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a b s t r a c t
The current study aims to valorize a raw peanut shell powder (PSP) as an innovative biomaterial 
for the recovery of basic fuchsin (BF) from the water via a dynamic adsorption process. In par-
ticular, the influence of some operating parameters such as flow rate, bed height, BF concentra-
tion, pH of the solution, ionic strength and temperature on the breakthrough curve was studied. 
The Fourier transform infrared spectroscopy analysis confirms the dominant presence of cellulose, 
hemicellulose, lignin and xylene in PSP which is in good agreement with the X-ray diffraction 
analysis. Scanning electron microscopy images show that PSP has a morphology rich with hollow 
cavities with a high roughness that is favorable to the binding of organic molecules. The value of 
the Zeta potential (2.30 mV) confirms a positive charge of the material surface which is in good 
agreement with the curve pHPZC (PZC – point of zero charge). The adsorption tests showed that 
overall, an optimal adsorption efficiency of 98% can be achieved for a flow rate of 4 mL min–1, an 
initial concentration of 5 mg L–1, a bed height of 55 mm, a pH 6 and a temperature of 298 K. Four 
kinetic models (Thomas, Yoon–Nelson, Bohart–Adams, and Wolborska) were proposed to predict 
the breakthrough curves using non-linear regression and determine the characteristic parameters 
of the column, namely the kinetic constants of Thomas (3.14 × 10–3 ml mg–1 min–1) and Yoon–Nelson 
(13.62 × 10–3 min–1), the sorption rate coefficient of Bohart–Adams (2.86 × 10–3 ml mg–1 min–1) and the 
external mass transfer kinetic coefficient of Wolborska (15.90 min–1). The results indicate that the four 
proposed models are adequate for describing the breakthrough curve and that the data is in good 
agreement with the bed depth service time model with some limitations.
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1. Introduction

Access to purified and safe drinking waters has become 
a worldwide issue. To address this challenge, industrial 
demand has increased for innovative and improved water 
treatment methods [1]. The intensive use of dyes in varying 

industries often results in high polluted wastewater; and 
therefore, such colored wastewater can cause serious envi-
ronmental and health issues [2,3].

Basic fuchsin (BF), triaminotriphenylmethane (C20H20ClN3) 
and its chemical structure is shown in Fig. 1 [4] is widely 
used as a coloring agent for textile materials, muscles, col-
lagen, leather, mitochondria, and tuberculosis bacilli [5] 
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which makes it one of the most common dye in industrial 
effluents [5]. It is important to highlight that the contact 
with dyes usually causes a wide range of toxicity [6] such 
as gastrointestinal irritation with nausea, vomiting, and 
diarrhea, irritation to the respiratory tract [7], severe eye 
and skin irritation [8] affect the nervous system with head-
ache, dizziness, lethargy, and muscle contraction. Its tox-
icity includes carcinogenic and has also mutagenic effects 
[9], damage to the organs such as blood, liver, spleen, and 
thyroid [10]. It has fungicidal, anesthetic and bactericidal 
properties [11,12]. Various processes for removing dye 
from wastewater have been used [13–21], including phys-
icochemical and biological processes that are difficult to 
manage and costly or less efficient. For this reason, the 
search for economical adsorbents, preferably derived from 
locally available waste, has, therefore, become one of the 
main axes of research [22]. Biosorption technology offers 
an efficient and economical alternative compared to the 
conventional decontamination methods [23–28]. It offers 
numerous advantages such as low cost, high efficiency, no 
additional nutrients required, minimization of chemical or 
biological sludge and the possibility of effluent recovery 
[29–36]. With regard to the elimination of BF, and to the 
best of authors’ knowledge, little research has recently been 
reported in the literature using different techniques and 
adsorbents such as dead biomass of Aspergillus niger [37], 
biosorbent Citrobacter [38], treated malted sorghum mash 
[39], silver colloid [40], Zizania latifolia [41], Euryale Ferox 
Salisbury seed shell [42], biogenic apatite (fish bones) [43], 
activated leather waste [44], mesoporous carbons [45], mod-
ified cellulose [46], modified iron oxide nanoparticles [47]. 
The accumulation of agro-industrial waste has caused two 
major problems: the occupation of land space and pollution 
due to the dumping of this waste. In this context, the use of 
agro-industrial waste as adsorbents for the removal of dyes 
represents a beneficial combination of economic and envi-
ronmental considerations.

