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Characterization of Biochar Derived from Pineapple Peel
Waste and Its Application for Sorption of
Oxytetracycline from Aqueous Solution

Bomin Fu,2 Chengjun Ge,>>¢* Lin Yue,? Jiwei Luo,* Dan Feng,? Hui Deng,%and
Huamei Yu &P

Physicochemical characteristics of biochar and its sorption potential for
oxytetracycline (OTC) were investigated. Biochars from pineapple peel
waste were produced via pyrolysis under oxygen-depleted conditions at
350 °C (BL350), 500 °C (BL500), and 650 °C (BL650), as well as the
characteristics and polycyclic aromatic hydrocarbons contents of the
samples were compared. The sorption kinetics of OTC onto the biochars
was completed in three stages, i.e., a fast stage, a slow stage, and an
equilibrium stage after 24 h. The kinetics data were perfectly fitted by the
pseudo-second-order model with high correlation coefficients (R2> 0.999).
All of the sorption isotherms were nonlinear and well described by the
Langmuir model. The Langmuir maximum sorption capacity (Cmax)
increased in the order of BL650 > BL500 > BL350. The thermodynamic
parameters revealed that the sorption of OTC onto the biochars was
spontaneous and endothermic. Fourier transform infrared spectroscopy
(FTIR) of the biochars before and after sorption of OTC confirmed that the
H-bonding interaction was the dominant sorption mechanism. The results
demonstrated that biochars obtained from inexpensive and renewable
materials could be utilized as a highly effective and environmentally
friendly adsorbent for removing organic contaminants from wastewater.
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INTRODUCTION

Oxytetracycline (OTC) is commonly and widely used in prophylaxis and the
treatment of many infectious diseases in humans and animals, and it is recognized for its
effective antibacterial properties (Chopra and Roberts 2001; Buchberger 2011). Most OTC
is released into different environments through manure spread, sewage irrigation, field
runoff, etc. (Halling-Segrensen et al. 1998). In the past decades, OTC has been frequently
detected in liquid manure, soil, groundwater, and surface water, and ranged in
concentration from a few ng/L to several pg/L (Lindsey et al. 2001). Unfortunately,
traditional biological treatment methods are ineffective in degrading OTC because of its
persistence and recalcitrance caused by its stable naphthalene ring structure (De Liguoro
et al. 2003; Liu et al. 2015). Therefore, even at low concentrations in the environment,
OTC is potentially hazardous and toxic to the health and safety of both humans and aquatic
ecosystems (Hirsch et al. 1999; Sarmah et al. 2006; Lv et al. 2012; Rizzo et al. 2013). It is
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therefore of the utmost importance to develop more efficient treatment technologies for the
removal of this contaminant. Several reports indicate that adsorption technology as a
physical means is highly effective in eliminating OTC from soil and wastewater (Kong et
al. 2012; Sun et al. 2012).

Biochar, a carbon-rich byproduct, is derived from incomplete combustion and
thermal decomposition of biomass under oxygen-depleted conditions (Kookana et al.
2011). The application of biochar to soil could help to mitigate global warming by
sequestering carbon and reducing emissions of other greenhouse gases (Lehmann 2007).
In addition, when added to soils, biochar could increase soil nutrients and crop productivity,
and improve the soil’s physical and chemical properties, such as water retention and
nutrient holding capacity (Glaser et al. 2009; Laird et al. 2010; Paz-Ferreiro et al. 2012).
Biochar is an excellent sorbent due to its large specific surface area, abundant microporous
structure, high hydrophobicity, and aromaticity (Jonker et al. 2004). Biochar could
effectively remove various pollutants, such as heavy metals, polycyclic aromatic
hydrocarbons (PAHSs), steroid hormones, pesticides, and antibiotics (James et al. 2005;
Sarmah et al. 2010; Deng et al. 2014; Mohan et al. 2014; Feng et al. 2015). Thus, biochar
can potentially be used as an effective and inexpensive sorbent for adsorbing contaminants
from environment.

