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a b s t r a c t
The valorization of non-hazardous natural and industrial/agriculture wastes has got a lot of attention 
from the scientific and industrial communities as clean and alternative low-cost materials for envi-
ronmental remediation. The present work aims to evaluate the sorption ability of valorized sunflower 
seed shells (SSS) for the recovery of toxic Cr(VI) in batch and bed column systems. The physicochem-
ical features of SSS powdered material were checked using different techniques including scanning 
electron microscopy, Fourier-transform infrared, thermogravimetric analysis, and differential scan-
ning calorimetry to better understand the Cr(VI) sorption behavior. Briefly, it was found that the sur-
face of SSS is well-functionalized with amides, amines, and carboxylic groups, which in turn may 
induce strong surface interactions with Cr(VI) ions in the solution. Sorption experiments showed a 
total recovery of Cr(VI) at 10 ppm, temperature of 298 K, and pH 1 within 10 min. The regeneration of 
saturated SSS adsorbent was carried out by simple distilled water washing in the bed column system. 
The results showed that the Cr(VI) can be released from the surface of SSS, for possible reuse of the 
material. However, the adsorption efficiency was diminished slightly during recycling which might 
be due to the partial saturation of SSS surface with chemically bonded Cr(VI). The sorption kinetics in 
batch and column systems were evaluated using five models, and the mechanism for Cr(VI) sorption 
on SSS was discussed.
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1. Introduction

Hexavalent chromium is one of the highly toxic heavy 
metals that can be found frequently in many industrial 
wastewaters due to the huge use of chromium reagents in the 
industry including metallurgy, electroplating, textile dyeing, 
and leather tanning.

Waters contaminated with Cr(VI) can lead to many human 
health diseases [1,2] and environmental perturbations.

The tolerance limit for chromium Cr(VI) in drinking 
water is set at 0.05 mg/L according to the World Health 
Organization [3].

In practice, there are several conventional methods 
used to remove hexavalent chromium in an aqueous solu-
tion, such as chemical/electrochemical precipitation [4], 
membrane filtration [5], adsorption [6], ion-exchange [7], 
coagulation/flocculation [8], and photocatalysis [9,10]. 
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Among these, taking into consideration the factors of cost, 
efficiency, ease of use, regeneration capacity, adsorption is 
the most widely used technique for the removal of heavy 
metals from water [11]. The use of biomaterials as alterna-
tive adsorbents has received much attention in recent times. 
Although granular activated carbon is the most commonly 
used adsorbent for water treatment, it has been signaled to 
have certain limitations, such as costly chemical and ther-
mal regeneration [12].

Different agricultural and lignocellulosic bioadsor-
bents have been the subject of previous studies because of 
their high adsorption capacity and low cost, such as egg-
shell membrane [13], Strychnos nux vomica fruit shell [14], 
Artocarpus heterophyllus peel [15], olive pits [16], wood shav-
ing [17]. As a result, the methodology adopted by using nat-
ural waste becomes rentable while at the same time contrib-
uting to sustainable development.

Based on the literature review, some of the research 
groups [18–20] have investigated the efficiency of SSS as an 
adsorbent for the removal of dyes. Other researchers have 
focused on the adsorption of heavy metals on SSS such as 
Cu2+, Ni2+, Zn2+, Cd2+, Pb2+, etc. [21–27], also SSS was previ-
ously examined for removal of medicaments [28].

Since at a large scale, the sorption system can be 
 carried out in different ways including batch and column 
processes, it would be better to evaluate the sorption abil-
ity of sunflower seed shell SSS as an alternative adsor-
bent in both systems. Therefore, in the present study, the 
adsorption kinetics of SSS toward the recovery of Cr(VI) 
from the water was evaluated in batch and column sys-
tems. The effects of operating parameters on the sorption 
performance were investigated.

Additionally, a numerical analysis is carried out and 
the experimental data were modeled using five models 
both in static and dynamic systems. The regeneration of 
SSS adsorbent was also studied in the column system.

2. Materials and methods

2.1. Chemicals

The set of chemicals used in adsorption tests such as 
sodium chloride (NaCl), hydrogen chloride (HCl), sodium 
hydroxide (NaOH), sulfuric acid (H2SO4), 1,5-diphenyl-
carbazide, and potassium dichromate (K2Cr2O7) were 
purchased from Sigma-Aldrich-Fluka (Saint-Quentin, 
Fallavier, France).

2.2. Preparation of SSS

Sunflower seed husks were collected from the local 
market. To remove impurities, the material was washed 
several times with water and then with distilled water. 
Afterwards, in an electric mill, the SSS were crushed and 
then sieved with an Afnor sieve. Only particles with a 
diameter smaller than 315 μm were used for the experi-
mental adsorption tests.

2.3. Characterization of SSS

The morphology of SSS was determined by scanning 
electron microscopy (SEM) using (Quanta 200 FEI) combined 

with energy-dispersive X-ray. Functional groups were iden-
tified by FTIR using IR–1 affinity in combination with a 
single ATR reflection. Thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) was carried 
out on METTLER TOLEDO STARe TGA/DSC 3+ System 
(Greifensee, Switzerland), at a heating rate from 10°C/min 
(30 mL/min) up to 600°C under N2 flow gas atmosphere.

