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a b s t r a c t
Water containing Cr(VI) causes health effects, which makes their treatment necessary. In this work, 
biochar from sunflower seeds waste was used to remove Cr(VI) from water. The biochar was mod-
ified by magnesium and optimized. The Mg-biochar was characterized by Fourier-transform infra-
red spectroscopy, X-ray diffraction, scanning electron microscopy (SEM), atomic force microscopy, 
and ASAP methods. The SEM images of Mg-biochar showed magnesium oxide spherical parti-
cles with nanoflakes. The Mg-biochar specific surface area and pore volume were 67.85 m2/g and 
0.061 m3/g, respectively. Cr(VI) adsorption decreased from 87.16% to 50.76% with an increase in pH 
from 2 to 10. The isotherm of the Cr(VI) adsorption by Mg-biochar followed the Langmuir model. 
Thermodynamic studies showed the endothermic nature of the adsorption. Kinetics of Cr(VI) 
adsorption by Mg-biochar was in agreement with the pseudo-second-order model and its rate con-
stant was 2.1 g/mg·min which was large in comparison with other works showing advantage of fast 
removal kinetics of Mg-biochar. The Mg-biochar adsorbent had the removal of 74.5% under the oper-
ating conditions of Cr(VI) initial concentration of 10 mg/L, adsorbent dose of 15 g/L, pH of 5, and  
time of 15 min.
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1. Introduction

Chromium from industries, such as metal electroplat-
ing, stainless steel production, preservation of wood, paint 
and pigment production, and leather tanning enters water 
resources and pollutes them. Chromium exists commonly 
in two oxidation states of +3 and +6 in the environment. 
Cr(III) is an essential nutrient but Cr(VI) is poisonous and 
carcinogenic [1,2]. The World Health Organization (WHO) 
has limited the maximum level of total chromium in 
water to 50 μg/L [3].

Different methods such as the photocatalytic process, 
coagulation and flocculation, filtration, chemical precipi-
tation, biological treatment, ion exchange, and adsorption 
have been considered to remove chromium from water 

[4–6]. Adsorption is an efficient method to remove Cr(VI) 
from water due to the use of low-cost adsorbent and high 
removal yield [6].

Biochar is black carbon produced from the pyrolysis 
of carbon rich biomass in oxygen-free conditions. Biochar 
is an excellent adsorbent used to remove organic and inor-
ganic pollutants from water [7–10]. In many studies, biochar 
and modified biochar were used to remove pollutants from 
water [7–12]. Mohan et al. [13] used oak bark biochar to 
remove Cr(VI) from water. They found that Cr(VI) removal 
from water by oak bark biochar with the specific surface 
area of 1–3 m2/g was equaled to activated carbon with the 
specific surface area of 1,000 m2/g. Agrafioti et al. [14] used 
sewage sludge to prepare biochar and applied it to remove 
Cr(VI) and As(V) from water. Their results indicated that 
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pyrolysis temperature had the most significant effect on 
biochar production from sewage sludge. Khalil et al. [15] 
showed that Cr(VI) adsorption by rice husk and tea waste 
biochar was a fast process. Zhang et al. [16] synthesized 
Fe/N co doped oak wood biochar adsorbent, reporting that 
after adsorption, Cr(VI) was reduced and Cr(III) complex-
ation was achieved. Liu et al. [17] used magnetic biochar of 
sewage sludge to adsorb Cr(VI) from water. Bu et al. [18] 
prepared Fe-modified biochar of coconut shell and applied 
it to remove Cr(VI) from water. The adsorption capability 
of biochar is low [19,20]. Modification of biochar by adding 
metals like Mg, Ca, Fe, Al, and La improves its adsorption 
capability to remove PO4

3–, NO3
–, Cd, Ca, and Pb [21–27]. 

Magnesium is the eighth most abundant element of the 
earth crust with low toxicity [27–29]. Mg-biochar shows 
good performance for PO4

3– adsorption from water [23,25,30]. 
Different species of Cr(VI) in water are Cr2O7

2–, CrO4
2–, and 

HCrO4
– depend on pH [31].

