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Preparation and Characterization of Camellia oleifera
Nut Shell-based Bioadsorbent and its Application for
Heavy Metals Removal

Yanxin Liu,*®¢ Xiangzhou Li,*** Yulong Wang,”d Jun Zhou,? and Wanting He ®

As a renewable agricultural solid waste, Camellia oleifera nut shell (CONS)
is often discarded or burned, causing adverse environmental impact and
a waste of resources. The purpose of this work was to develop a CONS-
based bioadsorbent for the removal of heavy metals. Both CONS and
ethanol/NaOH-modified CONS (MCONS) were prepared. The specimens
were characterized using physiochemical composition, Fourier transform
infrared spectroscopy (FT-IR), and scanning electron microscopy (SEM)
coupled with energy dispersive X-ray analysis (EDX). The effects of pH,
initial metal concentration, adsorbent dosage, adsorption time, and
temperature on the Cr(VI) and Cu(ll) removal were evaluated. The
adsorption kinetics, isotherms, and thermodynamics were determined.
The MCONS sample had a higher carboxyl group content and surface
area than the CONS sample, which helped explain its enhanced
adsorption performance of heavy metals. The maximum uptake capacity
of Cr(VI) and Cu(ll) was 16.39 mg/g and 27.26 mg/g for MCONS,
compared with 6.34 mg/g and 9.89 mg/g for CONS. The adsorption
kinetics for CONS and MCONS fit well with the pseudo-second-order
kinetic model. The adsorption isotherms fit well to the Langmuir model.
The thermodynamic analyses revealed that the adsorption process was
spontaneous and exothermic.
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INTRODUCTION

Heavy metals in discharged industrial water are a major environmental problem
because they are not biodegradable and tend to accumulate in living organisms (Khabibi et
al. 2016). Hexavalent chromium (Cr(VI)) and copper (Cu(ll)) are some of the most
prevalent examples of heavy metal pollution. The toxicity of Cr depends on its oxidation
states (Kong and Ni 2009). Cr(l11) is an essential element for living organisms when it is
present at a low concentration, but it is toxic at high concentrations (Altun and Pehlivan
2012). Cr(V1) is highly toxic even at a low concentrations for humans, animals, and plants
(Srivastava et al. 2015). Cu(Il) is an essential micronutrient and beneficial to organisms at
a lower concentration (Chen and Wang 2011). However, excessive intake of copper can
cause encephalopathy and lasting damage to human kidneys and the reproductive, nervous,
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and circulatory systems (Ofomaja et al. 2010). The efficient removal of these harmful
pollutants poses a significant challenge worldwide.

Among the numerous technologies reported for heavy metal removal, the
bioadsorption process is the most promising, with significant advantages including high
efficiency, low cost, simple operation, easy regeneration, reduction of chemical sludge, and
the possibility of metal recovery (Li et al. 2012; Velazquez-Jimenez et al. 2013). Many
agricultural wastes and by-products have been used as eco-friendly bioadsorbents for
removing Cr(VI) and Cu(ll) in water, for example persimmon leaf (Lee and Choi 2018),
Lagerstroemia speciosa bark (Srivastava et al. 2015), rape straw powders (Liu et al. 2018),
corn stalk (Cao et al. 2018), rapeseed waste (Tofan et al. 2011), wheat straw (Dang et al.
2009), pine cone powder (Ofomaja et al. 2010), mushroom Pleurotus eryngii (Kan et al.
2015), etc. These bioadsorbents have polar functional groups, such as hydroxyl groups,
carboxyl groups, etc., which are believed to be the active sites for the attachment of metal
ions.

To improve the adsorption capacity, much effort has been dedicated to reinforcing
the functional groups and increasing the number of active sites by chemical or physical
pre-treatment methods. Chemical modification is usually performed with organic acids
(citric acid, formic acid, acetic acid, acrylic acid), mineral acids (HCI, HNOs, H2SOs),
bases and basic solutions (NaOH, KOH), oxidizing agents (H202, KMnQg), and many other
agents (formaldehyde, CH3OH) (Shukla et al. 2006; Bansal et al. 2009; Boota et al. 2009;
Ofomaja et al. 2010; Tan et al. 2010; Liu et al. 2011; Pehlivan et al. 2012; Velazquez-
Jimenez et al. 2013; Kong et al. 2014), while physical pre-treatment focuses on the
preparation of biochar or activated carbon by heating agricultural wastes with the aid of
chemicals (Liu et al. 2011; Kundu et al. 2014; Komkiene 2016).