3. Batch adsorption

The adsorption experiments were carried out in a batch 
process, a dose of SSS 12.5 g/L was used in all the experi-
ments and was mixed with 250 mL of synthetic Cr(VI) solu-
tion of desired concentration in 500 mL beakers. The effect 
of various process parameters on the efficiency of Cr(VI) 
removal was investigated by varying different parameters 
such as pH (1–6), initial Cr(VI) concentration (10–30 mg/L), 
and temperature (25°C–45°C). Continuous mixing was pro-
vided during the experiments with 30 min contact time at 
constant agitation 50 rpm. After adsorption equilibrium, 
the mixture was filtered and residual Cr(VI) concentration 
was determined by UV/Vis absorption spectrophotome-
ter (Jenway 7315) at 545 nm by complexing Cr(VI) with 
1,5-diphenylcarbazide. 

The adsorption capacity qe (mg/g) of SSS was calculated 
by Zohra et al. [29]:

q
C C V

me
e�

�� � �0   (1)

where C0 and Ce are the initial and equilibrium concentrations 
(mg/L), respectively, of pollutant in solution, V is the volume 
of the solution (L), and m is the weight (g) of the adsorbent.

The removal rate R(%) of SSS was calculated by:

R
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3.1. Batch adsorption isotherms

Five theoretical models were applied in this study: 
Langmuir [30], Freundlich [31], Temkin [32], Redlich–
Peterson [33], and Sips [34].

3.1.1. Langmuir isotherm

According to Langmuir [30] model, the surface of adsor-
bent is considered to be homogenous, forming a monolayer 
with the adsorbate through constant heat of adsorption for 
all sites without interaction between adsorbed molecules. 
The Langmuir model Eq. (3) is given below:
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Eq. (3) can be linearized to:
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where qe is the amount of Cr(VI) adsorbed per gram 
of the adsorbent at the equilibrium (mg/g), qm is the 
 maximum monolayer coverage capacity (mg/g), Ce is the 
equilibrium concentration of adsorbate (mg/L) and KL is 
the Langmuir constant. The values of qmax and KL were 
 calculated from the slope and intercept of the Langmuir 
plot of 1/Ce vs. 1/qe.

3.1.2. Freundlich isotherm

The Freundlich [31] model, suggested that the removal 
of adsorbent occurs on heterogenous adsorbant surface, and 
can be applied to multilayer adsorption. These data regu-
larly fit the empirical equation suggested by Freundlich:

q K Ce F e
n= 1/  (5)

Eq. (5) can be shifted to obtain the linear form by taking 
logarithms:

log log logq K
n

Ce F e� �
1  (6)

where qe is the quantity of Cr(VI) adsorbed mg/g, Ce is the 
equilibrium concentration of adsorbate mg/L. KF (mg/L) is 
the Freundlich isotherm constant and n is a relative factor 
of adsorption intensity, it can be also named a heterogeneity 
factor. KF and 1/n can be calculated from intercept and the 
slope of the linear plot logCe and logqe.

3.1.3. Temkin isotherm

This model describes the interaction between adsor-
bent–adsorbate. It assumes that a linear variation of the 
adsorption heat with the degree of overlap [32]. The Temkin 
model isotherm is described by (7): 

q RT
b

A Ce
T

T e= ln  (7)

Eq. (7) can be rearranged as:

q B A B Ce T e� �ln ln  (8)

where B = RT/bT and is related to the heat of adsorption, 
T (K) is absolute temperature, R implies the universal 
gas constant (8.314 J/K mol), bT (J/mol) is the Temkin iso-
therm constant, and A (L/mg) is the equilibrium binding 
constant.

3.1.4. Sips isotherm

Sips [34] combined the Langmuir and the Freundlich iso-
therms. The model has been used in the following nonlinear 
Eq. (9):
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Eq. (9) can be linearized:
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where KS is the sips constant related with affinity (mg1/n/L1/n) 
and qmax is the maximum adsorption capacity (mg/g).

3.1.5. Redlich–Peterson isotherm

This model is also a combination of both Langmuir and 
Freundlich models equations. It is given by Eq. (11) below: 

log log log
C
q

C Ae

e
e� ��  (11)

where A is the Redlich–Peterson constant, β is the exponent 
and its value lies between 0 and 1. If the value of β is close 
to 1, it defines Langmuir adsorption and if β is close to 0, 
Freundlich is the predominant isotherm [35,36]

4. Column adsorption

The adsorption tests have been carried out in a glass col-
umn with 11 mm in diameter. The residual Cr(VI) concentra-
tion was determined at a wavelength of λmax = 545 nm using 
UV-Vis spectrophotometer (JENWAY 7315) after complex-
ation with 1,5-diphenylcarbazide according to the method 
described by Jean Rodier [37].