Pineapple is one of the most common fruits cultivated in tropical and subtropical
areas. Its large-scale cultivation and production in food manufacturing industries generates
a great deal of waste, such as leaves, stems, peel, etc., which is a potential risk in
ecosystems and the environment (Foo and Hameed 2012). In this study, pineapple peel
waste was chosen as the raw material to produce biochar. This study is valuable in
determining uses for agricultural waste. Unfortunately, studies about the sorption behavior
of organic contaminants onto biochars derived from pineapple waste are missing. For this
reason, the overarching objectives of the present work were to elucidate the differences in
three biochars obtained from pineapple peel at different pyrolysis temperatures, to compare
and assess the adsorption affinity of OTC onto the different biochars via adsorption kinetics,
isotherms, and thermodynamics, and to determine the corresponding sorption mechanisms
involved via Fourier transform infrared spectroscopy (FTIR) before and after the
adsorption of OTC. The results obtained might broaden the understanding regarding
agricultural waste applications and find an effective way to remove OTC from wastewater.

EXPERIMENTAL

Materials

Oxytetracycline (> 98% purity OTC; 460.43 g/mol molecular weight) was obtained
from Dr. Ehrenstorfer company (Berlin, Germany). High performance liquid
chromatography (HPLC) grade methanol and acetonitrile was purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Other chemicals were of analytical reagent
grade. All aqueous solutions were freshly prepared with ultrapure water acquired from a
Spring-S60i+PALL system (Research Scientific Instruments Co. Ltd., Shanghai, China).

Methods
Biochar production

Pineapple peel used for the production of biochar was collected from fruit stores in
Haikou City, Hainan Province, China. The waste was air-dried for 3 days and then milled
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by a high speed rotary crusher. These samples were pyrolyzed at 200 °C using a muffle
furnace under oxygen limited conditions for 2 h. The samples were then heated at a rate of
10 °C/min until the desired temperature was reached (350, 500, and 650 °C) and remained
there for 3 h. The prepared biochars were passed through a sieve to achieve an average
particle size of 0.15 mm, and they were designated BL350, BL500, or BL650 according to
the pyrolysis temperature. These biochars were saved in sealed desiccators until further
use.

Characterization of biochar

The yield of biochar was calculated from the dry weight of pineapple peel waste
and the mass of the produced biochar after the completion of pyrolysis. The ash contents
of the samples were measured from the residual mass after the biochar was heated at 750 °C
for 5 h in a muffle furnace.

The pH value of samples was determined by preparing a suspension of biochar and
deionized water in a mass ratio of 1:20. The suspension was shaken with a mechanical
shaker at 150 rpm for 30 min and equilibrated for 10 min before measuring the pH with a
digital pH meter (SG2, Mettler-Toledo. Co. Ltd., Zurich, Switzerland). The cation
exchange capacity (CEC) of the samples was measured by the BaCl,-H.SO4 forcing
exchange method (Zhang et al. 2014).

Carbon (C), nitrogen (N), and hydrogen (H) contents in the samples were
determined by an elemental analyzer (Vario EL, Elementar, Berlin, Germany). The oxygen
(O) content was estimated by mass difference (100 - (C + H + N + ash content)). The
atomic ratios of the elements were calculated to estimate the polarity (O/C and (O+N)/C)
and aromaticity (H/C) of samples.

The surface morphology and elemental composition of the samples were
characterized with a scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan)
equipped with an X-ray energy dispersive spectrometry (EDS) detector (3400N, Hitachi,
Tokyo, Japan).

The method for extraction and determination of PAHs contents from the samples
were referenced by Devi and Saroha (2015).

The pore structure characteristics of the samples were measured by nitrogen
adsorption at 77 K with a physical adsorption analyzer (ASAP 2020, Micromeritics Corp.,
Atlanta, USA). The samples were pretreated by degassing at 300 °C in a vacuum condition
for 4 h. The surface area (Sger) was determined by the application of the Brunauer-Emmett-
Teller. The total pore volume (Viotar) was defined as the volume of liquid nitrogen at a high
relative pressure of 0.99. The t-plot method was used to estimate the micropore surface
area (Smicro) and micropore volume (Vmicro) Of the samples. The average pore size (Dap)
obtained by the adsorption data using Barrett-Joyner-Halenda (BJH) method.

