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Tel. +40 232278680, ext. 2137; email: mgav@tuiasi.ro (M. Gavrilescu)
bFaculty of Food Engineering, “Stefan cel Mare” University of Suceava, 13 University Street, Suceava, Romania
cDepartment of Biological Engineering, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal
dAcademy of Romanian Scientists, 54 Splaiul Independentei, RO-050094 Bucharest, Romania

Received 22 August 2015; Accepted 11 December 2015

ABSTRACT

Erythrosine B is widely used for coloring in various applications, especially in the food
industry, despite its already proved toxicity and carcinogenicity. The agrowaste pumpkin
seed hulls were applied as potential adsorbent for the removal of Erythrosine from aqueous
solutions. Adsorption mechanism and kinetics were analyzed for design purposes. The seed
hulls were characterized by specific techniques before and after dye retention. It was found
that the attachment of Erythrosine B molecules on adsorbent surface may be attributed to
the interactions between carboxyl and/or carbonyl groups of both dye and agrowaste wall
components. A univariate approach followed by a factorial design was applied to study
and analyze the experimental results as well as to estimate the combined effects of the
process factors on the removal efficiency and dye uptake. Adsorption mechanism may be
predominantly due to intraparticle diffusion, dependent on pore size. The four equilibrium
models applied fitted the data well; the maximum adsorption capacity for Erythrosine was
16.4 mg/g. The results showed that adsorbent is effective for Erythrosine B removal for a
large concentration range in aqueous solutions (5–400 mg/L) in batch systems.

Keywords: Agrowaste; ANOVA; Food dye; Kinetics; Pumpkin seed hull; Adsorption
mechanism; Thermodynamics

1. Introduction

The environmental pollution continues to be a
problem that becomes acute when the pollutants dis-
play persistence and refractory character. This is the
case of some synthetic dyes, specifically those belong-
ing to the xanthene class. The interest for xanthene
compounds has been stimulated due to their wide

range of applications as biological stains, sensitizers,
tracing agents, laser dyes, and food dyes, although
some of them proved to be toxic, both during the
direct use and as dissolved compound in aqueous
effluents.

Erythrosine B (CI 45,430) is a well-known and
important representative of the xanthene dye class,
widely used in practical applications for preparations
coloring in food industry (sweets creams, dragees
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coatings, ice cream, cake-decorating gels, glace and
tinned cherries, sausages, meat), cosmetic and phar-
maceutical industry (pills coverage, syrups, toothpaste,
lipstick, make up products, bath and shower products,
hair-care products including sprays and conditioners,
shampoos, deodorants, fragrance products, soaps),
despite its toxic and carcinogenic effects against ani-
mals and humans. A variety of studies were devoted
to the assessment of the acute toxicity of Erythrosine
B, some performed before GLP standards or the
relevant OECD test guidelines had been established.
The major efforts in this concern were initiated in the
1970s, while the US FDA had instituted a partial ban
on erythrosine in 1990, based on studies which
indicated that high doses can cause cancer in rats, in
particular thyroid tumor formation. Other effects are
associated with bronchoconstriction, sequential vascu-
lar response, elevation of protein-bound iodide, and
chromosomal damage. In spite of these concerns, the
fate of Erythosine B in the environment is less investi-
gated, and there is a limited number of published data
on its removal from aqueous effluents which contain
dissolved erythrosine, difficult to be eliminated by
conventional wastewater treatments [1–9].

While almost every industrial dyeing process
involves a solution of dye, water-soluble reactive and
acid dyes are the most problematic pollutants, as they
tend to pass unaffected through conventional treat-
ment systems [10–12]. Sorption process is often one of
the effective methods to removes hazardous dyes from
aqueous media [13–17]. The use of low-cost, easily
obtained, highly efficient and eco-friendly adsorbents
has been investigated as a sustainable alternative to
the current expensive methods for dyes removal
[3,4,18–20]. The environment offers biomaterials which
can be used as adsorbents, to remove dyes contami-
nants from aqueous systems [12,21,22].

Different studies for the elimination of Erythrosine
B from aqueous solutions are based on degradation
methods, when researchers found that the intermedi-
ates formed can be toxic [8,15,23–25]. Considering
these aspects, adsorption can be a good alternative for
Erythrosine B immobilization and removal, when low-
cost and environmental friendly adsorbents are used,
even though it does not result in chemical degradation
of the pollutant [1,5,12,25,26].

In this study the agrowaste pumpkin seed hulls
(PSH) were used for the first time as a potential effec-
tive adsorbent for the removal of Erythrosine B from
aqueous solutions. This adsorbent was chosen due to
its availability in high amounts, as a crop waste. The
advantage of using this type of material is twofold:
first, it can act as an effective and economic adsorbent
for solving the problem of color pollution, and second,

an effective and useful exploitation mode of this agri-
cultural waste is provided (instead of its burning or
leaving on farmland, where it rots). This way, both
environmental and agricultural sustainability can be
addressed in a proficient and cost-effective manner.

Since the adsorption process is affected by a great
number of parameters, preliminary experiments were
carried out to find the most important factors effecting
the adsorption of Erythrosine B on PSH. Batch experi-
ments were conducted to study the influence of pH of
initial solution, dye concentration, process tempera-
ture, adsorbent dose, and contact time on dye adsorp-
tion efficiency and uptake. In a first step, we applied
an univariate approach, where one parameter varied,
while the others are kept constant. In a second step,
we considered the synergistic effect of the process
variables on Erythrosine B uptake, as a consequence
of their interactions using an experimental statistical
design. A factorial design was applied to study and
interpret the experimental results, which allowed us
to screen variables, to estimate the joint effects of the
operating parameters, such as: pH; dose of PSH adsor-
bent C0PSH, (g/L); contact time t (min); temperature T
(˚C); initial concentration of Erythrosine B in solution,
C0Ery (mg/L) on the magnitude of Erythrosine B
uptake qexp (mg/g), from a minimum number of
experiments.

The data obtained from Erythrosine B adsorption
onto PSH were analyzed using four types of kinetic
models and the four most used types of empirical iso-
therms models. The results were correlated with some
thermodynamic parameters (free energy of adsorption
(ΔG˚), enthalpy (ΔH˚), and entropy (ΔS˚). The adsor-
bent was characterized before and after Erythrosine B
adsorption and a possible adsorption mechanism was
proposed based on scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy
(FTIR) analyses, conducted for the validation of
adsorption mechanism data.

2. Experimental

2.1. Materials

The acid dye used in this study, Erythrosine B
(Ery B, CI 45,430) (Fig. 1), was purchased from Sigma–
Aldrich (C.I. Acid Red 51, 45,430). A stock solution of
1,000 mg/L was prepared by dissolving an accurately
weighed amount of Ery B in 500 mL distilled water.
For the experimental assays, dilution of the stock was
done to achieve the desired concentration, always
when necessary.

