be 
removed, shorter contact times are rational.

If the target effluent concentration is lower (i.e., higher 
dye removal is required) or if the initial concentration of 
the dye in the incoming influent is higher, it is obvious 
that longer contact times would be required. Under such 
conditions, more sorbent could be used in order to pro-
vide more active sites for the adsorption reaction. Hence, a 
reduction in contact time will ensue. If too little adsorbent 
is used, the number of active sites may be too low, and 
therefore, higher removal may never occur. Since initially 
the rate of adsorption, and hence the rate of dye removal, 
is rapid, the activated carbon will quickly reach equilib-
rium and will be unable to adsorb any more dye molecules. 
Therefore, an important parameter that influences the final 
percentage of dye removed is the dye to activated carbon 
ratio.

(25)t =
1

Kq2
n
(1∕qt − 1∕qe)

=
qt

Kqe
(

qe − qt
)

Table 3  Minimum total adsorbent mass Ss1 + Ss2 for removal of 
Allura direct red dye using Langmuir–Freundlich isotherm (a to h)

C0 (mg/L) C1 (mg/L) C2 (mg/L) S1 (g) S2 (g) S1 + S2 (g)

(a) (C2= 1% C0)
10 1.803 0.10004 0.01988 0.00959 0.0295
20 3.604 0.2 0.0325 0.01566 0.0482
30 5.406 0.3 0.04335 0.02087 0.0642
40 7.19 0.399 0.05308 0.02554 0.0786
50 9.01 0.5 0.06231 0.02997 0.0923
60 10.81 0.6 0.07093 0.0341 0.105
70 12.61 0.7 0.07914 0.03804 0.1172
80 14.42 0.8 0.08702 0.04182 0.1288
(b) (C2= 5% C0)
10 2.988 0.5002 0.01469 0.008758 0.02345
20 5.973 1 0.02402 0.01431 0.03833
30 8.959 1.5 0.03204 0.01908 0.05111
40 11.92 1.995 0.03923 0.02335 0.06259
50 14.93 2.5 0.04606 0.02741 0.07347
60 17.92 3 0.05244 0.03119 0.08363
70 20.90 3.5 0.05852 0.03480 0.09332
80 23.89 4 0.06435 0.03826 0.10261
(c) (C2= 10% C0)
10 3.800 1.0004 0.01211 0.008055 0.02017
20 7.596 2 0.01981 0.01316 0.03297
30 11.39 3 0.02642 0.01755 0.04398
40 15.15 3.99 0.03236 0.02149 0.05385
50 18.99 5 0.03800 0.02522 0.06322
60 22.79 6 0.04326 0.02871 0.07197
70 26.59 7 0.04828 0.03203 0.08031
80 30.38 8 0.05309 0.03522 0.08831
(d) (C2= 0.5 ppm)
10 2.987 0.5 0.01469 0.008759 0.02345
20 4.768 0.5 0.02784 0.01503 0.04287
30 6.305 0.5 0.03994 0.02044 0.06038
40 7.690 0.5 0.05126 0.02532 0.07658
50 9.010 0.5 0.06231 0.02997 0.09228
60 10.25 0.5 0.07286 0.03433 0.1072
70 11.43 0.5 0.08311 0.03849 0.1216
80 12.57 0.5 0.09309 0.04250 0.1356
(e) (C2= 1 ppm)
10 3.799 1 0.01211 0.008055 0.02017
20 5.973 1 0.02402 0.01431 0.03833
30 7.840 1 0.03507 0.01968 0.05475
40 9.519 1 0.04545 0.02452 0.06997
50 11.12 1 0.05562 0.02911 0.08473
60 12.61 1 0.06536 0.03341 0.09877
70 14.04 1 0.07483 0.03751 0.1123
80 15.41 1 0.08407 0.04146 0.1255
(f ) (C2= 2 ppm)
10 4.925 2 0.009197 0.006880 0.01608
20 7.596 2 0.01981 0.01316 0.03297
30 9.879 2 0.02978 0.01853 0.04832
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As per the experimental data, the contact time for the 
first stage is understandably lower than the second stage. 
It can be reasoned that since the process occurs with a 
higher rate (higher concentration difference potential) 
equilibrium can be reached more quickly, and the required 

time for the first stage is lower. In the second stage, the 
concentration potential is low (because it has already been 
reduced), and hence the rate of adsorption becomes lim-
ited by the amount of dye remaining in the liquid phase. 
This lower concentration leads to a lower rate of adsorp-
tion and, subsequently, a longer required contact time.