Sorption experiments

The batch adsorption experiments of OTC onto the biochars were performed. The
samples contained 0.1 g of the dried biochar in 10 mL of solution with various initial
concentrations (1, 2, 5, 10, 15, and 20 mg/L) of OTC, which were contained in 50 mL
centrifuge tubes. The solutions were diluted with a background solution that contained 0.01
M CaCl> and 200 mg/L of NaN3 to maintain the ionic strength and inhibit microbial
activities. The tubes were shaken at a constant speed of 200 rpm in a mechanical shaker at
15, 25, and 35 °C until equilibrium was reached. After equilibrium was obtained at 24 h
(predetermined), the samples were centrifuged at 7000 rpm for 6 min, and the supernatant
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liquid was subsequently filtered through a 0.45 um membrane of polyethersulfone (PES).
The residual concentration of OTC in the filtrate was determined immediately by HPLC.

Sorption kinetics was used to investigate the effect of contact time, determine
kinetic parameters, and obtain the equilibration time. The samples that contained an initial
OTC concentration of 10 mg/L were sampled at the desired time intervals of 0.5, 1, 2, 4, 8,
12, 24, 36, and 48 h at 25 °C. All experiments were conducted in triplicate. In addition, the
loss of OTC from the centrifuge tubes was negligible during the sorption without biochar.

The amounts of OTC sorbed onto the biochars were calculated based on the
differences between the initial and final solution concentrations according to the following
equation,

— (CO - Ce )V
e m L)

where de is the amount of OTC adsorbed (mg/g), Co is the initial OTC concentration
(mg/L), Ce is the equilibrium concentration of OTC (mg/L), V is the volume of solution
(L), and m is the mass of adsorbent (g).

Detection of OTC

The concentration of OTC was measured using a Waters 2695 Separations Module
HPLC coupled with a 2487 UV detector (Milford, USA). The adsorption wavelength for
the detection of OTC was 355 nm. The solutes were separated by a Gemini C18 analytical
column (150 x 4.0 mm, 5 um, Waters) at 35 °C. The mobile phase consisted of acetonitrile
and phosphoric acid (0.5%o) (15:85, v/v) at a flow rate of 1 mL/min. The injection volume
was fixed to 20 uL, and the retention time for OTC in the HPLC was 4.5 min.

FTIR analysis

FTIR (Nicolet iS10, Thermo Fisher Scientific, Waltham, USA) was used to
investigate the changes in the surface functional groups of biochars before and after
the adsorption of OTC. The suspensions were removed after the adsorption reached
equilibrium (24 h), and then the biochar samples were freeze-dried for FTIR analysis. The
dried sample was mixed with KBr in a ratio of 1:100, and the mixture was pressed into a
pellet using a tablet machine. The spectra of FTIR were obtained in the wavelength range
of 4000 to 400 cm™ at room temperature.

RESULTS AND DISCUSSION

Physicochemical Properties of Biochar

Selected physicochemical characteristics of the samples are listed in Table 1. The
biochar yield decreased from 33.94% to 23.74% with increased pyrolysis temperature from
350 °C to 650 °C. The decline in biochar yield mainly corresponded to cellulose-
hemicellulose degradation and lignin decomposition with the rise in pyrolysis temperature
(Parthasarathy et al. 2013). Contrary to the biochar yield, the ash content of the samples
noticeably increased, which was mainly due to organic matter loss from the residues and
the ash formed from mineral matter after carbonization (Cao and Harris 2010). With
respect to CEC, its values increased in the order of BL650 > BL500 > BL350 > pineapple
peel, which was similar to the findings reported by Gasco et al. (2005). The pH values of
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all the biochars were consistently higher than that of the pineapple peel, which was mainly
ascribed to the separation of ash content and alkali salts from organic materials at high
charring temperatures (Cao and Harris 2010).

