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ABSTRACT

In this study, an abundant agricultural waste, potato (Solanum tuberosum) peel, was used
as a biosorbent material to test its suitability for removing a basic dye, methylene blue
(basic blue 9), from aqueous solutions. The potato peel (PP) was characterized by infrared
spectroscopy (FTIR), specific surface area, isoelectric potential (pHZPC), and scanning
electron microscopy and the functional organic groups were determined by the Boehm
titration method. The influence of operating conditions such as contact time, initial
concentration of the dye, biosorbent dose, ionic strength, initial solution pH, temperature,
and biosorbent particle size on dye removal was discussed. The results show that the
increase of the initial concentration, dose of biosorbent material, and pH has a positive
impact on the biosorption of dye. However, the ionic strength, the temperature, and
particle size have a negative effect on the dye removal. Biosorption kinetic data obtained
at different concentrations were modeled using the Lagergren’s pseudo-first-order
and Blanchard’s pseudo-second-order kinetic models to determine the rate constants. It
was found that the kinetics of the biosorption of dye closely followed the pseudo-
second-order kinetic model. Equilibrium biosorption data were analyzed by four
isotherms, namely the Langmuir isotherm, the Freundlich isotherm, the Elovich isotherm,
and the Flory–Huggins isotherm. The equilibrium data were best represented by the
Langmuir isotherm model, showing maximum monolayer biosorption capacity, qm, of
105.26 mg g−1. It can be concluded that the PP has homogeneous surface energy.
Thermodynamic parameters such as standard enthalpy change (ΔH˚), standard entropy
change (ΔS˚), and standard free energy change (ΔG˚) were evaluated. The thermodynamic
results suggest that the biosorption is a typical physical process, spontaneous, and
exothermic in nature.
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1. Introduction

Among the different pollutants of aquatic
ecosystem, dyes are a large and important group of

chemicals. It is reported that there are over 100,000
commercially available dyes with a production of
over 7 × 105 metric tonnes per year [1,2]. They are
widely used in industries such as textiles, paper, rub-
ber, plastics, cosmetics, etc. These dyes are left in the
industrial wastes and consequently discharged mostly*Corresponding author.
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in surface water resources. Dyes even in low concen-
trations are visually detected, and affect the aquatic
life and food chain. These colored compounds are
not only esthetically displeasing but also inhibiting
sunlight into the stream and reducing the photosyn-
thetic reaction. Due to the large degree of organic
compound in these molecules and the stability of
modern dyes, conventional physicochemical and
biological treatment methods are ineffective for their
removal [3]. Recently, the principal existing and
emerging processes for dyes removal have been
compiled by Crini [4]. Since many organic dyes are
harmful to human beings, the removal of methylene
blue (MB) is not regarded as acutely toxic, but it can
have various harmful effects. When inhaled, it can
give rise to short periods of rapid or difficult breath-
ing, while ingestion through the mouth produces a
burning sensation and may cause nausea, vomiting,
diarrhea, and gastritis. A large amount creates
abdominal and chest pain, severe headache, profuse
sweating, mental confusion, painful micturation, and
methemoglobinemia-like syndromes [5]. The conven-
tional methods, such as coagulation and flocculation,
used for the removal of dyes from water introduce
metallic impurities and produce a large amount of
sludge which requires further disposal. The sludge-
free treatments are, therefore, gaining importance.
Activated carbon adsorption is of one such method
which has a great potential for the removal of dyes
from wastewater [3,6–10]. However, they are not
always well known as they are not economically
viable and technically efficient.

Among the numerous treatment technologies
developed for the removal of dyes from industrial
effluents, biosorption is an attractive and promising
technology. The study of biosorption is of great
importance from an environmental point of view, as it
can be considered as an alternative technique for
removing toxic pollutants from wastewaters [11–13].
Undoubtedly, agricultural waste biomass is currently
one of the most challenging topics, which have been
gaining considerations over the last decades. In
perspective, potato peel (PP) has emerged to be an
invaluable source.

Potato (Solanum tuberosum) peel is an herbaceous
perennial of the Solanaceae family. It is an easily
available waste that could be an alternative for costly
wastewater treatment processes. Losses caused by
potato peeling range from 15 to 40% which depends
on the procedure used, i.e. steam, abrasion or lye
peeling. Chemical composition of a potato contains
70 to 80% water, carbohydrates including starch,
proteins, and mineral elements as P, Ca, and Na.
Potatoes are peeled as a part of the production of

French fries, crisps, puree, instant potatoes, and
similar products. The produced waste is 90 kg per
Mg of influent potatoes and is apportioned to 50 kg
of potato skins, 30 kg starch, and 10 kg inert material.
The problem of the PP management causes consider-
able concern to the potato industries, thus implying
the need to identify an integrated, environmentally-
friendly solution [14].

For this reason, the PP was proposed as a novel
low-cost biosorbent to remove malachite green [14]
and MB [15]. However, the latter does not include
some characteristics of the PP, and the effect of some
kinetic parameters such as temperature, particle size,
ionic strength, biosorbent dose. Additionally, the
thermodynamic parameters were not investigated.
Subsequently, the aim of this study is to investigate
and complete what has not been studied in these
works. Also, the biosorption parameters obtained
using the present biosorbent will be compared with
the ones presented in the literature.