Peanut shells are a by-product of peanut processing 
and have the advantages of a wide range of sources, high 
production volumes, low costs and are environmentally 
friendly. Their use as a bioadsorbent has attracted increasing 
interest in recent years due to their high adsorption capacity. 

Only a small proportion of the peanut shells are recycled 
as fuel or food, while most of peanut shells are discarded 
or burned, resulting in a waste of resources. Several stud-
ies deal with the use of peanut shells as adsorbent materi-
als or activated carbon made from peanut shells have been 
reported for the removal of dyes, heavy metals and other 
pollutants [48].

The objective of this work was the removal of BF from 
aqueous solutions by peanut shell powder (PSP) in fixed-bed 
columns. The influence of some influencing factors such as 
flow rate, bed height, concentration, temperature, pH and 
ionic strength were investigated during the column tests.

2. Materials and methods

Peanut shell was recovered from local agricultural fields 
in southern Algeria’s Wadi Souf region. Hydrogen chlo-
ride (HCl), sodium hydroxide (NaOH), sodium chloride 
(NaCl) and BF were purchased from Sigma-Aldrich-Fluka 
(Saint-Quentin, Fallavier, France).

2.1. Preparation of adsorbent

Peanut shells were washed with distilled water to 
remove impurities, dried in open air than in an oven at 
105°C for 24 h to remove residual moisture. The as- obtained 
sample was ground in an electric grinder and then sieved 
using a sieve (Afnor, London, UK). Only particles with diam-
eters between 315 and 500 μm were used for further studies.

2.2. Characterization of peanut shell

Morphological observations were performed by scan-
ning electron microscopy (SEM) using (Quanta 200 Field 
Electron and Ion Company) combined with energy-dis-
persive X-ray spectroscopy (EDX). The EDX analysis was 
used for elemental composition present in the sample. 
Functional groups were identified by Fourier transform 
infrared spectroscopy (FTIR) using IR–1 affinity in combi-
nation with a single attenuated total reflectance reflection. 
The structure and purity were checked by X-ray diffraction 
(XRD) using Rigaku Ultima IV, (Neu-Isenburg, Germany) 
diffractometer equipped with copper Kα (λ = 1.5460 Å) radi-
ation source, operating at 40 kV and 40 mA, with a scan-
ning rate of 0.01 min–1 and 2θ range 0°–70°. Specific sur-
face area Brunauer–Emmett–Teller (BET) which determines 
the porosity of adsorbent, was determined from nitrogen 
adsorption isotherm at 77 K using NOVA Quantachrome, 
(Boynton Beach, US) (NOVA 1000e). Before measurement, 
each sample was degassed at 150°C for 1 h in a nitrogen 
atmosphere. Zeta potential measurement which reflects 
the electrical potential at the interface between the adsor-
bent particles and the adjacent liquid was realized using 
a Zetasizer 2000, Malvern Co., (England) instrument 
equipped at a temperature of 21°C and a pH of 5.63, in order 
to measure the strength of attractive/repulsive interactions 
between particles and to obtain information on surface prop-
erties of suspended particles. To check the thermal stability 
of PSP, thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) were carried out on METTLER 
TOLEDO, (Columbus, Ohio, US), STARe TGA/DSC 3 + 

NH2
H2N

NH2
+Cl-

Fig. 1. Chemical structure of basic fuchsin.
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System, at a heating rate from 10°C min–1 (30 mL min–1) 
up to 600°C under N2 flow gas atmosphere. Point of zero 
charge (PZC) to determine the value at which acid or basic 
functional groups no longer contribute to the pH of the solu-
tion, was performed according to the method described by 
Ponnusami et al. [49]. The PZC value of PSP was obtained 
from the curve representing pHf–pHi values as a function 
of pH of PSP. PZC value corresponds to the intersection 
value with the abscissa axis, where ∆pH = 0.

2.3. Column adsorption experiments

Column experiments were performed in a glass column 
(diameter: 11 mm, length: 300 mm).

The residual BF concentration was determined at a 
wavelength of λmax = 546 nm using a UV-Vis spectrophoto-
meter (JENWAY 7315, Staffordshire, England).

2.4. Analysis of experimental data

The adsorption failure profiles of BF are obtained from 
C
C

f tt

0

= ( ), where Ct and C0 represent the effluent and influ-

ence concentrations, respectively, t is the service time. The 
volume of treated effluent is represented by the following 
equation [50].

V F teeff = ( )  (1)

where F (mL min–1) and te (min) is the entry flow rate and 
saturation time.