Camellia oleifera C. Abel (Theaceae) is the leading oil crop cultivated in the south
and east of Asia, especially in China, for the production of edible Camellia oleifera oil,
which is also called “Eastern olive o0il”. The production of Camellia oleifera oil yields
about 260,000 tons per year in China. According to the Camellia oleifera industry
development planning of China (2009-2020) (State Forestry Administration of the People’s
Republic of China 2009), it is predicted that production of C. oleifera will grow
unceasingly in the future. However, many residues are generated accordingly, including C.
oleifera nut shell (CONS), C. oleifera seed shell (COS), and C. oleifera cake (COC). Most
of the residues are discarded or burned in the countryside, causing a waste of resources and
serious environmental impact. Among these residues, the CONS represent over 60% of the
total weight of C. oleifera fruits. Therefore, utilizing the CONS has attracted the attention
of researchers in recent years. It is well known that CONS is often used to prepare biochar
or activated carbon. However, there have been few reports of using non-activated CONS
for heavy metals removal. Only Guo et al. (2016) and Lu et al. (2013) have reported to use
CONS remove Pb(I1) and Cr(V1).

The objective of this study was to assess the potential of using CONS as an
alternative bioadsorbent for removing Cr(VI) and Cu(ll) from aqueous solutions. Both
CONS and ethanol/NaOH-modified CONS (marked as MCONS) bioadsorbents were
prepared. Their characterizations were performed based on the physiochemical
composition, Fourier transform infrared spectroscopy (FT-IR), and scanning electron
microscopy (SEM) coupled with energy dispersive X-ray analysis (EDX). The effect of
solution pH, initial metal concentration, adsorbent dosage, adsorption time, and adsorption
temperature were investigated, and the adsorption kinetics, isotherms, and thermodynamics
were also determined.
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EXPERIMENTAL

Chemicals

The chemicals used in this study were of analytical grade. Stock solutions (1000
mg/L) of Cr(VI) and Cu(ll) were prepared by dissolving 2.828g of K>Cr,O7 in 1 L of
distilled water and dissolving 3.9291 g of Cu(SO4)2¢5H20 in 1 L of distilled water,
respectively. The solutions of different concentrations were prepared by diluting the stock
solution with distilled water. The pH of the solution was adjusted with 0.1 M HCl or 0.1
M NaOH by pH meter.

Preparation of Bioadsorbents

Camellia oleifera nut shell (CONS) used in this research was collected in Nov.
2016 in Changsha, Hunan Province, China. Before use, CONS was washed thoroughly
with distilled water and dried in an oven at 60 °C for 12 h. The CONS was then ground in
a plant crusher (FZ102, Taisite Instrument Co., LTD, Tianjin, China). The CONS particles
with diameters from 0.250 to 0.425 mm were collected using sieves (BZS-200, TongQi
Instrument Co., LTD, Hangzhou, China) and stored in polyethylene sealed bags for further
use.

The collected samples were modified as follows: 24.99 g of oven dried CONS were
first rinsed with ethanol for 2 h, then filtered by vacuum filter and air dried. The dried
samples were modified with 300 mL of 0.5 M NaOH for 3 h by 200 rpm stirring rate at
room temperature. The samples were filtrated and washed with distilled water until they
reached neutral pH. Finally, the samples (marked as MCONS) were dried in an oven at
60 °C for 12 h and stored in polyethylene sealed bags. The weight of the oven dried
MCONS was 18.43 g.

Characterization of Bioadsorbents

The chemical composition of the CONS and MCONS were determined according
to standard methods. The lignin content was carried out according to TAPPI T222 cm-88
(2006). The 1% NaOH solubility and ethanol-toluence solubility were determined by
TAPPI T212 om-02 (2002) and TAPPI T204 cm-97 (2007), respectively, and the ash
content was determined by TAPPI T211 om-02 (2002). The content of cellulose was
obtained by nitric acid-ethanol method (Shi and He 2009). Holocellulose was determined
by sodium chlorite treatment according to the Chinese standards of GB/T2677.10 (1995),
and the hemicellulose was calculated by subtracting the cellulose from holocellulose.