2. Materials and methods

2.1. Sorbate

The basic dye used in this study is MB purchased
from Sigma–Aldrich. The MB (basic blue 9) was
chosen in this study because of its known strong
biosorption onto solids. The maximum absorption
wavelength of this dye is 664 nm. The structure of MB
is shown in Fig. 1. For pH adjustments, analytically
pure HCl and NaOH, purchased from Prolabo, were
used. Initial pH of dye solutions was around 6 before
biosorbent addition. Three hundred milligram per liter
stock solution was prepared by dissolving the
required amount of dye in distilled water. Working
solutions of the desired concentrations were obtained
by the successive dilutions.

2.2. Preparation and characterization of biosorbent

The PP used in the present study was obtained
from the university canteen. It was washed, dried,
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Fig. 1. Chemical structure of MB.
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crushed, and sieved to desired mesh size (0.5–
1.25 mm). Finally, the obtained material was then
dried in an air circulating oven at 50˚C for 7 d and
stored in a desiccators until use [14]. Principle
characteristics of the PP were determined and the
results are summarized in Tables 1 and 2.

For the main functional groups that might be
involved in dye biosorption, a Fourier transform infra-
red (SHIMADZU FTIR-8400S) analysis was done on
the PP to determine the surface functional groups, and
the spectra were recorded from 4,000 to 400 cm−1.
Moreover, the concentrations of acid and basic
(organic) functional surface groups present on PP
were determined by the Boehm titration method. The
point of zero charge (pHpzc) of a biosorbent is a very
important characteristic that determines the pH at
which the biosorbent surface has electrical neutrality.
At this value, the acid or basic functional groups no
longer contribute to the pH of the solution. The
specific surface area (SSA) of PP was determined
using an alternative method to the Bruner–Emmet–
Teller (BET) method. In addition, the investigation of
surface morphology of PP sample before and after
biosorption was observed by scanning electron micro-
scopy (SEM).

2.3. Biosorption studies

The batch biosorption experiments were carried out
in 150 mL flasks where 0.20 g of the biosorbent was
added to 100 mL of the MB solutions at initial concen-
trations that varied in the range of 10–40 mg L−1. The
flasks were placed in a thermostatic water bath to
maintain a constant temperature (25˚C) and were
stirred at 200 rpm for 300 min to ensure that equilib-
rium was achieved. Aqueous samples (2.5 mL) were
taken from each of the MB solutions at preset time
intervals (0–300 min) using syringes and the
concentrations were then analyzed. The samples were
reintroduced after analysis so that the volume of the
solution remained constant during the course of the
kinetics. The concentrations of MB in the supernatant
solution before and after biosorption were determined

using a double beam UV–Vis spectrophotometer at the
maximum wavelength (664 nm). Each experiment was
duplicated under identical conditions. The biosorption
amount at time t, qt (mg g−1), and the percentage of
dye removal of dye (%R) can be calculated by the
following equations:

qt ¼ ðC0 � CtÞV
W

(1)

%R ¼ ðC0 � CtÞ
C0

� 100 (2)

where C0 and Ct (mg L−1) are the liquid-phase concen-
trations of dye at initial and at time t, respectively. V
is the volume of the solution (L) and W is the mass of
dry biosorbent (g).

For isotherm studies, a series of flasks containing
50 mL of MB solution in the range of 40–400 mg L−1

were prepared. The weighed amount of 0.1 g of PP
was added to each flask and then the mixtures were
agitated at 200 rpm and at constant temperature of 25,
35, or 45˚C for 600 min to ensure that equilibrium was
reached for the higher concentrations. These experi-
ments were carried out at a natural pH. The amount
of biosorption at equilibrium, qe (mg g−1), was calcu-
lated by:

qe ¼ ðC0 � CeÞV
W

(3)

where Ce (mg L−1) is the liquid-phase concentration of
MB dye at equilibrium.

3. Results and discussion

3.1. Characterization of the biosorbent

FTIR spectrum for the waste PP is shown in Fig. 2.
It can be seen that a strong peak at 3,450 cm−1repre-
sents the –OH stretching of phenol group of cellulose

Table 1
Principal characteristics of PP

Porosity (%) 74.15
Apparent specific gravity 0.23
Absolute specific gravity 0.89
Mean diameter (mm) ≤2
Point of zero charge (pHpzc) 5.7

Table 2
Chemical composition of PP

Component Content (%)

Cellulose 50.89
Hemicellulose 21.53
Lignin 19.25
Extractable matters 5.86
Ashes 1.89
Other 0.58
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and lignin, and a peak at 2,930 cm−1 corresponds
to –CH and –CH2 stretching of aliphatic compound.
The peaks at 1,735 and 1,636 cm−1 were attributed to
C=O stretching of aldehyde group and C=C stretching
of phenol group, respectively [16]. The peaks at 1,507,
1,370, 892, and 660 cm−1 in the spectrum of PP, respec-
tively, can be assigned to N–H deformation, C–O–H
bend, C–N stretch, and C–O–H twists [17]. It is
clear that the biosorbent displays a number of biosorp-
tion peaks, reflecting the complex nature of the
biomaterial.

