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a b s t r a c t

A rice bran derived biochar was prepared at temperature of 700°C for 2 h using the pyrolysis method; 
the biochar was used as an adsorbent for tetracycline and metronidazole elimination. Biochar prop-
erties were determined by SEM, EDX, FT-IR and BET analyses. The batch adsorption studies were 
performed at different pH (3–11), adsorbent concentrations (0.25–4 g L–1), antibiotic concentrations 
(10–40 mg L–1), contact time (5–120 min), and temperatures (293, 298, 308, 318 K). Tetracycline and 
metronidazole elimination efficiency was 70% and 90%, respectively, at the biochar concentration of 
1.5 g L–1, antibiotic concentrations of 10 mg L–1 and a solution temperature of 298 K. The kinetic data 
were analyzed using two pseudo first-order and second-order models. The equilibrium data were 
analyzed using Langmuir and Freundlich isotherms and the results showed that the process fol-
lowed the Freundlich model. The maximum adsorption capacity for tetracycline and metronidazole 
were 13.33 and 21.33 mg/g, respectively. The calculated values ​​of ΔG0 and ΔH0 represent spontaneous 
and endothermic adsorption process in the studied temperature range. Thermodynamic studies also 
indicated the adsorption of a physical type. The effective removal of metronidazole was more than 
tetracycline, due to its size and electron density. The results showed that the biochar prepared in this 
study can be used as an alternative to expensive adsorbents for the elimination these antibiotics from 
aqueous solutions.
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1. Introduction

Pharmaceutical compounds such as hormones, anti-
biotics, and heart medications are discharged into sewage 
systems through hospitals, commercial and residential 
areas, and medical and veterinary clinics [1]. The presence 
of antibiotics in water resources due to its high solubility in 

water, low degradability and high toxicity is a serious threat 
to the environment and human health [2]. The major reason 
for antibiotic excretion into the environment is inadequate 
absorption of medications by human beings and feedlot 
animals; also, conventional treatment processes can only 
remove 60–90% of antibiotics [2–4]. Therefore, it is impera-
tive that antibiotics be treated completely [3]. Antibacterial 
materials segregated from Streptomyces aureofaciens are 
called tetracycline antibiotics (TCs). Tetracycline prevents 
the growth of gram-positive and gram-negative bacteria, 
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Chlamydia, Mycoplasma, Rickettsia and protozoa parasites. 
TCs are widely used for the treatment of animal diseases 
and agricultural fertilizers. And, incomplete metabolism 
in animals and humans keeps them in aqueous ambience 
[5,6]. Tetracycline has also been identified in soil, surface 
water, ground water and even in drinking water [7,8]. These 
residues affect the human health and aqueous ecosystem 
and even produce resistant bacteria [5]. Since most of TCs 
are poorly absorbed by humans and animals, only about 
80–90% of their initial amount is metabolized and the rest 
enters the ambience [8]. Studies on monitoring of TCs in 
the environment indicate that low concentrations (ngL–1and 
mg L–1) in treated water and higher concentrations (100–500 
mg L–1) were detected in hospital and pharmaceutical com-
panies’ sewage [8,9]. Metronidazole (MNZ) is also one of 
the most widely used medications to treat infection caused 
by protozoa anaerobic bacteria such as giardia and Tricho-
monas Vaginalis. Metronidazole accumulation in the body 
is carcinogenic and mutagenic, resulting in DNA damage in 
human lymphocytes, which finally leads to acute toxicity in 
aquatic organisms [1,7,10]. Because of its high solubility in 
water and according low degradability, its discharge into 
the environment should be limited [11,12]. Several methods 
like biological processes, filtration, coagulation and floc-
culation and precipitation, advanced oxidation processes 
(AOPs), membrane filtration, absorption and combined 
systems have been applied for the removal of antibiotics 
from aqueous media. Each of these methods have different 
efficiencies, investment costs, interest rates, and advantages 
and disadvantages [13]. Absorption is one of the most effec-
tive methods for removing pollutants from aqueous solu-
tions; further, it is easy to control and low cost. Different 
materials such as resin, activated carbon and nanocarbon 
are used for antibiotic adsorption. These substances can 
effectively eliminate antibiotics from water solutions [9]. 
Biochar is a convenient and affordable alternative to acti-
vated carbon for the removal of various pollutants from 
aqueous environments; it is prepared from different raw 
materials via the pyrolysis process. Also, its preparation 
needs low energy against activated carbon. 