The FT-IR spectra were obtained on a Nicolet iS5 FT-IR Spectrometer (Montreal,
Canada), accumulating 36 scans from 500 to 4000 cm™ with a resolution of 4 cm™.
Scanning electron microscopy coupled with energy dispersive X-ray analysis (SEM-EDX)
was performed on a JEOL 6400 scanning electron microscope (JEOL, Tokyo, Japan) using
an accelerating voltage of 15 kV. Samples were attached to mounting stubs with carbon
tape and coated with gold for conductivity. Surface area and porosity were determined by
mercury intrusion porosimetry on a PoreMaster 33 (Quantachrome, Boynton Beach, FL,
USA).

Batch Adsorption Experiments

Each batch biosorption experiment was carried out in 250 mL Erlenmeyer flasks
in water bath oscillator (SHA-C model, China) to study the effects of solution pH (1 to 8),
initial metal concentration (20 to 160 mg/L), adsorbent dosage (2 to 20 g/L), adsorption
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time (0.08 to 180 min), and adsorption temperature (288 K to 338 K) on Cr(VI) and Cu(ll)
removal. After adsorption, the samples were filtered, and the Cr(\V1) concentration in the
filtrate was measured using the standard colorimetric method using 1,5-diphenylcarbazide
reagent (Clesceri et al. 1998) at 540 nm with a UV-Visible spectrophotometer (752 model,
Hong Ji Instrument Co., LTD, Shanghai, China). The concentration of Cu(ll) was
determined with flame atomic adsorption spectroscopy (FAAS; Z-5000, Hitachi, Tokyo,
Japan). The removal efficiency of heavy metals and uptake capacity (qe) were calculated
according to Eg. 1 and Eq. 2,

CO _Ce

Co
XV (2)

Removal Efficiency (%) =
_ Co — C
om
where Cy is the initial metals concentration (mg/L), Ce is the metals concentration (mg/L)
at absorption equilibrium, ge is the weight of adsorbed metals per unit mass of adsorbent
(mg/g), m is the weight of adsorbent (g), and V is the volume of metals solution (L).

Each experiment was repeated five times, and the mean values were used as
experimental data. The differences between the results were smaller than 5%.

x 100% (1)
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RESULTS AND DISCUSSION

Characteristics of CONS and MCONS
Physiochemical properties of CONS and MCONS

The chemical compositions of the CONS and MCONS are shown in Table 1. CONS
is mainly composed of cellulose (21.83%), hemicellulose (39.81%), and lignin (28.91%).
The three components include hydroxyl, carboxyl, and phenolic groups, which make the
CONS capable of binding heavy metals by changing their hydrogen ions to metal ions or
giving an electron pair to form complexes with the metal ions (Kumar et al. 2011).

(a) Scaad (b)

Fig. 1. Solution color of the CONS (a) and MCONS (b) in water

However, CONS also has some water-soluble components, such as tannin, brown
pigment, etc. (Qiu et al. 2009). The dissolution of these components in water leads to a
brown color of the CONS aqueous solution (Fig. 1a). The dissolved components would
bring secondary pollutants to the water and could affect the biosorption process. When the
CONS was modified by ethanol/NaOH, as described in the experimental section, the water
color of the MCONS was much clearer (Fig. 1b). The chemical composition of the
MCONS is also presented in Table 1. It is evident that there was a decrease in the
percentage of hemicellulose (27.7%), 1% NaOH solubility (37.0%), and lignin (27.3%), as
well as an increase in cellulose (32.2%) and ash (5.3%). Compared with the CONS, the
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weight of the MCONS lost almost 26.3%. Similar results were obtained by Sostarié et al.
(2018) and Sghaier et al. (2012), who treated apricot shells and agava fiber (Agava
americana L.) in NaOH solutions, respectively. The results in this paper showed that tannin,
brown pigment, etc. in the CONS was dissolved by ethanol and NaOH, and their removal
decreased the color of the MCONS suspension in water (Fig. 1b).

Table 1. Physiochemical Properties of CONS and MCONS

CONS MCONS

Cellulose/% 21.83+£0.65 3217 +1.21
Lignin/% 28.91+0.87 27.30+£0.80
Chemical Holopellulose/% 61.64 £ 1.85 59.88 + 1.62
Composition Hemicellulose/% 39.81+1.19 27.71+£0.74
Ethanol-toluence Solubility/% 7.94 +0.24 4.27 £ 0.10
1%NaOH Solubility/% 48.13+1.44 36.96 + 0.92

Ash/% 3.24 +0.09 5.30+ 0.24

Physical Surface Area/m?/g 2.25 +0.06 3.63+£0.11
Properties Accessible Porosity/% 17.31 £ 0.52 22.73 £ 0.68

Mercury porosimetry was chosen to determine the physical property changes of the
CONS and MCONS. Table 1 shows that the surface area and accessible porosity of the
MCONS were higher than those of the CONS, indicating the chemical treatment had
partially dissolved some components (such as hemicellulose, tannin, brown pigment, etc.)
in the CONS, and thus the surface area and accessible porosity increased. This phenomenon
was observed via SEM of the CONS and MCONS, which is discussed later.