The traditional Boehm titration method uses a
pH-metric titration (chemical method) to identify
oxygen (acid and basic) surface groups on the PP
[18]. This method is based on the principle that
oxygen groups on the surface have different acidities
which can be neutralized by bases of different
strengths. Each sample of biosorbent (1.00 g) was
accurately weighed and mixed with 50 ml of 0.1 N
solution of sodium carbonate (Na2CO3), sodium
bicarbonate (NaHCO3), sodium hydroxide (NaOH),
and sodium ethanolate (NaOC2H5) or chlorhydric
acid (HCl) in 100 ml flasks. The suspensions of
flasks were agitated (140 rpm) at room temperature
and it was left for 72 h. Afterwards, the excess of
basic and acid (a sample of 10 mL) was filtered and
titrated with 0.1 N HCl or 0.1 N NaOH solutions.
Acid and basic concentrations were calculated on
the basis of the assumption that NaHCO3 neutralizes
the carboxylic groups only, Na2CO3 neutralizes the
carboxylic and lactonic groups, NaOC2H5 neutralizes
the carbonylic and quinonic groups, NaOH neutral-
izes all acidic groups including phenolic groups, and
HCl neutralizes all basic groups.

The concentrations of acid and basic groups of PP
surface measured by the Boehm titration are shown
in Table 3. These results prove that acid sites, the

carboxylic, the carbonylic, and the quinonic groups
were the dominant acidic oxygenated groups. And
the total acid groups were higher than the total basic
groups.

The zero-point charge (pHpzc) of the PP charac-
teristics was calculated using the addition solid
method [19]. The initial pH (pHi) of the prepared
KNO3 solution (0.1 M) was adjusted between 2 and 12
by adding 0.1 N HCl or 0.1 N NaOH solutions. Then,
1 g of PP was added to each flask and the samples
were stirred at 140 rpm for 48 h; when equilibrium
was established, the final pH (pHf) of the solutions
was measured. The value of pHZPC can be determined
from the curve that crosses the initial pH value lines
of the plot ΔpH (pHi–pHf) vs. pHi. This method was
found to be similar to that studied by some authors
[20–25]. The result for experimental determination of
pHzpc was found to be 5.7 and is noted above in
Table 1.

The SSA is the accessible area of biosorbent surface
per unit mass of material. The interference by the
surrounding phase, can modify the surface area, is
especially problematic for the BET N2 adsorption/
desorption isotherm method because the entire surface
is modified by vacuum treatment before N2

adsorption [26]. As an alternative to the BET method,
the SSA (m2 g−1) of the PP uses the following
equation:

SSA ¼ F � qm �NAV � A
MW � 103

10�20 (4)

where F is the fraction dye in the commercial product,
qm is the monolayer capacity from Langmuir model
(g dye/g solid), NAV the Avogadro number
(6.022 × 1023 molecules mol−1), A is the molecular area
of the dye (m2), and MW is the molecular weight of
the dye (373.9 g mol−1). The molecular area of MB was
taken as 130A˚2 [27].

The SSA of PP was found as 167.41, 159.07, and
147.25 m2 g−1, according to Eq. (4), for the tempera-
tures of 25, 35, and 45˚C, respectively. The values of
SSA at all the three temperatures was found to be
higher compared to that of the other biosorbents
which have been studied and where no thermal or
chemical treatment was applied [15,26,28–34]. This
method has been already used to determine the SSA
by some authors in the sorption of dyes and metals
on many natural substances such as oil palm
trunk fiber [26], banana stem [27], Luffa cylindrical
fibers [29], Peat [30], Hazelnut shells and wood
sawdust [31], cotton [35], sludge ash [36], and
spruce wood [37].
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Fig. 2. FTIR spectrum of PP.
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As it is known, SEM is one of the most widely
used surface diagnostic tools. Subsequently, Fig. 3(a)
and (b) show the SEM of PP sample before and after
biosorption of the dye, respectively. The PP (Fig. 3(a))
exhibits a heterogeneous or rough and porous (caves)
surface structure which enhanced the biosorption of
MB dye.

3.2. The influence of operating conditions

3.2.1. Effect of initial dye concentration and contact
time

In order to study the effect of the initial concentra-
tion and contact time of MB in the solutions on the
biosorption rate by PP, the experiments were carried
out at a fixed biosorbent dose (0.20 g), natural pH

(6.2), temperature of 25˚C, and at different initial dye
concentrations (from 10 to 40 mg L−1) for different
time intervals (0–300 min). Fig. 4 shows the effect of
the initial dye concentration and contact time on the
biosorption of MB by PP. For the different concentra-
tions tested, it can be observed that the biosorption
capacity increased with time and reached a constant
value where no more MB dye was removed from the
solution. Also, it can be seen that the biosorption of
MB at different concentrations is rapid in the initial
stages and gradually decreases with the biosorption
progress until the equilibrium is reached. The initial
rate of biosorption was greater for higher initial MB
concentration, because the resistance to the dye uptake
decreased as the mass-transfer driving force increased.
It was noticed that an increase in initial dye concentra-
tion led to an increase in the biosorption capacity of
MB by PP. The amount of MB biosorbed at equilib-
rium increased from 3.62 to 14.83 mg g−1 as the con-
centration was increased from 10 to 40 mg L−1,
respectively. Additionally, Fig. 4 shows that the con-
tact time required to reach the equilibrium at initial
concentrations from 10 to 40 mg L−1 is from 20 to
75 min, respectively. However, the experimental data
were measured at 300 min to make sure that full equi-
librium was attained. The kinetic results showed that
the curves of contact time are single and continuous
leading to equilibrium. These curves indicate the
possible monolayer coverage of dye on the surface of

