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Abstract—Biosorption properties of a CaCl,-modified Sargassum oligocystum algae biomass for removal of Cr(VI)
from aqueous solutions were investigated. Experimental parameters affecting the biosorption process such as pH, con-
tact time, biosorbent dosage, and temperature were studied. Scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), mapping test, energy-dispersive X-ray spectroscopy (EDX), and specific surface area
were used to assess the physico-chemical properties the biosorbent. The surface area of biosorbent was found to be
35.64 m’/g. FTIR test revealed that the active groups of -OH, -NH,, -C-H, C-O, -C-N, and S=O were present on the
surface of CaCl,-modified S. oligocystum biomass. The kinetic behavior of the chromium biosorption by modified S.
oligocystum biomass followed well pseudo-second order kinetic (R*>0.999). The biosorption equilibrium occurred at
100" min of contact time. The Langmuir, Freundlich, and Dubinin-Radushkevich models were applied to describe the
biosorption isotherm of Cr(VI) onto modified S. oligocystum biomass. According to the R; and n parameters of the
studied isotherms, the Cr(VI) biosorption process was physical and desirable. The chromium biosorption capacity of
modified S. oligocystum biomass was found to be 34.46 mg/g. The calculated thermodynamic parameters (AG®, AH’,
and AS’) indicated that the biosorption of Cr(VI) onto modified S. oligocystum biomass algae was feasible, sponta-
neous, and exothermic under examined conditions.
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INTRODUCTION

Heavy metal pollution is one of the most important concerns
for the environment. Various industries such as mining and met-
allurgy, surface processing industry, fuel and energy, fertilizer and
pesticide industry;, metallurgy, iron and steel, and industrial nuclear
energy are introducing heavy metals to environment via their waste
effluents. Heavy metals are not biodegradable and can accumulate
in living organisms and cause various diseases and disorders in
human beings [1]. Heavy metals such as lead, cadmium, arsenic,
and chromium are continuously discharged into the environment,
and these metals are stable and can survive for long time periods
in the environment. Among the diverse heavy metals, chromium
ions especially Cr(VI) have high toxicity to living organisms. Chro-
mium and its compounds are used in various industries such as
mining and smelting steel, iron, chemical processes such as pig-
ment, electroplating, and tanning [2]. The wastewater of these indus-
tries can cause the environmental pollution and water resources
deterioration. Therefore, it is essential to control and reduce the
Cr(VI) content of effluents before discharge to the environment.
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To remove heavy metal ions like Cr(VI) from aqueous solutions,
different methods exist such as precipitation, ion exchange, reverse
osmosis, electro-dialysis, coagulation, nanofiltration, flotation, elec-
trolysis, and adsorption [3,4]. These methods have disadvantages
such as high cost, high energy needs and the production of toxic
sludge [5]. Recently, the adsorption method has promisingly been
used for the removal of heavy metals from water and wastewater.
This method, compared with other physical and chemical meth-
ods, is facile, low-cost, efficient, and easy-design [6]. In the adsorp-
tion process a variety of biosorbent can be used, because the ef-
ficiency and effectiveness of the biosorption process is dependent
on the nature and characteristics of the biosorbent [7]. One of the
most common biosorbents is activated carbon, which is produced
from wastes and successfully used for treating wastewater. The usage
of activated carbon is restricted due to high energy consumption
during its production [8] and difficult recovery [9]. Taking into
account of as-mentioned reasons, in recent years, low- or no-cost
natural sorbents, which annually are abundantly produced, are
applied for attenuating heavy metals from aqueous solution. Ben-
tonite [10], hydroxyapatite and chitosan [7], sawdust and peanut
husk [11], clay montmorillonite [12], biochar [3,13] are all some
examples of natural sorbents for heavy metal removal. In current
decade, biomaterials such as algae, fungi, and bacteria biomass as
biosorbent were studied [14-16]. Brown algae are very useful for
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the biosorption process because they have active functional groups
of carboxyl, hydroxyl and alginic acid compounds on their cell
walls [17]. The cell walls of brown algae contain 10 to 40% alginic
acid compounds, and it has been reported that these compounds
have an important role in the removal of toxic heavy metals [18].

In this study, to remove Cr(VI) ions from an aqueous solution,
the biomass of S. oligocystum brown algae which chemically modi-
fied by CaCl, was used. The CaCl, material was chosen as alga
biomass modifier as it can prevent leaching of adsorbate from bio-
mass and increase the stability of the biosorbent material [19]. To
evaluate the biosorption process of Cr(VI) by the biosorbent, the
effects of parameters such as initial pH, biosorbents dose, tem-
perature, initial Cr(VI) concentration, and contact time were stud-
ied. The kinetic behavior of the biosorption process was evaluated
by pseudo-first order, pseudo-second order, and intra-particle dif-
fusion kinetics models. To describe the biosorption isotherm of
Cr(VI) by modified biomass of S. oligocystum, Langmuir, Freun-
dlich, and Dubinin-Radushkevich (D-R) models were used. Fur-
ther, the thermodynamic parameters such as enthalpy (AH’), entropy
(AS”), the Gibbs free energy (AG’), and the activation energy (Ea)
were studied for determining the reaction mechanism of chromium
ion biosorption.