The agrowaste used in the study was collected
from a local farm. Pumpkin, Cucurbita pepo L. is an
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herbaceous, monoecious, annual plant of the Cucur-
bitaceous family. Hull-less seed variety of pumpkin
contains 5.49% moisture and the dry residue shows
high oil (44.4%) and proteins (32.59%) contents, 96%
digestibility, which is interesting for food industry.
Cellulose is the major unavailable carbohydrate, pre-
sent in a concentration of 4.69%, while the concentra-
tion of hemicelluloses and pectin are 4.80 and 2.7%,
respectively [27]. Pumpkin seeds were dehulled manu-
ally in the laboratory; in practice, the process is car-
ried out by means of various types of machines.
Before using as adsorbent, the waste was washed sev-
eral times with distilled water to remove any adhering
dirt and dried at 40˚C for 24 h. The dried sample was
crushed using a Retsch GM 200 laboratory mill. No
other chemical or physical treatments were used prior
to adsorption experiments. Finally, they were sieved
and classified. The particles size less than 3 mm of
PSH were used in the experiments study. The adsor-
bent was stored in plastic boxes.

SEM analysis was carried out for the PSH, to study
its surface texture before and after Ery B adsorption.
Fourier transform infrared (FTIR) analyses were made
in order to determine the functional groups involved
in the adsorption process of Ery B on PSH.

The point of zero charge (pHPZC) describes the
condition when the electrical charge density on a sur-
face is zero. In the field of environmental science, it
determines how easily a substrate is able to absorb
potentially harmful ions [28]. The point of zero charge
(pHPZC) of PSH was determined by immersion tech-
nique and potentiometric mass titrations (PMT) as
was described by Fiol and Villaescusa [29]. Due to the
low density of the studied materials compared to the
hydr(oxides) used in the work of Bourikas et al. [30],
vigorous agitation was needed to ensure homogeniza-
tion of the suspension.

2.2. Batch adsorption study

Batch experiments were performed in 250-mL
Erlenmayer flasks, containing 50 mL of Ery B solution

at various concentrations (10, 20, 40, 60, 80, 100, 150,
200, 300, and 400 mg/L) and different amounts of
adsorbent (10, 20 and 30 g/L). The flasks were incu-
bated at room temperature (25 ± 1˚C) and 150 rpm in
an isothermal shaker (IKA KS 4,000 IC) for 24 h, when
dye removal reaches the equilibrium. All the experi-
ments were carried out in duplicate at the natural pH
of the solution (pH 5.6). Factors affecting dye adsorp-
tion efficiency were investigated namely: initial dye
concentration, adsorbent amount, pH, temperature,
and contact time.

2.3. Desorption study

After each adsorption cycle, the adsorbent was
washed gently with distilled water to remove any
unabsorbed dye. Different solutions were used for
desorption tests: acids, bases, and organic solvents.
Sulfuric acid (0.2 M), hydrochloric acid (0.2 M), acetic
acid (1 M), sodium chloride (1 M), and sodium
hydroxide adjusted at pH 10 with distilled water were
used to desorb 20 mg/L Erythrosine B; 50% acetone,
40% isopropanol, 40% ethanol, and distilled water pH
11 (adjusted with NaOH), respectively were used to
desorb 50 mg/L Ery B.

2.4. Analysis methods and data processing

The solutions containing different dye concentra-
tions were analyzed spectrophotometrically (T60
UV–visible Spectrophotometer) at the maximum
absorption wavelength of 524 nm, which corresponds
to the maximum absorption peak of the Ery B. Dye
removal was monitored by measuring the absorbance
of Ery B. Samples (3 mL) were taken before mixing of
the adsorbent with dye solution, then at different time
intervals for the determination of residual dye concen-
tration in solution. Samples were centrifuged at
6,000 rpm for 10 min using Mikro 220R centrifuge to
separate the suspended adsorbent.

The characteristic parameters for each isotherm
and kinetic model and related correlation coefficients
have been determined using ORIGIN 8 PRO Software.
The pH solution was measured using a Hanna pH
meter provided with a combined glass electrode
(Model Hanna HI1053B).The dye uptake per unit mass
of adsorbent at the time t, (qt, mg/g) and at
equilibrium (qe, mg/g) was calculated using Eq. (1).
The adsorption efficiency was calculated applying
Eq. (2):

qexp ¼ C0Ery � CtEry

m
� V (1)

Fig. 1. Chemical structure of Erythrosine B.
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R ð%Þ ¼ C0Ery � Ce

Ce
� 100 (2)

where C0Ery is the initial dye concentration (mg/L);
CtEry and Ce are the concentrations of dye at time t and
at equilibrium (mg/L); m is the amount of dried adsor-
bent used (g); and V is the volume of the solution (L).

Desorption efficiency was measured using Eq. (3):

D ð%Þ ¼ q0 � qd
q0

� 100 (3)

where q0 is the amount of the Ery B sorbed onto PSH,
mg/g; qd is the amount of Ery B in the solvent solu-
tion used for dye desorption.

2.5. Statistical analysis

In order to examine the joint effects of the experi-
mental parameters on the process response, we used a
factorial design of experiments, which allowed us to
develop an analysis of variance and the fitting of the
experimental response to that given by the regression
model. The preliminary and univariate experiments
showed that the following process variables are impor-
tant: pH, (x1); adsorbent dose C0PSH, mg/L (x2); contact
time t, min (x3); temperature T, ˚C (x4); initial concentra-
tion of Ery B in solution C0Ery, mg/L (x5). Since we have
more than 4 factors, a fractional factorial design, 25−1

type was selected, which includes 16 experiments, with
each factor at two levels [31]. The response of the system
is given in terms of Erythrosine B uptake qexp (mg/g).
In the first stage, we were seeking the representation of
the process by an ideal model in the general form
(Eq. (4)). To assess the importance of key variables, the
model is further completed with terms of order 2, xij:

y2 ¼ b0 x0 þ b1 x1 þ b2 x2 þ b3 x3 þ b4 x4 þ b5 x5 (4)

Minimum and maximum levels of each parameter are
selected according to the preliminary experiments are
shown in Table 1. The results were analyzed with SPC
for Excel and the leading effects and interactions
among variables were determined.

3. Results and discussion

3.1. Characterization of pumpkin seeds hulls before and
after dye adsorption

Fig. 2 shows the SEM micrographs (Leica
Cambridge S360 Scanning Electron Microscope (SEM),

University of Minho, Guimarães, Portugal) of PSH
samples before after dye adsorption. PSH has consid-
erable numbers of heterogeneous large and medium
pores where there is a good opportunity for dye to be
cached and adsorbed. The images of dye-loaded
adsorbent show that the surface was covered with dye
molecules. Therefore, it is possible that the adsorption
was carried out in monolayer, with a horizontal dye
settlement.