Table 3
Concentration of acid and basic groups on surface PP

Concentration groups Carboxylic Lactonic Phenolic Carbonylic and quinonic Acid Basic Total

Value (meq g−1) 1.00 0.009 0.381 0.859 2.249 0.351 2.60

Fig. 3. SEM micrograph of PP before; (a) and after; (b)
biosorption of MB dye.
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PP [14]. A similar phenomenon was observed for the
biosorption of MB dye on phoenix tree’s leaves [38],
wheat shells [39], and castor seed shells [40]. Hameed
et al. [41] have further studied the adsorption of MB
on garlic peels at initial concentration of 50 mg L−1

and have reported that the equilibrium was reached
in 90 min. Senthilkumaar et al. [42] have studied the
sorption of MB on jute fiber carbon at various concen-
trations (50, 100, 150, and 200 mg L−1) and have
reported that the equilibrium was established at
250 min for all the concentrations studied.

3.2.2. Effect of solution pH

The experiments were carried out at 40 mg L−1

initial dye concentration, 0.2 g biosorbent mass, and
temperature of 25˚C for a contact time of 100 min to
ensure that full biosorption equilibrium was attained.
However, in reality, equilibrium time was 75 min at
this initial dye concentration. These experiments were
conducted at different pH values in the range of 2–9
and the solution pH was adjusted using 0.1 N HCl or
0.1 N NaOH aqueous solutions. Fig. 5 shows the effect
of pH on the biosorption of MB by PP. It can be seen
that there is a decrease in the biosorption with a
decrease in pH. The lowest dye biosorption was
recorded at pH 2. The amount of MB biosorbed at
equilibrium, qe, increases from 3.79 to 15.77 mg g−1 as
an increase in pH from 2 to 9, respectively. The influ-
ence of the solution pH on the dye uptake can be
explained on the basis of the zero-point charge,
pHzpc, of the biosorbent. Cation biosorption on any
biosorbent will be favorable at pH > pHzpc. The
surface of the biosorbent becomes negatively charged
and favors uptake of cationic dyes due to increased

electrostatic force of attraction. Thus, MB biosorption
by PP is favored at higher pH (values higher than
pHpzc, 5.7). At lower pH (pH < pHpzc), biosorbent
surface is positively charged, the concentrations of H+

were high and they compete with positively charged
MB cations for vacant biosorption sites causing a
decrease in dye uptake. Similar trends were observed
for the biosorption of MB on guava leaf powder [21],
wheat shells [39], and rice husk [43].

3.2.3. Effect of temperature

Temperature is one of the most important factors
that affect the biosorption rate and dye uptake. The
effect of temperature on the biosorption of MB was
studied by contacting 0.20 g of biosorbent with
100 mL of dye solution of 40 mg L−1 initial concentra-
tion. The flasks were placed in a thermostatic water
bath in order to maintain a constant temperature
(25, 35, or 45˚C) and stirring was provided at 200 rpm
to ensure that equilibrium was reached. Fig. 6 shows
the biosorption of MB by PP. It was found that the
biosorption kinetics of basic dye decreased with the
increase in temperature (from 25 to 45˚C). This indi-
cates that the biosorption process is exothermic in
nature. Similar results have been found by Demir
et al. [29] and Chandra et al. [44] for the sorption of
MB on Luffa cylindrical fibers and activated carbon
prepared from durian shell, respectively. As the tem-
perature increases, the physical bonding between the
dye molecules and the active sites of the biosorbent
weakens. Besides, the solubility of MB also increased
which caused the interaction forces between the solute
and the solvent to become stronger than solute and
sorbent; therefore, the solute was more difficult to be
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Fig. 5. Effect of pH on the biosorption of MB by PP
(conditions: C0 40 mg L−1; biosorbent dosage = 0.2 g
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adsorbed [45]. In addition, it can be seen that there is
no significant effect of temperature on the equilibrium
biosorption capacity (Fig. 6), because the amount of
MB biosorbed at equilibrium (qe) decreases slightly
from 14.83 to 14.46 mg g−1 with an increase in
temperature from 25 to 45˚C, respectively.

3.2.4. Effect of biosorbent dose

The mass of biosorbent was varied in the range of
0.20–0.7 g for the removal of MB from aqueous solu-
tion by PP, by keeping all other parameters such as
initial MB concentration, solution volume, tempera-
ture, stirring speed and pH constant. The effect of
biosorbent dose on the MB biosorption kinetics by the
PP is shown in Fig. 7. The amount of MB biosorbed
per unit mass of biosorbent decreases with an increase
in biosorbent dose due to the concentration gradient
between solute concentrations in the solution and on
the biosorbent surface [14]. Thus, with increasing
biosorbent dosage, the amount of dye biosorbed by
unit weight of biosorbent becomes reduced, thus caus-
ing a decrease in biosorption capacity with increasing
biosorbent dosage. On the other hand, there is an
increase in percentage removal of MB from 63.66 to
91.89% with an increase in PP dosage from 0.2 to 0.7 g
(Figure not shown). This can be attributed to increased
surface area and the availability of more biosorption
sites. A similar phenomenon has been observed for
the biosorption of MB on papaya seeds [46].