When the pyrolysis temperature increased, the C content of the samples increased,
whereas the H and O contents decreased. These trends were consistent with the
observations of previous studies and were likely because of increased carbonization
through dehydration and decarboxylation reactions during high temperature decomposition
(Keiluweit et al. 2010; Kloss et al. 2012). There was no distinct trend for the effect of
pyrolysis temperature on N content. In addition, the atomic ratio was calculated to estimate
the aromaticity and the polarity of the biochars. The H/C ratio decreased from 0.147 for
the raw material to 0.018 for BL650, which indicated an increase in the aromaticity and
the formation of highly carbonized biochar. Furthermore, the O/C and (O+N)/C ratios both
decreased with a rise in pyrolysis temperature. This was due to a decrease in the O content
and increase in the C content after the pyrolysis process, which accounted for the reduction
in polarity. These results agreed with the findings reported by Ahmad et al. (2012).

The effects of pyrolysis temperature on the surface areas, pore volumes, and pore
sizes of the samples are shown in Table 1. With increased charring temperature, the BET
surface area (Sger) and micropore surface area (Smicro) Of the samples increased from 0.352
to 6.643 m?/g and from 0.304 to 5.708 m?/g, respectively. It should be noted that the total
pore volume (Viotar) and micropore volume (Vmicro) Of the samples also increased with
higher carbonization temperatures, and the maximum values for both were obtained from
BL650. The increase in surface area and pore volume with temperature could be attributed
to the removal of aliphatic and volatile components during pyrolysis (Keiluweit et al. 2010).
However, the average pore size (Dap) decreased with increased pyrolysis temperature due
to the formation and freeing of additional micropores in the biochars (Novak et al. 2009).

Table 1. Characteristics of Pineapple Peel and Its Pyrolysis Biochars at Different
Temperatures

Properties Pineapple peel BL 350 BL 500 BL 650
Yield (%) 0 33.94 25.74 23.74
Ash (%) 3.97 10.41 12.58 13.23

pH 4.25 9.37 9.57 9.74
CEC (cmol/kg) 49.33 62.17 85.10 116.57
C (%) 41.02 72.95 73.90 74.53

H (%) 6.05 3.36 2.21 1.37

O (%) 48.17 12.05 10.23 9.88

N (%) 0.79 1.23 1.08 0.99
H/C 0.147 0.046 0.030 0.018
o/C 1.174 0.165 0.138 0.133
(O+N)/C 1.194 0.182 0.153 0.146
Seer (M?/g) 0.352 0.815 2.729 6.643
Smicro (M?/Q) 0.304 0.569 2.220 5.708
Viotal (cM3/g) 0.0010 0.0015 0.0022 0.0031
Vmicro (CM3/Q) 0.0001 0.0003 0.0010 0.0026
Dap (NnmM) 1.376 1.296 1.257 1.106
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Table 2. Concentration of PAHs in Pineapple Peel and the Biochars

PAHs Pineapple Limits
(maka) peglp BL350 | BL500 | BL65O | (o
Naphthalene (Nap) 0.0249 0.1758 0.0226 0.0210 36
Acenaphthylene (Acpy) 0.0140 0.0232 0.0139 0.0133 -
Acenaphthene (Acp) 0.0164 0.0355 0.0156 0.0160 3700
Fluorene (Flu) 0.0189 0.1061 0.0169 0.0173 2700
Phenanthrene (Phe) 0.0242 0.1998 0.0221 0.0195 -
Anthracene (Ant) 0.0211 0.0732 0.0209 0.0201 22000
Fluoranthene (Fla) 0.0112 0.0427 0.0102 0.0087 2300
Pyrene (Pyr) 0.0317 0.0683 0.0175 0.0146 2300
Benz[a]anthracene (BaA) 0.0062 0.0119 0.0027 0.0025 0.62
Chrysene (CHR) 0.0110 0.0350 0.0098 0.0079 62
Benzo[b]fluoranthene (BbF) 0.0128 0.0108 0.0078 0.0076 0.62
Benzo[K]fluoranthene (BKF) 0.0091 0.0062 0.0051 0.0049 6.2
Benzo[a]pyrene (BaP) 0.0084 0.0070 0.0032 0.0028 0.062
Indeno[1,2,3-cd]pyrene (IND) 0.0250 0.0164 0.0145 0.0142 0.62
Dibenz[a,h]anthracene (DBA) 0.0112 0.0039 0.0021 0.0013 0.062
Benzo[ghi]perylene(Bghip) 0.0133 0.0081 0.0055 0.0052 -
> 16 EPA PAHs 0.2594 0.8239 0.1904 0.1769 200

a8The standard of residential land quality and human health based preliminary remediation goals
for soil (USEPA).

b The X 16 EPA PAHs of maximum allowed thresholds in the biochar (Biochar specification
guidelines).