Type of raw material, temperature, and pyrolysis pro-
cess used can effect on the quality and cost-effectiveness 
of biochar. Biochar is widely used to remove heavy metals, 
antibiotics and toxins from contaminated soils and water 
ambiences [14,15]. It’s found that biochar has a high absorp-
tion capacity for organic and inorganic pollutants that it 
can be used for soil and water decontamination [16]. For 
example, rice bran is an adsorbent, which can be used for 
the removal of various pollutants like floroquinolone [17]. 
ammonium nitrogen [18], dyes [19], heavy metals [20]. 
Removal of tetracycline and metronidazole has been per-
formed by various materials, as an adsorbent, including 
carbon derived from the human hair [21], graphene oxide 
[22], fertilizer [23], activated carbon [7], multi-walled carbon 
nanotubes [24], biochar extracted from sugar bagasse [25], 
granular activated carbon [26], activated carbon obtained 
from the remaining coffee and almond shell [27]. Although 
few studies have been conducted on the mechanisms for 
the removal of tetracycline and metronidazole from aque-
ous media by biochar, the purpose of this study was to eval-
uate biochar potential as an adsorbent for the removal of 
tetracycline and metronidazole from aqueous media. The 

batch tests and mathematical equations were used to deter-
mine the mechanism and characteristics of tetracycline and 
metronidazole adsorption on biochar. The special objectives 
included: 1) development of a simple and easy way to pre-
pare cheap adsorbents to remove tetracycline and metroni-
dazole, 2) evaluation of the ability to remove tetracycline 
and metronidazole and biochar mechanisms and 3) study 
of the effect of initial pH of the solution, contact time, initial 
tetracycline and metronidazole concentration and test tem-
perature on the absorption of the antibiotics on biochar. The 
structure of TCs and MNZ has been shown in Table 1.

2. Materials and methods

2.1. Chemicals

All of the materials used in this study were of a labora-
tory grade purchased from Merck Company without any 
purification. All solutions were prepared with de-ionized 
water. Biochar was prepared by the pyrolysis process from 
rice bran at 700°C in the absence of air. The rice bran was 
fragmented by a blender, sieved to a particle size of about 
40–60 mesh and then dried at a temperature of 110°C for 8 
h until complete removal of moisture in oven. It should be 
noted that rice bran is inexpensive and affordable.

2.2. Modification and characterization of biochar

Rice bran was collected from agricultural lands in 
northern Iran. In order to remove dust and impurities from 
the rice bran, it was washed several times with water. To 
increase its porosity , it was placed in 10% sulfuric acid on a 
shaker at room temperature for one hour and then washed 
with distilled water several times to reach neutral pH. Next, 
it was boiled in distilled water for one hour in a water bath 
(model Heidolph) and finally placed in an oven (model SHI-
MAZCO) at 110°C for one night. After these stages, it was 
crushed again and sieved to the size of about 300 µm. Bio-
char carbonization was performed inside a cylindrical fur-
nace (AZAR FURNACES) under nitrogen gas (flow rate 0.1 
l/min) with an increase in the temperature of from 10°C/
min from room temperature to 80°C and then to 700°C for 

Table 1 
Physicochemical characteristics and structure of TCs and MNZ

Molecular formula: C6H9N3O3

Molar mass: 171.2 g/mol
Pka = 2.55
Solubility: 9.5 g/l

Molecular formula: C22H24N2O8

Molar mass: 444.43 g/mol
Pka1 = 3.30
Pka2 = 7.68
Pka3 = 9.69
Solubility: 1.7 g/l
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2 h at a heating rate of 5°C/min. Afterwards, in order to 
room temperature it was kept in the furnace with nitrogen 
gas flow and finally stored as a powder until it was used 
inside the desiccator [28]. To explore the characteristics of 
the Biochar FT-IR ((Thermo-AVATAR-American) analysis 
Rice bran were performed at the range of 450–4000 cm–1. 
Morphology of the biochar surface was studied by a Stereo 
Scan S360 scanning electron microscope (SEM, MIRA3 TES-
CAN) operated at an accelerating voltage of 100 KV. The 
specific surface area was calculated by Brunauer–Emmett– 
Teller (BET) analysis (BELSORP MINI 2 Japan). Elemental 
analysis and chemical characterization of the biochar were 
conducted by Energy-dispersive X-ray spectroscopy (EDX).