FT-IR analysis

The FT-IR spectra of the CONS and MCONS are shown in Fig. 2. For both the
CONS and MCONS, the broad peak at 3330 cm™ is due to the O-H stretching vibrations
of cellulose, hemicellulose, and lignin. The peak at around 2925 cm is attributed to the C-
H stretching vibrations of methyl, methylene, and methoxy groups (Feng et al. 2011). The
band observed at 1604 cm™ is attributed to asymmetric stretching of the lignin aromatic
ring. The peak at 1025 cm™ is associated with the stretching of alcoholic groups (-OH)
(Velazquez-Jimenez et al. 2013).

1 1025

4000 3500300020001500 1000 500
Wavenumber/cm”

Fig. 2. FT-IR spectra of the CONS and MCONS

Liu et al. (2019). “Removal of heavy metals,” BioResources 14(1), 234-250. 238



PEER-REVIEWED ARTICLE b | oresources.com

Compared with the CONS sample, there were some obvious changes in the
MCONS FT-IR spectrum. One is the disappearance of the peak at 1725 cm™, which is due
to the stretching vibration of C=0 in the ester groups. The same result was obtained by
Sostari¢ et al. (2018), who found that the peak at 1732 cm™ disappeared after the apricot
shells were treated with alkali. Another difference is the decreased intensity at 1226 cm™,
which is the C-O-C stretching from aryl-alkyl ether linkage (Yang et al. 2007). This was
attributed to the partial cleavage of C-O-C in alkali solutions. Besides, the intensified peaks
at 1419 cm™ and 897 cm* of the MCONS sample were indicative of the increased COO"
content (Sostari¢ et al. 2018) and the increased O-H contents, respectively, implying that
the MCONS sample will have a more enhanced adsorption capacity for heavy metals than
the CONS.

SEM-EDX analysis

Figure 3 shows the SEM-EDX results of the CONS, MCONS, MCONS-Cu, and
MCONS-Cr samples. Significant differences of surface morphology between the CONS
and MCONS were evident (Fig. 3a vs. Fig. 3b). The CONS showed smooth and/or even
surfaces, while after the modification, the MCONS surfaces were irregular and rough, with
some newly formed pores. Table 1 exhibits that the accessible porosity of the CONS and
MCONS was 17.3% and 22.7%, respectively. The increase in the accessible pores allowed
the MCONS to have increased adsorption capacity for heavy metals.

The EDX spectra of the CONS and MCONS are shown in Figs. 3a and 3b,
respectively. The spectra reveal the presence of potassium ions on the surface of the CONS
while sodium ions appear on the surface of the MCONS, which was introduced by the
ethanol/NaOH pretreatment.

0 200 400 600 800 g 1000 O 200 400 600 800 . 1000
eV

0 200 400 600 800 _, 1000 O 200 400 600 800 ., 1000
eV eV

Fig. 3. SEM-EDX of the CONS(a), MCONS(b), MCONS-Cu(c), and MCONS-Cr(d)

Liu et al. (2019). “Removal of heavy metals,” BioResources 14(1), 234-250. 239



PEER-REVIEWED ARTICLE b | oresources.com

Figures 3c and 3d illustrate the surface morphology of the MCONS after the
adsorption of Cu(ll) and Cr(VI). Compared with Fig. 3b, there were no obvious changes
on the surface of the MCONS-Cu and MCONS-Cr. The EDX spectra (Fig. 3c and 3d)
confirmed the presence of Cu and Cr on the MCONS, supporting the conclusion that
transition metal ions were successfully adsorbed onto the MCONS.

Effect of Operating Parameters
Effect of pH Value

The solution pH has a significant impact on the removal of heavy metals because it
determines not only the surface charge of the adsorbent but also the degree of ionization
and speciation of the metal ions in the solution (Kotodynska et al. 2012). The effects of the
pH on Cr(V1) and Cu(ll) removal were performed with varying pH from 1.0 to 8.0 under
the conditions of initial metal concentration of 100 mg/mL, adsorption dosage of 10 g/L,
adsorption temperature of 298 K, and adsorption time of 60 min.

