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ABSTRACT. In this study, the adsorption of bovine serum albumin was studied using the activated carbon
prepared from Elaeagnus stone with chemical activation. Elaeagnus stone activated carbon was characterized
using the point of zero charge, Fourier transform infrared spectra, Brunauer-Emmet-Teller method, scanning
electron microscopy, and elemental analysis. The BET surface area of Elaeagnus stone activated carbon obtained
by using 30% ZnCl, (w/w) was determined to be 1588 m%/g. The effects of adsorbent dosages, contact time, initial
bovine serum albumin concentrations, temperature and pH on the adsorption were investigated. The optimum
values of adsorbent dosage, pH, and contact time were determined to be 1 mg/mL, 5, and 160 min for 500 mg/L
BSA concentration, respectively. Additionally, the studies of adsorption equilibrium and kinetics were performed.
The best fitting model from the experimental data was determined to be Langmuir model and the adsorption
follows a pseudo-first-order kinetic model.
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INTRODUCTION

Activated carbon is one of the mostly preferred industrial adsorbents in many different
applications, such as medical treatment, filtration and purification, catalysts, and electrode
materials in electrochemical devices [1-5]. The reasons for the common usage of the activated
carbon in adsorption processes are variable characteristics of surface chemistry, well-developed
internal pore structure, and its high specific surface area [6—7].

Activated carbon is generally obtained with two methods which are physical and chemical
activations. Chemical activation has more significant advantages compared to physical
activation, such as a single step in manufacturing activated carbon, low cost, higher yields and
greater active surface area [8—11].

Adsorption method is widely used in the removals of contaminants from aqueous solutions
[12-17]. The adsorption process in which activated carbons are used is operative, but its
applications are limited due to the high production costs of activated carbons [18]. In order to
produce low cost activated carbon, many researchers have utilized agricultural wastes, such as
walnut shell, almond shell, hazelnut shell, apricot stone [19], pine cone [20], coconut shell,
groundnut shell and bamboo dust [21], pea shell [22], pistachio shell [23], Pomegranate wood
[24]. Therefore, the activated carbon (EAC) produced from waste Elaeagnus stone with
chemical activation method was used for bovine serum albumin (BSA) adsorption.

BSA is a globular protein, and approximately 52-62% of total plasma protein fraction is
represented by the blood plasma protein [25]. For biological systems, BSA is a very significant
protein in terms of osmotic blood pressure [26], transportation [27] and maintenance of blood
pH [28]. The protein adsorptions on activated carbon are very significant for low cost and
efficiency, and there is an important role in its related areas, such as new biocatalysts and
protein purification for medicine, analytical chemistry and pharmacology [29]. Therefore, the
performance of obtained EAC was examined with respect to BSA removal from aqueous
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solution, and the effects of initial BSA concentration, contact time, temperature, adsorbent
dosage, and pH on the adsorption process were evaluated. Furthermore, BSA adsorption
mechanism on the activated carbon was explained by using adsorption isotherms and kinetics.

EXPERIMENTAL
Materials

BSA (CAS number of 0009048468) used as an adsorbate was supplied by Sigma Aldrich. By
dissolving the calculated amount of BSA powders in water (double-distilled), BSA stock
solution was adjusted to 2000 mg/L. Then, the diverse solutions with various concentrations
were adjusted to serial dilutions between 500-1600 mg/L. Phosphate buffer solution, HC1 (CAS
number of 0007647010) and NaOH (CAS number of 0001310732) were supplied by Sigma
Aldrich.

Preparation of activated carbon

Powdered Elaeagnus stone (10 g) and ZnCl, solutions with 30% (w/w) were put in a flask for
activation step. The mixture in this flask was boiled under reflux at around 85 °C for 60 min.
After that the mixture was allowed to dry in petri dishes for 24 h at 105 °C by using an
incubator. At the carbonization step in which activation also occurs, dried mixture was baked at
600 °C for 60 min. 0.1 M HCI solution was used to treat the produced EACs for the elimination
of zinc and chloride ions and contaminants on EAC surface, before EACs were rinsed with
double-distilled water until pH became 7. Lastly, EACs were dried at 105 °C and they were
milled and placed into brown bottles for other experiments.