2.3. Batch adsorption tests

In order to test the absorption of tetracycline and 
metronidazole on the biochar, the batch adsorption 
experiments were performed in 200-ml brown contain-
ers containing 100 ml of tetracycline and metronidazole 
solution separately at an initial concentration of 10–40 
mg L–1. The containers’ color was chosen in order to pre-
vent the possible optical decomposition of tetracycline 
and metronidazole. The container was filled with anti-
biotic tetracycline and metronidazole solution at each 
stage, an appropriate amount of adsorbent was added 
to it and after adjusting pH on a shaker at 250 rpm and 
298 K, the samples were taken after appropriate contact 
time and filtered with a pore size filter of 0.22 μm. So as to 
determine the concentration of antibiotics, TC and MNZ, 
HPLC, KNAUER- AZURA model with UV-Vis detectors at 
358 and 319 nm wavelengths was used, respectively. The 
column temperature, sample injection rate and flow rate 
were 35°C, 20 µl, and 1 ml/min, respectively. For tetracy-
cline, the moving phase of 0.01 M oxalic acid, ethanol and 
acetonitrile solutions were used at 70, 10, and 20 ratios, 
respectively [29,30]. Metronidazole moving phase includ-
ing acetonitrile and distilled water with HPLC grade was 
used at 30–70 ratio, respectively [31,32]. The remaining 
concentrations of the antibiotics in solutions were deter-
mined through calculating the area under the curve. The 
concentrations of the standards prepared for drawing the 
standard curve were 0.25, 5.10, 15.20, 30 and 40 mg L–1. The 
regression coefficient R2 after drawing the standard curve 
was higher than 0.99. The peak time of HPLC was 5.7 and 
4.38 min for tetracycline and metronidazole, respectively. 
A series of absorption tests were performed to determine 
the solution pH, contact time, initial adsorbent concen-
tration and initial antibiotic concentration. The removal 
efficiency of the antibiotics and their amounts during 
absorption and equilibrium were calculated by the follow-
ing equations, respectively [3,13]. 
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where E is the removal efficiency, C0 is the initial concen-
tration of the antibiotics, Ct is the concentration of the 
antibiotics at any time, qe is the absorption capacity at the 
equilibrium time, Ce is the equilibrium concentration of 
antibiotic solution, V (L) is the solution volume and m (g) is 
the absorbent mass.

2.4. Validity of isotherm and kinetic models

The application of kinetic and isotherm models was 
estimated by calculating normalized standard deviation 
(NSD), average relative error (ARE), marquardt’s percent-
age standard deviation (MPSD) and hybrid error function 
(HYBRID) factors of model tests’ data factors, and then 
used to predict the absorption behavior of tetracycline and 
metronidazole. The mathematical calculations of NSD, 
ARE, MPSD and HYBRID are presented below.
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where qi exp and qi cal (mg/g) are the experimental and calcu-
lated equilibrium of tetracycline and metronidazole adsorbed 
by biochar at any time t, n is the number of tests, and p is the 
number of parameters in the regression model. The lower 
NSD, ARE, MPSD, and HYBRID values ​​represents a more 
accurate estimate. Determination of isotherm and kinetics in 
addition to R2, the numerical values ​​of NSD, ARE, MPSD and 
HYBRID also determine the number of parameters [28]. 

3. Results and discussion

3.1. Modified biochar characteristics

Table 2 and Fig. 1 present a list of ingredients and basic 
features of the biochar used in this study. As shown, the 
percentages of carbon and oxygen are 57.13% and 25.28%, 
respectively. These results are consistent with the those 
reported by Yi et al. and Sun et al. [17,33]. Since the raw 
material, from which the biochar is derived contains silica, 
the produced biochar is comprised of as much as 12.98% 
of silica [17]. The surface area of the biochar was 460.98 
m²/g, which is more than that reported by similar studies. 
For example, Yi et al., Liu et al. and Liu et al. claimed that 
surface area and carbon percentage were 162 m2/g, 51.8% 
and 139.8 m2/g, 54.9% and 117.8 m2/g 76.4%, respectively 
[6,17,34–36]. It should be pointed out that the surface area is 
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one of the important features showing the absorption capa-
bility of an adsorbent. A larger surface area illustrates the 
porous structure of biochar [17].