EXPERIMENTAL

1. Biomass Preparation

The raw biomass of S. oligocysturm was collected from the north-
ern part of the Persian Gulf, Bushehr coast, Iran. The alga was
washed several times with double distilled water to remove extra-
neous materials and salts. After washing, the S. oligocystum mass
was placed in an oven (80 °C) for about 24 h. The dried alga bio-
mass was chopped, sieved (size fraction of 0.3-0.5 mm), and stored
in polyethylene bottles.

The modification of the alga was carried out as follows: 20 g of
algae was immersed in 0.2 M calcium chloride solution (200 mL)
at a ratio of 1:10 (w/v) for 24 h under stirring rate of 200 rpm.
After that, the alga was washed with deionized water. Then, the
algae biomass was oven- dried at 80 °C for 24 h and the dried alga
biomass was again sieved (because of the partial aggregation of
biosorbent particles) to get a uniform particle size of 0.3-0.5 mm.
2. Preparation of the Working Solution

The stock solution of Cr(VI) (1,000 mg/L) was prepared by dis-
solving of 2.8289 g potassium dichromate (K,Cr,0;) in 1L of the
deionized water. To prepare the solution with a known concentra-
tion of chromium ions (10-100mg/L), the stock solution was
diluted with the deionized water. The initial pH of experimental
solutions was adjusted to the desired value by adding 1 M sodium
hydroxide or hydrochloric acid.

3. Batch Experiments of Cr(VI) Biosorption

The biosorption of Cr(VI) using modified biomass of S. oligo-
cystum brown algae was carried out in a 250 mL of Erlenmeyer
flask containing 100 mL of Cr(VI) solution. The effects of parame-
ters such as initial pH, biosorbent dosage, temperature, contact
time, and concentration of chromium jon were studied on the effi-
ciency of biosorption process. To investigate the effect of pH on
the efficiency of biosorption, the initial pH of 2 to 11 was evalu-

ated. The effect of pH was examined at the conditions of biosorbent
dose of 3 g/L, initial Cr(VI) concentration of 10 mg/L, contact time
of 100 min, solution temperature of 25°C, and stirring speed of
400 rpm. After determining the optimum pH, the effects of other
parameters such as temperature (25-55 °C), biosorbent dose (0.5-
9 g/L), initial Cr(VI) concentration (10-100 mg/L), and contact time
(5-180 min) were determined. It is noteworthy that the effects of
as-mentioned parameters were studied on efficiency of biosorp-
tion process at optimum pH. After the defined contact time, the
solution was filtered using Whatman-42 pm filter paper. The amount
of Cr(V]) in the filtrate was determined at wavelength of 540 nm
using a UV-visible spectrophotometer (Varian, Cary 100 Scan)
according to the 1,5-diphenylcarbazide method [20]. The amount
of biosorbed metal ion per unit of the biosorbent mass (q,, mg/g)
and removal efficiency (%) of metal ions were calculated using
Egs. (1) and (2), respectively:

a=(F)v 0
R(%)= (g%c—’)x 100 ()

1

where: C, C, and C, are the initial, defined time, and equilibrium
chromium ion concentrations (mg/L), W is the mass of biosor-
bent (g), V is the volume of solution (L). All tests were triplicated
to ensure the reproducibility and the average values were reported
herein. The blank samples were also provided for each test.
4. Apparatus and Instruments

The solution pH was analyzed using a digital pH-meter (Metrohm
744, Germany). To investigate the surface morphology of fresh S.
oligocystum, fresh CaCl,-modified S. oligocystum algae, and used
CaCl,-modified S. oligocystum algae, the scanning electron micros-
copy (SEM), mapping, and energy-dispersive X-ray spectroscopy
(EDX) tests were done using the TESCAN MIRA3-FEG instru-
ment. Functional groups and elemental composition of S. oligocys-
tum fresh, fresh CaCl,-modified S. oligocystum algae, and used
CaCl,-modified S. oligocystum algae were also determined using
Fourier transform infrared spectroscopy (FTIR, Broker Victor 22).
The tests were performed in a heater stirrer (Yellow MAG HS 7)
equipped with a magnet.
5. Measurement the Specific Surface Area