The total amount of BF adsorbed in the PSP bed column 
is calculated using the following equation [51]:

q F A F C dt
t

t

total

total

ads= =
=

∫1 000 1 000, ,
 (2)

Cads = (C0 – Ct), the breakthrough is obtained by tracing 
Cads = f(t) where A is the area under the curve Cads = f(t), C0 is 
the initial concentration of BF and Ct is the BF concentration 
of the effluent, respectively.

Meanwhile, qexp (mg g–1) is calculated by dividing the 
total quantity by the mass of biosorbent m [52]:

q
q
mexp =
total  (3)

In addition, Nexp (mg L–1) can be calculated from the 
adsorption capacity as follows [53]:

N q m
Vexp exp=  (4)

where V (mL) is the volume of the adsorbent.
The quantities of adsorbate passing through the column 

Wtotal (mg) are determined as follows [54]:

W
C qt

total
total= 0

1 000,
 (5)

The adsorbate absorption percentage is calculated by:

R
q
W

% = ×total

total

100  (6)

2.5. Kinetic adsorption models

In this study, five theoretical models, Thomas, Yoon–
Nelson, Bohart–Adams, Wolborska, and bed depth service 
time (BDST), were applied to predict the failure curves.

2.5.1. Thomas model

This model is usually applied to the progress of bio-
sorption where external and internal diffusion limitations 
are absent [55]. It is used to calculate the adsorption rate 
constant and the concentration in the solid phase of the 
dye on the adsorbent from the continuous mode studies. 
The model is represented by the following form:

C

CC K mq
U

K t

t

0
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1
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The kinetic coefficient Kth and the absorption capac-
ity qth can be determined from a graph of C

C
f tt

0

= ( ) 
for a given flow rate using a non-linear regression analysis.

2.5.2. Yoon–Nelson model

Yoon–Nelson developed a simple model of adsorption 
and penetration of adsorbate vapor/gas onto activated carbon 
[56]. It is based on the assumption that the rate of decrease in 
the probability of the adsorbate molecule is proportional to 
the probability of the adsorbate penetrating the adsorbent. 
This model is less complicated than the other models because 
it does not require detailed data on the type of adsorbent, 
the characteristics of the adsorbent and the physical proper-
ties of the adsorption bed. For a one-component system, it is 
expressed as follows [56]:

C
eC

t
K t

0

1
1

=
+ −( )YN τ  (8)

where KYN is the constant of speed (min–1), τ is the time 
required for the passage of 50% sorbate (min) and t is the 
time (min).

2.5.3. Bohart–Adams model

This model is used to describe the initial part of the break-
through curve, and be defined by the following equation [57]:

C
C

K C t K N Z
U

t

0
0 0= −









exp BA BA

 (9)

where C0 and Ct (mg L–1) are the initial and critical concen-
trations, KBA (L mg–1 min–1) is the sorption rate coefficient, 
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N0 (mg L–1) is the sorption capacity per unit volume, Z (mm) 
is the bed depth, U (mm min–1) is the linear velocity and 
t (min) is the time.

2.5.4. Wolborska model

Wolborska proposed a model based on the general mass 
transfer equations for the diffusion mechanism in the range 
of the low-concentration breakthrough curve. It can be 
used to experimental data describing the initial part of the 
breakthrough curve and can be defined as follows [58]:

C
C

C
N

t
Z
U

t a a

0

0

0

= −








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where βa (min–1) is the external mass transfer kinetic coef-
ficient, and N0 (mg L–1), is the saturation concentration of 
the fixed bed reactor.

2.5.5. BDST model

This model was proposed by Bohart–Adams in 1920 
[57]. It is based on the assumption that the adsorption rate 
is controlled by the surface reaction between the adsorbate 
and the unused capacity of the adsorbent [59]. It is used to 
estimate the bed depth required for a given operating time. 
A linear relationship between bed depth and operating time 
is given by the following equation [59]:
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where tb (min) is the operating time and N′0 (mg L–1) the 
sorption capacity, C0 (mg L–1) is the initial concentration, 
U (mm min–1) is the surface velocity of the fluid and Z (mm) 
the height of the fixed bed, Cb (mg L–1) the specific break-
through concentration.