The results of the BET analysis have been summarized 
in Table 2. Based on the IUPAC classification, diameters less 
than 2 nm are micro porous, between 2 to 50 nm are meso 
porous and larger than 50 nm are macro porous [17]. The 
total pore volume at p/p0 = 0.99 by BET and BJH is 4.87 cc/g 
and 3.7 cc/g [14,17].

The findings showed that biochar pHzpc was 5.52. Biochar 
morphology was detected by FT-IR analysis in the range of 
400–4000 cm–1, before and after absorption of tetracycline and 
metronidazole have been shown in Fig. 2. Based on the FT-IR 
analysis (Fig. 2), the position change of the band from the 
functional group has been shown in Fig. 2. Biochar hydrox-
yl-OH group is at the wavenumber of 3418 cm–1. The peak is 
related to the C-C bond and C-O group at 1600 cm–1 and 1755 
cm–1. A peak in the short wavelength or less than 1100 cm–1 
corresponds to a Si-O-Si bond [17,37]. Also, the peaks at 1096 
cm–1, 1097 cm–1 and 1099 cm–1 are probably attributed to C-O 
stretching [38]. Moreover, the peaks at 1097, 1096 and 1099 
cm–1 are probably related to C-O [39]. The functional group 
of -NO2 in the compounds of metronidazole after adsorption 
at 1387 cm–1 may form an asymmetric of -NO2 functional 
group in the range of 1530–1630 cm–1. The peak at 1628 cm–1 is 
related to -NO2 [40]. Tetracycline compounds have a carbonyl 
group [41]. Therefore, in FT-IR analysis, after the adsorption 
process a peak at 1728 cm–1 and 1621 cm–1 could be related to 
carbonyl ketone and carbonyl amide groups [42].

The pHZPC adsorbent assay was used to determine the 
surface charge. Biochar pHzpc was determined by adjusting 
the pH of sodium chloride solution in the range of 2–12. Six 
containers of 50 ml of 0.01 M sodium chloride solution were 
prepared and the pH was adjusted between 2–12 and then 
0.15 g of the biochar was added to each of the containers. 
The samples were filtered after 48 h on a shaker at room 
temperature. The pH of each sample was measured [43]. As 
can be seen, biochar pHzpc is 5.52 (Fig. 3).

3.1.1. SEM analysis

Biochar level morphology was investigated by SEM 
image (Fig. 4). As shown, the rough surface of the activated 
carbon is visible, because most of the biochar is made of 
carbon. High porosity, which is a good feature for the absor-
bent, is shown in this figure.

3.2. The effect of solution pH

The pH of the solution is one of the important fac-
tors in adsorption processes, because it affects the adsor-
bent surface charge and the type of adsorbent material 

Table 2
Basic properties of the biochar

pHzpc BTE (m2/g) C BTE value Total pore volume 
(cm3/g)

Mean pore 
diameter (nm)

Elemental composition (wt %)

C N O Si S

5.52 460.96 2019.8 0.2844 2.4677 57.13 1.18 25.28 12.98 0.19

Fig. 1. EDX analyze of the biochar.

Fig. 2. The FT-IR spectrum of biochar sample before and after 
antibiotic adsorption.

Fig. 3. Designation of pH in point of zero charge (PZC).
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and degree of ionization [44]. The effect of pH on the 
adsorption of tetracycline and metronidazole on the bio-
char was evaluated through an initial pH of 3–11 versus 
a constant concentration of antibiotic (10 mg L–1) and 
a concentration of the adsorbent (1.5 g L–1) (Fig. 5). As 
shown in Fig.  5, the removal efficiency of tetracycline 
and metronidazole increased by 3 to 5 (from 52% to 61% 
and 76% to 85%, respectively), and then it declined by 
5 to 7% (from 61% to 50% and from 85% to 70%). The 
maximum adsorption capacity was attained at pH = 5. 
Biochar pHzpc was also used to determine the surface 
charge. Biochar materials with amphoteric feature based 
on the solution pH can have a positive or negative sur-
face. At pH > pHzpc, biochar has a negative surface charge 
that adsorbs cationic material; by contrast, at pH < pHzpc 
biochar has a positive surface charge absorbing anionic 
compounds. In the present study, the biochar pHzpc was 
found to be 5.52. Tetracycline is an amphoteric molecule 
with a multi-ionizing factor group, which may be cat-
ionic (H3L

+), dual charged (H2L
0) or anionic (HL– and L2¯). 