3.2.5. Effect of ionic strength

In water, salt is present in a wide range of concen-
trations depending on the source and the quality of
the water. The presence of salt or co-ions in solution

can affect the biosorption of dye ions. The effect
of ionic strength on the biosorption of MB by PP
was studied with a constant initial concentration of
40 mg L−1, biosorbent mass of 0.20 g, solution volume
of 100 mL, temperature of 25˚C, stirring speed of
200 rpm, and natural pH. The ionic strength of the
dye solution was modified using different dosages of
NaCl (0.25–2 g (100 mL))−1. Fig. 8 indicates the effect
of NaCl concentration (ionic strength) on the removal
of MB from aqueous solution by PP. It was observed
that the biosorption potential decreased with an
increase in concentration of salt (NaCl) in the medium.
When the ionic strength was increased, the electrical
double layer surrounding the adsorbent surface was
compressed, which would lead to a decrease in the
electrostatic potential. This indirectly resulted in a
reduction of the coulombic free energy, and a decrease
in basic dye ions biosorption [47]. Similar results in
the literature were found for the biosorption of dyes
[14,47–49]. However, these results were unlike those
reported by other authors [34,50,51].

3.2.6. Effect of biosorbent particle size

The effect of particle size of PP on the MB
removal was studied using three particle size ranges:
0.18–0.5, 0.5–1.25, and 1.25–2 mm, keeping all other
parameters constant. Fig. 9 shows the biosorption
equilibrium of the dye at three different particle
sizes. As can be seen from this figure, the removal is
improved as the particle size decreases. This is
because the smaller particles have more surface area
and access to the particle pores is easier when their
size is small. The relationship between the effective
surface area of the biosorbent particles and their sizes
is that the effective surface area increases as the
particle size decreases and as a consequence, the
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biosorption capacity per unit mass of the biosorbent
increases. Thus, the smaller PP particle sizes for a
given mass of biosorbent have more surface area and
therefore the number of available sites is higher. For
the biosorption of malachite green by PP [14] and
MB by hazelnut shell [34], the biosorption was also
found to increase with a decrease in the particle size
of biosorbent.

3.3. Biosorption kinetics studies

For a better understanding of biosorption kinetics,
various models such as Lagergren’s pseudo first-order,
Blanchard’s pseudo-second-order, Elovich and others
kinetic models were used. However, in this study, only
two kinetic models were applied for the biosorption of
MB by PP at different initial concentrations (from 10 to
40 mg L−1) namely, Lagergren’s pseudo-first-order
and Blanchard’s pseudo-second-order models. The
best-fit model was selected based on the linear
regression correlation coefficient (r) and values of the
biosorbed dye amount (qe).

The Lagergren’s equation was used to investigate
the suitability of pseudo-first-order kinetic model and
obtain rate constants. This equation can be written as
[52]:

ln ðqe � qtÞ ¼ ln qe � k1t (5)

where qe (mg g−1) and qt (mg g−1) represent the
amount of MB biosorbed at equilibrium and at any
time t, respectively, and k1 (min−1) represents the
biosorption rate constant.

The value of the biosorption rate constant, k1, was
determined from the plot of ln(qe−qt) vs. t (figure not

shown). The k1 values, the correlation coefficients, r,
the calculated amount of biosorbed MB (qe,cal), and
experimental (qe,exp) values were collected and are
shown in Table 4. It can be seen that Lagergren first-
order kinetics equation does not represent a good fit
with the experimental data, because the linear regres-
sion correlation coefficients (r) are low (0.872–0.932)
and the experimental amount of MB biosorbed
disagree with calculated values. In many cases, the
first-order equation of Lagergren does not fit well to
the whole range of contact time and is generally
applicable over the initial stage of the adsorption
processes [53].

The kinetic data were further analyzed using a
pseudo-second-order relation [54]:

dq

qt
¼ k2 ðqe � qtÞ2 (6)

Separating the variables in Eq. (6) and integrating this
for the boundary conditions t = 0 to t = t and qt = 0 to
qt = qt, gives

t

qt
¼ 1

k2q2e
þ 1

qe
t (7)

where k2 (g mg−1 min−1) is the pseudo-second-order
rate constant, and qe and q represent the amount of
biosorbed dye (mg g−1) at equilibrium and at any
time t.

The constant k2 is used to calculate the initial
biosorption rate h (mg g−1 min−1) as follows:

h ¼ k2 q2e (8)

Fig. 10 shows the pseudo-second-order plots for the
MB by PP at different concentrations (from 10 to
40 mg L−1) and at 25˚C. The pseudo-second-order
rate constants values, and the corresponding linear
regression correlation coefficients values (r) are
shown in Table 4. It was noticed that, at all initial
dye concentrations and for the entire biosorption
period, the linear regression correlation coefficient
values were found to be higher, and it ranged from
0.997 to 0.999. It was further shown a good agree-
ment between experimental and calculated values.
Subsequently, these prove the applicability of this
kinetic equation and the pseudo-second-order nature
of the biosorption process of MB by PP. Similar
kinetic results were already reported by some
authors in MB biosorption on various biosorbents
[31,34,39,55–57].
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Fig. 9. Effect of biosorbent particle size on the biosorption
of MB by PP (conditions: C0 40 mg L−1; biosorbent dosa-
ge = 0.2 g (100 mL)−1; stirring speed = 200 rpm; T = 25˚C;
pH 6.2).
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3.4. Isotherm modeling

The biosorption isotherm describes the relationship
between the amount of sorbate sorbed on the biosor-
bent and the concentration of dissolved sorbate in the
liquid at equilibrium. The equilibrium isotherms at
different temperatures (25–45˚C) of MB biosorption by
PP are shown in Fig. 11. The trend of the curves qe vs.
Ce, clearly indicated that the isotherms for the three
temperatures belong to L type according to the classi-
fication of equilibrium isotherm in solution by Giles
et al. [58]. The biosorption of MB by PP decreases pro-
gressively with the increase in temperature from 25 to
45˚C, as shown in Fig. 11. This indicates that the
biosorption process by PP is exothermic. When
increasing temperature physical forces responsible of
the biosorption decrease [45].