Different quantities of SSS, 0.17, 0.33, and 0.50 g corre-
sponding to bed heights of 10, 20, and 30 mm, respectively, 
were used.

The adsorption profile of sorbate in a fixed-bed column 
results in an S-shaped curve called breakthrough curve [38]. 
Breakthrough curves profiles of Cr(VI) adsorption were 
obtained from Ct/C0 as a function of flow time [39]. The break-
through time tb are defined when Ct/C0 = 0.1 and exhaustion 
time te, when Ct/C0 = 0.98.

The set of equations used in this work are summarized 
in Table 1.

4.1. Models and kinetic tests of fixed-bed column adsorption

Five theoretical models were applied in this study: 
Thomas, Yoon and Nelson, Bohart–Adams, Wolborska and 
BDST.

4.1.1. Thomas model

Thomas model are applied to the progress of biosorp-
tion in the absence of external and internal diffusion lim-
itations [44]. It is employed to calculate the adsorption rate 
constant and the concentration in the solid phase of adsor-
bate on the adsorbent from the fixed bed studies, this model 
is represented in Table 2.

4.1.2. Yoon and Nelson model

Yoon and Nelson developed a simple model of 
adsorption (penetration) of vapor in the adsorbate that 
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was gas on activated carbon. This model has founded on 
the hypothesis that the rate of decrease in the probability 
of adsorption for every adsorbate molecule was propor-
tional to the probability of the adsorbate penetrating on 
the adsorbent and the probability of breakthrough of the 
adsorbate on the adsorbent. Yoon and Nelson’s model is 
less complex than the other models as it does not need 
detailed data on the type of adsorbent, the physical prop-
erties of the adsorption bed, and the characteristics of the 
adsorbent [45], this model is represented in Table 2

4.1.3. Bohart–Adams model

Bohart–Adams model is used to describe the first section 
of the breakthrough curve, even though the original work by 
Bohart–Adams was carried out for the gas–coal adsorption 
system, his global approach can also be applied in the quan-
titative description of other systems. The Bohart–Adams 
model supposes that adsorption efficiency is proportional 
to both the residual capacity of the activated carbon and the 
concentration of the adsorbent species [46], this model is rep-
resented in Table 2.

Table 1
Equations used for fixed bed analyses

Volume of treated effluent Veff � � �F te  (12) [40]

Total amount of Cr(VI) adsorbed Q F A

F C dt
t

t

total

total

ads

�

�
�

�

1 000

1 000

,

,

 (13) [41]

Experimental absorption amount Q
Q
mexp =
total  (14) [42]

Maximum adsorption capacity N Q m
Vexp exp=  (15) [13]

Quantities of adsorbate passed in the column W
C Qt

total
total= 0

1000
 (16) [40]

Removal rate R
Q
W

% � �total

total

100  (17) [43]

Table 2
Five models used for fixed bed analyses
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4.1.4. Wolborska model

Wolborska model is based on the general mass transfer 
equations for the diffusion mechanism in the range of the 
low-concentration breakthrough curve. This model can be 
employed for experimental data describing the first part 
of the breakthrough curve [47], the model is represented in 
Table 2.

4.1.5. BDST model

The bed depth service time model was originally sug-
gested by Bohart and Adams [46] in 1920. It supposes that 
the adsorption efficiency is controlled by the surface reac-
tion between the unused capacity of the adsorbent and the 
adsorbate. It is used for estimating the bed depth necessary 
for a given operating time. A linear relationship between bed 
depth and operating time is given by the equation in Table 2.

5. Results and discussion

5.1. Characterization of SSS

5.1.1. SEM analysis

Fig. 1 represents SEM images of sunflower seed shells 
at different enlargements. The micrographs clearly reveal 
that the wall of a cell has a significant number of small 
holes; these holes promote the transport of  chemical 
 species in all directions through the shell (diffusion 
 phenomenon) which may be suitable for the retention of 
pollutants [48].

5.1.2. FTIR and EDX analysis

Fig. 2 shows the FTIR spectrum for SSS. Different peaks 
were detected which are attributed to various functional 
groups and bands.

 

 

(b) (a) 

(d) (c) 

Fig. 1. SEM images of SSS (a) X2000, (b) X4000, (c) X6000, and (d) X8000 before Cr(VI) adsorption.
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Sunflower shells are lignocellulosic materials with a 
chemical composition consisting of hemicelluloses, lignin, 
and celluloses. The band at 3,352 cm–1 is assigned to N–H 
and –OH stretching mode. Bands at 2,940, 2,862 cm–1 are 
attributed to C–H of aromatic components and C–H stretch-
ing vibration. The peak at 1,747 cm–1 is due to C=O carboxyl 
or ester groups and 1,629 cm–1 of N–H amide bonding. The 
absorption peak appears at around 1,617 cm–1 is attributed to 
aromatic ring vibrations of lignin and 1,114 cm–1 is attributed 
to –C–O alcohols and carboxylic acids. Bands at 1,388 and 
1,173 cm–1 are due to CH2 scissoring and C–N amine stretch-
ing respectively [18,19,49].