Fourier transform infrared (FTIR) analysis of dye
and adsorbent system were performed using a
BOMEN MB 104 spectrometer, with a resolution of
4 cm−1 and a speed of 21 scans min−1. The total
number of scans was 16. As control, the mixtures of
dye powder and adsorbent were also analyzed. The
sample pellets were prepared in KBr. The spectra
ranged from 400 to 4,500 cm−1. FTIR analyses were
carried out in order to determine the functional
groups involved in the process of dye adsorption
(Figs. 3(a) and (b)). A band at the range of 3,420–
3,450 cm−1, corresponding to OH groups from phe-
nol, carboxyl, and alcohol groups, and in the range
of 2,300–2,900 cm−1, probably from C–H groups,
were observed for all the samples. The spectra of
samples using PSH as adsorbent also suggest the
involvement of some groups on the adsorption pro-
cess (Figs. 3(a) and (b)). Three new peaks, at 1,227,
1,416, and 1,506 cm−1, and some shifts of other
peaks were observed in the FTIR spectra. The new
peaks of Ery B–PSH used as adsorbent, may corre-
spond to the assignments C–O–H (1,227 cm−1), C–O
(416 cm−1) and C=C (1,506 cm−1).

In Fig. 4(a) the data obtained using immersion
techniques (IT) for the determination of the point
zero charge (pHpzc) are plotted, which provides
information on the surface charge of the adsorbent at
a given pH, while its knowledge offers information
about the possible electrostatic interactions between
adsorbent and various chemical species [29,30]. The
experimental curves corresponding to PMT method
technique are presented in Fig. 4(b). From the
obtained curves for specific adsorbent masses, the
pHpzc is identified as the common point of titrations
curves for different masses converge [29]. A value of
6.2 was determined for pHpzc. The results indicated
that the PSH surface is mostly acidic and this could
be a favorable property for Ery B adsorption at pH
around 6, when the adsorbent is positively charged.
The difference between pHpzc determined using the
two methods was around 0.5 pH units. Therefore,
the applied methods can be considered easy
and appropriate technique to determine pHpzc of
vegetable wastes.
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3.2. Factors affecting dye uptake and removal

3.2.1. Effect of pH on dye uptake

The preliminary experimental data showed that
the pH of the solution exerts a strong influence on the
uptake of dyes molecules due to its influence on the
surface properties of the adsorbent, as well as on ion-
ization and dissociation of the dyes molecules. To ana-
lyze the effect of pH on the PSH adsorption capacity
and process efficiency, experiments were carried out
at different pH values of the initial solution varying
from 4 to 10 (Fig. 5(a)).

Theoretically, when the electrostatic forces between
the adsorbent surface and adsorbate ions are attrac-
tive, an increase in ionic strength will decrease the
adsorption capacity [32]. The pKa value of Ery was
established by Colar et al. [16] at 5.3 and the pHpzc of
PSH was determined to be 6.2. The experimental data
from this study did not follow this convention, as the
adsorption of negatively charged dye molecules on
positively charged component of PSH increased at

0.81 mg/g with the decrease of pH until 5. The mini-
mum uptake of 0.4 mg/g Ery B was achieved at pH
10. For pH less than 5, Ery B in contact with the
adsorbent reacts and the absorbance of the solution
decreased very much due to the strong acidity of the
medium that leads to dye precipitation [33]. As the
functional groups of acid dyes are anionic in nature,
they release negative charges when dissolved in water.
Acid dyes have negative electrical structure of the
chromophore group, thus the positively charged spe-
cies of the dye can cause destabilization of negatively
charged molecules by adsorption onto the surface of
agrowaste [34]. This may be due to high electrostatic
attraction between the positively charged surface of
the adsorbent and anionic dye. The COO− groups pre-
sent in Ery B play a major role in enhancing the dye
adsorption process. As the initial pH increases, the
number of negatively charged sites on the adsorbent
surface increases and the number of positively
charged sites decreases [35]. In acidic conditions, the
surface of the adsorbent is positively charged due to

Table 1
Levels of the parameters which influence the Ery B uptake in the designed set of experiments

Parameter Coded symbol –1 0 1 Δx

pH x1 5 7.5 10 2.5
Sorbent dosage (C0PSH, g/L) x2 2.5 26.25 50 23.75
Time (t, min) x3 5 1,442.5 2,880 1,437.5
Temperature (T, ˚C) x4 20 35 50 15
Initial concentration of Erythrosine (C0Ery, mg/L) x5 5 52.5 100 47.5

Fig. 2. SEM images of (a) fresh PSH and (b) PSH with Erythrosine B adsorbed.
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the high concentration of H+, so the electrostatic
attraction between the adsorbent and the adsorbate
(which is an anionic dye) is enhanced. At lower pH,
the number of positively charged adsorbent surface
sites increased at the expense of the number of nega-
tively charged surface sites.

The carboxyl group of Ery B is protonated and pos-
sesses a positive charge density at a lower pH. Lower
adsorption of Ery B under alkaline condition is proba-
bly due to the presence of OH− ions on the surface of
adsorbent competing with the adsorbate (anionic dye)
for adsorption sites. Consequently, electrostatic repul-
sion between the positively charged surface and the
charged dye molecule increased with increasing solu-
tion pH and resulted in the decreasing adsorption
capacity of Ery B. The surface of the adsorbent was
negatively charged at higher pH, which obstructed the
adsorption of the negatively charged dye by electro-
static repulsion [36]. A similar trend was observed for
the adsorption of Ery B to feathers [1]. The removal of
Ery B dye using PSH occurs mainly by ion-exchange
reaction. However, the importance of other processes
such as electrostatic interactions between highly polar
and positively charged vegetable and negatively
charged dye molecules and also other intermolecular
interactions such as H-bonding between adsorbent and
adsorbate (dye) have to be taken into account [37].

3.2.2. Effect of adsorbent concentration on adsorption
efficiency

In order to investigate the influence of adsorbent
concentration on dye adsorption, experiments were

Fig. 3. FTIR spectra: (A) of the adsorbent PSH (1) and of
Erythrosine B adsorbed-PSH (2) and (B) of adsorbed-PSH
(3); of the mixture of Ery-BH (4) and of the dye Ery (5).

Fig. 4. Point of zero charge of PSH: (a) determined using immersion techniques and (b) determined using potentiometric
mass titrations method.
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carried out at initial dye concentration of 20 mg/L,
while the concentration in solution adsorbed varied
from 5 to 50 g/L. Fig. 5(b) shows the results of
Ery B adsorption, at equilibrium, for various adsor-
bent dosages. The intersection point between the

adsorption capacity (q, mg/g) and the removal
efficiency (R %) is at about 8.0 g PSH, being consid-
ered the optimum dose [38]. In our case, the amount
of Ery B removed at this value is low, corresponding
to a removal efficiency around 55%. When the dosage
of PSH is higher than 20 g/L, the percentage of dye
removed achieves 85% and the concentration become
almost constant, the curve approaching a plateau. The
adsorbent dose of 20 g/L was established as optimal
for further studies, since it corresponds to a suitable
amount of dye removal (3.75 mg/g). The increase in
the adsorption efficiency with the adsorbent dosage
can be attributed to a larger total surface area and the
availability of more adsorption sites [17,39]. At adsor-
bent dosage higher than 0.5 g, the concentration of the
dye on the adsorbent surface is in equilibrium with
the dye concentration in solution [37]. This result can
be explained by the change in the concentration
gradient between the dye content in solution and the
surface of the adsorbent [39,40].