Characterization of prepared EAC

Leco TrueSpec Micro model Elemental Analyzer was utilized to measure the raw material and
EAC’s C, H, N and S contents. The oxygen percentages in substances were determined by
difference. By using Micromeritics TriStar II 3020, nitrogen (N,) adsorption-desorption
experiment were achieved at liquid nitrogen temperature (-196.15 °C). To remove volatile
contaminations on surface, EAC sample was degassed at 90 °C for 30 minutes and at 300 °C for
120 min under vacuum before the measurement. The total volume was calculated through
nitrogen adsorption at P/P, which is equal to 0.984, and EAC surface area was determined by
Brunauer-Emmet-Teller (BET) method. Also, Fourier transform infrared spectra (FTIR Perkin
Elmer) have provided to determine surface functional groups onto EAC and scanning electron
microscope (SEM; FEI-QUANTA FEG 250) has given information about EAC surface
characteristics. The pH where the EAC surface has zero charge (pHpzc) was determined by the
following procedure: 0.1 g EAC and 0.1 M 50 mL KNO; solution were put into Erlenmeyer
flasks. By adding 0.1 M NaOH or HCI, the initial pHs of these Erlenmeyer flasks were adjusted
between 2 and 11, separately. The final pHs were determined and plotted versus initial pHs,
after 48 hour contact time by a shaker (WiseBath) with thermostat-controlled [30].

Methods

Using the batch method, adsorption experiments were achieved. After the adsorption process of
BSA onto EAC, the solution was centrifuged at 4000 rpm for 20 min. The supernatant obtained
from the centrifugation process was filtrated by means of a PVDF hydrophilic syringe filter with
the pore size of 0.22 um. By using the UV/Visible spectrophotometer (Mecasys Optizen POP
Series), BSA concentrations were calculated at the wavelength of 280 nm.
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Following mass balance equation was used to calculate the adsorbed BSA amount per unit
mass of adsorbent (gq,):

_ (Ci=Ce)V
g = et (1)

and the adsorption percentage of BSA was determined by using the formula:
Adsorption (%) = “=°2 x 100 )
L

where w is adsorbent mass (g), V is the volume of solution (L), C, is the equilibrium
concentration of BSA solution (mg/L), and C;is the initial BSA concentration (mg/L).

The effects of pH, temperature, contact time, initial BSA concentration, and adsorbent
dosage were experimentally studied as follows. To detect the optimum amount of the activated
carbon, six separate BSA solutions, each of 500 mg/L and 25 mL, were putinto 100 mL
conical flasks. Adding the activated carbon of 5, 15, 25, 35, 45 and 55 mg for each BSA
solution, the adsorption process was performed at 100 rpm by using a thermostatic shaking
water bath after reaching thermal equilibrium at 25 °C.

To scrutinize the contact time and BSA concentration effects on BSA adsorption, the
activated carbon of 25 mg was added into BSA solutions of 500, 800, 1000, 1200, 1600 and
2000 mg/L separately, and these BSA solutions were shaken until establishing the equilibrium
of adsorption. For kinetic studies, BSA concentration in equilibrium was determined by taking
the sufficient amounts from BSA solutions at determined time intervals.

To examine the temperature effect on BSA adsorption, at 15, 25 and 35 °C, the activated
carbon of 25 mg was separately added into 25 mL BSA solutions with the concentrations of
500-2000 mg/L. After that, these solutions were shaken until establishing the equilibrium of
adsorption. For each temperature, BSA concentration in equilibrium was determined.

Table 1. The adsorption and kinetic models used in this study and their parameters.