Various isotherm equations have been used to
describe the equilibrium data. In the literature, some
of these equations are, for instance, Langmuir,
Freundlich, Elovich, Flory–Huggins, Harkins–Jura,
Dubinin–Radushkevich, Redlich–Peterson, and other
isotherm models. In this work, the biosorption equilib-
rium data of MB by PP were modeled by Langmuir,
Freundlich, Elovich, and Flory–Huggins models.

3.4.1. Langmuir model

The Langmuir (1916) model assumes uniform ener-
gies of sorption onto the surface and no transmigra-
tion of sorbate in the plane [59].

qe ¼ qmbCe

1þ bCe
(9)

where qe is the amount of solute sorbed per unit
weight of biosorbent at equilibrium (mg g−1), Ce is the
equilibrium concentration of the solute in the bulk
solution (mg L−1), qm is the maximum biosorption
capacity (mg g−1) and b is the constant related to the
free energy of biosorption (L mg−1). The linear form of
the Langmuir isotherm is given by the following equa-
tion:

Ce

qe
¼ 1

qm
Ce þ 1

b � qm (10)

Fig. 12 presents the linear plot of Ce/qe vs. Ce. The val-
ues of constants qm, b and the correlation coefficients

Table 4
Parameters of the kinetic models for the biosorption of MB by PP at different concentrations, k1 (min−1), k2
(g mg−1 min−1), h (mg g−1 min−1), qe(cal) (mg g−1), qe(exp) (mg g−1)

Initial conc (mg L−1) qe,exp

Lagergren pseudo-first-order Pseudo-second-order

k1 qe,cal r k2 qe,cal h r

10 3.92 0.052 1.48 0.872 0.092 3.67 1.24 0.999
20 7.32 0.036 12.85 0.932 0.012 7.32 0.72 0.999
30 11.29 0.029 5.98 0.918 0.005 11.29 0.80 0.997
40 14.83 0.047 19.87 0.890 0.002 15.52 1.34 0.998
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Fig. 10. Pseudo-second-order kinetic for the biosorption of
MB by PP.
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(r) were calculated and reported in Table 5. The
obtained results show an excellent agreement of the
experimental data with the Langmuir equation with
good correlation coefficients varying from 0.999 to
0.996 as the temperatures was increased from 25 to
45˚C. This good agreement shows uniform energies of
biosorption onto the biosorbent surface. The maximum
monolayer capacities (qm) obtained are 105.26, 100.02,
and 92.59 mg g−1 at 25, 35, and 45˚C, respectively.

A further analysis of the Langmuir equation can
be made on the basis of a dimensionless equilibrium
parameter, RL also known as the separation factor,
given by [60]:

RL ¼ 1

1 þ b � C 0
(11)

where b is the Langmuir constant and C0 is the initial
concentration of the sorbate in solution. The value of
RL lies between 0 and 1 for favorable adsorption,
while RL > 1 represents unfavorable adsorption, and
RL = 1 represents linear adsorption while the adsorp-
tion process is irreversible if RL = 0. The calculated RL

values vs. initial dye concentration at three different
temperatures were represented in Fig. 13. From this
figure, it was observed that the biosorption of MB by
PP was found to be more favorable at lower tempera-
ture and at higher concentrations. Also the value of RL

in the range of 0–1 at all initial MB concentrations and
at the three studied temperatures confirms the
favorable uptake of MB process.

3.4.2. Freundlich model

The empirical model can be applied to non-ideal
sorption on heterogeneous surfaces as well as
multilayer sorption and is expressed by the following
equation [61]:

qe ¼ KFC
1=n
e (12)

where n is a constant of the sorption intensity and KF

is a constant of the relative biosorption capacity of the
biosorbent mg 1�1

n L
1
n g �1

� �
. The fit of data to Fre-

undlich isotherm indicates the heterogeneity of the
biosorbent surface. The n value indicates the degree of
non-linearity between solution concentration and
adsorption as follows: if n = 1, the adsorption is linear;
if n < 1, the adsorption process is chemical and if
n > 1, the adsorption is a favorable physical process
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Fig. 12. Langmuir isotherm for the biosorption of MB by
PP at different temperatures.

Table 5
Parameters of isotherm models for removal of MB by PP at different temperatures

Model Parameters

T (˚C)

25 35 45

Langmuir qm (mg g−1) 105.26 100.02 92.59

b (×103 L mg−1) 9.93 6.65 4.87
r 0.999 0.998 0.996

Freundlich KF mg 1�1
n L

1
n g �1

� �
9.37 5.50 3.12

n 2.65 2.15 1.80
r 0.991 0.981 0.970

Elovich qm (mg g−1) 25.17 33.55 44.64
KE (L mg−1) 0.21 0.06 0.02
r 0.983 0.975 0.939

Flory–Huggins KFH (×103 L mg−1) 4.73 4.28 3.75
nFH 0.83 0.73 0.58
r 0.987 0.980 0.962
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[62]. Eq. (12) can be linearized in the form of Eq. (13)
and the constants can be determined:

ln qe ¼ ln KF þ 1

n
ln Ce (13)

The corresponding Freundlich parameters (KF, n) and
the correlation coefficients (r) are given in Table 5.
This result indicates that the Freundlich parameters
decrease with an increase of temperature; however,
the correlation coefficients obtained are higher and
varies between 0.970 and 0.991, but they are lower
than those obtained from Langmuir model. The
obtained n value n > 1, indicates that biosorption of
the MB by PP is a favorable physical process.