The concentration of 16 PAHSs in pineapple peel and biochars are given in Table 2.
The amount of BbF, BKF, BaP, IND, DBA, and Bghip in samples decreased with increase
in the carbonization temperature due to the volatilization of the amorphous phase, and
nuclear condensation of aromatic compounds in non-extractable sheet-like structures in
biochars at high temperature (Keiluweit et al. 2012). The other PAHs (Nap, Acpy, Acp,
Flu, Phe, Ant, Fla, Pyr, BaA, and CHR), as well as total PAHs contents were highest in the
BL350, and then decreased with increased pyrolysis temperature, which suggested that the
PAHs production occurs in the samples at narrow temperature range. The concentration of
PAHSs in all the samples were within permissible limits prescribed by the EU (European
Union), International Biochar Initiative (IBI) and the United States Environmental
Protection Agency (USEPA), which indicated that no environmental implication of usage
of biochar derived from pineapple peel waste as an adsorbent (Devi and Saroha 2015;
Hilber et al. 2012).

SEM-EDS analysis was employed to observe the surface morphologies of samples
and to examine the elemental composition of the surface (Fig. 1). Pineapple waste had a
distinctly smooth surface and an irregular cylindrical structure at 7000 X magnification.
The SEM images showed that the surfaces of the biochars became rough with increased
pyrolysis temperature, which increased the surface area of the biochars. The EDS analysis
suggested that the dominant elements of the localized surface of samples were C, O, and
potassium (K). Small amounts of other elements, such as silicon, phosphorus, chlorine,
magnesium, and sulfur were also found in the samples.
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Fig. 1. SEM images (a-d) and corresponding EDS spectra (e-h) for Pineapple waste (a, €), BL350
(b, f), BL500 (c, g), and BL650 (d, h)

Kinetic Studies

The kinetics of OTC sorption onto the three biochars are depicted in Fig. 2. There
were three stages in the adsorption process, i.e., the rapid sorption phase, the slow sorption
phase, and the equilibrium sorption phase. Approximately 80% of adsorption occurred in
the first several hours, and then a slow sorption rate followed until equilibrium was reached
after 24 h for all biochars. This was due to the increased driving force from the
concentration gradient of the OTC solution and the limited available active adsorption sites
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on the biochar surface (Saha et al. 2010). Furthermore, the equilibrium sorption capacity
of OTC adsorbed onto samples increased with higher pyrolysis temperatures. This was
consistent with the larger surface area of the biochar and more adsorption sites produced
in the carbonization process.

1200
m BL350 e BL500 A BL650

1000

800

at (mg/kg)

600 -

400 -

200 |-

t (h)
Fig. 2. Adsorption kinetics of OTC onto the three biochars

To quantitatively compare the apparent sorption Kinetics between the different
biochars, the pseudo-second-order kinetic model (Eqg. 2), Elovich model (Eg. 3), and
intraparticle diffusion model (Eq. 4) were employed to fit the experimental data by linear
regression as follows,

t 1 1

= +—1 2
g k0 «q, @
gq,=a+bt 3

q=k,t"?+C @
where gt and ge are the amounts of OTC adsorbed at time t and at equilibrium (mg/kg),
respectively, k2 is the equilibrium rate constant of pseudo-second-order kinetics adsorption
(kg/(mg-h)), a is the rate of initial sorption, b is the sorption activation energy constant, kp
is the intra-particle diffusion rate constant (kg/(mg-h¥?)), and C is the thickness of the
boundary layer. The values for the adsorption kinetic model parameters and correlation
coefficients based on the study data are summarized in Table 3. OTC sorption onto the
biochars fit the pseudo-second-order reaction with high correlation coefficients (R? >
0.999), which suggested that the experimental data were better fitted by the pseudo second
order model than by the Elovich and intraparticle diffusion models. This indicated that the
kinetics of the pseudo-second-order model correlated highly with the OTC properties and
porous structure of the biochars, and the mechanism of pore diffusion might play a
dominant role in the sorption kinetics (Lian et al. 2012).
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Table 3. Kinetic Parameters for OTC Adsorption onto the Biochars

Pseudo-second-order model Elovich equation Intraparticle diffusion model
Biochar

Qe k2 kp

R? a b R? C R?