The distribution of tetracycline charge at different pHs 
depends on the type of H3L

+2 at pH < 3.4, ​​HL at 3.4 < 
pH < 7.6, HL¯ at 7.6 < pH < 9.0 and L²¯ at pH > 9.0 (26). 
Based on tetracycline and adsorbent surface charge, the 
best adsorption pH in HL is 3.4 < pH < 7.6 in metronida-
zole antibiotics [26,33,45]. According to pka, which is 2.55 
in most sources, its molecule in pH < pka has a positive 
charge and at pH > pka has a negative charge. Therefore, 

at pH > pHzpc, both biochar and metronidazole have a 
negative charge reducing adsorption. Therefore, the best 
adsorption state was attained at 2.55 < pH < 5.52. In this 
study, pH = 5 had the highest adsorption [26,46]. Similar 
results have been reported by Takdastan et al. and chen 
et al. reporting that pH = 5 was the best condition [6,13]. 

Fig. 5. Effect of solution pH on the adsorption of TC and MNZ 
onto the biochar (initial concentration: 10 mg L–1, adsorbent 
dose: 1.5 g L–1, contact time: 240 min).

Fig. 4. SEM image of biochar sample. 
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3.3. The effect of contact time

The contact time between the adsorbent and absorbed is 
another important factor affecting the absorption efficiency. 
The data on the adsorption of tetracycline and metronida-
zole at initial concentrations of 10 mg L–1 with an adsorbent 
concentration of 1.5 g L–1 at pH = 5 have been shown in 
Fig. 6. The results indicated that the adsorption capacity 
increased rapidly during the first 40 min, and then reduced 
to finally reach the equilibrium point at 120 min. The high-
est rate of adsorption at the early stages may be due to an 
increase in the number of vacant sites available on adsor-
bents, and no significant change was found in the adsorp-
tion rate between 90 and 120, which is due to the reduction 
in active sites available at biochar level. These results are 
consistent with other researchers’ observations [47]. In the 
study of the adsorption of amoxicillin on activated car-
bon, the equilibrium time of 100 min was reported; also, in 
another study by Caliskan et al. the equilibrium time was 
found to be 150 min for adsorption metronidazole on acti-
vated carbon [40,48]. The main reason for the high adsorp-
tion rate at the initial adsorption time is related to the large 
surface on the biochar, which can provide many active sites 
for the adsorption of tetracycline and metronidazole [49]. 

3.4. The effect of adsorbent dose and initial concentrations of 
tetracycline and metronidazole

The adsorbent dose is also an important parameter in 
determining adsorption capacity. Fig. 7 shows the effect of 
the adsorbent dose and initial tetracycline and metronida-
zole concentrations on the adsorption of these antibiotics 
by the biochar under the optimum conditions (pH = 5 and 
t = 120 min). According to Fig. 7, the efficiency increased 
with increasing the adsorbent dose from 0.25 g L–1 to 1.5 g 
L–1. The results indicated that an increase in the adsorbent 
dose increased the active sites available on biochar special 
surface. Although an excessive increase in adsorbent dose 

causes the accumulation and overlap of the active sites, 
this phenomenon reduces the access to active sites on the 
adsorbing surface and, in turn, absorption capacity reduc-
tion [50]. In the study by Chen et al., tetracycline adsorption 
onto rice husk ash, it was reported that the adsorbent dose 
2 g L–1 was the optimum condition [6]. Also, in the study by 
Yi et al., levofloxacin adsorption onto rice husk biochar, the 
adsorbent dose of 4 gL–1 was the optimum condition [17].

Fig. 8 also shows that with increasing the initial tetra-
cycline and metronidazole concentrations from10 mg L–1 to 
40 mg L–1 at the constant and optimum dose 1.5 g L–1, the 
efficiency reduced from 70% to 50% and from 88.3% to 80%, 
respectively. At the low concentration of the antibiotics, the 
ratio of adsorption active sites to the total antibiotic mol-
ecules in the soluble phase was higher; in this state, most 
of the antibiotic molecules are in contact with the biochar, 
removed from the soluble phase. Thus, the adsorption 

Fig. 6. The effect of contact time on TC and MNZ removal by 
biochar (initial concentration 10 mg L–1, adsorbent dose = 1.5 g 
L–1, pH = 5).

Fig. 7. The effect of adsorbent dose on TC and MNZ removal by 
biochar (initial TC and MNZ concentration = 10 mg L–1, contact 
time = 120 min, pH = 5). 

