¢| Desalination and Water Treatment
www.deswater.com

0 doi:10.5004/dwt.2018.22193

111 (2018) 351-360
April

Modifying Amygdalus scoparia biochar with MgO for eliminating tetracycline

from aqueous solutions

Saeed Ardashiri, Seyedenayat Hashemi*', Bahman Ramavandi, Sina Dobaradaran

Environmental Health Engineering Department, Faculty of Health, Bushehr University of Medical Sciences, Bushehr, Iran,

Tel. +989382229579, email: mr.saeed2008@yahoo.com (S. Ardashiri), Tel. +989363311903,

email: ramavandi_b@yahoo.com (B. Ramavandi), Tel. +989173731242, email: sina_dobaradaran@yahoo.com (S. Dobaradaran)
*Environmental Health Engineering Department, Faculty of Health and Nutrition, Bushehr University of Medical Sciences, Sabzabad
Bolvd., 7518759577 Bushehr, Iran, Tel. +989177755384, Fax +987733450134, email: seyedenayat_hashemi@yahoo.com (S. Hashemi)

Received 2 October 2017; Accepted 16 March 2018

ABSTRACT

In this study, a biochar was provided from the wasted wood of Amygdalus scoparia tree and then mod-
ified with MgO to produce a biochar-MgO composite. This composite was then applied to remove tet-
racycline from aqueous solutions. The characteristics of the as-prepared composite were determined
using X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy,
and specific surface area analysis. The specific surface area and pore volume of the adsorbent were
obtained as 461 m?/g and 0.2403 cm?®/g, respectively. The response surface method (RSM) based on
central composite design (CCD) was successfully used for modeling and optimizing the tetracycline
removal by the adsorbent. The effect of six independent variables including pH, tetracycline concen-
tration, adsorbent dose, shaking rate, temperature, and contact time was explored on the tetracycline
adsorption. The analysis of variance (ANOVA) of the quadratic model suggested that the predicted
values were in good agreement with experimental data. Based on the RSM model, the maximum
removal was obtained at the conditions of pH = 4, adsorbent dose = 0.414 mg/L, tetracycline con-
centration = 91 mg/L, contact time = 118 min, temperature = 49°C, and shaking rate = 63 rpm. The
adsorption data well followed the Langmuir isotherm and the pseudo-second order kinetic model.
Finally, thermodynamic parameters determined that the adsorption process was spontaneous and
exothermic in nature.

Keywords: Amygdalus scoparia; Adsorption; Tetracycline removal; Biochar-MgO composite; Response
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1. Introduction

Pharmaceutical compounds are considered as emerging
contaminants, which are mainly released from untreated
waste waters of hospitals and pharmaceutical factories to
the environment [1]. Due to the huge utilization of phar-
maceutical compounds over the past decade, scientific com-
munities are searching for solutions to distinguish the effect
of pharmaceutical concentrations in the environment and
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water bodies. Among pharmaceuticals, antibiotics are annu-
ally used in large quantities (nearly 100,000-200,000 ton) to
inhibit and cure bacterial diseases in humans and animals
such as cattle, swine, poultry, and fish [2]. According to lit-
erature [3], because of incomplete metabolization of antibi-
otics in humans and animals body, about 30-90% of used
antibiotics are excreted into the environment via urine or
feces. Specifically, tetracycline’s (TCs) class of antibiotics,
which include tetracycline (TC), tetracycline hydrochloride,
oxytetracycline, and chlortetracycline are widely utilized in
livestock industry and human therapy. Tetracycline mole-
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cule is forcefully polar and has three proton active groups: a
dimethyl ammonium, a tricarbonylamide group, and a phe-
nolic diketone [4]. Further, TC is considered as the second
most generated and utilized antibiotic in the world.