3.2.3. Effect of contact time and initial dye
concentration on uptake capacity of the adsorbent

The effect of contact time on the adsorption of Ery
B on PSH was studied at the room temperature, vary-
ing the initial dye concentration from 10 to 30 mg/L.
The effect of contact time on Erythrosine B uptake
using 50 and 100 mg/L was investigated at various
temperature (20, 30 40, and 50˚C). The results indicate
that the amount of dye adsorbed per mass unit of
PSH increased with contact time for the three dye con-
centrations tested, and achieved the apparent equilib-
rium after 3 h. The initial Ery B concentration
influences the dye uptake as well, which increases
from 0.55 to 1.18 mg/g, being higher for the assay
with 30 mg/L initial dye concentration (Fig. 5(c)).

Figs. 6(a) and (b) show the results obtained with
two dye concentrations: 50 and 100 mg/L Ery B,
respectively, at different temperatures. In the case of
the solution with an initial concentration of 50 mg/L
Ery B, the dye uptake is around 1.5 mg/g at 20˚C, and
around 2.2 mg/g at 50˚C. For the solution of the dye
containing of 100 mg/L Ery B, the dye uptake is
around 2.25 mg/g at 20˚C, and around 2.5 mg/g at
50˚C.

3.3. Factorial analysis of main and interaction effects of
factors affecting the Ery B uptake

To illustrate better the influence of process parame-
ters on the sorption process, the experimental data were
also studied and interpreted using factorial analysis,

Fig. 5. Effect of some parameters on Erythrosine B uptake
(qexp, mg/g): (a) pH (C0Ery = 20 mg/L; C0PSH = 20 g/L);
adsorbent dose (C0PSH = 20 mg/L; pH 5.6); (c) contact time
(for different initial concentration of Erythrosine B).
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which allowed the analysis of variance and the fitting of
response surfaces. We considered the Ery B uptake as
the dependent variable in the sorption process, since it
can be used as a scale-up and design parameter.

The factorial design matrix and Ery B uptake (qexp
(mg/g)) measured in each factorial experiment is
shown in Table 2, with the low (−1) and high (+1)
levels as specified in Table 1. ANOVA and p-value
significant levels were used to check the significance
of the effect of independent variables from Table 2, on
the dependent variable—Ery B uptake. The ANOVA
Tables (3 and 4) includes the sum of squares of residu-
als and regressions together with the corresponding
degrees of freedom, F-values T-values, p-values, and
ANOVA coefficients (i.e. coefficients of multiple deter-
mination R2 and adjusted R(adj)2).

The mathematical expressions used for calculation
of the ANOVA estimators (i.e. SS, MS, F-value, R2,
and R(adj)2) are extensively accessible in the literature
[31,41].

The adequacy of the model has been assessed by
residuals (ε %) considering the differences between
experimental (Yexp) and predicted (Ypred) values
(Eq. (5)) [41]:

e% ¼ Yexp � Ypred

Yexp
� 100 (5)

In Fig. 7, the observed residuals were plotted vs. the
predicted values, which show that the model pro-
posed is adequate. The results reported in Fig. 7 show
the goodness-of-fit between the predicted values of
Ery B uptake, qpred model, and the corresponding set
of experimentally observed values, qexp.

The Box-Cox transformation Yλ was applied to
obtain a normal distribution of data, with λ = 2, in the
form Y2 [42]. Accordingly, the Ery B uptake by PSH
can be expressed by Eq. (6), in terms of actual
variables:

q2pred ¼ 1:876 � 0:0564 pH � 0:05179C0PSH þ 0:000886 t

þ 0:03436T þ 0:00826C0Ery

(6)

subjected to minimum and maximum values of inter-
vals for each variable presented in Table 1.

Main and interaction effects, coefficients of the
model, standard deviation of each coefficient, and
probability for the 25−1 factorial designs are shown in
Table 4. The obtained R2 indicates good fitting to the
experimental results, meaning that the model can
explain 96.34% of the variability in the response.
Adjusted R2 (R(adj)2) can also indicate the good fitting,
while it corrects the R2 value for the sample size and
the number of terms in the model using the degrees
of freedom on its computation. Currently, the adjusted
R2 value (94.51%) is closer to the predicted R2 value,
fitting well the statistical model (Table 4). These statis-
tical estimators prove that the model (6) is statistically
suitable for the prediction of the response over the
valid region of experimentation considered in the
study. The effect of each factor was statistically signifi-
cant at p < 0.05 [42].

The main effects of process variables pH, C0PSH, t,
T, C0Ery upon Ery B uptake and interactions effect of
the process parameters were examined by means of
graphical response surface analysis using contour and
surface plots, which are shown in Figs. 8–10, being

Fig. 6. Effect of contact time for (a) C0Ery = 50 mg/L and
(b) C0Ery = 100 mg/L Erythrosine B at different tempera-
ture.
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supportive in predicting that each level of the factors
affects the response (i.e. qpred) in different ways.

The sign of the main effect indicates the directions
of the effect. It can be seen from Fig. 12, that the effects
of C0PSH, t, T, C0Ery on Ery B uptake are positive, with
different slopes of variation, when their values
increases. On contrary, the increase in pH can produce
a diminishing in mean values of Ery B uptake. The vari-
ation profiles confirm the results described in the
Section 3.2 and the model (Eq. (6)). Contour plots
(Fig. 9), which are the projection of the response sur-
faces (Fig. 10) as a two-dimensional plane give a better

understanding of the influence of variables and their
interaction on the response, as discussed in the
Section 3.2. Both Figs. 9 and 10 reveal that a maximum
value of Ery B sorption was not evidenced in the inter-
vals of variables selected in this study. Therefore, apart
of the main and interaction effects among variables
demonstrated here, further studies will be performed to
solve the optimization problem consisting in searching
(by simulation) the input combination of design vari-
ables that maximizes the investigated response (Ery B
uptake and removal efficiency).

Table 2
Design matrix and results of the 25−1 fractional factorial design

Experiment

Coded variables Natural variables

aqpred
(mg/g)

aqexp
(mg/g)x0 x1 x2 x3 x4 x5

x1
(pH)

x2C0PSH

(mg/L)
x3t
(min)

x4T
(˚C)

x5C0Ery

(mg/L)

1 +1 −1 −1 −1 −1 −1 5 2.5 5 20 5 1.4824 1.3872
2 +1 +1 −1 −1 −1 +1 10 2.5 5 20 100 1.6432 1.5409
3 +1 −1 +1 −1 −1 +1 5 50 5 20 100 0.7226 0.8749
4 +1 +1 +1 −1 −1 −1 10 50 5 20 5 0.7379 0.5486
5 +1 −1 −1 +1 −1 +1 5 2.5 2,880 20 100 2.3514 2.4062
6 +1 +1 −1 +1 −1 −1 10 2.5 2,880 20 5 2.1125 2.0800
7 +1 −1 +1 +1 −1 −1 5 50 2,880 20 5 1.5115 1.4139
8 +1 +1 +1 +1 −1 +1 10 50 2,880 20 100 1.6695 1.5677
9 +1 −1 −1 −1 +1 +1 5 2.5 5 50 100 2.0032 1.9424
10 +1 +1 −1 −1 +1 −1 10 2.5 5 50 5 1.7164 1.6161
11 +1 −1 +1 −1 +1 −1 5 50 5 50 5 0.8764 0.9501
12 +1 +1 +1 −1 +1 +1 10 50 5 50 100 1.1273 1.1038
13 +1 −1 −1 +1 +1 −1 5 2.5 2,880 50 5 2.4032 2.4814
14 +1 +1 −1 +1 +1 +1 10 2.5 2,880 50 100 2.5056 2.6352
15 +1 −1 +1 +1 +1 +1 5 50 2,880 50 100 2.0248 1.9692
16 +1 +1 +1 +1 +1 −1 10 50 2,880 50 5 1.7416 1.6429

aOnly four digits were kept after the decimal point in the Table, while the statistical analysis was performed with all decimal resulted

from the calculus.