2.6. Test of kinetic models

The parameters of different kinetic models were obtained 
using non-linear analysis. The error functions were used to 
determine the error distribution between the predicted and 
experimental values. The conformity of the model is better 
when the error is lower [60]. The coefficient of determina-
tion, which represents the percentage variability of the 
dependent variable (the variance around the mean), is used 
to analyze the degree of fit of isothermal and kinetic mod-
els to experimental data [61]. The mathematical formulas for 
the Chisquare analysis χ2 and estimated standard deviation 
(ESD) are given below [62]:
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where C
C
t

c0
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  is the ratio of effluent and influent BF concentra-

tions according to dynamic models, and C
C
t

e0









  is the ratio of 

effluent and influent BF concentrations according to experi-
ence, respectively, and N is the number of experimental data.

3. Results and discussion

3.1. Structural analysis

3.1.1. FTIR analysis

The peaks observed in FTIR spectra for PSP before 
and after adsorption are assigned to various groups and 
bands according to their wavenumbers (cm–1), Fig. 2. The 
bands at 3,344 and 2,922 cm–1 are attributed to –OH and 
C–H, respectively (groups present in the lignin) while the 
band at 2,160 cm–1 are ascribed to C–C. The bond C=O of 
hemicellulose and C=C are observed at 1,745 and 1,649 cm–1 
whereas C=O of the aromatic ring of lignin appears at 
1,586 cm–1. The bands detected at 1,260 cm–1 corresponds 
to the CO of lignin and xylene. The band at 1,024 cm–1 is 
assigned to C–OH of hemicellulose and cellulose [63], 
while that at 656 cm–1 is due to the vibration of the aro-
matic compounds of lignin. On the other hand, after the 
adsorption of BF, there is a decrease in the intensity of the 
following bonds C–H, and C=O corresponding to the bands 
2,922 and 1,745 cm–1, respectively. This decrease could be 
due to the chemical interactions between the BF dye mol-
ecules and the surface of the PSPs [64]. On the other hand, 
a peak at 1,360 cm–1 corresponds to the stretching of C–N 
appeared in the PSPs spectrum after BF adsorption [44]. 
Additionally, it can be observed a doublet due to the pri-
mary amine –NH2 and the secondary amine =NH appeared 
at 3,344 and 3,229 cm–1 [65–67] which are partially masked 
by the OH band [42], suggesting the fixation of BF onto 
PSP surface.

3.1.2. EDX analysis

According to Fig. 3, the highest amounts corresponded 
to the carbon and the oxygen prove the organic nature of the 
adsorbent [68,69].

3.1.3. XRD analysis

The XRD pattern shown in Fig. 4 reveals a typical 
spectrum of cellulosic material. Two peaks are observed; 
the main peak at 2θ = 22° associated with the presence of 
highly organized crystalline cellulose, and a secondary peak 
at 2θ = 16° which is often associated with a less organized 
polysaccharide structure. This result is confirmed by the 
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FTIR analysis where cellulosic peaks have been identified, 
it can, therefore, be concluded that PSP used is semi-amor-
phous, which is in good agreement with the literature [70,71].

3.2. Microstructural analysis

3.2.1. SEM observations

The textural morphology was observed by SEM analy-
sis and the obtained images with different magnifications 
are shown in Fig. 5. PSP exhibits mesoporous architectures 
with hollow cavities which can boost the fixation of the high 
amount of dyes molecules [64].

3.3. Thermal analysis

3.3.1. TGA analysis

The TGA of the PSP is shown in Fig. 6. Five weight 
loss phases are distinct in the curve. The first phase in 

the temperature range (25°C–110°C) corresponds to a loss 
of about 8.98% of the sample weight due to physically 
absorbed non-dissociative water molecules as well as water 
maintained at the surface by hydrogen bonding (dehydra-
tion) [72]. The second weight loss is 9.02% in the tempera-
ture range of (110°C–250°C) which corresponds to the depo-
lymerization of hemicellulose and the breakdown of glyco-
sidic bonds [73]. The third phase is between (250°C–350°C) 
with the highest loss of 41.03%, it indicates the degradation 
of celluloses (a larger crystal structure requires a higher 
degradation temperature). The cleavage of the glycosidic 
bonds of cellulose, leading to the formation of H2O, CO2, 
alkanes and other hydrocarbon derivatives. The fourth 
phase corresponds to the degradation of 15.38% of the lignin 
at (350°C–440°C). In the temperature range (440°C–600°C), 
there is a fifth weight loss of 25.59%, corresponding to 
carbonaceous residues [74–76].
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3.3.2. DSC analysis

The results of DSC analysis from 10°C to 500°C are 
shown in Fig. 7. Different endothermic peaks were pro-
duced confirming the different losses of weights observed in 
TGA analysis [77].