Parameters
qn (mg/g): Complete monolayer adsorption
mKiCo | Co_ 1 Co (SRAOW ——
qQe=——77— | —= + — | C. (mg/L): The equilibrium concentrate
a+ Kl | G amKi  Gm K; (L/mg): The Langmuir adsorption
constant
n: The empirical parameter relating the
adsorption intensity, which varies with the
heterogeneity of material (dimensionless)

Isotherm Equation Linearized form

Langmuir

Inq,

1
Freundlich qe = Kp C?

1
=InKp + ;lnCe

Kr (mg g' L™ mg™): The Freundlich
adsorption constant

Pseudo-first
order

da
dt

log(ge — q¢)
kyt
= log q. —

¢, (mg/g): The adsorption capacity at time t

t (min): Contact time

k; (min™): The rate constant of pseudo-first

=k1(qe — q1) 2.303

Pseudo- dq; r 1 !
second order = ky (9e — q¢)*

order adsorption
k; (g mg' min"): The rate constant of
pseudo-second order adsorption

= +
9 ko q2  q.

To determine the optimal pH for the adsorption process of BSA onto the activated carbon in
this study, 25 mg of activated carbon was added into 25 mL BSA solutions with the
concentration of 500 mg/L. By using sodium phosphate buffer solution, pH of solution was
adjusted to desired acidic and basic values adding the small amounts of HCl and NaOH. The
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solution was shaken until establishing the equilibrium of adsorption. After that BSA
concentration in equilibrium was determined. Moreover, Equilibrium and kinetic studies for
BSA adsorption on EAC were investigated by using the equations given in Table 1.

RESULTS AND DISCUSSION
Characterization of EAC

Table 2 shows the elemental contents of EAC and Elaeagnus stone. After activation and
carbonization steps, the EAC carbon content considerably increased in comparison with
Elaeagnus stone. As expected, the contents of hydrogen and oxygen displayed a reverse
tendency. That is why; volatile compounds (i.e., oxygen and hydrogen) removed from the
carbonaceous product because of Elaeagnus stone decomposition during carbonization and
activation steps. Thus, the carbonaceous product had more carbon content.

Table 2. Contents of the raw material and EAC with impregnation ratio of 30% (w/w).

Element Raw material (wt.%) Activated carbon (wt.%)
Carbon 46.96 70.10
Hydrogen 6.564 2.091

Nitrogen 1.690 2.354

Sulfur 0.7933 0.8487

Oxygen (by difference) 43.99 24.61

The highest surface area of EAC was obtained as 1588 mz/g. Also, the values of average
pore diameter (2.266 nm), micropore volume (0.0761 cm®/g), total pore volume (0.8996 cm’/g),
micropore area (1139 m*/g), and BET surface area display that the produced EAC has a properly
porous surface for adsorptions in which micropore areas of activated carbons are desired to have
high values. Surface texture, fundamental physical properties and pore morphology of the
adsorbent surface were characterized using scanning electron microscopy (SEM; FEI-QUANTA
FEG 250). Figure 1 (a-b) displays SEM images of EAC surfaces. A great deal of pores and a
heterogeneous texture with variable cavities were observed on EAC surfaces.

Figure 1. SEM images of raw material and EAC (a) 1000x and (b) 2000x.

Figure 2 presents FTIR spectra of EAC and Elaeagnus stone. As seen in the FTIR spectrum
of raw material, an intense band at around 1028 cm™ and the bands at 1239 ¢cm™ indicate the
vibrations of C-O stretching at ester, ether, phenols, or alcohols groups [31]. The two bands at
1456 and 1541 cm™ belong to the vibrations of skeletal C=C at aromatic rings and the bands at
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about 1376 and 1445 cm™ are because of the vibrations of C-H in-plane bending at methylene
and methyl groups [32]. The band at 1614 cm™ is due to olefinic C=C stretching [33]. The band
at 1744 cm™ corresponds to carbonyl C=0 groups. The bands at 2854 and 2923 cm™' display the
vibrations of C-H at methyl and methylene groups [34]. The wide absorption band between
3400 and 3200 cm™ corresponds to the vibrations of N-H stretching and OH groups [35]. On the
other hand, less adsorption bands are seen in EAC spectrum compared to the spectrum of raw
material. This displays diverse functional groups existing in the spectrum of raw material
disappear during activation and carbonization steps. The bands between 1035 and 1154 em’ are
because of C-O stretching in esters, phenols, alcohols, and carboxyl acids [36], similarly as in
the raw material spectrum.