Table 3
Analysis of Variance for Transformed Response

Source DF Adj SS Adj MS F-value p-value

Regression 5 57.2044 11.4409 52.65 0.000
pH 1 0.3183 0.3183 1.46 0.254
C0PSH 1 24.2082 24.2082 111.41 0.000
t 1 25.9637 25.9637 119.48 0.000
T 1 4.2500 4.2500 19.56 0.001
C0Ery 1 2.4642 2.4642 11.34 0.007
Error 10 2.1730 0.2173
Total 15 59.3774

Notes: DF—Degrees of Freedom; SS—sum of squared errors;

MS—Mean Square error.

Table 4
Coefficients for Transformed Response

Term Coefficient
SE
Coefficient T-value p-value VIF

Constant 1.876 0.507 3.70 0.004
pH −0.0564 0.0466 −1.21 0.254 1.00
C0PSH −0.05179 0.00491 −10.55 0.000 1.00
t 0.000886 0.000081 10.93 0.000 1.00
T 0.03436 0.00777 4.42 0.001 1.00
C0Ery 0.00826 0.00245 3.37 0.007 1.00

Model Summary for Transformed Response

S R2 R(adj)2 R (pred)2

0.4661 96.34% 94.51% 90.63%
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3.4. Adsorption equilibrium

In fact, the equilibrium relationship between the
Ery B concentrations in solution and adsorbent is
described by the adsorption isotherms, which help the
understanding of the process mechanism. Studies on
the adsorption equilibrium of Ery B on PSH agrowaste
as adsorbent were carried out using solutions of
20–400 mg/L dye. Fig. 11(a) shows the adsorption iso-
therms obtained for the PSH–Ery B system.

For all temperatures studied, the shape of experi-
mental data suggests an L-type isotherm, reflecting a
high affinity between dye and adsorbent, and also a
rapid adsorption. The influence of temperature on the
process is significant at 50˚C, the adsorption being fas-
ter and the equilibrium was not reached for the dye
concentrations used in experiments.

The data resulted from the adsorption experiments
are usually represented by equilibrium isotherms. In
the present study the results were analyzed based four
isotherm models: Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich.

The fundamental assumption of the Langmuir iso-
therm model is that adsorption takes place at specific
sites on the adsorbent surface [41–43]. The data
obtained based on the Langmuir isotherm model are
presented in Table 5, and indicated that the

adsorption of Ery B was favorable at all the studied
temperatures (Fig. 11(b)).

The Freundlich isotherm is an empirical equation
based on the hypothesis that the adsorption takes place
on a heterogeneous surface and also possibly in multi-
layer adsorption. The isotherm is applied especially for
organic compounds or highly interactive species [44–46].
The Freundlich constants KF and n are the indicative of
the extent of the adsorption process; n is a measure of
adsorption intensity (Table 5). The slope ranges between
0 and 1 and is a measure of surface heterogeneity: the
closer the slope is to zero, the more heterogeneous is the
surface (Fig. 11(c)). A value below unity implies
chemisorptions process where 1/n above one is an
indicative of cooperative adsorption.

Temkin isotherm encloses a factor that explicitly
takes into the account adsorptive–adsorbent interac-
tions. This isotherm assumes that the heat of adsorp-
tion of all the molecules on the adsorbent surface
layer decreases linearly with coverage due to adsor-
bent–adsorbate interactions, and that the adsorption is
characterized by a uniform distribution of binding
energies, up to some maximum values [47] (Fig. 11(d);
Table 5).

Liquid-phase adsorption data were also analyzed
using the Dubinin–Radushkevich isotherm model

Fig. 7. Residuals related to predicted response for Erythrosine B uptake.
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applied usually for the estimation of the apparent free
energy of adsorption [48]. In deriving this equation for
liquid-phase adsorption, the amount adsorbed corre-
sponding to any adsorbate concentration is assumed
to be a Gaussian function of the Polanyi potential, ε,
[43]. A linear plot of ln qe against ε2 would give the
values of qDR and B (thus the mean free energy of
adsorption, E) from the intercept and slope
(Fig. 11(e)). The values of qDR, B, and E for the adsorp-
tion of Erythrosine B were determined and the results
are shown in Table 5.

The isotherms constants and regression coefficients
for the Ery B adsorption are presented in Table 5. Ery
B adsorption process was well described by all iso-
therm models with R2 values ranging between 0.99
and 0.91. The determined values of dye uptake
increase with temperature increasing. This confirms an
endothermic adsorption process as was found by Ho
and McKay [49] and Patil et al. [50] in their studies.
The value of Langmuir separation factor, RL, less than
unity indicates highly favorable adsorption of the
studied adsorbent. The adsorption capacity of the
adsorbent PSH for Ery B uptake was between 5 and
20.5 mg/g. These values are close to the data obtained
by Hameed and El-Khaiary [51] for the adsorption of

the cationic dye Methylen Blue on a particular type of
PSH at around 30˚C, namely 10.13 mg/g. The differ-
ence may be explained by the structure of the dyes
and ionic charge.

The values obtained for the molecular parameter
bT are negative for temperatures of 20, 30, and 40˚C,
and positive for 50˚C and showed that repulsion exists
in the adsorption layer at the lower temperature
tested, as was found by Arami et al. [52] and Nandi
et al. [53], as well. The value of KT increases with tem-
perature increasing, which suggests that the dye is
absorbed on the adsorbent surface through weak
interactions [52,53]. For the natural unmodified
materials such as PSH used in this study, it is highly
probable that the adsorption sites are energetically
non-equivalent [54].

From the Dubinin–Radushkevich isotherm, the cor-
relation factors listed showed that the linear fit of ln qe
against ε2 is fairly good for dye adsorption (Fig. 11(e)).
The mean free energy of adsorption EDR calculated
from the Dubinin–Radushkevich equation gives fur-
ther information about the adsorption mechanism. The
values of EDR were found to be within the range 9–
12 kJ/mol, suggesting that the ion-exchange mecha-
nism is responsible for the adsorption process [55].