3.4. BET and zeta potential measurements

The results of the specific surface area BET, the poros-
ity measurements and the zeta potential of the PSP are pre-
sented in Table 1. The zeta potential measurement, which 
reflects the electrical potential at the interface between the 
PSP particles and the adjacent liquid, shows that PSP has a 
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Fig. 5. SEM images of PSP before BF adsorption: (a) ×1,000; (b) ×2,000; (c) ×4,000; and (d) ×8,000.
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positive zeta potential. This indicates that the PSP surface 
is positively charged in the water at pH 5.63, the acid pH 
causes the protonation of hydroxyl and carboxyl groups 
and would make the surface positive to a certain extent for a 
biomaterial containing cellulose and hemicellulose [78].

PSP exhibits a surface area of 4.92 m2 g–1 and a pore diam-
eter of 41.22 (nm) as shown by SEM images also (mesoporous 
type according to UIPAC) [79].

The porous nature of PSP was determined using the 
N2 adsorption–desorption isotherms, as shown in Fig. 8. 

These can be classified as type IV isotherms, which are 
charac teristic of mesoporous material [48,80].

3.5. Point of zero charge

The pHPZC of an adsorbent is a very important character-
istic that determines the value at which acid or basic func-
tional groups no longer contribute to the pH of the solution 
[81]. Fig. 9 shows that pHPZC of PSP is 6.77, which implies that 
its surface is positively charged at pH < 6.77 and negatively 
charged at pH > 6.77. This is in agreement with the results of 
the zeta potential.

3.6. Adsorption of BF by PSP

3.6.1. Effect of low rate

According to Fig. 10 and Table 2, the increase in flow 
rate causes the decrease in operating times tb and te [82] and 
leads to the increase in volume, which in turn, increases 
adsorbed capacity [83], this phenomenon can be explained 
by the porous nature of PSP (PSP is mesoporous-type 
revealed in BET with structural hollow cavities in which 
the pollutant can be fixed), The increase in flow rate favors 
the mass transfer rate between the solute and the biosor-
bent, however, we can conclude that the contact time is 
sufficient for the mass transfer between the adsorbate 
and biomass [84].

3.6.2. Effect of bed height

The results are shown in Fig. 11 and summarized in 
Table 2 demonstrate that the equilibrium sorption capacity 
decreases with increasing bed height. This phenomenon 
is probably explained by the diffusion of the molecules of 
BF dye into the pores of the adsorbent which can be trans-
ported to the surface. These results are in good agreement 
with some studies in the literature [83,85,86].

3.6.3. Effect of initial concentration

The results presented in Fig. 12 indicates that with 
increasing the initial BF concentration the adsorption capac-
ity increases, thereby resulting in a decrease in penetration 

Table 1
Specific surface area and pore distribution of PSP

Parameters PSP

BET surface area (m2 g–1) 4.92
Total pore volume (cm3 g–1) 0.007807
Average pore diameter (nm) 41.22
Zeta potential (mV) 2.30
Particle density (g cm−3) 2.28
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and saturation times. This is due to the rapid recovery of 
all adsorption sites [75] and a greater mass transfer in the 
adsorption process, which leads to the treatment of a small 
volume of BF solution [87].

3.6.4. Effect of initial solution pH

Fig. 13 illustrates the evolution of adsorption capacity 
as a function of solution pH. It can be observed that in the 
pH range of (4–8), a significant increase in the adsorption 
capacity in the basic medium is achieved. This result could 
be explained [88] by the cellulosic behavior of the adsorbent 
which, in aqueous medium and given the formation of the 
groups RO– according to the acid-base reaction of the hydrox-
ide groups of the cellulose, is negatively charged [89]:

ROH H O ROH H O+ → ++ +
3 2 2

 (14)

ROH H O RO H O+ → +− +
2 3  (15)

ROH OH RO H O+ → +− −
2  (16)

Therefore it is clear that an increase in pH promotes 
the formation of the group RO– hence the development 
of a negative electrical charge on the surface of the peanut 
shells. This charge presents with respect to the BF (R+, Cl–) 
an electrostatic attraction due to the positive charge which 
it carries in solution (R+, Cl– → R+ + Cl–).

RO R RO R H O− + − ++ → + 2  (17)
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Fig. 10. Comparison of experimental and predicted penetration curves obtained at different flows according to the models studied for 
BF adsorption by PSP. (pH = 6 ± 0.1, C0 = 10 mg L–1, Z = 25 mm, and T = 298 K).