Figure 4a shows that the removal efficiency of Cr(VI1) by the MCONS and CONS
decreased while the removal efficiency of Cu(ll) by the MCONS and CONS increased
with the solution pH increasing from 1.0 to 8.0. This is due to the different chemical
properties of Cr(VI) and Cu(ll). As for the Cr(VI1), the dominant species of Cr(VI) is
HCrO4™ at lower pH, and when the pH increases, HCrO4 is converted to CrO4* and
Cr07% (Hyder et al. 2015). At lower pH (1.0 to 5.0), the surface of the CONS and
MCONS are positive charged with H* ion, which can cause higher removal efficiency due
to the electrostatic attraction between positive surface and HCrO4. At higher pH (5.0 to
8.0), the surface of the CONS and MCONS become negatively charged. The rapid
decrease of removal efficiency may be due to the decreased electrostatic attraction
between the Cr anionic species (CrO42 and Cr.07%) and anionic surface of the CONS and
MCONS. As for the Cu(ll), H" competes with Cu(ll) at lower pH, causing a decrease in
removal efficiency. When pH increases, the surface of the CONS and MCONS are
negatively charged, which favored Cu(ll) adsorption due to electrostatic interaction, thus
leading to the increase of removal efficiency. According to the FT-IR analysis of the
CONS and MCONS, there is significant carboxyl and hydroxyl groups content in the
MCONS, so the adsorption efficiency of Cr(\V1) and Cu(ll) by the MCONS is much higher
than that by the CONS.

As the initial pH of these two metals solution with the CONS and MCONS is
around 5.0, and at these two pH ranges, higher biosorption efficiency can also be achieved,
so there was no need to adjust the initial pH value. Thus, the optimum pH value of the
following experiments in this research was set at around 5.0.

Effect of adsorbent dosage

The optimal choice of adsorbent dosage is based on the adsorption of more heavy
metals with a small amount of adsorbent. In order to achieve this result, the effect of
adsorbent dosage on Cr(VI) and Cu(ll) removal was evaluated under the conditions of
initial metal concentration of 100 mg/mL, pH of 5.0, adsorption temperature of 298 K, and
adsorption time of 60 min. The removal efficiency of Cr(VI) and Cu(ll) is shown in Fig.
4b. It can be clearly seen that more dosage of the adsorbent can get more Cr(V1) and Cu(ll)
removal efficiency, and when the amount of the adsorbent reaches a certain value (more
than 10 g/L), the adsorption efficiency tends to be stabilized. The main reason is that the
increase in adsorbent dosage leads to an increase in the specific surface area, which also
increases the probability of contact of the adsorbent with heavy metals, leading to the
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increase of removal efficiency. But when the dosage of metal ions increases to an extent,
the adsorption sites tends to saturation, leading to a decrease in the availability of active
sites on the adsorbent. As a consequent, the removal efficiency declined. Thus, the dosage
of 10g/L was considered as optimum dose and used in our study.
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Fig. 4. Effect of operating parameters on Cr(VI) and Cu(ll) removal by the CONS and MCONS

Effect of initial metal concentration

The effect of initial metal concentration on Cr(V1) and Cu(ll) removal was evaluated
under the conditions of pH of 5.0, adsorbent dosage of 10 g/L, adsorption temperature of
298 K, and adsorption time of 60 min. Figure 4c shows that the removal efficiency of
Cr(VI1) and Cu(Il) by the CONS and MCONS first increased with increasing initial metal
concentration from 20 mg/L to 80 mg/L, and then it decreased with higher initial metal
concentration. The highest removal efficiency can be achieved at 80 mg/L. Sahmoune et
al. (2011) have reported that heavy metal ions can transfer from the solution to the surface
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of adsorbent owing to a driving force made by the initial metal concentration. So at lower
initial concentration, the driving force increases with increasing initial metal concentration,
and more metals can be adsorbed. The removal efficiency increases accordingly. On the
other hand, higher initial metal concentration can saturate adsorption sites of the adsorbent
surface and then decrease the removal efficiency. The best initial metal concentration for
this research was judged to be 80 mg/L.