Fig. 8. Main effect plots for Erythrosine B uptake by PSH.
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Fig. 9. Contour plots for interaction effects for Erythrosine B uptake by PSH: (a) Contour plot of qexp vs. COPSH, pH; (b)
Contour plot of qexp vs. t, pH; (c) Contour plot of qexp vs. T, pH; (d) Contour plot of qexp vs. COEry, pH; (e) Contour plot
of qexp vs. COPSH, t; (f) Contour plot of qexp vs. COPSH, T; (g) Contour plot of qexp vs. COPSH, COEry; (h) Contour plot of qexp
vs. T, t; (i) Contour plot of qexp vs. COEry, t; (j) Contour plot of qexp vs. COEry, T.
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With the increase of temperature to 50˚C, the value of
EDR increases for PSH from 9.1 to 12 kJ/mol. The val-
ues of Freundlich constant, nF, support this hypothesis
(Table 5).

3.5. Adsorption kinetics

The adsorption of Ery B on PSH was studied as
a function of contact time, so as to determine the
required time for equilibrium reaching. The results
show that the amount of adsorbed dye increased
with any increase in Ery B concentration within the
studied interval. The adsorption is initially fast and
then becomes progressively slower with increasing
of contact time. The process reached equilibrium
after 4 h for Ery B concentration between 10 and
30 mg/L. For higher dye concentration (50 and
100 mg/L) the equilibrium time increased with

around one hour. This is probably due to diffusion
rate of dye molecules into the macro- and microp-
ores of the adsorbent and to the different functional
group on the surface of PSH that can react with the
Ery B [56]. Adsorption processes at liquid–solid
interface are frequently affected by the diffusional
boundary layer, external mass transfer, and
intraparticle diffusion.

In order to find out the potential rate-controlling
steps involved in the process, four kinetics models
were used for data analysis (Lagergren pseudo-first-
order, Ho’s pseudo-second-order model, and Elovich
model). The Lagergren’s pseudo-first-order model and
Ho’s pseudo-second-order model have been widely
used to predict adsorption kinetics (Figs. 12 and 13).
The Elovich model applicable for chemisorptions on
energetically heterogeneous solid surface is described
as the plot of q vs. ln t (Fig. 14) [57,58].

Fig. 9. (Continued).
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Therefore, the mechanism of adsorption depends
on the physical and chemical characteristics of the
adsorbent but also on the mass transport process. The
overall adsorption process may be controlled by film
or external diffusion, pore, and/or surface diffusion
and adsorption on the pore surface and a combination
of these steps [59]. The possibility of intraparticle dif-
fusion was investigated using the model developed by
Weber and Morris [57,60].

The pseudo-first-order equation is generally appli-
cable over the initial stage of the adsorption processes,
whereas the pseudo-second-order equation predicts
the behavior over the whole range of adsorption.
These two models were used in this study to fit the
experimental data. It was found that the resulted val-
ues of qe obtained from pseudo-second-order model
are much closer to the experimental results than qe
obtained from the Lagergeren’s model (Tables 6–7).
The highest R2 values obtained using the pseudo-sec-
ond-order equation indicate that the data of adsorp-
tion kinetics are well represented by this model. The
linear relationships between initial Erythrosine B
concentration and the rate constants obtained from
pseudo-second-order model suggest that several

mechanisms play a role in the adsorption process,
such as ion exchange and physical adsorption [49].

Elovich model was also tested to better define for
the adsorption process mechanisms of Ery B on PSH
(Fig. 14). The kinetic constants resulted from the pro-
cessing of experimental data according to Elovich
equation are presented in Table 6. For the system
PSH-Erythrosine B, the values of the coefficient α
decreased with any increase in dye concentration,
which indicated the formation of large number of
bonds between the adsorbent and the acid dye Ery-
throsine B, whereas the β coefficient remains constant.

The first-order and pseudo-second-order kinetic
models are not able to identify the diffusion mecha-
nism. Thus, the kinetic results were then analyzed by
using the intraparticle diffusion model. Weber and
Morris model [61] was applied to investigate the intra-
particle diffusion mechanism (Fig. 15). A straight line
with slope of the plot qe vs. t0.5 giving Ki and the
intercept giving C, results when adsorption mecha-
nism follows the intraparticle diffusion process. The
deviations of the straight line from the origin suggest
that the pore diffusion is not the rate-controlling step.
As seen from Fig. 15, the plots were not linear over

Fig. 10. Surface plots for interaction effects for Erythrosine B uptake by PSH (related to contours a, d, e, j from Fig. 9).
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Fig. 11. Adsorption isotherms of Erythrosine B: (a) experimental (C0Ery = 20–400 mg/L; C0PSH = 20 g/L PSH, (b)
Langmuir plot, (c) Freundlich plot, (d) Temkin plot, and (e) Dubinin–Radushkevich plot.
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the whole time range, implying that more than one
process affected the adsorption and the acid dyes
adsorption by different size of pores can be observed.
A similar behavior was reported for the methylene
blue adsorption onto palm kernel fibers [62]. The two
linear sections with different slopes for concentrations
higher than 10 mg/L) were assigned to two interparti-
cle diffusion steps occurring during the adsorption
process. The slopes of the linear sections of the plots
are shown in Table 8. The first portion was attributed
to the diffusion of acid dyes through the solution to
the external surface of adsorbent, or the boundary
layer diffusion of solute molecules. The second portion
described the gradual adsorption stage, where intra-
particle diffusion, the equilibrium stage, was rate lim-
iting. The intraparticle diffusion started to slow down
due to the extremely low dye concentration left in the
solution or the rate of uptake might be limited by the
size of adsorbate molecule, concentration of the adsor-
bate and its affinity to the adsorbent, diffusion coeffi-
cient of the acid dye in the bulk phase, the pore size
distribution of the adsorbent [63]. This is confirmed
for PSH since Ki2 < Ki1, and also it can be said that the
global adsorption process was controlled by intraparti-
cle diffusion in pores.

According to the R2 values for the four kinetic
models (between 0.99 and 0.89) applied the reaction
can be described by pseudo-second-order model, sug-
gesting that the adsorption mechanism involves ion
exchange and physical interactions. The Ery B adsorp-
tion mechanism was predominantly intraparticle diffu-
sion but there was also a dependence on pore size as
the dye diffuses through different pore sizes (macrop-
ores, mesopores, and micropores).

3.6. Adsorption thermodynamic parameters

Thermodynamic parameters, namely Gibb’s free
energy change (ΔG˚), enthalpy (ΔH˚), and entropy
(ΔS˚) changes were assessed from the Langmuir con-
stants and van’t Hoff plots, respectively using Eqs. (7)
and (8), where: ΔG˚ = change in free energy, kJ/mol;
ΔH˚ = change in enthalpy, kJ/mol; ΔS˚ = change in
entropy, J/mol K; T = absolute temperature, K;
R = universal gas constant = 8.314 × 10−3; KL = distri-
bution coefficient, L/mol.

DG� ¼ �R � T � ln KL (7)

DG� ¼ DH� � T � DS� (8)

Thermodynamic parameters calculated from the slope
and intercept of Van’t Hoff plots [64] (Fig. 16) are
shown in Table 9. The negative values of ΔG˚ demon-
strate that Ery B adsorption is spontaneous for the
range of temperature evaluated. The positive values of
enthalpy change (ΔH˚) shows that the adsorption pro-
cess is endothermic, while any increasing in tempera-
ture lead to a higher Ery B amount uptake at
equilibrium.