%T

em-1

(@

(b)
Figure 2. FTIR spectra of (a) raw material and (b) EAC.

pHpzc is accepted to be the value where final pH is equal to initial pH and the surface charge
is neutral at pHpzc value. To realize interfacial properties, the pHpzc of an adsorbent is a
significant characteristic. As shown in Figure 3, the value of pHp,c of EAC has been determined
to be 7.05.

Effect of activated carbon dosage

The relation between the dosages of activated carbon and BSA concentration adsorbed by the
activated carbon is displayed in Figure 4. As shown in Figure 4, the percentage of BSA
adsorption onto the activated carbon with the dosage at 1 mg/mL was found to be 98.43. Also, it
was observed that the adsorbed BSA amount slightly increased for the amount of the activated
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carbon with above the dosage at 1 mg/mL. For this reason, the optimum adsorbent dosage was
determined to be 1 mg/mL.
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Figure 4. Effect of the adsorbent dosage on BSA adsorption (C; = 500 mg/L, T = 25 °C, pH =5,
shaking speed = 100 rpm).

Effect of pH

To determine the optimum pH, BSA adsorption on activated carbon produced from Elaeagnus
stone was studied at pH of 3, 4, 5, 6, 7, 8 and 9. As seen in Figure 5, the adsorption efficiency
increased from 42.5% to 98.43% when the value of pH increased from 3 to 5. Nevertheless, the
adsorption efficiency decreased from 98.43% to 52.65 % when the value of pH increased from 5
to 9. The pH of aqueous solutions is an important parameter which has significant effects on
adsorption processes. As a result, the optimum pH value for BSA adsorption onto EAC was
found to be 5. It can be explained by the pHpzc value (7.05) for EAC due to the fact that the
surface is charged positively at pH < pHp;c whereas the surface is charged negatively at pH >
pHpzc. At the pH value of 5, the EAC surface is positively charged, while BSA surface is
charged negatively because the isoelectric point of BSA is 4.7. The electrostatic attraction
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between the negatively charged BSA molecules and the positively charged EAC surface caused
to be the maximum adsorption value at pH of 5.
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Figure 5. Effect of pH on BSA adsorption (C; = 500 mg/L, EAC dosage = 1 mg/mL, T = 25 °C,
shaking speed = 100 rpm).

Effect of initial BSA concentration and contact time

For different BSA concentrations (500-2000 mg/L), the change of adsorption on EAC with time
is seen in Figure 6. As shown in Figure 6, the time for reaching the adsorption equilibrium is not
identical for each initial BSA concentration. For instance, the time for reaching the equilibrium
is 160 min for 500 mg/L BSA concentration, while the time for reaching the equilibrium is 275
min for 2000 mg/L BSA concentration. Moreover, the adsorption at first occurs very fast, and it
becomes slower in later times. This case can be explained that the active centrals on EAC are
more available for adsorption at the initial times, and it becomes vice versa in later times.
Additionally, the adsorption efficiency is lower at higher protein concentration (C; > 1200 mg/L)
due to the electrostatic repulsion between the protein molecules in solution and the protein
molecules on EAC surface.
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Figure 6. Effect of the initial BSA concentration and contact time (EAC dosage = 1 mg/mL, T =
25 °C, pH =5, shaking speed = 100 rpm).
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Effect of temperature

For the characterization of adsorption mechanism and the obtainment of high adsorption
efficiency, one of the most important parameters is temperature. Therefore, as shown in Figure
7, BSA adsorptions on EAC were conducted at 15, 25 and 35 °C. The decrease at the values of
adsorption was seen with the increase of temperature. Its reason can be explained by the
increase of the kinetic energy of BSA molecules in solution along with the rise in temperature
since the increasing kinetic energy caused the decrease of the interaction between EAC surface
and protein molecules. Analogous trends have been presented by other researchers [37-38].
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Figure 7. Effect of temperature (EAC dosage = 1 mg/mL, pH = 5, shaking speed = 100 rpm).
Adsorption isotherms and kinetics