On the other hand, after Cr(VI) adsorption, the follow-
ing changes occurred a decrease in the intensity and a slight 
shift in the position of some peaks for instance –OH and 
N–H: 3,344 cm−1, C=O: 1,739 cm−1, and amine C–N: 1,158 cm−1. 
The observed changes signify that an interaction occurred 
between the Cr(VI) and SFS particles surface. As shown in 
Fig. 3, the highest values of carbon and oxygen indicate the 
organic nature of the adsorbent [50].

5.1.3. Thermogravimetric analysis

A chemical substance subjected to thermal treatment 
may undergo changes in its physico-chemical properties 
such as phase change, volume change, decomposition, struc-
tural alteration, etc. [51].

Five distinct stages can be identified that are associ-
ated with the thermal destruction and oxidation of biomass 

particles in Fig. 4 The first stage 25°C–120°C corresponds 
to the loss of about 11.55% of the sample weight due to the 
dehydration of the sample [52]. The second weight loss is 
11.96% in the temperature range of 120°C–250°C which 
corresponds to the depolymerization of hemicellulose. The 
third stage 250°C–327°C with the highest loss of 40.59%, it 
indicates the degradation of celluloses [53], the fourth stage 
327°C–500°C with the loss of 26.46%, corresponds to the 
degradation of the lignin and the fifth stage 500°C–600°C 
correspond to carbonaceous residues 6.96% [54].

5.1.4. DSC analysis

The results of DSC analysis in Fig. 5 illustrate that there 
are different exothermic peaks produced, confirming the dif-
ferent weight losses identified in the TGA analysis [55].

Two important exothermic thermal effects were observed 
on the DSC curves, which could be due to the decomposition 
of hemicellulose, cellulose, and lignin [56].

The first stage 25°C–120°C corresponds to the loss of 
the sample weight due to the dehydration of the sample 
[52]. The second weight loss in the temperature range of 
120°C–250°C that corresponds to the depolymerization of 
hemicellulose. the third stage 250°C–327°C with the high-
est loss, indicates the degradation of celluloses [53], the 
fourth stage 327°C–500°C corresponds to the degradation 
of the lignin.
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Fig. 2. FTIR spectra (a) before and (b) after Cr(VI) adsorption.
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Fig. 3. EDX profile of SSS before adsorption.
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5.2. Batch results

5.2.1. Effect of pH

The pH of the solution is an important parameter for 
the adsorption process of metallic ions. It can change 
the ionization of the adsorbent surface and the metallic 
cation species in the aqueous solution. Moreover, it can 
also affect the biosorption mechanism of different ions 
on the biomaterial surface. The effect of the initial pH 
of the solution on the chromium adsorption by SSS was 
studied by varying the pH from 1 to 6, the results are 
illustrated in Fig. 6. From these results, it is clear that the 
Cr(VI) depends strongly on the pH. The adsorption effi-
ciency decrease with the increase of pH and the maximum 
capacity adsorption was found at the pH = 1, where the 
predominant form of Cr(VI) is HCrO4

–. This behavior is 
explained by the role which has the acidic pH, the func-
tional groups present in the SSS surface undergo a strong 
protonation which gives the material a global positive 
charge. The pHzpc value is in accord with the free pH 
and the total acidity of the biomaterial. The same result is 
obtained with SSS at a fixed-bed column study.

5.2.2. Effect of initial concentration of Cr(VI) and contact time

The biosorption process depends considerably on ini-
tial concentration to access the reaction kinetics. In order 
to find out the equilibrium contact time, the experiment 
was carried out for 30 min of Cr(VI) adsorption at different 
initial concentration from 10 to 30 mg/L. The results in Fig. 
7 indicate that the fixation of Cr(VI) on SSS was very fleetly 
at the first 5 min after that, a stationary phase is attained. 
An increase in the adsorption capacity was observed from 
0.7 to 2.8 mg/g when the initial concentration of Cr(VI) 
expand from 10 to 30 mg/L. Such behavior is established 
by the availability of several adsorption sites on the SSS 
surface in the initial phase of the reaction, which becomes 
progressively saturated of Cr(VI) with increasing contact 
time. Zohra et al. [29] reported that the rapid initial phase 
can be related to physical adsorption or ion exchange at 

the surface and the subsequent stationary phase may be 
due to other mechanisms like aggregation, micro-precipi-
tation, or saturation of binding sites.

5.2.3. Effect of temperature

Effect of temperature on the adsorption capacity of 
Cr(VI) at 20°C, 30°C, and 40°C by SSS was studied at pH = 1, 
chromium concentration 10 ppm, and dose adsorbent 
12.5 g/L. As shown in Fig. 8 the temperature has no effect on 
the capacity adsorption of Cr(VI) on SSS. However, there is 
no significant decrease in the capacity absorption average of 
3% when the temperature increases from 20°C to 40°C. This 
compartment can be due to the partial deactivation of the 
SSS surface or it can be explained by the destruction of some 
active sites by destroying their surface bonding. A similar 
result was found by other researchers [57,58].
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5.2.4. Batch modeling

The modeling adsorption was carried out from exper-
imental results by varying temperature (20°C, 30°C, and 
40°C), initial concentration of Cr(VI) 10 mg/L for 30 min con-
tact time at pH = 1. The plot of linearized of Langmuir (a), 
Freundlich (b), Sips (c), Temkin (d), and Redlich–Peterson are 
illustrated in Fig. 9, the calculated isotherms parameters are 
given in Table 3.