Fig. 8. The effect of initial TC and MNZ concentration on the 
removal efficiency by the biochar (adsorbent dose = 1.5 g L–1, 
contact time = 120 min, pH = 5).
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capacity increased with increasing initial antibiotic con-
centration. Because of the higher probability of collision 
between antibiotic and adsorbent molecules, the high con-
centration of antibiotics in the solution leads to a compe-
tition between antibiotic molecules in adsorption on sites, 
which gradually reduces absorption rate [45]. 

3.5. Equilibrium studies

The absorption isotherm is an equation that represents 
the absorbed transfer from the soluble phase to the adsor-
bent phase under equilibrium conditions. In order to obtain 
adsorption isotherms, 1.5 g L–1 of the biochar was added to 
tetracycline and metronidazole solution with an antibiotic 
concentration 10 mg L–1–40 mg L–1 with contact time of 4 h at 
pH = 5. In this study, nonlinear equations of Langmuir and 
Freundlich models were used in the Eqns. (8)–(10) to adapt 
the data of the experiments. These models are widely used to 
adapt the adsorption of various pollutants onto carbon-based 
adsorbents, such as active carbon [29,32,51]. 
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KF and n indicate the adsorption capacity and intensity, 
respectively. The lower value n [0 < n < 1] indicates the 
weak adsorption force that affects the adsorbent surface.

In isotherm studies, when the Freundlich constant, n, 
is greater than 1, it indicates desired absorption conditions. 
Regarding the values ​​of NSD, R2 and ARE, it can be con-
cluded that the Freundlich isotherm model is the best model 
for adsorption. Tetracycline and metronidazole adsorption 
data showed that adsorption was heterogeneous on the 
biochar. The maximum adsorption capacity for tetracycline 

and metronidazole were 13.33 and 21.33 mg/g, respectively. 
Compared with similar studies, for example, the results 
reported by Chen et al., tetracycline adsorption onto rice 
husk ash maximum absorption capacity was 8.37 mg/g [6]. 
In study by Sun et al., it was reported that maximum capacity 
was 21.61 mg/g for metronidazole adsorption onto biochar 
[25]. In another study by Azarpira et al., the maximum capac-
ity was 31.2 mg/g for adsorption of metronidazole onto rice 
husk and Balarak et al., claimed maximum absorption capac-
ity 24.9 mg/g for tetracycline on maize stalks [53–55]. 

3.6. Kinetic studies of absorption

Adsorption kinetics is one of the important data for 
understanding the mechanism of adsorption and evalu-

Table 3
The functional groups of the biochar sample defined by the FT-
IR analysis

Functional group	 Band positions (cm–1)

Biochar

E O–H stretching
Aliphatic C–H stretching
Aromatic C–C stretching 
C–O stretching
Si–O–Si asymmetric vibration
Si–O–Si symmetrical
Stretching Si–O–Si flexural vibration	

3429.10
2925.40
1631.06
1453.58
1099.55
780.71
465.18

Table 4 
The adsorption isotherm parameters for TC and MNZ 
adsorption onto the biochar

Antibiotic Isotherm 
models

Parameters

Tetracycline qe, exp 13.33

Langmuir qm (mg g–1)

b (L mg–1)

RL

R2

NSD
ARE
MPSD
HYBRID

19.49
0.15
0.5
0.98
5.35
3.73
0.6180
2.7

Freundlich KF (mg g–1)
n (mg1–1/n g–1 L1/n)
R2

NSD
ARE
MPSD
HYBRID

2.83
1.90
0.99
0.365
2.82
0.04214
1.45

Metronidazole qe, exp 21.33

Langmuir qm (mg g–1)

b (L mg–1)

RL

R2

NSD
ARE
MPSD
HYBRID

35.71
0.182
0.354
0.97
5.62
3.096
0.0650
4.97

Freundlich KF (mg g–1)
n (mg1–1/n g–1 L1/n)
R2

NSD
ARE
MPSD
HYBRID

5.82
1.58
0.99
2.88
1.94
0.0334
1.04
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ation of process performance. In order to investigate the 
mechanism of tetracycline and metronidazole adsorption, 
we used a pseudo-first and second kinetics model to find 
the best model. The pseudo-first-order model is as follows 
[13,57]: 