Effect of adsorption time

The effects of adsorption time on the removal of Cr(V1) and Cu(ll) were evaluated
under the conditions of pH of 5.0, adsorbent dosage of 10 g/L, adsorption temperature of
298 K, and initial metal concentration of 80 mg/L. Figure 4d shows that the MCONS had
very high Cr(V1) and Cu(Il) removal efficiency, 91.2% and 83.7% for Cr(V1) and Cu(ll),
respectively, within 1 min, while the CONS had only 59.4% of Cr(V1) and 45.5% of Cu(ll)
removal within the same time. Both Cr(V1) and Cu(ll) removal by the CONS and MCONS
increased rapidly in the first 20 to 30 min to the maximum value and then remained almost
unchanged. The results show that the removal of Cr(VI) and Cu(ll) by the CONS and
MCONS were fast adsorption processes. To get better removal efficiency, 60 min was
considered to be sufficient for the adsorption equilibrium.

Effect of adsorption temperature

The effect of temperature on Cr(VI) and Cu(ll) removal was studied with the
conditions of pH of 5.0, adsorbent dosage of 10 g/L, adsorption time of 60 min, and initial
metal concentration of 80 mg/L. Figure 4e shows that the removal of both Cr(VI) and
Cu(Il) decreased with the temperature rising from 298 K to 338 K, which indicates that the
adsorption of Cr(VI) and Cu(ll) by the CONS and MCONS was exothermic. Similar trends
were obtained with the biosorption of Cd(I1) onto cashew nut shells (Kumar et al. 2012) as
well as Cu(ll) and Zn(11) onto Citrus reticulate (Boota et al. 2009). According to the results,
298 K was chosen for this study.

Adsorption Kinetics

The adsorption kinetics are always used to examine the controlling mechanism of
the adsorption process. In this study, the pseudo-first-order kinetic model and pseudo-
second-order kinetic model were chosen to test the experimental data. The pseudo-first-
order kinetic model assumes that the uptake rate of heavy metals with time is directly
proportional to the amount of available active sites on the adsorption surface (Elhafez et
al. 2016). The pseudo-second-order kinetic model predicts the behavior over the whole
adsorption time and is in agreement with the adsorption mechanism being the rate-
controlling step (Wu et al. 2013). Mathematically, the models are given in Egs. 3 and 4.

Pseudo-first-order kinetic model:

In(q, — q¢) = Inq, — kqt (3)
Pseudo-second-order kinetic model:

t _ 1 + 1 . @

q:  k2q%  q.

where gi((mg/g) and ge(mg/g) are the amount of metals adsorbed onto the adsorbent at a
fixed time and at equilibrium, respectively, ki(min) is the adsorption rate constant for the
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pseudo-first-order and can be calculated from the slope of the linear plot of In (ge-Qt) vs. t,
and ko(g/mgsmin) is the adsorption rate constant for the pseudo-second-order and can be
calculated from the intercept and slope of the linear plot of t/ge vs. t.

The comparison of the experimental data for the pseudo-first-order and pseudo-
second-order are shown in Fig. 5a and Fig. 5b, and the corresponding parameters of these
two models are presented in Table 2.
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Fig. 5. Adsorption kinetics of Cr(VI) and Cu(ll) by the CONS and MCONS

Table 2. Fitting Parameters of the Kinetics Models

Pseudo-first-order Pseudo-second-order Qe,exp
R2 ki(min') | ge.cal(mg/g) R2 k2(g/mgemin-') | Geca(mg/g) | (MY/9)

CONS-Cr | 0.8993 0.54 1.40 0.9998 4.42 5.94 5.95
MCONS-Cr | 0.9720 0.28 6.96 0.9999 0.16 15.60 15.55
CONS-Cu | 0.8868 0.34 3.45 0.9997 0.38 9.48 9.46
MC(?J\‘S' 0.9493 0.21 12.57 0.9999 0.08 25.91 25.80

Figure 5 and Table 2 show that the coefficients of determination R? of the pseudo-
first-order model for the CONS and MCONS adsorbing Cr(V1) and Cu(Il) were 0.8993,
0.8868, 0.9720, and 0.9493, respectively, with the calculated ge of 1.40 mg/g, 3.45 mg/qg,
6.96 mg/g, and 12.57 mg/g, respectively. The coefficients of determination R? of pseudo-
second-order model for the CONS and MCONS adsorbing Cr(VI) and Cu(Il) were 0.9998,
0.9997, 0.9999, and 0.9999 with the calculated ge of 5.94 mg/g, 9.48 mg/g, 15.60 mg/qg,
and 25.91 mg/g, respectively.