To do this, the modified S. oligocystum alga was soaked in dif-
ferent concentrations of methylene blue (1-20 mg/L) to plot a cali-
bration graph. The methylene blue concentration was measured
using spectrophotometer at 600 nm wavelength. One gram of the
modified S. oligocystum algae was added to methylene blue solu-
tion with concentration of 18 mg/L and was agitated at 200 rpm
for 1h. The prepared solution was passed through the 0.42 pm
Whatman filter paper and the final concentration of dye in the fil-
trate was analyzed. Finally, the specific surface area was calculated
using Eq. (3) [21]:

:Co XA XAy 3)

S
MB MV, 5

where: Sy, (m’/g) is the specific surface area of the modified S. oli-
gocystum algae, C,,, (mg/mg) is the number of methylene blue mole-
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cules adsorbed by the biosorbent, A, is the surface occupied by RESULTS AND DISCUSSION

a molecule of methylene blue, A, Avogadro number (6.02x10”

molecules/mol), and MV,; (g/mol) is the methylene blue molecu- 1. The Biosorbent Properties

lar weight (319.85 g/mol). The elements, morphology, and distribution of elements in the

SEM MAG: 200 x Date{midly): 041717

Fig. 1. Morphology, mapping, and elemental analysis of (a) un-modified, (b) modified alga, and (c) used modified S. oligocystum algae for
Cr(VI) biosorption.
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Fig. 1. Continued.

biosorbent before and after chemical modification as well as after
Cr(VI) biosorption are depicted in Fig. 1. The results indicate that
the surface of raw algae has a few pores and low amounts of cal-
cium ion. On the other hand, after chemical modification of the
alga by calcium chloride, the pores and the amount of calcium ion
in its surface increased. The opening up of the pores after the cal-
cium chloride treatment could be justified by the removal of some
organic compounds with low molecular mass, or by the degrada-
tion of polysaccharides or proteins from the alga biomass skeleton
as a result of hydrolysis reaction which occurs during the modifi-
cation. Such interpretation has been presented by Bulgariu and
Bulgariu [22] for alkaline treated algae waste biomass. Following
the biosorption of chromium ion, the biosorbent surface has under-
gone some changes in the surface, resulting from the biosorption
of the adsorbate. Such results can also be seen using EDX and
mapping analyses (Fig. 1). The success of modification of the algae
surface with CaCl, as well as the biosorption of chromium con-
taminant can be easily tracked by the EDX and mapping analyses.

To investigate and obtain information about the nature and
functional groups in the utilized biosorbent, the FTIR test was also
used. The results are provided in Fig. 2(a)-(c). The strong and
broad peak at 3,442.94-3,838.84 cm ™" is associated with hydroxyl
(-OH) and amine (-NH,) groups present in the algae biomass. The
peak at 2,950 and 2,991 cm ™" is related to the presence and vibra-
tion of -C-H functional group in the algae biomass. Before modi-
fication of the algae and biosorption of Cr(VI), a peak is observed
at 2,525 cm ', which can be a result of vibration of -NH;, -NH",

and -NH in the algae biomass. This peak disappeared following
the modification. The peaks at 1,117-1,804 cm™" can be attributed
to the C-O functional group in the algae biomass [23]. Some peaks
are observed within 1,100-865cm™" which can be attributed to
stretching of -C-N functional group and S=O band [2].

Following the biosorption of Cr(VI), significant changes occurred
in the vibrations of the functional groups in the biosorbent. The
peak related to hydroxyl or amine group in the biosorbent was
moved to 3,442.47-3,842.3 cm™". Further, after the biosorption of
chromium ion, the peak associated with the carboxyl group was
transferred to 1,533-1,693 cm ™" and some peaks were observed at
845 and 997 cm™", which can be a result of vibrations of Cr-O and
Cr=0 [24]. The results confirm that functional groups such as
amine, carboxyl, hydroxyl, and S=O have been involved in the
biosorption process of Cr(VI).

The specific surface area of the modified S. oligocysturm biomass
was determined as 35.64 m’/g, which is suitable in comparison
with other sorbents such as Tamarix hispida modified by lantha-
num [25], Sargassum angustifolium modified with molybdate [17],
cantaloupe peel [3], bimetal-Chitosan [24], and Conocarpus erec-
tus biochar [26], which are used for removal of different contami-
nants.