From the Table 3, Langmuir model presents better 
experimental data as compared to other models. This was 
attributed to the higher value of the correlation coefficient 
(R2) and the maximum capacity adsorption is in agreement 
with the experimental value. All these results confirmed that 

the adsorption is a monolayer. The value of B~0 in the Temkin 
isotherm model showed that the adsorption is a thermel [59], 
in addition the value of B in the Redlich–Peterson model are 
close to 1 and also it favored the Langmuir model. 

5.3. Dynamic sorption

5.3.1. Effect of flow rate

From Fig. 10 and Table 3, a high flow rate results in a 
reduction in operating time and a decrease in the percentage 
of Cr(VI) removal. This can be explained by the fact that by 
increasing the flow rate, the flux of the pollutant increases, 
resulting in insufficient contact time for mass transfer 
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Fig. 9. Isotherm models of (a) Langmuir, (b) Freundlich, (c) Sips, (d) Temkin, and (e) Redlich–Peterson.
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between the adsorbate and the bioadsorbent, diffusion of 
the pollutant into the pores of the adsorbent, and a limited 
number of active sites and ionic biomass groups for matrix 
biosorption [13].

5.3.2. Effect of bed height

The mass of the adsorbent is proportional to the height of 
the bed, this means that an increase in bed height increases 
the mass of the adsorbent, and thus the number of sorption 
sites increases, which in turn increases the sorption capacity 
(Fig. 11 and Table 4) [60].

5.3.3. Effect of initial concentration

As shown in Fig. 12, by decreasing the initial Cr(VI) 
concentration, the breakthrough curves occurred later, and 
the volume of the column outlet was higher, resulting in a 
higher breakthrough time. This means that at a low initial 

concentration of Cr(VI), a lower concentration gradient leads 
to a decrease in the diffusion coefficient, which in turn 
slows down the transport of the pollutant in the pores of the 
adsorbent.

Whereas, at a higher initial Cr(VI) concentration, the 
SSS gets saturated quickly because the binding sites are 
more rapidly saturated in the column, allowing for ear-
lier breakthrough and exhaustion time. A decrease in the 
percentage of removal with a higher Cr(VI) concentration 
indicates that adsorption is dependent on the availability 
of binding sites [61].

5.3.4. Effect of pH

Depending on the pH, Cr(VI) is found in different ionic 
forms in the water. In the range of pH studied pH = 1, 2, 
and 3, the HCrO4

– is the predominant species of Cr(VI) [62]. 
By studying the effect of pH in this range, it was found that 
the adsorption capacity increases with decreasing pH, this 

Table 3
Constants of isotherm models for Cr(VI) adsorption on SSS

Isotherm models Parameters 20°C 30°C 40°C

Langmuir KL (L/mg) 1 64.33 29.48
qmax(mg/g) 1.27 1.34 1.39
R2 1 0.9997 0.9996

Freundlich KF 0.78 0.75 0.73
1/n –0.0027 –0.0289 –0.0486
R2 0.6249 0.8896 0.9601

Temkin AT (L/g) 0 2.88 × 10–15 2.39 × 10–9

B –0.0049 –0.0514 –0.0850
R2 0.6145 0.8949 0.9639

Sips KS (mg/L)–1/n 9.05 8.38 10.57
nS –0.96 –0.68 –0.24
R2 0.9997 0.9909 0.9916

Redlich–Peterson β 0.9872 1.0289 1.0289
A (L/g) –1.16 –1.34 –1.36
R2 0.9994 0.9999 0.9999
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Fig. 10. Comparison of theoretical and experimental penetration 
curves at different flow rates according to the models studied for 
Cr(VI) adsorption by SSS (Z = 20 mm, C0 = 10 mg/L, pH = 1 ± 0.1, 
and T = 298 K).
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Fig. 11. Comparison of theoretical and experimental penetration 
curves at different bed height according to the models stud-
ied for Cr(VI) adsorption by SSS (F = 2 mL/min, C0 = 10 mg/L, 
pH = 1 ± 0.1, and T = 298 K).
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can be explained by the fact that at a lower pH, there is an 
increase in the number of proton H+ on the adsorbent surface 
which leads to a significantly strong electrostatic attraction 
between the positively charged adsorbent surface and the 

negatively charged chromate ions [63]. The results are shown 
in Fig. 13 and listed in Table 4.

5.3.5. Effect of temperature

As can be seen in Table 4 and Fig. 14, the increase in 
 temperature leads to a decrease in exhaustion time and 
 efficiency rate, revealing an exothermic process.