However, the concentrations of TCs in the treated waste
waters are generally low, but they can accumulate in the
soil, sediments, and water bodies, and then alter the resis-
tance of bacteria corresponded to natural decontamination
[5]. Thus, strict control and elimination of TC_ has become
a vital subject for the environment and global health. The
treatment techniques for eliminating pharmaceuticals from
waste waters are advanced treatments (membrane process
and adsorption methods,) as well as advanced oxidation
processes (Fenton oxidation, ozone/hydrogen peroxide
treatment, photo catalysis, and electrochemical oxidation,
ultrasound, etc) [6]. Among the processes, the adsorption
technique is the most attractive process because it is sim-
ple-to-design, facile-to-operate, and inexpensive method
[7]. So far, many adsorbents have been used for pharma-
ceutical removal like magnetic resin [8], alkali biochar [9],
nitrifying granular [10], illite [11] marine sediments [12],
palygorskite [13], etc. The activated carbon is the famous
adsorbent, but it has many challenges like the cost of pro-
duction and non-renewable origin [14]. The agricultural
waste materials and trees’ wood [14] are, however, renew-
able, widely available, cheap, and environmentally friendly
materials [15]. Thus, they can be used as precursors of bio-
char [16]. Biochar is a black solid particle that contains fine
carbon (about 70-80%), which can be achieved from slow or
fast biomass pyrolysis in the absence of oxygen [17]. Several
materials have been used for production of biochar such as
cherry seed [18], beech and pinewoods [19], grape bagasse
[20], pine bark [21], and Conocarpus erectus [22]. Different
procedure and chemical agents (e.g., H,PO,, KOH, H,0O,,
ZnCl,, HNO,, H,5O,, HCl, NaOH, and MgO) have been
applied for activation and thus efficient pollutant removal
[23,24]. One of the most attractive chemicals for modifying
the adsorbents is magnesium oxide (MgO), since it is stable,
nontoxic, inexpensive, and eco- friendly [25-27]. According
to author’s knowledge, there is no published paper about
the activation of Amygdalus scoparia biochar with MgO.

Thus, the aims of this work included 1) modifying the
biochar obtained from A. scoparia tree (a self-growing tree
in many parts of the world such as Zagros Mountains, Iran)
with MgO; 2) determining the surface characteristics of the
biochar modified by MgO (biochar-MgO composite); 3)
optimizing the influential parameters on the TC adsorp-
tion using response surface methodology (RSM); 4) assess-
ing the kinetics, equilibrium, and thermodynamic of the
adsorption process.

2. Materials and methods
2.1. Chemicals

All chemicals utilized in this study including tetracycline
(purity > 98%), HNO, 65%, NaOH, HCI, Mg(NO,),-6H,0)
were purchased from Merck Co., Germany. The main
physiochemical properties of the tetracycline are: chemical
formula = C,,H,N,O,, pk = 3.32, pk =778, pk =958,
solubility = 22000 g/L, and molecular weight = 444.43 g/

mol [28]. Deionized water was used for synthesizing all
working solutions. A 1000-mg/L stock solution of TC was
prepared by dissolving 512.8 mg TC in 500 mL deionized
water in an Erlenmeyer flask. The stock solution of TC was
diluted successively to prepare the required concentrations,
and was kept at 4°C in a dark place.

2.2. Preparation and modification of biochar-MgO

The wasted wood of Amygdalus scoparia tree was col-
lected from Zagros Mountains around Shiraz city, Iran.
First, the A. scoparia wood was cut into pieces of 1 cm. The
wood pieces were then washed several times with double
distilled water to remove dust and impurities and then
oven-dried at 105°C for 2 h. Next, about 20 g of the dried
wood was put in an electric furnace (Carbolite, England)
in the absence of O, for 2 h at 150°C. After that, the burned
wood was submerged in a 250-mL HNO, 1 M solution for 24
h in a shaker incubator (Parsazma, Iran) at 180 rpm. Then,
the biochar was rinsed with deionized water until the pH of
the elution liquid was brought to around 7. Thereafter, the
wet biochar was put in the electric furnace in the absence of
O, for 2 h at 400°C.

After preparing the HNO,-treated biochar, the bio-
char-MgO composite was synthesized by sol-gel method.
To do this, 20 g of biochar was added to 100 mL of
Mg(NO,),-6H,O solution, and then 50 mL of NaOH 1 M
solution was added in a drop-wise mode during 12 h to the
solution. The solution was magnetically stirred (100 rpm)
at the room temperature. The mixture was passed through
Whatman filter No. 42 to obtain a gelatinous material. The
obtained gel was washed several times with double dis-
tilled water and dried at 80°C for 24 h. The dried material
was finally calcinated in the electric furnace at 450°C for 2 h
to obtain biochar-MgO composite [29]. The biochar-MgO
particles were finally sieved by ASTM (mesh no. 120) to
achieve uniformed size material.