2. The Effect of Initial Solution pH

The initial solution pH is one of the most important and effec-
tive parameters in the metal ions biosorption. The biosorption
process of metal ions onto a biosorbent surface is dependent on
the interactions between the biosorbent surface and metal ions. In
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Fig. 2. FTIR spectra of S. oligocystum algae: (a) raw, (b) modified, (c) Cr(VI)-loaded modified.
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Fig. 3. Effects of pH (mixing rate: 400 rpm, biosorbent dose: 3 g/L,
contact time: 100 min, C;: 10 mg/L, temperature: 25 °C).

this regard, there are various theories including ion exchange,
adsorption, chemical adsorption, complex formation, adsorption-
complex, and reduction-adsorption [2] which affect the metal
removal in the biosorption process. The initial pH effect on the
Cr(VI) biosorption efficiency was studied and results depicted in
Fig. 3. The maximum chromium(VI) biosorption of 93.22% using
the biosorbent was obtained at the initial pH of 3. Thus, the initial
solution pH of 3 was selected as an optimal value for rest of the tests.
Chromium(VT) is a substance which can be converted to differ-
ent forms such as dichromate (Cr,0;"), hydrochromate (HCrO),
H,CrO, or chromate (CrO;") in the aqueous solution with differ-
ent pHs. Also, at pH=1 the chromium ion could be changed to
H,CrO;, but the concentration of this form of chromium dimin-
ishes rapidly with increasing the initial pH. When the solution pH
lies between 2-6, the chromium ions exist in different forms of
HCrO;, Cr,05, and Cr;O5, [27]. However, when pH falls within
the range of 1-3, chromium ion has mostly the form of HCrO;
[28]. The size of HCrO; ion (44 cm’/mol) is smaller than the size
of Cr,0; (73 cm’/mol). Thus, HCrO] form of chromium can eas-
ily permeate into layers and active sites of the biosorbent and adhere
to them [29]. In addition to the size of chromium metal ion, another
factor that can be effective in chromium ion removal is the pres-
ence of proton (H') on the biosorbent surface. At low pHs, the
biosorbent surface is surrounded by proton, which can enhance
the interactions between the active surface of biosorbent and chro-
mium ion. Based on Fig. 3, for solution pH of >3 the removal effi-
ciency of chromium ion is decreased. At high pHs, the extent of
negative charge (OH") inside the system increases and the biosor-
bents surface finds a negative charge. Therefore, a repulsive force is
developed between Cr(VI) and the surface of biosorbent, whereby
electrostatic force is weakened [3], which can cause diminished
efficiency of the biosorption process of chromium ion.
3. The Effect of Solution Temperature and Contact Time

The time of contact is one of the important and effective param-
eters in the biosorption process, and the process occurs rapidly at
initial contact times, after which the biosorption rate increases
gradually [30]. The effect of contact time on Cr(VI) removal effi-
ciency is shown in Fig. 4. This figure suggests that the biosorption
efficiency of chromium ion using the modified S. oligocystum bio-
mass increases with the prolongation of contact time, which has
occurred across different temperatures. A rapid increase in the
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Fig. 4. Effects of temperature and contact time (mixing rate: 400
rpm, biosorbent dose: 3 g/L, C;: 10 mg/L, pH: 3).

removal efficiency was observed within 5-60 min, and after the
initial time of 100 min (as the optimal time), no significant change
was observed in the Cr(VI) biosorption efficiency. Increased sorp-
tion rate of chromium ion at initial times is due to the presence
and availability of free active sites and the existence of different active
groups on the biosorbent surface, which are required for interac-
tion with the adsorbate, enhance the biosorption capacity and rate
[31].

Another important and effective parameter in the biosorption
process is the solution temperature. Temperature in biosorption
processes is influential through microbial cells, with adsorption
mechanisms being dependent on energy [32]. In addition, at high
temperatures, the structure of biomasses can undergo damage, fol-
lowed by devastation of active sites [33]. Thus, this parameter can
affect biosorption efficiency and capacity and it is essential that its
effect be investigated. The effect of temperature on chromium ion
biosorption efficiency using the modified S. oligocystum biomass is
shown in Fig. 4. The maximum chromium ion removal was
determined at 25 °C, within 100 min of contact time and at initial
pH of 3. The decreasing of the removal efficiency with the eleva-
tion of solution temperature, suggesting that the biosorption pro-
cess is exothermic. The results also suggest that during the bio-
sorption process, no permanent chemical bond is formed. This
situation can be a result of various factors, including increased ten-
dency of the adsorbed metal to be released into the solution, shrink-
age and change of active sites on the biosorbent surface at high
temperatures, increased mobility of chromium ion and its greater
tendency to separate off the active sites, and diminished bound-
ary layer between the solid phase (sorbent) and liquid phase [2].