In this work, to prepare low-cost adsorbent from agri-
cultural waste, biochar from sunflower seeds waste from an 
oil pressing plant was used to remove Cr(VI) from water. 
Biochar was modified by Mg to improve its Cr(VI) adsorp-
tion capacity. The effects of different factors, such as pH 
and Cr(VI) concentration of the solution, adsorbent dose, 
and time on Cr(VI) removal were investigated.

2. Materials and method

2.1. Materials

Sunflower seeds waste from a local oil pressing plant 
was used. Potassium dichromate (K2Cr2O7, 99.9%) for pre-
paring chromium solution, magnesium nitrate hexahydrate 
(Mg(NO3)2(H2O)6, 99%), diphenylcarbazide (C13H14N4O, 
98%), nitric acid (HNO3, 65%), ammonia solution (NH3, 25%), 
acetone (C3H6O, 99.8%) purchased from Merck Company 
were used.

2.2. Biochar preparation

Sunflower seeds waste was milled and sieved to the 
mesh size of 50–60 μm. Then, it was washed with deion-
ized water, and dried at 100°C for 12 h. In the next step, the 
dried biomass was transferred to a ceramic crucible with 
cap (oxygen-limiting conditions) in the muffle furnace at 
an increasing rate of 2°C/s, and pyrolyzed at 550°C for 2 h. 
In this way biochar was produced.

The dried sunflower seeds waste was used to pre-
pare Mg-biochar. To 100 mL of magnesium nitrate solution 
20 wt.%, 13 g of dried biomass was added and mixed by a 
magnetic stirrer for 15 min; then, it was dried at 100°C in 
an oven for 12 h. In the next step, the mixture was trans-
ferred to a ceramic crucible with cap (oxygen limiting condi-
tions) and pyrolyzed at 550°C for 2 h with the heating ramp 
of 2°C/s in the muffle furnace. After cooling to the room 
temperature, it was milled and sieved to 50–60 μm.

2.3. Characterization equipment

Fourier-transform infrared (FTIR) spectrometer Vector 22 
from Bruker Company was used to identify the functional 
groups constituent of Mg-biochar. The X-ray diffraction 

(XRD) patterns were obtained by Philips PW 1730 diffrac-
tometer with Cu kα radiation (λ = 1.5406 nm). The scanning 
rate was 0.05°/s with 2θ in the range of 10° to 80°. A scan-
ning electron microscope TESCAN MIRA3 at 30.0 kV was 
used to study the morphology of Mg-biochar surface. 
A BELSORP-mini II from Microtac BZL was applied to mea-
sure the surface area and porosimetry. Atomic force micros-
copy (AFM) images were visualized by a Veeco Icon atomic 
force microscope. The light absorption of the Cr(VI) solu-
tions was measured at 540 nm using a spectrophotometer 
(TG 80+, PG Company), and the Cr(VI) concentration in the 
solutions was calculated by the Beer–Lambert law.

2.4. Adsorption experiments

The synthetic wastewater was prepared using potas-
sium dichromate. Then, 15 g/L of Mg-biochar was added 
to the Cr(VI) solution with the concentration of 10 mg/L. 
The mixture was agitated for 15 min at a constant rate. 
Then, the adsorbent was separated from the solution by 
centrifuge. The concentration of Cr(VI) in the solution was 
measured by the diphenylcarbazide method. The Cr(VI) 
removal was calculated by Eq. (1) [32]:

Cr VI removal� � � � �
�

�%
C C
C

f0

0

100  (1)

where C0 and Cf are the Cr(VI) concentration of the initial 
and final solution, respectively.