3.4.3. Elovich isotherm model

This model is based on a kinetic principle assum-
ing that the adsorption sites increase exponentially
with adsorption, which implies a multilayer adsorp-
tion [63]. It is expressed by the relation [64]:

qe
qm

¼ KECe exp � qe
qm

� �
(14)

where KE is the Elovich equilibrium constant (L mg−1)
and qm is the Elovich maximum adsorption capacity
(mg g−1). The linearized form of the Eq. (14) is given
below:

ln
qe
Ce

¼ ln KEqm � qe
qm

(15)

If the biosorption obeys to Elovich equation, Elovich
maximum adsorption capacity, qm, and Elovich

constant, KE, can be calculated from the slopes and
the intercepts, respectively, of the plot ln (qe/Ce) vs.
qe. The variables of Elovich (KE, qm) and the
correlation coefficients (r) values are collected in
Table 5. The values of maximum biosorption
capacity, and the correlation coefficients indicate that
the Elovich model is not suitable to describe the
experimental data for the biosorption isotherms of
MB by PP.

3.4.4. Flory–Huggins isotherm model

The original Flory–Huggins isotherm describes the
behavior of a two-dimensional lattice of non-interact-
ing particles of different sizes [65]:

h
C0

¼ KFHð1� hÞnFH (16)

Eq. (16) can be further transformed to the following
linearized form:

ln
h
C0

� �
¼ ln KFH þ nFH ln 1� hð Þ (17)

where θ = qe/qm is the degree of surface coverage, KFH

is the indication of Flory–Huggins equilibrium
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Fig. 13. Separation factor (RL) for the biosorption of MB by
PP at different temperatsures.
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Fig. 14. Plot of ΔG˚ vs. T for estimation of thermodynamic
parameters for the biosorption of MB by PP.

Table 6
Thermodynamic parameters for the biosorption MB

T (˚C) ΔH˚ (kJ mol−1) ΔG˚ (kJ mol−1) ΔS˚ (J mol−1 K−1)

25 −28.03 −2.86 −84.6
35 −1.93
45 −1.17
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constant which is used for the calculation of spontane-
ity free Gibbs energy, and nFH is constant model expo-
nent. Flory–Huggins isotherm model [66] can express
the feasibility and spontaneous nature of an adsorp-
tion process.

If the biosorption data obeys Flory–Huggins
model, the constants KFH and nFH can be calculated
from the slope and the intercept of the plot ln h

C0

� �
vs. ln (1 − θ). The corresponding Flory–Huggins
parameters and the correlation coefficients are listed
in Table 5. Relying upon on the correlation coeffi-
cients (r) values obtained that are low (≥0.962), these

results confirm that this model was inappropriate to
predict the biosorption isotherms of MB by PP. In
the literature, Horsfall and Spiff [66] also have used
this model to study the equilibrium biosorption of
Al3+, Co2+, and Ag+ by fluted pumpkin waste bio-
mass.

In conclusion, the experimental data for the
biosorption isotherms of basic dye, MB, by PP can be
better explained by Langmuir model which shows
uniform energies of biosorption on the surface.
Furthermore, the biosorption of the MB by PP is a
favorable physical process.

Table 7
Comparison of maximum monolayer biosorption capacity (qm) and experimental conditions used of MB biosorption from
the literature by various low-cost biosorbents

Low-cost biosorbents

Experimental conditions

Initial concentration range
(mg L−1) pH

T
(˚C)

Biosorbent
dosage (g)

qm
(mg g−1)

Equilibrum
time

PPs [15] 25–400 8 20 ±
1

0.1–1.00 33.55 60 min

Coconut bunch waste
[17]

50–500 6.5–7.5 30 0.2 70.92 3–5 h

Guava leaf powder [21] 100–800 7.5 30 2 295 *
Meranti sawdust [23] 50–200 9 30 0.5 120.48 3 h
Luffa cylindrical fibers [29] 10–100 * 30 0.8 47 After 12 h
Sawdust of hazelnut

shells [31]
250–1,000 * 20 0.5 76.9 120 min–

>180 min
Garlic peel [41] 25–200 4–12 30 0.3 82.64 60 min–

>130 min
Rice bran [47] 80 6 20 5 54.99 60 min
Wheat bran [47] 80 6 20 5 16.62 90 min
Fly ash [55] 20–100 8 30 0.6 5.57 After 60 min
Coir pith carbon [56] 10–40 6.9 35 0.3 5.87 (40–120) min
Yellow passion fruit

waste [70]
5–600 8 25 0.1–1.00 44.7 48 h

Dehydrated peanut hull
[71]

100–400 3.5 30 0.1 123.5 24 h

Coffee husks [72] 50–500 8 30 10 90.09 *
AC of Euphorbia rigida

[73]
100–400 6.0 40 2 114.45 60 min

Rice husk [74] 10–100 6.8–7.1 25 ±
2

2 8.07 *

Tomato plant root [75] 100–600 6.67 30 0.25 83.33 15 min
AC of fir wood [76] 200 6.6 30 1.00 70.05 *
AC of cocos nucifera L.