4. The Effect of Biosorbate and Biosorbent Concentration

Fig. 5(a) represents the effect of biosorbent dose on Cr(VI)
removal efficiency as well as the biosorption capacity. The Cr(VI)
removal efficiency was increased from 51.39 to 95.88% with in-
creasing of the biosorbent dose from 0.5 to 9 g/L, while the biosor-
bent capacity declined from 10.27 to 1.06 mg/g. The elevation of
removal efficiency with increasing of the biosorbent dose is a result of
the number of available active sites on the biosorbent surface [34].
This phenomenon indicates that the maximum removal occurs
following a certain value of the biosorbent dose and after which
with increasing the amount of biosorbent, the extent of metal ion

Korean J. Chem. Eng.(Vol. 35, No. 1)
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adsorbed by the biosorbent and free ion inside the solution remains
constant. It can be ascribed to the partial aggregation of biosor-
bent particles at high dosage and thus decreased active sites avail-
able of the biosorbent [34].

Another effective parameter for evaluation of biosorption pro-
cesses is equilibrium biosorption. The equilibrium biosorption is
stated when the concentration of metal ions in the aqueous solu-
tion is in a dynamic equilibrium with the amount of metal ion
connected to the biosorbent surface [35]. The biosorption capac-
ity of metal ions is a function of initial concentration of metal ions
inside aqueous solutions. Fig. 5(b) shows the effect of initial Cr(VI)
concentration (10-100mg/L) on the biosorption capacity. With
increase the initial chromium concentration from 10 to 100 mg/L,
the biosorption capacity increased from 3.15 to 26.88 mg/g, whereas
the removal percentage of Cr(VI) diminished from 94.67 to 80.64%
(see Fig. 5(b)). The reduction of removal efficiency and the eleva-
tion of biosorption capacity with increasing the initial chromium
concentration can be explained by the limitation of active sites
available on the biosorbent surface and completion of all active
sites, respectively [35].

5. Biosorption Isotherms Study

The isotherm study gives us informative parameters which are
essential for designing adsorption systems. To examine the bio-
sorption isotherm and equilibrium data different isotherm mod-
els including Langmuir, Freundlich, and D-R were used.

Langmuir isotherm model assumes that the biosorption of metal
ions occur at a single-layer and homogeneous surfaces without
any interaction between the adjacent sites on the biosorbent. This
model also states some information about the biosorption capac-
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ity and equilibrium behavior of the biosorption process [36]. The
linear relation of Langmuir model is expressed as follows:

C, 1 C,
e s 4
9 KLQm Qm ( )

where: Q,, and K; represent the biosorption capacity (mg/g) and
biosorption energy (L/g), respectively, which are considered as
constants of Langmuir model. They are obtained through measur-
ing the slope and intercept of plotting C,/q, versus C,. Another
important parameter that explains the features of Langmuir equa-
tion is the intensity of biosorption (R;). The value of R; represents
the status of biosorption isotherm model. If R;>1, R;=0, R;=1,
and 0<R;<1, the process is reported as undesirable, irreversible,
linear, and desirable, respectively [37]. The R; value is obtained
using Eq. (5):

1
T 1+K,C,

R, ®)
The Freundlich model is an empirical model that is used as a cri-
terion for explaining isothermal behavior of a sorbent in the bio-
sorption process of heavy metal ions from aqueous solutions. This
model is employed for explaining biosorption process in the het-
erogeneous and multilayered surfaces [38]. The linear form of Fre-
undlich model is as follows:

1
Inq,=InK/+ r—llnCe (6)

where: K;and n are the constants of Freundlich model, represent-
ing the relationship between the biosorption capacity and the bio-
sorption intensity, respectively. To determine 1/n and K; parameters,
Inq, is plotted against InC,. The value of n has been reported to be
1-10 [2]. This parameter represents the physical and chemical type
of the biosorption process. If n=1, the biosorption process is lin-
ear, if n>1 it is desirable and physical, and if n<1 it is desirable and
chemical [39].

The D-R isotherm model is used for investigation and analysis
of the sorption process isotherm with a high regularity degree. This
model is similar to Langmuir model and is not used for homoge-
neous surfaces or constant sorption potentials. Further, D-R model
is also applied for determination the physically or chemically type
of the biosorption process [40]. The linear form of D-R model is
as follows:

lnqe:lnqm_ ﬂgz (7)

where: B (mol’/J) and q,, (mg/g) represent the constants of D-R
model; £is Pulani potential which is determined by ‘€=RT In(1+1/
C,)’ equation, R is the universal constant of gases (8.314 J/mol K),
and T is the absolute temperature (K). The fand q,, constants of
D-R isotherm model is obtained from the slope and intercept of
plotting Inq, versus &”.

The value of S represents the average energy of biosorption (E)
which is obtained from Eg. (8):

E=——0 ®

The average value of free energy of the biosorption determines the
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Fig. 6. The biosorption isotherm plot of (a) Langmuir, (b) Freundlich, and (c) D-R models for biosorption of Cr(VI) by modified S. oligocys-

tum algae.

type of process. If the value falls within the range of 8-16 KJ/mol,
then the biosorption process is of ion exchange type. On the other
hand, if the value is lower than 8 KJ/mol, the biosorption mecha-
nism is of physical type [2].