3. Results and discussion

3.1. Adsorbent properties

Fig. 1A presents the FTIR spectra of the biochar of sun-
flower seeds waste and its modification by magnesium. 
In the biochar spectrum, FTIR bands existed at 3,454.52 cm–1 
(stretching vibration of O–H groups), 2,924.90 cm–1 (stretch-
ing vibration of aliphatic C–H), 1,738.20 cm–1 (stretching 
vibration of C=O), and 1,619.29 cm–1 (stretching vibration 
of C=C of alkenes). In the FTIR spectrum of Mg-biochar, 
the band at 870.87 cm–1 was related to the stretching vibra-
tion of CO3

2–, and the band at 654.40 cm–1 was related to the 
Mg–O bound. In the FTIR spectrum of Mg-biochar, absorp-
tion bands were stronger due to the synergetic effect of mag-
nesium ion. Fig. 1B depicts the FTIR spectra of Mg-biochar 
before and after Cr(VI) adsorption. After adsorption, bands 
at 654.40 (Mg–O), 2929.26 (C–H), 1,626.93 (C=C), and 
3,453.41 cm–1 (O–H) were smaller because of the effects 
of adsorbed chromium on the surface of Mg-biochar [33,34].

Fig. 2 presents the XRD patterns of biochar and 
Mg-biochar before and after adsorption. In the XRD pattern 
of biochar, peaks at 25.1° and 27.9° were observed, which 
were related to the inorganic compounds in the structure 
of biochar [35,36]. In the XRD pattern of Mg-biochar before 
adsorption, in addition to the biochar peak at 27.9°, peaks at 
42.45°, 62.3°, and 78.95° were observed, indicating the exis-
tence of magnesium oxide (periclase) with cubic structure 
and crystallinity size of 10.06 nm (by Scherrer equation) in 
the composition of Mg-biochar [37–39]. To prepare XRD after 
adsorption, first Cr(VI) adsorption by Mg-biochar was done 
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(operating conditions: Cr(VI) initial concentration 10 mg/L, 
pH 5, adsorbent dose 15 g/L, and time 30 min). Then, the 
adsorbent was separated and dried at 100°C in an oven for 
12 h. In the XRD pattern of the Mg-biochar after adsorp-
tion peak at 28.31° was related to biochar [35,36.]. MgO 
reacted with water, and thus it was converted to Mg(OH)2 
after adsorption. In the XRD pattern, peaks at 33.71°, 
36.68°, 62.23°, 74.26° were related to Mg(OH)2 with hexag-
onal Brucite structure (JCPDS File No. 01-079-0612) [39,40]. 
The Mg(OH)2 crystallinity size was 22.3 nm by Scherrer 

equation. Peaks related to chromium were not detected due 
to their low concentration on the surface of the Mg-biochar.

Fig. 3 shows the scanning electron microscopy (SEM) 
images of biochar from sunflower seeds. Sharp edges and 
corners of the biochar are obvious (Fig. 3A). The biochar 
SEM images display irregular spherical bulges, which pro-
vided efficient sites for adsorption [41,42]. In the biochar, 
pores are observed, which were related to the vaporization 
of organic compounds. The SEM images of Mg-biochar 
(Fig. 4) exhibit irregular spherical particles with flakes. These 
nanoflakes increased the specific surface area and porosity, 
which providing pores for adsorption. They were magne-
sium oxide in the structure of biochar [43]. The SEM image 
in Fig. 4B shows the thickness of nanoflakes in the range 
of 10–20 nm. The AFM image (Fig. 5) shows rough and 
porous surface with the maximum height of 270 nm.

Fig. 6A depicts the nitrogen adsorption/desorption of 
Mg-biochar. The isotherm was type IV with hysteresis H3 
which indicated the slit shaped pores of Mg-biochar [44]. 
Furthermore, Mg-biochar pore-size distribution was uni-
modal with a maximum at 1.85 nm (Fig. 6B). According to the 

Fig. 1. FTIR spectra of (A) biochar and Mg-biochar, (B) Mg-bio-
char before and after Cr(VI) adsorption.

Fig. 2. XRD patterns of (A) biochar, (B) Mg-biochar before 
adsorption, and (C) Mg-biochar after adsorption.

Fig. 3. SEM images of biochar.
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BJH isotherm adsorption branch, the specific surface area, 
pore volume, and pores average diameters were 67.85 m2/g, 
0.061 m3/g, and 1.85 nm, respectively.