A variation in temperature has no significant effect on 
the adsorption capacity, this result is in agreement with 
the results found in the batch study. 298 K was therefore 
 chosen as the optimal temperature for further studies.

5.3.6. Regeneration of SSS

Desorption of Cr(VI) molecules adsorbed in the SSS 
bed column was realized by washing with distilled water. 
The SSS showed satisfactory performance in removing 
Cr(VI) from the solution during the ninth adsorption–
desorption cycles as can be seen in Figs. 15 and 16. The 
adsorption capacity for Cr(VI) was reduced after each 

Table 4
Conditions and results for fixed-column experiments

C0 (mg/L) Z (mm) F  
(mL/min)

pH T (K) tb (min) ttotal 
(min)

Veff (mL) Wtotal 
(mg)

qtotal 
(mg)

qexp 
(mg/g)

R (%)

10 10 2 1 298 12 80 160 1.14 0.58 3.42 51.11
10 20 2 1 298 42 115 230 2.10 1.26 3.84 60.47
10 30 2 1 298 57 235 470 4.60 3.04 6.08 66.10
5 20 2 1 298 57 192 384 1.47 0.93 2.84 63.83
15 20 2 1 298 21 120 240 2.55 1.32 4.00 51.85
10 20 1 1 298 65 265 265 2.20 1.34 4.08 61.34
10 20 3 1 298 33 105 115 2.70 1.56 4.74 57.96
10 20 2 2 298 4 51 102 1.02 0.40 1.23 40.02
10 20 2 3 298 0 50 100 0.3 0.08 0.26 29.28
10 20 2 1 318 30 180 360 2.90 1.34 4.07 46.33
10 20 2 1 308 36 240 480 4.10 2.05 6.22 50.08
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Fig. 12. Comparison of theoretical and experimental penetration 
curves at different Cr(VI) concentrations according to the models 
studied for Cr(VI) adsorption by SSS (F = 2 mL/min, Z = 20 mm, 
pH = 1 ± 0.1, and T = 298 K).
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Fig. 14. Comparison of theoretical and experimental penetra-
tion curves at different temperature according to the models 
studied for Cr(VI) adsorption by SSS (F = 2 mL/min, Z = 20 mm, 
C0 = 10 mg/L, and pH = 1 ± 0.1).
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Fig. 13. Comparison of theoretical and experimental pene-
tration curves at different pH according to the models stud-
ied for Cr(VI) adsorption by SSS (F = 2 mL/min, Z = 20 mm, 
C0 = 10 mg/L, and T = 298 K).
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cycle was used. The decrease in removal efficiency can be 
assigned to the loss of partial reduction property of SFS 
during adsorption–desorption processes. The adsorption 
efficiency decreased from 60.47% to 56.91% after the tenth 
adsorption [64].

5.3.7. Dynamic modeling

5.3.7.1. Thomas and Yoon Nelson models According to 
Table 5, it should be noticed that KYN/C0 is equal to Kth, this 
proves that the expression of Yoon and Nelson’s solution is 
equivalent to Thomas’ relationship. It is also interesting to 
observe that the correlation coefficient R2 values for the two 
models Thomas and Yoon and Nelson are for the most part 
effects greater than 0.95 for all paramaters, also the adsorp-
tion capacities and τ values calculated by the two models 
and the experimental values are close enough. It is arguable 
that both models studied are appropriate to describe Cr(VI) 
adsorption.

5.3.7.2. Bohart–Adams and Wolborska models According to 
Table 6, βa/N0 is equal to KBA, which proves that the expres-
sion of Wolborska’s solution is equivalent to the Bohart–
Adams relationship. The values of the Wolborska mod-
el’s kinetic constant are found to be influenced by all the 
studied parameters. This highlights that the external mass 
transfer into the beginning part of the sorption process 
dominates the system [64], The βa parameter reflects the 
effect of mass transfer in the liquid phase and axial disper-
sion. An increase in flow rate from 1 to 3 mL/min enhanced 
the value of βa because increasing turbulence reduces the 
boundary of the film surrounding the absorbent particle 
[65]. N0 values were calculated by Bohart–Adams and Wol-
borska, and the values obtained experimentally are distant 
enough. Furthermore, according to the superposition of the 
experimental results (points) and the calculated theoretical 
points (lines). It seems that neither the breakthrough nor 
the set of failure curves are well predicted by these two 
models. It can be argued that both models studied are inap-
propriate to describe Cr(VI) adsorption.

5.3.7.3. Model of BDST According to Fig. 17 and Table 7, 
the plot of the BDST model showed significant linearity hav-
ing a high value of correlation coefficient R2, exceeded 0.90 
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Fig. 16. Breakthrough curves for regenerated SSS (F = 2 mL/min, 
Z = 20 mm, C0 = 10 mg/L, and T = 298°C ± 1°C).
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Fig. 15. Desorption of Cr(VI) using distilled water for regenerated 
SSS (F = 2 mL/min, Z = 20 mm, C0 = 10 mg/L, and T = 298°C ± 1°C).