Ln q q Lnq K te t e−( ) = − 1 � (11) 

where, qt and qe are, respectively, the amount of tetracy-
cline and metronidazole adsorbed at time t and equilibrium 
(mg/g) and k1 is the constant for the pseudo-first-order 
reaction. The pseudo-second-order equation is as follows: 

t
q K q q

t
t e e

= +
1 1

2
2

� (12) 

K2 is fixed rate for the pseudo second order [32,58].
Table 6 shows correlation efficient R2, NSD, ARE, 

MPSD, and HYBRID and fixed kinetic model for tetracy-
cline and metronidazole adsorption on the biochar at the 
initial constant concentration 40 mg/L of tetracycline and 
metronidazole. The low correlation coefficient (<0.96), NSD 
= 82.81, ARE = ​​59.82, MPSD = 0.82 and HYBRID = 914.17, 
pseudo first-order, high correlation coefficients (>0.99), 
NSD = 11.86, ARE = ​​9.97, MPSD = 0.11 and HYBRID = 19.76 

pseudo second order for tetracycline, low correlation coef-
ficient (<0.94), NSD = 12.38, ARE = ​​10, MPSD = 0.1242 and 
HYBRID = 914.17, pseudo first-order, (>0.99), NSD = 6.82, 
ARE = ​​4.78, MPSD = 0.068 and HYBRID = 15.40 in pseudo 
second order, for metronidazole, confirms that pseudo 
first-order model did not have a good regression [46,49]. 
The results indicated that tetracycline and metronidazole 
adsorption followed the second order kinetic model. The 
value of qe in the first-order kinetic model is not consistent 
with the experimental data. But the calculation of qe with 
the pseudo-second-order kinetic model is fully consistent 
with the experimental data. The results illustrated that both 
antibiotics had the same reaction rate. The intra-particle dif-
fusion model was applied for the kinetic data. This model 
can be defined by Eq. (13).

q k t ct p= ⋅ +0 5. �  (13) 

where k is the intra-particle diffusion rate constant and C is 
the boundary layer thickness. A linear plot of qt versus t1/2 

at different initial concentrations has been shown in Fig. 9. 
The model parameters have been given in Table 5. As can 
be seen from Fig. 10, the diffusion kinetic plots exhibited the 
three-stage linearity. It has a good linear correlation between 

Fig. 9. The plots of (a) Langmuir isotherm for TC (b) Freundlich isotherm for TC and (c) Langmuir isotherm for MNZ (d) Freundlich 
isotherm for MNZ adsorption onto the biochar (initial TC and MNZ concentration = 10–40 mg L–1, adsorbent dose = 1.5g L–1, contact 
time = 24 h, pH = 5).
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qt and t1/2 in this stage, indicating that the adsorption pro-
cess was not only controlled by intra-particle diffusion but 
two or more steps controlled the adsorption process.

3.7. Thermodynamics

We studied the effect of temperature on the absorption 
of tetracycline and metronidazole onto the biochar. The 

experiments were performed at 4 different temperatures 
(293, 298, 308, and 318°C) for two hours in a shaker-incu-
bator (Heidolph Unimax 1010, Germany). The thermody-
namic parameters consisting of the standard free energy 
change (ΔG0, kJ mol−1), enthalpy standard change (ΔH0, kJ 
mol−1) and entropy standard change (ΔS0, J mol−1 K−1) were 
calculated to determine the absorption process. The val-
ues of ΔG0, ΔH0 and ΔS0 were calculated by the following 
formulas:

ΔG0 = −RT ln KL � (14)

Table 5
Adsorption capacity comparison of biochar prepared from rice 
bran with other absorbents used for antibiotics from aqueous 
solutions

Adsorbent Adsorbent Adsorption 
capacity mg/g

Reference

Rice husk ash Tetracycline 8.37 [6]
Rice husk ash Metronidazole 21.61 [25]
Rice husk Metronidazole 31.2 [55]
Maize stalks tetracycline 24.9 [56]
Rice husk ash Tetracycline 21.33 This study

Table 6
Kinetic model parameters by the linear regression method for 
the adsorption of TC and MNZ by the biochar