3.2. Adsorbent optimization

The Mg content of the adsorbent was changed by alter-
ing the Mg(NO3)2 solution concentration in the preparation 
stage. Fig. 7 shows that by changing the Mg concentra-
tion of the solution from 0 to 20 wt.%, the Cr(VI) removal 
increased from 10% to 69%. Pure MgO was prepared by 
calcination Mg(NO3)2 without biochar at 550°C. In this case, 
the Cr(VI) removal was 33% which was lower than that of 
Mg-biochar, indicating the effects of biochar surface func-
tional groups on the Cr(VI) adsorption.

The effect of the biochar pyrolysis temperature was 
studied (Fig. 8). The Cr(VI) removal changed from 62% 
to 69%, as pyrolysis temperature increased from 450°C to 
550°C. However, when pyrolysis temperature increased 
from 550°C to 600°C, the Cr(VI) removal decreased from 
69% to 60%. Hence, the pyrolysis temperature of 550°C was  
chosen.

3.3. Effects of the operating conditions

In this section, the effects of the operating conditions, 
including Cr(VI) initial concentration and pH, adsorbent 
dose, time, and temperature were investigated. Fig. 9A 
shows the effects of the Cr(VI) initial concentration in the 
range of 10 to 20 mg/L on adsorption. These experiments 
were conducted with the Mg-biochar dose of 15 g/L in 
the solution, pH of 5, and temperature of 25°C for 2 h. 
The results revealed that the Cr(VI) adsorption decreased 
with the increase in the Cr(VI) concentration due to an 
increase in the ratio of the Cr(VI) ions to adsorption actives 
sites [45]. Fig. 9B shows the effects of adsorbent dose in 
the range of 2–15 g/L in the solution with Cr(VI) concen-
tration of 10 mg/L, pH of 5, and temperature of 25°C for 
2 h. The available active sites for adsorption increased with 
the rise in the Mg-biochar dose; so, adsorption increased 
[46]. Fig. 9C displays the effects of pH in the range of 2–10 
on the Cr(VI) adsorption by Mg-biochar. Dilute solutions 
of nitric acid and ammonia were used to adjust the pH of 
Cr(VI) solutions. All the experiments were conducted at 
Cr(VI) concentration of 10 mg/L, Mg-biochar dose of 15 g/L, 

Fig. 4. SEM images of Mg-biochar.

Fig. 5. AFM image of Mg-biochar.
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and temperature of 25°C for 2 h. When pH increased from 
2 to 10, the Cr(VI) adsorption decreased. The maximum 
adsorption was 88% at pH of 2. In low pH conditions, the 
Mg- biochar adsorbent was protonated due to the high 
concentration of H+. The attractive force between positive 
adsorbent and negative species Cr3O10

2–, Cr2O7
2–, HCrO4

–, 
CrO4O13

2– increased the Cr(VI) adsorption. The pH of the 

zeta point was 10.30. In high pH conditions, the negative 
charge of Mg-biochar was reduced, and the competition 
between negative hydroxyl ions and negative chromium 
species decreased Cr(VI) adsorption [31]. Fig. 9D shows 
the effect of time in the range of 0–180 min on the Cr(VI) 
removal. In these experiments, operating conditions were 
Cr(VI) initial concentration of 10 mg/L, pH of 5, Mg-biochar 
dose of 15 g/L, and temperature of 25°C. From 0 to 15 min, 
the adsorption increased with time, and in durations lon-
ger than 15 min, equilibrium was reached. In other words, 
Cr(VI) adsorption and desorption rates were equaled; 
therefore, no sensible change occurred in the Cr(VI) adsorp-
tion. The effect of temperature in the range of 25°C–80°C 
was also investigated (Fig. 9E). These experiments were 
conducted at Cr(VI) concentration of 10 mg/L, adsorbent 
dose of 15 g/L, and pH of 5 for 2 h. Fig. 9E indicates the 
rise in Cr(VI) adsorption with an increase in temperature.