Table 5
Parameters of Thomas and Yoon and Nelson models for Cr(VI) adsorption by SSS at different conditions using non-linear 
 regression

Thomas model Yoon and Nelson model
C0  
(mg/L)

Z  
(mm)

F  
(mL/min)

pH T  
(K)

Kth × 103  
(mL/mg min)

qth  
(mg/g)

qexp  
(mg/g)

R2 KYN × 103  
(mL/min)

τ  
(min)

τexp  
(min)

R2

10 10 2 1 298 9.69 3.06 3.42 0.9606 96.91 26.05 24 0.9606
10 20 2 1 298 9.77 3.51 3.84 0.9807 97.65 58.05 57 0.9807
10 30 2 1 298 2.55 4.92 6.08 0.9660 25.55 123.16 120 0.9660
5 20 2 1 298 8.37 2.62 2.84 0.9748 41.84 86.68 81 0.9748
15 20 2 1 298 6.26 3.56 4.00 0.9810 93.88 39.20 36 0.9810
10 20 1 1 298 3.50 3.48 4.08 0.9810 35.01 114.76 115 0.9810
10 20 3 1 298 9.57 4.36 4.74 0.9786 95.71 48.02 45 0.9786
10 20 2 2 298 8.71 1.21 1.23 0.9459 87.06 20.10 18 0.9459
10 20 2 3 298 26.35 0.32 0.26 0.8624 263.54 5.40 3 0.9852
10 20 2 1 318 4.97 3.67 4.07 0.9820 49.70 60.69 57 0.9644
10 20 2 1 308 2.40 5.96 6.22 0.9231 23.98 95.05 95 0.9231
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which advocated for its validity, The results found are in 
agreement with other studies [66,67].

6. Mechanism for adsorption of Cr(VI) by SSS

Several experimental factors, namely, the nature and 
complexity of the adsorbate structure, the existence of func-
tional groups and the surface chemistry (charge, available 
sites) of the adsorbent, specific interactions between adsor-
bate and adsorbent, come into play during the adsorption 
process, therefore, to better understand the possible interac-
tions, a mechanism is proposed.

Based on the results of FTIR, it can be noted that SFS 
contains –COOH, –COH, –CO–NH2, and –NH2 functional 
groups.

SSS NH OH SSS NH H O� � � ��� �
2 2   

(Amino deprotonate) (A)

SSS CO NH OH SSS CO NH H O2 2� � � � � ��� �   
(Amino deprotonate) (B)

SSS OH OH SSS O H O� � � � �� �
2  (C)

SSS COOH OH SSS COO H O� � � � �� �
2  (D)

The negative charge of the polysaccharide chains result-
ing from deprotonation of the active sites produces an elec-
trostatic repulsion with HCrO4

– which inhibits the adsorption 
of this last one.

However, in the acidic medium, the functional groups 
amino, carboxylic, hydroxyl, and so on are protonated, and 
as result, its surface becomes positively charged [68–70], as 
can be expressed by the following reactions:

SSS NH H SSS NH� � � �� �
2 3  (E)

SSS CO NH H SSS CO NH� � � � � �� �
2 3  (F)

SSS OH H SSS OH� � � �� �
2  (G)

SSS COOH H SSS COOH� � � �� �
2  (H)

Table 6
Parameters of Bohart–Adams and Wolborska models for Cr(VI) adsorption by SSS at different conditions using non-linear 
 regression

Bohart–Adams model Wolborska model 
C0  
(mg/L)

Z  
(mm)

F  
(mL/min)

pH T  
(K)

KBA × 103  
(mL/mg min)

N0  
(mg/L)

Nexp  
(mg/L)

R2 βa  
(min–1)

N0  
(mg/L)

Nexp  
(mg/L)

R2

10 10 2 1 298 112.83 346.05 612.18 0.9894 39.04 346.05 612.18 0.9891
10 20 2 1 298 17.61 691.06 687.36 0.9850 12.82 676.50 687.36 0.9302
10 30 2 1 298 9.76 691.35 1,088.32 0.9204 46.75 691.19 1,088.32 0.9204
5 20 2 1 298 25.36 424.65 508.36 0.8979 10.77 424.60 508.36 0.9879
15 20 2 1 298 16.11 575.00 716.00 0.9595 9.26 575.02 716.00 0.9595
10 20 1 1 298 10.08 546.64 730.32 0.9655 6.28 513.93 730.32 0.9045
10 20 3 1 298 29.99 762.18 848.46 0.9936 22.99 766.51 848.46 0.9873
10 20 2 2 298 109.26 97.25 220.17 1 10.62 97.25 220.17 1
10 20 2 3 298 / / / / / / / /
10 20 2 1 318 26.65 482.82 728.53 0.9372 12.87 482.75 728.53 0.9372
10 20 2 1 308 19.50 607.18 1,113.38 0.9457 11.83 607.16 1,113.38 0.9457
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Fig. 17. Linear regression of BDST model at different 
 breakthrough points (C0 = 10 mg/L and F = 2 mL/L).