Table 2
Conditions and the results for the fixed-column experiments

C0  
(mg L–1)

Z  
(mm)

F  
(mL min–1)

pH T (K) NaCl  
(N)

tb  
(min)

ttotal  
(min)

Veff  
(mL)

Wtotal  
(mg)

qtotal  
(mg)

qexp  
(mg g–1)

R  
(%)

10 15 4 6 298 0 84 460 1,840 21.2 12.18 40.60 57.45
10 25 4 6 298 0 250 515 2,060 23.2 15.97 31.94 68.85
10 35 4 6 298 0 350 650 2,600 28.8 20.62 29.46 71.62
5 25 4 6 298 0 365 645 2,580 14.2 10.64 21.29 74.97
15 25 4 6 298 0 225 430 1,720 28.5 21.18 42.37 74.33
10 25 2 6 298 0 450 840 1,680 20.0 13.39 26.80 66.99
10 25 3 6 298 0 260 655 1,965 21.3 14.92 29.85 70.08
10 25 4 8 298 0 265 610 2,440 26.8 18.65 37.30 69.59
10 25 4 4 298 0 99 380 1,520 16.0 9.78 19.56 61.14
10 25 4 6 318 0 295 770 3,080 35.6 22.52 45.13 63.39
10 25 4 6 308 0 260 600 2,400 28.8 17.67 35.34 61.35
10 25 4 6 298 0.1 22 160 640 9.0 3.44 6.88 38.23
10 25 4 6 298 0.01 140 497 1,988 22.4 13.75 27.50 61.38
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Several authors have observed similar effects of pH on 
the adsorption of dyes on various adsorbents [90–92].

3.6.5. Effect of ionic force

Ionic strength has a significant role in the structure of the 
electric double layer (EDL) of a hydrated particle. The thick-
ness of the EDL decreases as the ionic strength increases, 
causing a decrease in adsorption [93].

The increase in ionic strength results in a decrease in 
breakthrough and saturation time. The NaCl salt releases 
Na+ cations in solutions, these ions competing with BF 
cations to bind to the active PSP sites, which is reflected 

in the decrease in adsorption capacity as shown in Fig. 14 
and Table 2. These results are in agreement with the results 
reported in different adsorption studies using different 
types of bioadsorbents such as lignocellulosic, membrane 
and silica [61,93,94].

3.6.6. Effect of temperature

According to Fig. 15, the adsorption capacity of BF 
increases at higher temperatures. The increase in tem-
perature would increase the mobility of the dye ions and 
produce a swelling effect in the internal structure of the 
natural adsorbate, allowing the dye molecules to penetrate 
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Fig. 11. Comparison of experimental and predicted penetration curves obtained at different bed heights according to the 
models studied for the adsorption of BF by PSP. (pH = 6 ± 0.1, C0 = 10 mg L–1, F = 4 mL min–1 and T = 298 K).
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Fig. 12. Comparison of experimental and predictive breakthrough curves obtained at different BF concentrations, according to the 
models studied for the adsorption of BF by PSP. (pH = 6 ± 0.1, Z = 25 mm, F = 4 mL min–1, and T = 298 K).



409A. Lahmar et al. / Desalination and Water Treatment 191 (2020) 400–416

further. Therefore, the adsorption capacity should be largely 
dependent on the chemical interaction between the func-
tional groups on the surface of the adsorbent and adsorbate 
and should increase with the rise of temperature. This can 
be explained by an increase in the rate of diffusion of the 

adsorbate into the pores [95]. Thus, the increase in adsorp-
tion capacity can be translated into the creation of new active 
sites. This indicates that the adsorption in this system is an 
endothermic process [96]. Similar results were observed by 
Ozer et al. and Song et al. [97,98].
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Fig. 13. Comparison of experimental and predictive breakthrough curves obtained at different pH of BF, according to the models 
studied for the adsorption of BF by PSP. (C0 = 10 mg L–1, F = 4 mL min–1, Z = 25 mm, and T = 298 K).
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Fig. 14. Comparison of experimental and predictive breakthrough curves obtained at different NaCl concentrations, according to the 
models studied for BF adsorption by PSP. (C0 = 10 mg L–1, Z = 25 mm, F = 4 mL min–1, pH = 6 ± 0.1, and T = 298 K).