Table 3  (continued)

C0 (mg/L) C1 (mg/L) C2 (mg/L) S1 (g) S2 (g) S1 + S2 (g)

40 11.93 2 0.03921 0.02335 0.06256
50 13.87 2 0.04849 0.02791 0.07640
60 15.68 2 0.05740 0.03218 0.08958
70 17.41 2 0.06608 0.03625 0.1023
80 19.07 2 0.07457 0.04016 0.1147
(g) (C2= 5 ppm)
10 7.213 5 0.004524 0.003990 0.008514
20 10.76 5 0.01335 0.01038 0.02373
30 13.77 5 0.02183 0.01581 0.03763
40 16.45 5 0.02995 0.02065 0.05059
50 18.99 5 0.03800 0.02522 0.06322
60 21.36 5 0.04578 0.02949 0.07526
70 23.61 5 0.05339 0.03355 0.08694
80 25.77 5 0.06086 0.03744 0.09830
(h) (C2= 10 ppm)
20 14.42 10 0.007398 0.006524 0.01392
30 18.16 10 0.01470 0.01204 0.02673
40 21.48 10 0.02178 0.01694 0.03872
50 24.62 10 0.02886 0.02156 0.05042
60 27.53 10 0.03574 0.02586 0.06160
70 30.30 10 0.04251 0.02995 0.07246
80 32.96 10 0.04918 0.03386 0.08304

Table 4  The variables used in contact time optimization analysis for 
Allura direct red dye

Variable C0 (mg/L) S (g) L (L)
Explanation Original con-

centration
Mass of the 
sorbent (i.e., m)

Volume of the 
wastewater 
(i.e., V)

Value Varied 0.5 0.5

Table 5  Values of K  , q
e
 and n in the pseudo-second-order kinetic 

model equation

C
0
 (mg/L) Pseudo-second-order model values

K qe

10 0.0074688 8.1425964
20 0.0049147 15.013491
30 0.0037654 20.084609
40 0.0029031 24.040414
50 0.0028596 25.863287
60 0.0024681 28.368092
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Fig. 3  Variation of K  value versus C
0
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Fig. 4  Variation of qe value versus C
0

Table 6  Values used in calculation of contact time optimization 
with the pseudo-second-order kinetic model

Ak Bk Aq Bq

0.0313 − 0.6234 1.7559 0.6965
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It should be mentioned that reuse, regeneration, recov-
ery, and desorption of adsorbents is an essential need to 
make the adsorption process cost-effective and also pre-
vent secondary pollution. Several techniques have been 
proposed/developed in the literature for reuse, regenera-
tion, recovery, and desorption of adsorbents derived from 
agricultural waste (including peanut hulls) such as ther-
mal, electrochemical, biological, ultrasonic, and chemical 
techniques, as well as solvent extraction [36, 37]. Further 
work on the adsorbent end of life could also provide more 
insight in this regard.

4  Conclusion

In this work, a series of experimental studies have been 
carried out for the sorption of Allura direct red dye (R40) 
onto activated carbon produced from peanut hulls with 
steam at 857 °C. Two batches of adsorption with filtra-
tion between the stages were used for examining the 
adsorption of Allura red dye on peanut hulls. Such a pro-
cess, known as a multistage batch process, can increase 
efficiency, decrease the amount of adsorbent used, and 
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Fig. 5  Time optimization for Allura direct red dye with 90% removal 
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 = 10  mg/l) (reduction in the required time from more than 

300 min to about 70 min)
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Fig. 6  Time optimization for Allura direct red dye with 95% removal 
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 = 10 mg/L) (reduction in the required time from 350 min to less 

than 100 min)
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improve the economic feasibility of the process. The pre-
pared adsorbent proved to be very effective at removing 
the Allura dye. It was observed that the Langmuir–Fre-
undlich equilibrium isotherm model was the best fit for 
the experimental data. Optimization was carried out for 
various scenarios, and the optimum amount of activated 
carbon and the required contact times were found. Ulti-
mately, with an adsorbent loading rate of 1 g/L, it is pos-
sible to achieve 99% removal of the dye if adequate con-
tact time is provided. Depending on the removal percent 

required, it is possible to reduce the amount of residence 
time by more than 75% via the optimized multistage batch 
adsorption process.
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