The plotting and the parameters of Langmuir, Freundlich, and
D-R isotherm models are provided in Fig. 6(a)-(c) and Table 1,
respectively. The results indicate that the correlation coefficient
(R*) determined for Freundlich isotherm (0.9929) is larger than R*
values for Langmuir (0.9714) and D-R (0.7805), suggesting that
the Cr(VI) biosorption process using the modified S. oligocystum
biomass follows Freundlich isotherm, and proved that the bio-

Table 1. Results of isotherm modeling

Model Parameter Value
Langmuir Q,, (mg/g) 34.36
K; (L/mg) 0.146
R® 0.9714
R, 0.064-0.406
Freundlich n 1.707
K; (mg/g (L/mg)"") 5.060
R’ 0.9929
D-R E (KJ/mol) 1.36
q., (mg/g) 16.73
£x10° (mol*/J?) 0.269
R’ 0.7805

sorption of Cr(VI) occurs on heterogeneous surfaces. The value of
n and K parameters of Freundlich model was determined to be
1.707 and 5.06, respectively. The n value suggesting that the bio-
sorption process is physical and desirable.

The maximum value of biosorption capacity (Q,,) and Lang-
muir constant (K;) were determined as 34.36 mg/g and 0.146 L/
mg, respectively. The maximum biosorption capacity of the modi-
fied S. oligocystum algae is suitable in comparison with other sor-
bents used for the chromium removal (see Table 2). Further, the
Q,, parameter for simple S. oligocystum biomass was notably lower
than those obtained for modified one, showing the effectiveness of
the modification method. Different values of R; for initial Cr(VI)
concentrations of 10-100 mg/L were determined within the range
of 0.064-0.406. Based on this parameter, it is reaffirmed that the
biosorption process is a desirable process.

Based on D-R model, the maximum biosorption capacity (q,,)
and free energy (E) were attained 16.73 mg/g and 1.36 KJ/mol,
respectively (see Table 1). Considering the value of free energy; it is
concluded that the chromium biosorption process by the modi-
fied S. oligocystum algae biomass is physical.

6. Biosorption Kinetic Study

Study of kinetic data provides important information about the
mechanism of biosorption process. To examine biosorption the
kinetic behavior of the Cr(VI) biosorption process from aqueous
solutions, pseudo-first order, modified pseudo-first order, pseudo-
second order, and intra-particle diffusion kinetic models were
used.

Korean J. Chem. Eng.(Vol. 35, No. 1)
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Table 2. Comparison of potentials of various algal biomasses for chromium ions biosorption

Sorbent Q,ax (mg/g) Reference
Spirulina sp. 90.91 [16]
Activated red alga Pterocladia capillacea 66 [41]
Spirulina platensis extract 41.12 [42]
Modified Sargassum oligocystum brown algae 34.36 Present work
Chemically modified seaweed Cystoseira indica 26-34 [43]
Raw green alga Oedogonium hatei 31 [32]
Ulva lactuca (green algae) 27.6 [44]
Simple Sargassum oligocystum brown algae 21.57 Present work
Chlamydomonas reinhardetti (acid treated) 21.2 [45]
Spirogyra sp. 14.7 [46]
Dried red alga Pterocladia capillacea 12 [41]
Fucus spiralis (brown algae) 54 [44]
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Fig. 7. Kinetic model of (a) pseudo-first order, (b) pseudo-second order, (c) modified pseudo-first order, and (d) intra-particle diffusion.

When the concentration of solute is high, the sorption process
follows pseudo-first order kinetic model. The linear equation of
pseudo-first order kinetic model (Eq. (9)) and its modified form
(Eq. (10)) are described as follow [47]:

In(q,—q)=Inq—k;t ©)

q: _

q—+1n(qe—q[)—1nqe—k1t (10)
where: q, (mg/g) denotes the amount of Cr(VI) adsorbed per gram
of biosorbent at studied time and k; (1/min) is the biosorption

constant. To calculate the biosorption rate constant (k;), In(q,—q,)

January, 2018

and q,/q.+In(q,—q,) are plotted against t (Figs. 7(a) and (c)).