[77]
60–100 * 30 0.25 15.59 100 min

AC of oil palm wood
[78]

10–250 * 30 0.05 90.9 *

PP in This work 40–400 6.2
(natural)

25 0.1 105.26 (75–480) min

Notes: AC: activated carbon.

*Does not reported.
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3.5. Thermodynamic parameters

Thermodynamic parameters are important in
biosorption studies for better understanding of tem-
perature effect on biosorption. To determine whether
the process will occur spontaneously, a set of thermo-
dynamic parameters for the MB–PP biosorption sys-
tem were calculated, including Gibbs free energy
change (ΔG˚), enthalpy change (ΔH˚), and entropy
change (ΔS˚) [14]:

DG
� ¼ �RgT ln bM (18)

DG
� ¼ DH

� � TDS
�

(19)

where T (K) is the absolute temperature and Rg
(8.314 J mol−1 K−1) is the gas constant, and bM
(L mol−1) is the Langmuir equilibrium constant.

The values of Gibbs free energy change (ΔG˚)
were obtained according to Eq. (18) at different
temperatures. From the slope and the intercept of the
plot of ΔG˚ vs. T as presented in Fig. 14, ΔH˚ and
ΔS˚ values were estimated. The calculated parameters
by using the above equations were collected in
Table 6. As can be seen, ΔG˚ values were obtained to
be −2.86, −1.93, and −1.17 kJ mol−1 at 25, 35, and
45˚C, respectively. Negative values of Gibbs free
energy show the feasibility of the process and the
spontaneous nature of biosorption with a high prefer-
ence of MB by PP. Knowing that generally, the
change of free energy for the physical and chemical
adsorption is in the range of 0 to −20 kJ/mol and
−80 to −400 kJ/mol, respectively [67]. The lower and
negative value of ΔS˚ (−84.6 J mol−1 K−1) indicates
that it may imply that no remarkable change in
entropy during the biosorption of MB and the
biosorption process is reversible. Also, the negative
value of ΔS˚ definitely reflects that no significant
change occurs in the internal structure of the
biosorbent during the biosorption process [68]. The
negative value of enthalpy change (−28.03 kJ mol−1)
indicates the exothermic nature of the biosorption
interaction. The decrease in biosorption capacity (qm)
with the increase in temperature is due to the
weakening of sorptive forces between the active sites
on the PP and the dye species, and also between
adjacent dye molecules on the biosorbed phase [45].
In brief, the thermodynamic parameters indicate that
the biosorption process of MB by PP is spontaneous,
physical and exothermic in nature. In the literature,
similar thermodynamic results were found for the
biosorption of dyes [67,69].

3.6. Evaluation of PP as biosorbent

Table 7 lists a comparison of maximum monolayer
biosorption capacity (qm) of MB by various low-cost
biosorbents. This study presents a relatively large
maximum monolayer biosorption capacity
(105.26 mg g−1) at natural pH and room temperature
(25˚C). On this basis, we can conclude that PP could
be considered an effectual bio-solid as compared with
reported low-cost biosorbents for the removal of MB
from aqueous media.

4. Conclusions

The results obtained in this study demonstrate PP
potential for the removal of MB dye from aqueous
media. The PP presents SSA of 167.41 m2 g−1 and
pHpzc of 5.7. The concentrations of acid groups were
higher than the basic groups and this result determi-
nes the nature of the PP surface which improves the
biosorption of the basic MB dye from the solution. In
addition, the FTIR reveals the main functional groups
that might be enhanced in MB biosorption such as OH
of phenol group of cellulose and lignin. The SEM of
fresh PP sample exhibits that it has a rough and por-
ous surface structure which also improves the biosorp-
tion of dye.

The amount of MB biosorbed was found to
increase with an increase in the contact time, initial
dye concentrations, and the pH. Also, the removal
percentage was found to increase with the increase of
biosorbent dosage. The contact time required to reach
the equilibrium at initial concentrations from 10 to
40 mg L−1 is from 20 to 75 min, respectively. However,
the amount of MB dye biosorbed decreases with the
increase of temperature, ionic strength, and particle
size. The experimental data for the biosorption kinetics
were found to conform to pseudo-second-order kinet-
ics with a good correlation. Equilibrium data were
best described by Langmuir isotherm model,
confirming the monolayer biosorption capacity of MB
by PP with a monolayer biosorption capacity of
105.26 mg g−1. The dimensionless separation factor
(RL) showed that PP could be used for removal of MB
from aqueous media. The data obtained from biosorp-
tion isotherms at different temperatures were used to
determine thermodynamic parameters such as ΔG˚,
ΔH˚, and ΔS˚ of biosorption. The results suggest that
the biosorption is a physical process, spontaneous and
exothermic in nature.

Consequently, the results of this study will be use-
ful for using this agricultural waste as an economic
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biosorbent (biomaterial) for basic dyes removal in
wastewater treatment process since it is available in
large amounts. Additionally, the biosorbent shows
higher maximum monolayer biosorption capacity and
specific surface area than other agricultural wastes
which were investigated by other researchers.
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