The ge calculated by the pseudo-second-order model were close to the experimental
data (Table 2). Thus, these results show that the adsorption of Cr(V1) and Cu(ll) by the
CONS and MCONS fit better to the pseudo-second-order model than to the pseudo-first-
order model.
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Adsorption Isotherms

Adsorption isotherms can describe the relationship between the mass of the
adsorbed heavy metals per sorbent mass and the concentration of the component in the
solution (Witek-Krowiak et al. 2011). Two widely-used adsorption isotherms were chosen
in this study, the monolayer adsorption model developed by Langmuir and the multilayer
adsorption model by Freundlich.

The Langmuir adsorption model fits the following equation:

Cc  Ce N 1 5
de qm bam

The Freundlich adsorption model is valid for heterogeneous surfaces, fitting the
following equation,

1
Ing, = InKy + zlnCe (6)

where C. is the metals concentration in the solution at equilibrium (mg/L), ge is the weight
adsorbed metals per unit mass of adsorbent (mg/g), gm is the maximum monolayer
adsorption capacity (mg/g), b is the Langmuir constant. The parameter n is the Freundlich
constant. For n values in the range 0.1 < 1/n < 1, adsorption is favorable. Kr is the constant
of Freundlich adsorption.

The adsorption isotherms were obtained experimentally by using several initial
concentrations of metals. The corresponding Langmuir and Freundlich isotherms
parameters are presented in Table 3.

Table 3. Langmuir and Freundlich parameters for Cr(VI) and Cu(ll)

Langmuir model Freundlich model
R2 b gm (Mg/qg) R2 1/n Kr
(mg/g)(L/mg)™"
CONS-Cr | 0.9648 0.62 6.34 0.8523 | 0.18 7.12
MCONS-Cr | 0.9924 0.30 16.39 0.8949 | 0.30 5.03
CONS-Cu | 0.9536 0.56 9.89 0.8834 | 0.27 8.61
MCSUNS_ 0.9832 0.14 27.26 0.9012 | 0.36 4.96

Table 3 shows that the values of the coefficients of determination, R?, for the
Langmuir adsorption model were all higher than those for the Freundlich adsorption model,
indicating that the Langmuir isotherm gave a better fit. This result suggested that the
biosorption of Cr(V1) and Cu(ll) by the CONS and MCONS was dominated by mono-layer
adsorption. According to Table 3, the maximum monolayer adsorption capacities, Qm,
calculated according to the Langmuir adsorption model are 6.3 mg/g and 16.4 mg/g for
Cr(VI) by the CONS and MOCNS, 9.9 mg/g and 27.3 mg/g for Cu(ll) by the CONS and
MOCNS, respectively. The adsorption capacity of heavy metals is caused not only the
difference in properties of heavy metals (such as the molecular size, electronegativity, and
affinity), but also the heavy metals selectivity of the functional groups of the adsorbents.
Table 4 shows the comparison of Cr(VI) and Cu(ll) maximum capacity by other different
bioadsorbents reported in the literature. It is apparent that the CONS and MCONS had
favorable adsorption results for Cr(VI) and Cu(ll) in comparison to some other
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bioadsorbents, supporting the conclusion that the CONS is a very promising potential
adsorbent to remove heavy metals from aqueous solutions.

Table 4. Comparison of Maximum Adsorption Capacity of Cr(VI) and Cu(ll) by
Different Bioadsorbents

Bioadsorbents (Pretreat Method) |\|—/||:?aVI}SI gm(mg/g) Reference
Camellia oleifera Nut Shell (Native) Cr(VI) 6.3 This Paper
Camellia oleifera Nut Shell .
(ethanol/NaOH) Cr(VI) 16.4 This Paper
Rice Husk (Formaldehyde) Cr(VI) 10.4 Bansal et al. (2009)
Saw Dust (Formaldehyde) Cr(VI) 3.6 Baral et al. (2006)
Walnut Shell (Native) Cr(VI) 8.0 Pehlivan and Altun (2008)
Hazelnut Shell (Native) Cr(VI) 8.3 Pehlivan and Altun (2008)
Almond Shell (Native) Cr(VI) 3.4 Pehlivan and Altun (2008)
Camellia oleifera Nut Shell (Native) Cu(ll) 9.9 This Paper
Camellia oleifera Nut Shell Cu(ll) .
(ethanol/NaOH) 27.3 This Paper
Barley Straw (Native) Cu(ll) 4.6 Pehlivan et al. (2012)
Rosa bourbonia Biomass (Acetic acid) Cu(ll) 141 Manzoor et al. (2013)
Rosa bourbon/ZCBi(lj(;mass (Benzoic Cu(ll) 15.2 Manzoor et al. (2013)
Rosa bourbonia Biomass (Citric acid) Cu(ll) 20.2 Manzoor et al. (2013)
Apricot Shell (Native) Cu(ll) 4.8 Sostari¢ et al. (2018)
Apricot Shell (NaOH) Cu(ll) 12.2 Sostari¢ et al. (2018)