One of the practical models for describing the kinetic behavior
of the biosorption is pseudo-second order model. When concen-
tration of the solute in the solution is low; the biosorption process
follows this model. According to the pseudo-second order model,
the rate of occupation of biosorption sites by the heavy metal ions
is proportional to the square of the number of empty active sites
on the biosorbent [48]. The linear equation of the pseudo-second
order kinetic model is as follows:

L. .- (11)
4 ke 9
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Table 3. Modeling results of biosorption kinetic

Solution temperature (°C)

Models Parameters
25 35 45 55
Pseudo-first order k, (min™) 0.0367 0.0385 0.0342 0.0358
Qe (Mg/g) 1236 1576 1.494 1.797
R 0.9645 0.991 0.967 0.9801
Modified pseudo-first order k, (min™") 0.0339 0.0355 0.031 0.0323
Quea (mg/g) 2.509 3.101 2.874 328
R’ 0.971 0.9903 0.9683 0.9753
Pseudo-second order k, (g/mg min) 0.0697 0.0569 0.0507 0.0428
Qe (mg/g) 3.26 325 322 3.19
R’ 0.9999 0.9999 0.9998 0.9997
Intra-particle diffusion k; (mg/g min"®) 0.1147 0.1241 0.1294 0.1381
C (mg/g) 1.927 1.786 1.679 1.519
R’ 0.7363 0.7661 0.7938 0.826
ey (M) 3.173 3.148 3.11 3.059
where: k, is the kinetic constant (g/mg min). To calculate the con- _ 1 13)
stants and parameters of the pseudo-second order kinetic model, 14Ky Qoqeanyr,
t/q, is plotted against t. In this way, q, and k, values are obtained
from slope and intercept of the regression line equation, respec- Ri=kalegean (14
P P! I q > Tesp
tively (Fig. 7(b)). (oo 1 (15)
Intra-particle diffusion model is also used for investigation of " Ky Qtcan
the kinetic behavior of adsorption process, which is an experimen-
tal model. The linear form of this model is as follows [47]: t.= %(z) (16)

q=kt*+C 12)

where: k; is the constant of intra-partidle diffusion rate (mg/g min™°).
The C value presents some idea about the thickness of the boundary
layer. K; and C values are determined from the slope and intercept
of q, versus C plotting, respectively (Fig. 7(d)).

The parameters and constants determined by the applied kinetic
models are presented in Table 3. Based on the mentioned results,
pseudo-second order kinetic model has a higher correlation coef-
ficient (R?) in comparison with other models, suggesting that the
chromium ion biosorption process by the modified S. oligocystum
biomass follows this model. Further, changes in the biosorption
capacity (q,.,) determined by pseudo-first order and modified
pseudo-first order kinetic models do not follow a certain trend
against temperature. On the other hand, in the pseudo-second order
kinetic model the q, ., changes are certain, and with increasing in
the solution temperature, the amount of q, .; declines. The plotting
of intra-particle diffusion kinetic model is not linear, suggesting
that this model had not a major contribution to the biosorption
process [2]. Further, if the straight lines pass through the origin of
the plotting, the intra-particle diffusion kinetic model is the only
rate limiting step; if not, the biosorption process mechanism may
involve other types of elementary processes [49].

The performance of Cr(VI) biosorption by the modified S. oli-
gocystum biomass from aqueous media was also assessed based on
the q,.; and k, parameters of pseudo-second order model and
equations as follows [50]:

where: F,, (dimensionless) is the approaching equilibrium factor,
t,, (min) is the longest contact time, R; (min™") is the second-order
rate index, t,;, (min) is the required contact time for reaching the
initial Cr(VI) ions to the half amount by the biosorbent, t, (min) is
the required times for the given value of fractional biosorption (X,
Q/Qeean) and S is equal to X/(1-X): If the value of F,, within the
range of 0.1-1, 0.1-0.01, and <0.01, then the kinetic is called as
slightly approaching equilibrium, well approaching equilibrium,
and drastically approaching equilibrium, respectively. The value of
F,, was obtained as 0.0238 for this study, and it indicated that the
biosorption process well reached the equilibrium level. The values
of R; and t;;, parameters were found to be 0.227 min~" and 4.405
min, respectively. The small value of half-life showed the rapid bio-

Table 4. Required contact times for various fractional biosorption
values (mixing rate: 400 rpm, biosorbent dose: 3 g/L, C;: 10

mg/L, pH: 3)

Contact time, t, Fractional biosorption, X Value (min)
tos23 0.523 5.154
to7s 0.730 11.907
tos2s 0.825 20.766
toos 0918 49.317
tose2 0.962 111.519
tog79 0.979 205.370
o994 0.994 729.806
o996 0.996 1096.916

Korean J. Chem. Eng.(Vol. 35, No. 1)
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sorption process. R, is a key parameter affecting the value of frac-
tional biosorption. Thus, it was applied to calculate the data of t,
for various X values of chromium ion biosorption by the biosor-
bent and the results are tabulated in Table 4. These kinetic perfor-
mances are informative for designing of chromium ion biosorption
systems.
7. Biosorption Thermodynamic Study