(mg/kg) | (kg/(mg-h)) (kg/(mg-h*?2))
BL350 | 704.29 0.0025 0.9998 | 537.10 | 43.491 | 0.9611 30.069 519.54 | 0.8965
BL500 | 856.45 0.0029 0.9998 | 682.86 | 45.599 | 0.9820 30.725 667.05 | 0.8700
BL650 | 983.72 0.0033 0.9999 | 809.10 | 44.112 | 0.9565 28.873 796.57 | 0.7996
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Generally, three steps in pseudo-second-order kinetic model are involved, i.e., the
migration of the adsorbate molecules from solution to the surface of the adsorbent, the
migration of the adsorbate molecules to the internal area of the adsorbent, and the
adsorption onto the internal surfaces of the pores of adsorbent (Saha et al. 2010; Salima et
al. 2013). Moreover, the results of the intraparticle diffusion model showed that the plot
did not pass through the origin (C # 0), which further indicated that the adsorption kinetics
of OTC onto the biochars was regulated by both surface and intraparticle diffusion
(Karagoz et al. 2008).

The values of equilibrium adsorption capacity (ge) from the pseudo-second-order
model was much closer to the experimental data and increased with charring temperature,
and showed the same trend with the surface area of the biochars.

Isotherm Studies

The adsorption isotherms were used to describe the distribution of both substrates
and the solid phases, as well as to understand the essence of adsorbate-adsorbent
interactions under an equilibrium state (Almeida et al. 2009). Figure 3 shows the
equilibrium isotherms for OTC sorption onto the biochars at three different temperatures.

The sorption isotherms of OTC on all the biochars were nonlinear. The biochar was
an adsorbent of high heterogeneity. The noncarbonized portion of its structure was
characterized by a partition mechanism and displayed linearly, and on the carbonized
portion, a pore-filling mechanism with a nonlinear adsorption isotherm occurred (Zheng et
al. 2010). Therefore, the dominant mechanism for OTC adsorption onto the three biochars
was most likely the pore-filling mechanism.

Additionally, the sorption capacity of the biochars improved with the increased
temperature from 15 to 35 °C, which suggested that increased sorption temperature
facilitated the adsorption of OTC onto the biochars.

1000 m 15C ® 25C A 35C a
BL 350
800 |-
.I
— 600 |
o
==
g’ n
To 400 [
o
200 |-
o 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
0 2 4 6 8 10 12 14
Ce (mg/L)

Fig. 3(a). Adsorption isotherms of OTC onto the biochars for BL350 (a), BL500 (b), and BL650 (c)
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Fig. 3 (b and c). Adsorption isotherms of OTC onto the biochars for BL350 (a), BL500 (b), and
BL650 (c)

To further understand the adsorption mechanism, the isotherm equilibrium data
were analyzed using the Freundlich (Eq. 5) and Langmuir (Eq. 6) models,

logg.=logK F{%) logc, 5)

1 1 1 1
- _ = 6
e Opex +(KLqrmx j[ce] ©

where ce is the equilibrium concentration of OTC (mg/L), ge is the amount of OTC adsorbed
under equilibrium (mg/kg), n is the Freundlich linearity index, Qmax IS the maximum
adsorption amount of adsorbent (mg/kg), and Kr and K. are Freundlich and Langmuir
coefficients, respectively.
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These two isotherm models were tested to see which fit the experimental data, and
the parameters are shown in Table 4. By comparison of the correlation coefficients, it can
be seen that the Langmuir model fitted the data slightly better than the Freundlich model,
which indicated the presence of monolayer sorption of OTC and homogeneity of the
surface active sites on the biochar. The Langmuir maximum sorption capacity (Qmax) of
OTC absorbed on BL350, BL500, and BL650 at 35 °C was about 1.30, 1.51, and 1.66 times
greater than that at 15 °C, respectively. The higher temperature seemed to provide the
potential activation energy required to change the reactants into the activated complex, and
might have had a swelling effect within the pore of sorbent enabling large OTC molecules
to penetrate further, thus enhancing the sorption capacity of the biochars (Sun et al. 2012).