3.4. Kinetics, thermodynamics, and isotherm of adsorption

Pseudo-first and second-order models were used to 
study the kinetics of adsorption. Table 1 presents the results 
of fitting. The determination coefficient, R2, of the pseu-
do-second-order (0.9992) was greater than the R2 of the 
pseudo-first-order model (0.9737). Thus, the experimental 
data corresponds well to the pseudo-second-order model, 
and chemisorption was the rate controlling step. The large 
equilibrium rate constant (k2) shows the fast kinetics of 
this adsorbent [46]. Fig. 9D also shows that Mg-biochar 
reached the equilibrium in 15 min, which compared to 
other adsorbents is low [31,47,48] and confirms the fast 
kinetics of Mg-biochar.

Eqs. (2)–(4) were used to analyze the thermodynamics 
of the Cr(VI) adsorption on Mg-biochar [48]:

logK S
R

H
RT

�
� �

�
� �  (2)

K m
q
C
e

e

=  (3)

� � � � � � � �G H T S  (4)

Fig. 6. Mg-biochar (A) nitrogen adsorption/desorption 
isotherm and (B) pore-size distribution.

Fig. 7. Effect of the Mg(NO3)2 solution concentration of the 
preparation stage on the Cr(VI) adsorption.

Fig. 8. Effect of pyrolysis temperature on the Cr(VI) adsorption.
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where R (8.314 J/mol·K) is the universal gas con-
stant, K distribution coefficient, ΔS° entropy (J/mol), 
ΔH° enthalpy (J/mol·K), T temperature (K), m dose of 
adsorbent (g/L), qe equilibrium adsorption capacity (mg/g), 
Ce equilibrium solution concentration, and ΔG° Gibbs free  
energy (J/mol).

The positive ΔH° shows endothermic adsorption 
(Table 2). Enthalpy is in the range of 0 to 20 kJ/mol, con-
firming the physical adsorption. According to the suggested 
mechanism, Cr(VI) was first converted to Cr(III), and then 
adsorption occurred [48]. The reaction of converting Cr(VI) 
to Cr(III) was endothermic. The positive ΔS° indicates an 

Fig. 9. Effects of operating conditions on Cr(VI) adsorption; (A) initial concentration of Cr(VI), (B) adsorbent dose, (C) pH, 
(D) time, and (E) temperature.

Table 1
Constants of the pseudo-first-order and pseudo-second-order kinetic models

Pseudo-first-order model ln lnq q q k te t e1 1 1�� � � � � �
qe1 (mg/g) 0.203
k1 (1/min) 0.0814
R2 0.9737

Pseudo-second-order model t
q k q

t
qt e e

� �
1

2 2
2

2

qe2 (mg/g) 0.55
k2 (g/mg·min) 2.17
R2 0.9992
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increase in entropy and disorderness in the interface of 
solid and liquid. The adsorption of Cr(VI) on Mg-biochar 
was spontaneous due to negative Gibbs free energy.

Table 3 shows the results of fitting experimental data to 
Langmuir and Freundlich isotherm models. The determina-
tion coefficients of Langmuir and Freundlich models were 
0.9983 and 0.9601, respectively. The greater determination 
coefficient and being closer to one confirmed that adsorp-
tion obeyed the Langmuir isotherm model. This model 
shows monolayer and homogeneous adsorption with uni-
form energy over the surface of Mg-biochar. The Langmuir 
model constants, kl and qm were 1.226 L/mg and 0.77 mg/g, 
respectively, at 25°C and pH of 5 (Table 3). Table 4 com-
pares Mg-biochar with other adsorbents. The results showed 

that the maximum adsorption capacity of this work was as 
large as that of the others. In comparison with the others, 
Mg-biochar adsorption time was low and its pseudo-second- 
order kinetics rate constant, k2, was large. These results 
confirmed that Cr(VI) adsorption by Mg-biochar is very 
fast which reduces adsorption process expenses. This fast 
adsorption kinetics is the main advantage of Mg-biochar.

3.5. Adsorption mechanism

The zeta point of Mg-biochar was 10.30. In pH lower 
than zeta point, the adsorbent was protonated with a pos-
itive surface charge. The electrostatic attraction between 
negative Cr(VI) species and positive adsorbent surface 
causes the Cr(VI) ions to be adsorbed by Mg-biochar. In the 
next stage, hydroxyl groups of adsorbent and Mg2+ reduced 
Cr(VI) to Cr(III) [53–56]. In the final stage of adsorption, the 
functional groups of biochar like OH participated in a coor-
dination reaction with Cr(III) and caused Cr(III) to deposit 
on the adsorbent surface [53–56]. This mechanism suggested 
chemisorption for Cr(VI) adsorption which was in agree-
ment with the pseudo-second-order kinetic. The schematic of 
the suggested mechanism of adsorption is shown in Fig. 10.