The positive values of ΔS˚ obtained for the Ery B–
PSH system reveals the affinity of the dye towards the
adsorbent and an increased disorder, while some
structural changes in the Ery B can occur during
adsorption.

3.7. Desorption of the dye

Desorption studies help to elucidate the nature of
adsorption, the possibility to recycle the adsorbent

Table 5
Constants of Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms for the sorption of Erythrosine B onto
PSH at different temperatures

T (˚C)

Langmuir Freundlich

qmax (mg/g) KL (L/mg) R2 RL n KF (L/mg) R2

20 5.015 0.01224 0.968 0.11531 1.27 1.5903 0.994
30 5.9737 0.01918 0.997 0.16961 1.72 1.5128 0.994
40 12.3152 0.03012 0.970 0.07664 1.78 1.4602 0.987
50 20.5634 0.1894 0.991 0.01303 1.56 1.3162 0.982

Temkin isotherm Dubinin-Radushkevich

T (˚C) bT (J/mol) KT (L/mg) R2 qDR (mg/g) β E (kJ/mol) R2

20 −0.605 0.0987 0.940 54.1685 0.0058 9.285 0.970
30 −0.782 0.2042 0.990 81.1825 0.0051 9.852 0.977
40 −0.562 0.1457 0.915 120.1691 0.0057 9.380 0.985
50 0.68 3.6882 0.993 156.1005 0.0031 12.804 0.946
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and the dye recovery. If the adsorbed dyes can be des-
orbed using neutral pH water, the attachment of the
dyes on the adsorbent is weak. If sulfuric acid or alka-

line water can facilitate the dye desorption, then
adsorption would be facilitated by ion-exchange mech-
anisms. If organic acids, like acetic acid can desorb the

Fig. 12. Lagergren model applied for Erythrosine B adsorp-
tion on PSH: (a) different initial concentrations of Ery-
throsine B at T = 25˚C, pH 5.6, and C0PSH = 20 g/L; and
different temperatures: (b) C0Ery = 50 mg/L Erythrosine B
and (c) C0Ery = 100 mg/L Erythrosine B.

Fig. 13. Ho’s pseudo-second-order model applied for Ery-
throsine B adsorption on PSH: (a) different initial concen-
trations of Erythrosine B at T = 25˚C, pH 5.6, and C0PSH =
20 g/L adsorbent; and different temperatures: (b) C0Ery =
50 mg/L Erythrosine B and (c) C0Ery = 100 mg/L
Erythrosine B.
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dyes, then the dye is attached to the adsorbent
through chemisorption [65].

The adsorbent saturated with pollutant can be
used as fuel or in producing asphalt concrete.
Fig. 17(a) illustrated the desorption percentage of the
dye using different solution at 50˚C. The results show
a low amount of dye desorbed for all the solution
used, amount which reflect a strong interaction
between the agro waste surface and the dyes mole-
cules, excepting the NaOH (pH 10), where the per-
centage desorbed is around 17%. These results show
that the adsorption is by ion exchange, and these
results in accordance with Dubinin–Raduschevich free
energy of adsorption EDR, calculated from isotherm
equation.

Four solutions were chosen to test the efficiency of
the adsorption–desorption process in three cycle of
Ery B soption on PSH (I cycle (IS; ID), II cycle (IIS;
IID), III cycle (IIIS; IIID)). Isopropanol proved to be
the most efficient solvent for Ery B desorption from

Fig. 14. Elovich model applied adsorption of different ini-
tial Erythrosine B concentrations on PSH (T = 25˚C, pH
5.6, C0PSH = 20 g/L).

Table 6
Pseudo-first-order, Pseudo-second-order, and Elovich constants for different initial dye concentrations at T = 25˚C, pH
5.6, and C0PSH = 20 g/L concentration of sorbent

C0Ery (mg/L)

Pseudo-first-order
parameters Pseudo-second-order parameters Elovich parameters

qe (mg/g) k1 (1/h) R2 qexp (mg/g) qe (mg/g) k2 (g/mg h) R2 α (mg/g h) β (g/mg) R2

10 0.192 0.504 0.967 0.538 0.540 10.551 0.999 40.185 21.308 0.921
20 0.446 0.6470 0.983 1.097 0.975 4.903 0.999 19.956 10.405 0.936
30 0.691 0.377 0.978 1.83 1.169 2.657 0.999 4.682 7.219 0.953

Table 7
Pseudo-first-order and Pseudo-second-order rate constants for 50 and 100 mg/L Erythrosine B sorption on PSH at
different temperature, pH 5.6, and 20 g/L sorbent concentration

T (˚C)

Pseudo-first-order parameters Pseudo-second-order parameters

qe (mg/g) k1 (1/h) R2 qexp (mg/g) qe (mg/g) k2 (g/mg h) R2

50 mg/L Erythrosine B

20 0.2538 0.2306 0.9911 1.264 0.7063 2.96 0.998
30 0.1041 0.2232 0.9111 1.731 0.8974 9.55 0.999
40 0.8840 0.2588 0.9298 1.792 0.9219 11.58 0.999
50 0.8723 0.2888 0.8976 2.105 0.9583 17.39 0.999

100 mg/L Erythrosine B

20 0.8934 0.1618 0.8813 1.927 1.5167 1.372 0.998
30 1.1338 0.4352 0.9420 2.152 1.8595 5.7133 0.999
40 1.0168 0.1678 0.9469 2.202 1.9 4.2184 0.999
50 1.1373 0.2112 0.9420 2.468 1.9939 4.1289 0.999
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the PSH adsorbent (Fig. 17(b)). In the case of acetone,
the adsorption process efficiency is higher for the
three cycles than any other solution used (Fig. 17(b)).
The efficiency of ethanol and isopropanol in Ery B
desorption from PSH may be attributed to the dye
property.

Even if Ery B desorption showed that the dye can
be recovered using ethanol and isopropanol, the
method is not economic and unfriendly in terms of
environmental protection because the best solvents
used for this process are VOC that pollute the atmo-
sphere and have a high price. An alternative to close
the life cycle of expended adsorbent, PSH containing
Ery B, is their embedding in the anaerobic digestion
process with other vegetable waste or incineration
with energy recovery.

3.8. Adsorption mechanism

The structure complexity of the agrowaste induces
an elaborated adsorption process of Erythrosine B on
PSH. The kinetic study of the adsorption process
showed that, at the beginning there is a linear region
representing the rapid surface loading, and in the end
a horizontal linear region represents the equilibrium.