Table 4. Isotherm Parameters for OTC Sorption onto the Biochars at Different
Temperatures

Freundlich Langmuir
. Temperature
Biochar °C)
log Ke 1/n R2 KL Omax(Mg/kg) R2
15 2.3315 | 0.4877 0.9840 0.8000 698.32 0.9964
BL 350 25 2.3619 | 0.4969 0.9847 0.8888 781.07 0.9933
35 2.4659 | 0.4916 0.9665 0.7857 909.14 0.9903
15 2.4062 | 0.4944 0.9594 0.9375 778.41 0.9860
BL 500 25 2.4329 | 0.5086 0.9642 0.8666 897.25 0.9918
35 2.6323 | 0.5428 0.9552 0.7000 1176.47 0.9574
15 2.6461 | 0.4112 0.8874 1.5000 945.13 0.9110
BL 650 25 2.7023 | 0.4207 0.8689 1.4000 1072.43 0.8717
35 2.9165 | 0.5283 0.8120 1.3380 1568.36 0.8168

Thermodynamic Studies

The adsorption thermodynamics was extremely important to understand the
sorption mechanisms of OTC onto the biochar. The thermodynamics parameters such as
the Gibbs free energy change (AG®), enthalpy change (AH®), and entropy change (AS®)
were determined by using the following equations,

AG® =—RT In K, (7
AG® = AH® —TAS® (8)

where K is the Freundlich constant, R is the gas constant (8.314 J/(mol-K)), and T is the
absolute temperature (K). The values of AH® and AS° were calculated from the slope and
intercept in the linear plot of AG® versus T.

The thermodynamic parameters of OTC adsorption are given in Table 5. All the
AG°® values were negative, which indicated a spontaneous nature and reaction feasibility
of OTC sorption onto the biochars at different temperatures. The absolute values of AG®
for the biochars increased with the increase in carbonization temperature, which suggested
that the higher charring temperature for biochars resulted in a greater degree of spontaneity.
Furthermore, AG° became more negative as temperature increased from 15 to 35 °C, which
indicated that the driving force for the sorption of OTC increased with higher sorption
temperatures. This might have resulted from the larger biochar pore volume and increased
OTC adsorption speed onto the internal structure of the biochar at high temperatures
(Memon et al. 2009). Zhang et al. (2014) reported that the value of AG® that ranged from
0 to -20 kJ/mol for physisorption and between -80 to -400 kJ/mol for chemisorption. The
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results showed that the values of AG® ranged from -12.854 to -17.196 kJ/mol, which
suggested that the adsorption process might be primarily controlled by physisorption.

In this work, the AH®° values for the sorption process were positive for the three
biochars. This indicated that the interaction between OTC and the biochars was an
endothermic reaction. Meanwhile, the increase of AH® with increased carbonization
temperature suggested that the sorption process was more endothermic at higher
temperatures. The absolute value of AH® for a sorption process might be used to distinguish
between physical (AH® < 40 kJ/mol) and chemical (AH® > 40 kJ/mol) adsorption (Feng et
al. 2013). The values of AH° ranged from 11.486 to 23.117 kJ/mol, which indicated that
the adsorption of OTC was mainly physisorption. Moreover, based on the sorption energy
of different forces, the adsorption mechanism of OTC onto the three biochars might have
been H-bonding and dipole bond force (von Oepen et al. 1991). The entropy change (AS°)
provided a measure for repulsive or binding forces in the system, and was related to the
spatial arrangements at the adsorbate-adsorbent interface (Hercigonja et al. 2012). In this
study, the AS° values were all positive, which indicated an increase in randomness at the
adsorbate-adsorbent interface and high binding affinity of OTC onto the biochars.