Table 7
Calculated constants of BDST model for Cr(VI) adsorption

Cb/C0 a  
(min/cm)

b  
(min)

KBA × 103  
(L/mg min)

N′0  
(mg/L)

R2

0.1 2.35 –10.66 20.61 598.70 0.9581
0.3 3.25 –16.66 20.21 828.00 0.9980
0.5 4.90 –32.33 12.03 1,248.77 0.9656
0.7 5.95 –33.66 12.57 1,515.88 0.9194
0.9 8.90 –47.33 9.48 2,267.45 0.9182
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Therefore, the adsorption of Cr(VI) through a bioma-
terial SSS could be supported by the following hypothesis: 
adsorption of Cr(VI) ions as HCrO4

– on positively charged 
groups by electrostatic way.

It is important to compare the obtained results with 
the literature [71–73]. Table 7 shows a brief summary of 
the efficiency rate of some adsorbents for Cr(VI) removal 
compared with SSS powder used in this study. It is 
noteworthy that SSS powder has a high Cr(VI) removal 
efficiency compared to other adsorbents reported in 
the literature. This can be associated with its porous 
microstructure.

Meanwhile, other materials in the literature showed 
a high removal rate [13,15,72,74], as set out in Table 8. 
However, the materials reported are either fabricated 
from expensive components or subjected to chemical or 
thermal treatment (longer time and complex chemical 
reactions during synthesis that generally affect the purity 
of the final products, such as synthesis of nanoparticles, 
etc.

It is also important to consider other factors such as 
adsorbent mass, particle diameter and exhaustion, and sat-
uration time.

7. Conclusion

The focus of this work was to study and model the 
dynamic and static removal of hexavalent chromium from 
aqueous solutions by sorption on the sunflower seed shells 
in packed bed column and batch systems.

In order to understand better the adsorptive proprieties 
of SSS, the material was fully characterized using different 
methods. Overall, the best efficiency rate was found to be 
100%. Several models were applied to experimental data 
obtained from dynamic studies performed on fixed bed 
columns.

This work revealed that sunflower seed shell is an envi-
ronmentally effective natural waste that can be successfully 
used for the removal of Cr(VI) from wastewater.
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Symbols

C0 —  Initial Cr(VI) concentration, mg/L
Ct —  Effluent Cr(VI) concentration, mg/L
Veff —  Effluent volume, mL
F —  Influent flow rate, mL/min
te —  Time of exhaustion, min
tb —  Time at breakthrough, min
qtotal —  Total weight of Cr(VI) adsorbed by the 

adsorbent in the column, mg
qexp —  Weight of Cr(VI) adsorbed per g of adsor-

bent from experiment, mg/g
m —  Adsorbent mass, g
Nexp —  Experimental maximum sorption capacity, 

mg/L
V —  Volume of the solution, mL
R% —  Percentage of removal, %
Wtotal —  Total amount of Cr(VI) sent to the column, 

mg
Cads —  Adsorbed Cr(VI) concentration, mg/L
t —  Service time of the column, min
Kth —  Kinetic constant of Thomas model, L/

mg min
qth —  Thomas absorption capacity, mg/g
U —  Linear velocity, mm/min
KYN —  Kinetic constant of Yoon–Nelson model, min–1

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

Z —  Height of the bed, mm
N0 —  Maximum sorption capacity, mg/L
Cb —  Breakthrough concentration, mg/L
N′0 —  Adsorption capacity in BDST model, mg/L
T —  Temperature, °C, K
qe —  Adsorption capacity, mg/g
qm —  Maximum monolayer coverage capacity, 

mg/g
KL —  Langmuir constant
KF —  Freundlich isotherm constant, mg/L
R —  Universal gas constant, J/K mol 
bT —  Temkin isotherm constant, J/mol
AT —  Equilibrium binding constant, L/mg
B —  B = RT/bT is related to the heat of adsorption
KS —  Sips constant, (mg/L)–1/n

qmax —  Maximum adsorption capacity, mg/g
A —  Redlich–Peterson constant, L/g

Table 8
Comparison of efficiency rate of Cr(VI) onto various adsorbents

Adsorbents % of Removal References

Hydrotalcite-hydroxyapatite doped with carbon nanotubes (HT-HAp/CNT15) 76.97 [72]
Hydrotalcite-hydroxyapatite doped with carbon nanotubes (HT-HAp/CNT5) 72.85
Hydrotalcite-hydroxyapatite (HT-HAp) 54.18
Sewage sludge biochar supported nZVI composite 80 [74]
Scenedesmus quadricauda (microalgal biochar) 57.58 [73]
Phanera vahlii fruit (zinc chloride activated carbon) 63.61 [71]
Artocarpus heterophyllus peel 79.71 [15]
Eggshell membrane 88.91 [13]
Raw sunflower seed shells 66.10 Present study
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Greek

τ —  Time required for 50% adsorbate break-
through from Yoon–Nelson model, min

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