The adsorption process generally is sustained
through ionic, chemical, and physical interactions.
SEM and FTIR studies can provide important informa-
tion regarding the possible mechanism in dye adsorp-
tion. SEM of PSH before and after dye adsorption
indicated that the dye molecules adsorb on the adsor-
bent surface (Fig. 2). The FTIR study indicated the
presence of different functional groups on the adsor-
bent surface such as: –OH (3,420–3,450 cm−1) attribu-
ted to phenolic acids contained in PSH (p-
hydroxylbenzoic acid; oleic acid; linoleic acid), C–H
(2,300–2,900 cm−1), NH (2,360–2,290 cm−1), C=O (pro-
tonated carboxylic groups or ester groups correspond-
ing to 1,734 cm−1), amide I band is primarily a C=O
stretching mode centered at 1,641 cm−1, included in
the aminoacids and proteins structure (tryptophan,
lysine, isoleucine, arginine, asparagines, betaine, and
tyrosine). Peak position at 1,441 and 1,425 cm−1 can be
attributed to COO− of the carboxylate group, while
the band around 1,100–1,000 cm−1 is due to the C–O
bond characteristic for polysaccharides (lignin, cellu-
lose, hemicelluloses, and pectin). The presence of
phosphate and sulfonate groups (P–OH or P–O–C
stretching and S=O) is indicated by the peaks in the
regions 800–850 cm−1.

Erythrosine B may interact with different
functional groups from PSH structure. Dye uptake on
PSH is achieved predominantly by ion exchange

Fig. 15. Intraparticle diffusion model applied adsorption
of different initial Erythrosine B concentrations on PSH
(T = 25˚C, pH 5.6, C0PSH = 20 g/L).

Table 8
Constants in intraparticle diffusion model

C0PSH (g/L)

Intraparticle diffusion parameters

Ki (mg/g min1/2) Ci R2

10 I 0.2587 0.2159 0.97
II 0.0149 0.4725 0.939

20 I 0.3525 0.3934 0.988
II 0.0240 0.863 0.891

30 I 0.4312 0.4019 0.988
II 0.0493 0.9399 0.940

Fig. 16. Plot of ln KL vs. T−1 for the removal of Erythrosine
B by PSH.
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interactions, the maximum reactive center correspond-
ing to a band at 1,655 cm−1, then –COO-Na+ from the
benzene ring without iodine. PSH is involved in Ery-
throsine B adsorption process by the band at 1,045.54–
1,055 cm−1, corresponding to C=O, C–O and C–N by
ion exchange. The others band movement from PSH
spectra after the adsorption process is due to physical
interactions (hydrogen bond, van der Waals force) that

occur between functional groups of adsorbent and
dye.

The attachment of Ery B molecules on adsorbent
may be attributed to:

(1) chemical interactions between COO– or C–O
groups of the dye and agro-waste wall
components,

Table 9
Thermodynamic parameters for the sorption of Erythrosine B on PSH

Temperature (K) KL (L/mmol)

Thermodynamic parameter

ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/mol K)

293 0.01392 −21.90 67.46 305
303 0.02179 −24.95
313 0.03423 −28.00
323 0.2153 −31.05

Fig. 17. Desorption efficiency when different solution are used as eluents: (a) one cycle using H2O; H2SO4, HCl;
CH3COOH; NaCl and NaOH (pH 10) and (b) three cycles using acetone, isopropanol, ethanol and NaOH (pH 11).
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(2) electrostatic interactions between dye mole-
cules and the electron rich sites on cell surface
and,

(3) week physical forces such as hydrogen bond-
ing and van der Waals interaction between the
hydrophobic parts of the dye molecule (e.g.
aromatic rings) and the polysaccharides of the
adsorbent (Fig. 18) as Das et al. [66] proposed
for Rhodamine B adsorption on Rhizopus oryzae
biomass, respectively.

4. Conclusions

(1) The agrowaste PSH can be used as a adsorbent
for Erythrosine B removal from aqueous solu-
tions. The amount of adsorbed dye in batch
system was found to vary with the initial dye
concentration and contact time. Moreover,
there are other parameters strongly influencing
the process: adsorption is favorable at low acid
pH (5) value, at the optimum adsorbent dosage

of 20 g/L. These interactions were further
demonstrated and modeled by factorial design
and analysis of experiments, which revealed
that there are significant interactions among
process factors that affect the Ery B uptake, but
a maximum value of uptake was not found in
the studied ranges of factors. Therefore, further
investigation are necessary to find the opti-
mum values of factors which can determine a
maximum Ery B uptake.

(2) Data analysis using kinetic models showed that
experimental data are well described by Ho’s
pseudo-second-order model, suggesting that
the adsorption mechanism involves ion
exchange and physical interactions. The Ery-
throsine B adsorption mechanism was
predominantly the intraparticle diffusion, but
there was also a dependence on pore size as
the dye diffuses through different pores
(macropores, mesopores, and micropores). The
rate of the dye uptake was found to be con-
trolled by the external mass transfer at the

Fig. 18. Interaction between Erythrosine B and agrowaste wall components (Molecular Expressions [67]): E—electrostatic
interaction between COO− of Erythrosine B and NH2 of middle lamella containing protein; H—hydrogen bonding
between hydroxyl groups of the primary and secondary cell wall of the adsorbent and aromatic rings of Erythrosine B.
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beginning of the adsorption, while the intra-
particle diffusion controlled the overall rate of
adsorption at later stages of the process.

(3) The equilibrium data fitted several empirical
models (Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich) with a correlation coeffi-
cient R2 ≥ 0.915. The maximum adsorption capac-
ity of PSH for Ery B was 16.4 mg/g, at 50˚C. The
values of the energy of adsorption (EDR) calcu-
lated from the Dubinin–Radushkevich isotherm
are found to be higher than 9 kJ/mol. The values
of Freundlich constant, nF > 1, supports the
hypothesis that ion-exchange is the mechanism
responsible for a successful adsorption process.

(4) Thermodynamic parameters calculated from the
slope and intercept of van’t Hoff plots showed
negative values of ΔG˚ which demonstrate that
adsorption is highly favorable and spontaneous;
positive values of enthalpy change (ΔH˚) signify
the endothermic nature of the process. The posi-
tive values of ΔS˚ reveal the affinity of Ery-
throsine B for PSH as adsorbent and the
phenomena increased disorder while some struc-
tural changes in the dye could occur during
adsorption.

(5) The desorption studies revealed a higher des-
orbed percent of dye (17%) in the case of alkaline
water. The adsorbent regeneration has been
tested using four solutions. The efficiency of
adsorption–desorption process during three
cycles was experimented. Isopropanol showed to
be the most efficient solvent for Ery B desorption.
In the presence of acetone a constant adsorption
percentage (around 50%) for the three adsorp-
tion–desoption cycles was achieved.

(6) SEM and FTIR analyses revealed the attachment
of Ery B molecules on adsorbent which may be
attributed to: (i) chemical interaction between
COO– or C–O groups of the dye and agrowaste
wall components, (ii) electrostatic interaction
between dye molecules and the electron rich sites
on cell surface, (iii) week physical force such as
hydrogen bonding and Van der Waals interaction
between the hydrophobic parts of the dye mole-
cule (e.g. aromatic rings) and the polysaccharides
of the adsorbent.

(7) These results demonstrated that PSH is an effec-
tive adsorbent for Erythrosine B removal on a
wide range of dye concentrations in aqueous
solutions (5—400 mg/L) in batch system. Since
the agricultural waste used in this study is
friendly, abundantly and locally available, the
adsorbent is economically viable for aqueous
effluents decolorization.
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