Table 5. Thermodynamic Parameters for OTC Sorption onto the Biochars

Biochar Temperature AG® AH® AS°
(°C) (kJd/mol) (kd/mol) (kJ/(mol-Kk))
15 -12.854

BL 350 25 -13.474 11.486 0.084
35 -14.540
15 -13.266

BL 500 25 -13.879 19.369 0.113
35 -15.521
15 -14.589

BL 650 25 -15.416 23.117 0.130
35 -17.196

FTIR Analysis

The FTIR spectra (4000 to 400 cm™) of the biochars before and after OTC
adsorption are exhibited in Fig. 4. The broad peaks at about 3400 cm™ were observed due
to the stretching vibration of the O-H groups. The band intensities that appeared around
2920 and 2875 cm™ were associated with strong aliphatic C-H stretching vibrations. The
C=0 stretching vibrations of amides and C=C stretching of the aromatic compounds and
benzene ring corresponded to the peaks at approximately 1650, 1570, and 1430 cm™,
respectively. Additionally, the broad bands at 1060 cm™ were due to the C-O asymmetric
stretch of alcohols and/or phenolics. Several weak peaks were observed in the region of
850 to 620 cm™ and were determined to be the C-H bending for aromatic out-of-plane
deformation. Nevertheless, the disappearance of some distinctive peaks with increased
pyrolysis temperature, such as O-H (3400 cm™), C-H (2920 and 2875 cm™), and C=0
(1650 cm™) vibrations, suggested there was a breakdown of cellulose and lignin, as well as
the removal of hydrogen and oxygen in the carbonization process (Deng et al. 2014). It
was noted that the peaks at 3400 cm™ (O-H) and 1060 cm™ (C-O) were slightly shifted to
3450 cm™ and 1045 cm™, respectively, after the sorption of OTC, which indicated the
involvement of hydrogen bonding interaction during OTC adsorption (Wahab et al. 2010).

Fu et al. (2016). “Biochar oxytetracycline sorption,” BioResources 11(4), 9017-9035. 9029



PEER-REVIEWED ARTICLE

bioresources.com

—— BL350
—————— OTC adsorbed BL350 a
<
[}
[¥)
o
3
€
(7]
o
© i
|_ W
1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
—— BL500 b
—————— OTC adsorbed BL500
S
[}
(%]
c
8
E
(7]
=
S
-
1 " 1 " 1 " 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
—— BL650 c
ffffff OTC adsorbed BL650
S
(]
(%]
c
8
=
(72}
c
o
-
1 " 1 " 1 " 1 1 " 1 " 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4. FTIR spectra for BL350 (a), BL500 (b), and BL650 (c) before and after OTC adsorption
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CONCLUSIONS

1.

The Ash, pH, CEC, C%, Sget, Smicro, Viotal, and Vmicro Of the samples increased with rise
in pyrolysis temperature, whereas the Yield, H%, O%, Da, decreased. The
concentration of PAHs in all the biochar were within the prescribed limits.

The adsorption capacity of OTC on the biochars was enhanced with the increment of
carbonization temperature. The Kinetics data were perfectly simulated by the pseudo
second order model, and the Kinetics process was regulated by both surface and
intraparticle diffusion.

The Langmuir model could be applied to describe the adsorption isotherm of OTC on
the biochars. The sorption isotherms of all the biochars were relatively nonlinear,
suggesting pore-filling was the dominant mechanism.

Different thermodynamic parameters indicated that the adsorption of OTC on biochars
was a spontaneous and an endothermic process, and the sorption interaction of OTC
was mainly considered as a physisorption process including hydrogen bonding and
dipole bond force.

The FTIR analysis confirms that the H-bonding interaction may been a major
contribution for the adsorption of OTC onto the biochars.

Based on this work, it was concluded that the biochar derived from pineapple peel
waste has enormous potential as a renewable, environmentally friendly and effective
adsorbent for removing organic contaminants from wastewater. However, the
desorption mechanism of biochar and the durable adsorption capacity of the biochar
aging should be further investigated.
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