The Arrhenius relation (Eq. (17)) is used to determine the value
of activation energy of the biosorption process, which represents
the minimum energy to continuation the process. The linear Arrhe-
nius relation is as follows [2]:

Ink,;=1nA,- % 17)
where: k; is the equilibrium constant and determined by the equa-
tion of k,=(q,/C,); Ea is the activation energy of the biosorption
process (KJ/mol), R is the universal constant of gases (8.314 J/mol-
K), T is the absolute temperature (K), and A, is the Arrhenius fac-
tor, which is dependent on the solution temperature. The parame-
ters of Ay and E, are determined from the intercept and slope of
the Ink, against 1/T plot, respectively (Fig. 8). If the value of the
calculated free energy lies within 5-40 KJ/mol, the biosorption
process mechanism is of physical type. On the other hand, if the
value lies within 40-800 KJ/mol, then the process mechanism will be
chemical type [2]. In this study, the value was obtained as 15.60
KJ/mol, suggesting that the mechanism of Cr(VI) biosorption by
modified S. oligocystum biomass is physical.

Thermodynamic parameters such as enthalpy (AH’), entropy
(AS”), and Gibbs free energy (AG’) were determined for the chro-
mium jon biosorption by modified S. oligocystum biomass across
different temperatures (25-55°C). The AG’ parameter is deter-
mined using Eq. (18) [38]:

AG’=—RTInk; (18)

To determine the thermodynamic parameters of AH’ and AS’, the
following equation was used:

—AG’_—AH® AS’

Ink,= = + 19
Ma=RT TRT TR (19)
2
1.5
) y = 1.8766x - 4.5049
= R? = 0.9958
1 -
0.5 r r r
3 3.1 3.2 33 34
1/Tx1073 (K1)

Fig. 8.Plot 1/T versus Ink; (Cy: 10 mg/L; biosorbent dose: 3 g/L;
time: 100 min; pH: 3).
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Table 5. Thermodynamic results

T AG’ AH’ AS° Ea
(°C) (KJ/mol) (KJ/mol) (J/mol-K) (KJ/mol)
25°C -7.13
35°C —6.89
o —15.60 —28.31 15.60
45°C —6.64
55°C —6.26

The values of AH” and AS’ are determined by the slope and inter-
cept of Ink, versus 1/T plot, respectively (Fig. 8). The thermody-
namic parameters for the chromium biosorption process are provided
in Table 5. The negative value of Gibbs free energy indicates that
the biosorption process of chromium ion by the prepared biosor-
bent is thermodynamically desirable and spontaneous. Further,
with elevation of temperature, the value of Gibbs free energy for
the biosorption is diminished, suggesting that the extent of spon-
taneity of the biosorption process has declined with the elevation
of temperature. The negative value of AH’ indicating the interac-
tions between the biosorbent and chromium jon are exothermic.
It also indicates that the biosorption process of Cr(VI) is physical,
as AH’<40 KJ/mol. The negative value of AS’ suggests that ran-
dom collisions on the solid surface (biosorbent) and the solution
during the biosorption process are decreased [47].

CONCLUSIONS

The potential of CaCl,-modified Sargassum oligocystum biomass
as a biosorbent was investigated for Cr(VI) removal from aque-
ous solutions. To investigate the characteristics of the biosorbent,
FTIR, SEM, mapping, EDX, and specific surface analysis were
performed. The specific surface value of the biosorbent was deter-
mined to be 35.64 m*/g. The maximum removal efficiency (>95%)
was attained at initial pH of 3, solution temperature of 25 °C, con-
tact time of 100 min, biosorbent dose of 3 g/L, and initial chro-
mium concentration of 10 mg/L. The removal efficiency and g,
decreased and increased with increase in the initial Cr(VI) concen-
tration, respectively. The chromium removal efficiency decreased
by increasing the solution temperature. Pseudo-second order kinetic
had a higher correlation coefficient in comparison with other kinetic
models. The isotherm study suggested that heterogeneous surfaces
have been more effective than homogeneous surfaces for remov-
ing the chromium ion. The biosorption capacity of Cr(VI) using
the prepared biosorbent was obtained 34.36 mg/g. Thermodynamic
parameters including enthalpy; entropy; and Gibbs free energy were
also calculated.

Hereby, considering the abundance and availability as well as
based on the obtained results, it can be concluded that the modi-
fied Sargassum oligocystum biomass can be used as an inexpen-
sive, facile, and suitable sorbent for removing chromium ion from
aqueous media. We noted that the used biosorbent in the adsorp-
tion process could be a new source of contamination; thus, it is
proposed to first desorb the chromium and recycled both adsor-
bate and adsorbent and finally dispose the used adsorbent in a
secure landfill.
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