Table 3
Conditions and the results for the fixed-column experiment of optimization of effects

C0 
(mg L–1)

Z  
(mm)

F  
(mL min–1)

pH T (K) NaCl  
(N)

tb  
(min)

ttotal  
(min)

Veff  
(mL)

Wtotal  
(mg)

qtotal  
(mg)

qexp  
(mg g–1)

R 
(%)

5 25 4 6 298 0 365 645 2,580 14.2 10.64 21.29 74.97
5 45 4 6 298 0 415 700 2,800 5.0 14.48 16.09 96.54
5 55 4 6 298 0 490 740 2,960 16.8 16.48 14.98 98.13
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3.7. Optimization of effects

The adsorption capacity of the PSP adsorbent has been 
optimized by optimizing the different effects studied for the 
removal of basic fuchsin (Fig. 16 Table 3). The adsorption 
tests showed that overall, an optimal adsorption efficiency of 
98% can be achieved for a flow rate of 4 mL min–1, an initial 
concentration of 5 mg L–1, a bed height of 55 mm, a pH 6 and 
a temperature of 298 K.

4. Modeling

4.1. Thomas and Yoon–Nelson models

According to Table 4, it can be seen that the adsorption 
capacities calculated from Thomas’ model and τ values from 
Yoon–Nelson are very close to the value obtained experi-
mentally. It is also interesting to observe that the values of R2 

coefficients for both models are greater than 0.97 as well as the 

error value for the total effects does not exceed 5%. 
K
C
YN

0

 is equal 

to Kth, which proves that the expression of Thomas’s solution 
is equivalent to the Yoon–Nelson relationship. In addition, it 
should be noticed that the Thomas speed constant increases 
with increasing the flow rate while it decreases with increas-
ing dye concentration. This may be due to the driving force 
of adsorption and the difference in concentration between 
the dye in the solution and the dye on the adsorbent [99]. 
For Yoon–Nelson’s model, the speed constant increases and τ 
decreases with increasing the flow rate. This may be because 
a higher flow rate would allow the adsorption equilibrium to 
be reached at early stage of the adsorption process. It can be 
argued that Thomas and Yoon–Nelson’s models are appropriate 
to describe the adsorption of BF in the fixed bed PSP. Similar 
results were reported in the literature by Singh and al [100].
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Fig. 15. Comparison of experimental and predictive breakthrough curves obtained at different BF temperatures, according to the 
models studied for the adsorption of BF by PSP. (C0 = 10 mg L–1, F = 4 mL min–1, Z = 25 mm, and pH = 6 ± 0.1).
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Fig. 16. Optimization of effects. (C0 = 5 mg L–1, F = 4 mL min–1, pH = 6 ± 0.1, and T = 298 K).
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4.2. Bohart–Adams and Wolborska models

The Bohart–Adams and Wolborska models offer a simple 
and comprehensive approach to evaluate the dynamics of 
the columns, meanwhile, their validity is limited to the range 
of conditions used. According to Table 5, the values of the 
Wolborska model’s kinetic constant is found to be influenced 
by all the studied parameters. This shows that the system is 
dominated by external mass transfer in the initial part of the 
sorption process [101]. The parameter βa reflects the effect of 
mass transfer in the liquid phase and axial dispersion. The 
increase in flow rate from 2 to 4 mL min–1 increased the value 
of βa because the rise in turbulence reduces the film bound-

ary surrounding the absorbent particle [3]. The ratio βa
N0

 is 

equal to KBA, which proves that the expression of Wolborska’s 
solution is equivalent to the Bohart–Adams relationship. 
Moreover, the correlation coefficient is for the most part 
effects greater than 0.90 and the error functions not exceed-
ing 2% which also justified the good fit with the adsorption  
processes and clearly reflect the applicability of the two models.

4.3. BDST model

The bed height and BDST constants are listed in Table 6. 
Fig. 17 shows that the plots of the service time (tb) at 10%, 
30%, 50%, 70%, and 90% breakthrough points, that is, tb at 
Ct/C0 equal to 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. All the 
R2 coefficients exceeded 0.99, indicating that the BDST model 
could be used to represent the adsorption of BF in the PSP 

fixed-bed column. At C
C
b

0

 about 0.3, 0.5, 0.7 and 0.9, KAB was 

abnormal and had negative values, which could be due to 
the limitation of the BDST model. The obtained results 
are in agreement with previous studies [54].