Adsorption isotherms show the relations between the amounts of the molecules adsorbed by
adsorbent and the amounts of remain molecules in solution when reaching the adsorption
equilibrium. Langmuir [39] and Freundlich [40] models are the most used adsorption models in
adsorption studies. The Langmuir isotherm is mainly convenient for monolayer adsorption onto
a surface, while the Frendlich isotherm characteristically presumes heterogeneous adsorption
onto a surface. Separation factor R; helps to determine the applicability of adsorption process,
which is expressed by:

1
1+Ky, C;

(©)

R,

R; > 1 for unfavourable adsorption, 0 < R; < 1 for favourable adsorption, R; = 0 for irreversible
adsorption, and R; = 1 for linear adsorption. Moreover, adsorption onto surface is favourable if
1/n value calculated by Freundlich model is between 0 and 1. The results from Freundlich and
Langmuir isotherms drawn for BSA concentrations on EAC at different temperatures are
presented in Table 3. When examining correlation constants (R’) for each temperature value, it
is seen that the data of adsorption were compatible with Langmuir isotherm. Especially at 15
and 25 °C, the adsorption capacities for EAC were found quite high. Furthermore, for all
temperatures given in Table 3, the fact that the values of R; and 1/n are between 0 and 1 presents
favourable for BSA adsorption onto EAC.
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Table 3. Isotherm constants for the adsorption of BSA onto EAC

Langmuir Constants Freundlich constants
Temperature K 2 Kr 2
CC) Gmax (/) (Limg) R RL 1/n (Lmg) R
15 925.9 0.1460 0.9950 | 0.0135 0.1196 476.5 0.7071
25 826.4 0.4352 0.9943 | 0.0046 0.1147 408.8 0.8146
35 369.0 0.0093 0.9588 | 0.1770 0.1105 388.9 0.8599

At various initial BSA concentrations, pseudo-first-order [41] and pseudo-second-order [42]
kinetic models were used to analyze the adsorption process onto EAC. The equations
concerning the kinetic models are given in Table 1. By performing the kinetic models, the data
obtained experimentally at each BSA concentration are presented in Table 4. When evaluating
the values of R’, the adsorption process onto EAC was determined to be compatible with
pseudo-first-order kinetic model for all BSA concentrations.

Table 4. Kinetic parameters for the adsorption of BSA onto EAC

Pseudo-first order Pseudo-second order
G, ki qe RZ k2 ge RZ
mgL) | 7 | (min") (mg/g) (gmg'min) | (mg/g)
500 4922 | 0.2791 495.2 0.9785 0.0120 350.3 0.6271
800 698.8 0.2545 705.2 0.9825 0.0060 622.8 0.7421
1000 789.6 | 0.2363 798.7 0.9645 0.0010 753.5 0.7621
1200 883.9 | 0.2139 889.3 0.9726 0.0008 813.5 0.7156
1600 890.9 | 0.2062 900.5 0.9865 0.0014 824.3 0.6824
2000 803.2 | 0.2016 814.7 0.9688 0.0097 712.7 0.6745
CONCLUSIONS

The activated carbon prepared from waste Elaeagnus stone using the chemical activation with
ZnCl, has been obtained with a high surface area and proper surface properties for adsorption
processes. Based on the experimental results, the adsorption yield decreased with the increase in
both temperature and initial BSA concentration. The highest adsorption percentage was
determined to be 99.16 at the temperature of 15 °C, BSA concentration of 500 mg/L and the pH
of 5. The adsorption isotherm and the adsorption kinetics for BSA onto EAC are consistent with
Langmuir isotherm model and pseudo-first-order kinetic model, respectively. Given all results
in this study, it could be concluded that EAC is a low-cost and efficient adsorbent for BSA
adsorption.
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