Table 2
Thermodynamic analysis of the adsorption

Enthalpy 
(kJ/mol)

Entropy 
(kJ/mol·K)

Gibbs free energy (kJ/mol)

25°C 45°C 60°C 75°C 90°C

11.144 0.0407 –1.053 –1.866 –2.477 –3.005 –3.533

Table 3
Constants of the Langmuir and Freundlich adsorption constants

Model Linear equation Constants pH = 5

Langmuir 
model

C
q k q

C
q

e

e m

e

m

� �
1

1

qm (mg/g) 0.77
kl (L/mg) 1.226
R2 0.9983

Freundlich 
model

ln ln lnq k
n

Ce f e� � � � � � � �1 kf (L1/n·mg1–1/n·g) 0.336
n 2.56
R2 0.9601

Table 4
Comparison with other works

Author Adsorbent Operating conditions qm (mg/g) k2 (g/mg·min) References

Mohan et al. (2011) Oak bark biochar AD = 10 g/L, IC = 1–100 mg/L, 
T = 25°C, pH = 2, CT = 2,880 min

4.6 0.065 [13]

Agrafiotie et al. (2013) Sewage sludge AD = 4 g/L, IC = 0.2 mg/L, 
CT = 360 min

– 0.00017 [14]

Gorzin and Rasht Abadi 
(2018)

Paper mill sludge AD = 3.5 g/L, IC = 5–300 mg/L, 
T = 25°C, pH = 4, CT = 240 min

30.01 0.03693 [49]

Katonta et al. (2020) Biochar of Phoenix 
reclinata seeds

AD = 8 g/L, IC = 5–20 mg/L, 
T = 25°C, pH = 2, CT = 120 min

0.66 – [48]

Zhang et al. (2020) Carbon microsilica 
composite

AD = 10 g/L, IC = 1–100 mg/L, 
T = 25°C, pH = 2, CT = 2,880 min

18.9 0.00153 [50]

Wang et al. (2020) Magnetically biochar of 
Enteromorpha prolifera

AD = 1 g/L, IC = 100–500 mg/L, 
CT = 1,440 min

86.94 0.0008 [51]

Nnadzie et al. (2020) APTES functionalized 
magnetic biochar

AD = 1 g/L, IC = 10–100 mg/L, 
CT = 60 min

48.86 0.0127 [52]

Malek Mohammadi and 
Akhlaghian (2022)

Sunflower oil waste 
modified by Mg

AD = 15 g/L, IC = 5–20 mg/L, 
T = 25°C, pH = 5, CT = 15 min

0.77 2.17 This work

AD: adsorbent dose; IC: initial concentration; T: temperature; CT: contact time.

Fig. 10. Schematic of the suggested adsorption mechanism.
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4. Conclusions

In this work, adsorption of Cr(VI) from water was stud-
ied by biochar sunflower seeds waste and its modified 
form by magnesium oxide. The FTIR results demonstrated 
that OH, C–H, C=O, C=C, and MgO functional groups 
were effective in Cr(VI) adsorption. In the XRD pattern of 
Mg-biochar, the peak at 27.95° was related to biochar inor-
ganic compounds; and peaks at 42.95°, 62.3°, and 78.95° were 
related to MgO. The adsorbent was porous with slit shaped 
pores. The effects of operating conditions, including initial 
concentration, pH, adsorbent dose, time, and temperature 
were investigated. The experimental data were best fitted 
with the Langmuir isotherm model. The thermodynamic 
analysis revealed the endothermic and spontaneous nature 
of the process. The adsorption kinetics was studied which 
obeyed the pseudo-second-order model. The kinetics of 
the Cr(VI) adsorption from water by Mg-biochar was fast, 
which is the advantage of this adsorbent.
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