5. Regeneration

The desorption of BF molecules adsorbed in the PSP bed 
column was realized by washing with distilled water. The 
regenerated PSP bed column was reused to adsorb BF. As 
can be seen in Figs. 18 and 19 which represent the adsorp-
tion/desorption cycles of BF, after column adsorption, the 
regeneration of PSP fixed bed was carried for two cycles. It 
was found that the adsorption capacity for BF was reduced 
after each cycle. The decrease in removal efficiency can be 
attributed to the loss of partial reduction property of PSP 
during adsorption–desorption processes [63]. The adsorption 
efficiency decreased from 68.85% to 27.22% after the third 
adsorption.

6. Conclusion

PSP was valorized and used as an efficient adsorbent 
for the removal of BF from water in a dynamic system. The 
characterization showed that PSP is rich with cellulose, 
hemicellulose, lignin, and xylene and it exhibits a morphol-
ogy of hollow cavities with a high roughness that is favorable 
to the binding organic molecules. Zeta potential of 2.30 mV 
confirms a positive charge of its surface which is in good 
agreement with the curve pHPZC. Adsorption measurements Ta
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carried out by varying experimental conditions indicate that 
an optimal adsorption efficiency of 98% can be achieved at a 
flow rate of 4 mL min–1, an initial concentration of 5 mg L–1, a 
bed height of 55 mm, a pH 6 and a temperature of 298 K. The 
five adopted models, Thomas, Yoon–Nelson, Bohart–Adams, 

Wolborska, and BDST were found to be appropriate to 
describe partially/fully curve of the dynamic behavior of the 
column. The obtained results highlight the importance of 
PSP as potential bioadsorbent and can be proposed for the 
removal of other organics and non-organics contaminants, 
such as pharmaceuticals products and dyes.
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Symbols

C0 — Initial BF concentration, mg L–1

Ct — Effluent BF concentration, mg L–1

Veff — Effluent volume, mL
F — Influent flow rate, mL mn–1

te — Time of exhaustion, min
tb — Time at breakthrough, min
qtotal —  Total weight of BF adsorbed by adsorbent in 

column, mg
qexp —  Weight of BF adsorbed per g of adsorbent from 

experiment, mg g–1

m — Adsorbent mass, g
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Fig. 17. Linear regression of the BDST model at different break-
through points. (C0 = 10 mg L–1 and F = 4 mL L–1).
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Fig. 18. Breakthrough curves for regenerated PSP. (F = 4 mL min–1, 
Z = 25 mm, C0 = 10 mg L–1, and T = 298 ± 1 K).

Table 6
Calculated constants of the BDST model for adsorption of BF. (C0 = 10 mg L–1 and F = 4 mL L–1)

C
C
b

0

a (min cm–1) b (min) KAB × 103  
(L mg–1 min–1)

N′0  
(mg L–1)

R2

0.1 13.30 ± 1.32 –107.833 ± 34.92 2.037 6,777.015 0.9901
0.3 11.00 ± 0.57 78.333 ± 15.18 –4.298 5,605.050 0.9972
0.5 9.50 ± 0.28 185.833 ± 7.59 –2.094 4,840.725 0.9990
0.7 9.00 ± 0.57 261.666 ± 15.18 –1.618 4,585.950 0.9959
0.9 9.50 ± 0.86 302.500 ± 22.77 –1.483 4,840.725 0.9917
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Fig. 19. Desorption of BF from PSP column using distilled water. 
(F = 4 mL min–1, Z = 25 mm, C0 = 10 mg L–1, and T = 298 ± 1 K).
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Nexp —  Experimental maximum sorption capacity, 
mg L–1

V — Volume of solution, mL
R — Percentage of removal, %
Wtotal — Total amount of BF sent to column, mg
Cads — Adsorbed BF concentration, mg L–1

t — Service time of the column, min
Kth — Kinetic constant of Thomas model, L mg–1 min–1

qth — Thomas adsorption capacity, mg g–1

U — Linear velocity, mm min–1

KYN — Kinetic constant of Yoon–Nelson model, min–1

KBA —  Kinetic constant of Bohart–Adams model, 
L mg–1 min–1

Z — Height of the bed, mm
N0 — Maximum sorption capacity, mg L–1

Cb — Breakthrough concentration, mg L–1

N′0 — Adsorption capacity in BDST model, mg L–1

T — Temperature, °C, K
pHPZC — pH of point of zero charge
pHi — Initial pH of the solution
pHf — Final pH of the solution
∆pH — Difference between pHf and pHi

Greek

τ —  Time required for 50% adsorbate breakthrough 
from Yoon–Nelson model, min

βa —  Kinetic coefficient of the external mass transfer 
in the Wolborska model, min–1
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