Antibiotic Kinetic models Constants

Tetracycline qe, exp 13.33

Pseudo-first-
order

qe, cal

K1 (min–1)
R2

NSD
ARE
MPSD
HYBRID

12.93
0.026
0.96
82.81
59.82
0.82
914.17

Pseudo-second-
order

qe, cal

K2 (min–1)
R2

NSD
ARE
MPSD
HYBRID

14.43
0.005
0.99
11.86
9.975
0.11
19.76

Intra-particle 
diffusion

C 
kid 
R2 

10
0.80
0.9408

Metronidazole qe, exp 21.33

Pseudo-first-
order

qe, cal

K1 (min–1)
R2

NSD
ARE
MPSD
HYBRID

21.28
0.04
0.94
12.38
10
0.1242
52.39

Pseudo-second-
order

qe, cal

K2 (min–1)
R2

NSD
ARE
MPSD
HYBRID

22.76
0.006
0.99
6.82
4.78
0.068
15.40

Intra-particle 
diffusion

C 
kid 
R2 

10
0.7937
0.8718

(a)

(b)

Fig. 10. Intra particle diffusion kinetic model for the adsorption 
of TC (a) and MNZ (b) adsorption onto the biochar.
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Table 7
Adsorption thermodynamic parameters for TC and MNZ 
adsorption on the biochar

Antibiotic ∆S  
(J mol–1 K–1)

∆H  
(kJ mol–1)

∆G (kJ mol–1) 
Temperature (K)

293 298 308 318

Tetracycline 0.025 6.29 –0.85 –1.090 –1.51 –1.74

Metronidazole 0.024 2.12 –3.87 –3.87 –3.87 –4.49

LnK
S
R

H
RTL =

°
−

°Δ Δ
� (15)

LnK
q
CL

e

e
= � (16)

T is the temperature (k), R is the global gas constant, 
which is 8.314 J mol−1 K−1, and the constant KL is Langmuir's 
isotherm in L mg−1. The values of ΔH0, ΔS0, and ΔG0 are cal-
culated according to the slope and y-intercept, respectively, 
lnKL curves vs. 1/T and Eqs. (14)–(16).

Gibbs free energy changes (ΔG) are determined by both 
energy and entropy; the results of which indicate the spon-
taneous reaction and feasibility of the adsorption reaction. 
The negative value of ΔG represents the spontaneous nature 
of the reaction at a given temperature [14]. In addition, the 
negative values ​​of ΔG increase with increasing tempera-
ture; that is, tetracycline and metronidazole adsorption was 
more desired at higher temperatures on the biochar. ΔH can 
be used to identify the nature of the adsorbent. For exam-
ple, a value in the range of 2.1–20.9 kJ/mol indicating the 
physical absorption [14]. Table 7 shows the values ​​of the 
thermodynamic parameters. The free energy change of ΔG 
for tetracycline and metronidazole adsorption process was 
–0.85, –1.090, –1.51, –1.74, –3.87, –3.87, –3.87, and –4.49 kJ/
mol at temperatures of 293, 298, 308, and 318°C, respec-
tively. The results of ΔG numbers indicate that the absorp-
tion process is desirable and spontaneous. According to the 
value of ΔH in Table 7 (6.29 and 2.12 kJ/mol, respectively, 
for tetracycline and metronidazole), it can be concluded 
that the adsorption process was endothermic and more 
desired at higher temperatures [59,60]. Typically, the posi-
tive integer value ΔS represent a significant increase at sol-
id-solution level during absorption and a slight structural 
change in adsorbent and absorbed, resulting in irreversible 
reactions [6,7,46]. The results showed that the adsorption 
capacity was not very much affected by the temperature 
because the absorption isotherm overlapped at the studied 
temperatures [48,61]. 

4. Conclusion

The biochar, with very good quality, was successfully 
prepared from rice bran as an adsorbent to remove tetracy-
cline and metronidazole from aqueous ambience. The max-
imum efficacy rates of tetracycline and metronidazole in 
this survey was 70% and 90%, respectively. Metronidazole 
was removed more than tetracycline, due to its size (444.43, 
171.2 g/mol) and electron density. The adsorption of tetra-

cycline and metronidazole followed a pseudo second order 
kinetics, and the adsorption equilibrium followed the Fre-
undlich isotherm model. Tetracycline and metronidazole 
adsorption procedure on the biochar was spontaneous and 
endothermic. As a result, the biochar prepared from rice 
bran is an optimal adsorbent for tetracycline and metroni-
dazole removal from aqueous solutions. Thus, this research 
could be a basic reference for future studies for the produc-
tion of the advanced modification biochar to remove pollut-
ants from environments.
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