Although the Freundlich adsorption model, according to the R? value, did not fit
the adsorption data perfectly, the values of 1/n (seen in Table 3) were in the range of 0.1 to
1.0, indicating relatively strong adsorption of Cr(VI) and Cu(ll) by the CONS and
MCONS.

Adsorption Thermodynamics

To further elucidate the biosorption process, the thermodynamic parameters, free
energy (AG), enthalpy (AH), and entropy (AS) are often used. The values of AH and AS
were calculated according to the intercepts and slopes of the van’t Hoff plots of InKc vs.
1/T (Eq. 7), which were found to be nearly linear (Fig. 6). The values of AG at different
temperatures were obtained according to Eq. 8; the parameters calculated are shown in
Table 5.

Ink, = ot x 1425 7
AG = —RTInK, 8)

where K is distribution coefficient and is calculated from the following equation:
Kc=Cae/Ce, and where Cae (mg/L) and C. (mg/L) are the equilibrium concentrations for
solute on the sorbent and in the solution, respectively. R is the gas constant (8.314 J/mol
K), and T is the temperature of the adsorption process (K).
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Fig. 6. The van’t Hoff plots for Cr(VI) and Cu(ll) removal by the CONS and MCONS

As can be seen in Table 5, the values of AG were all negative, indicating the
spontaneous nature for removal of Cr(VI) and Cu(ll) by the CONS and MCONS.
Moreover, the negative value of AH suggests that the sorption was exothermic, which is in
accordance with the results drawn from the temperature effect on absorption. The negative
value of AS confirmed the decreases in randomness at the adsorbent and solution interface,
indicating the high probability of adsorption. These analyses have shown that removal of
Cr(VI) and Cu(ll) by both CONS and MCONS is spontaneous and exothermic, which
means that the removal process occurs easily.

Table 5. Comparison of Thermodynamic Parameters

T/K Kc AG/(kd/mol) | AS/( kd/mol<K) | AH/(kJ/mol)
CONS-Cr 288 2.73 -2.41 -0.014 -6.80
298 2.71 -2.48
308 2.63 -2.48
318 2.42 -2.34
328 2.07 -1.99
338 1.84 -1.74
MCONS-Cr 288 124.00 -11.54 -0.049 -26.28
298 99.00 -11.38
308 61.50 -10.55
318 37.46 -9.58
328 32.33 -9.48
338 29.30 -9.49
CONS-Cu 288 1.21 -0.45 -0.037 -11.58
298 1.15 -0.36
308 1.01 0.08
318 0.82 0.32
328 0.75 0.85
338 0.70 1.39
MCONS-Cu 288 75.92 -10.37 -0.063 -29.11
298 65.66 -10.37
308 36.04 -9.18
318 23.39 -8.33
328 17.18 -7.75
338 15.95 -7.78
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CONCLUSIONS

1. Compared with the Camellia oleifera nut shell (CONS), the ethanol/NaOH modified
CONS (MCONS) had less content of hemicellulose, lignin, ethanol-toluence solubility,
1%NaOH solubility, and more carboxyl group content and higher surface area, which
can explain why the MCONS sample had higher Cu(ll) and Cr(V1) uptake than the
CONS sample.

2. The adsorption kinetics of Cr(\V1) and Cu(ll) by the CONS and MCONS fit well with
the pseudo-second-order model. The adsorption isotherms suggested the biosorption
process was mainly dominated by monolayer adsorption. The thermodynamic results
demonstrated that the adsorption process was spontaneous and exothermic.

3. Camellia oleifera nut shell was effective for Cr(\VI) and Cu(ll) removal in aqueous
solutions. The best adsorption conditions for CONS and MOCNS to remove Cu(ll) and
Cr(V1) in aqueous solution are pH of 5.0, an initial metal concentration of 80 mg/L,
adsorbent dosage of 10g/L, adsorption temperature of 298 K, and adsorption time of
60 min.
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