2.3. Measurements of surface characteristics

A pH meter (AS-3C Model, Shanghai Precision Scien-
tific Instrument Co., China) was used for measuring the
solution pH. The functional groups of biochar-MgO com-
posite were detected by Fourier transform infrared spec-
troscopy (Bruker, Germany). Scanning electron microscopy
(SEM) images were obtained by a JSM7500F at 3 kV and
N, adsorption—-desorption was conducted at -196°C using
Brunauer-Emmett-Teller (BET) surface area apparatus
(Micromeritics ASAP2020). Qualitative and quantitative
analysis of chemical contents of the adsorbent was per-
formed by an X-ray fluorescence analysis (XRF, X pert pro,
Panolytical Co.).

The zeta potential charge was determined using zero
point charge (pH,,.) measurement. To do this, initial pH
values (pH,) of 25 mL of NaCl 0.1 M solutions were adjusted
within a pH range of 1-12 using HCI or NaOH 0.01-0.1 M.
Then, 0.2 g biochar-MgO composite was added to the pre-
pared solutions. The solutions were stirred for 24 h and
then filtered. The final pH of the filtrate (pH) was also
determined. The value of pH,,. of the biochar-MgO com-
posite was obtained from the intersection of the curve of
pHi vs. ApH_, [30].
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2.4. Experimental design

RSM is a statistical and mathematical tool used to select
the best experimental conditions with the lowest number
of experiments. RSM designs include three-level facto-
rial design such as central composite design (CCD), Box-
Behnken design (BBD), and D-optimal design. The CCD
statistic model, one of the most efficient and commonly
used RSM models, is utilized to optimize the influence of
independent variables on the response [31,32]. The ranges
of the variables employed were selected based on the pre-
liminary experiments as well as results in the literature.
For a two-level study, the CCD consists of three operations
namely: 2* factorial runs, 2k axial runs, and k_center runs.
For six independent variables, the design involved 64 fac-
torial points, 12 axial runs, and 10 replicates at the center
points utilized for the purpose of estimating experimen-
tal error and the reproducibility of data. In this study, the
independent variables were optimized for the removal effi-
ciency of tetracycline. The ranges of independent variables
and their coded levels are given in Table 1 [33,34].

All 86 experiments were calculated in a random order to
minimize systematic errors. Each independent variable (X))
was converted to coded values, according to Eq. (1).

X, - X,0

=7 M)
where X, is a dimensionless codified value of the factor, X is
the central value of the factor and AX refers to the difference
between the high and central values of the factor.

The results of all CCD experimental runs were analyzed
by the least-squares regression method to predict the pro-
cess response and to estimate the coefficients according to
the following second-order equation.

Y=p0+ zzzl)ﬁixi * Zf:lﬂiix,? + Zj:ll 2?:2@} XX teete 2)

where Y refers to the response predicted by the model
(TC removal efficiency), B, is the model constant (intercept
term), X, and X are the coded values of independent vari-
ables, §, f,, an ,[))l.]. are the linear, quadratic, and interaction
coefficients, respectively, k is the number of factors studied
and optimized, and e is the experimental error.

The polynomial model was obtained by multiple regres-
sion analysis. The estimated model equation was validated
via the analysis of variance (ANOVA). The statistical signif-

Table 1
Independent variables and their coded levels based on central
composite design

Parameters Unit  Coded value

2 -1 0 +1 42
pH (A) - 2 4 6 8 10
Initial conc. (B) mg/L 50 60 70 80 100
Adsorbent dosage (C) g 05 06 07 08 1

Agitating rotor (D) rpm 50 70 90 110 120
Contact time (E) min 30 60 90 120 180
Temperature (F) °C 20 30 40 50 60

icance of the model and terms was evaluated using P-value
< 0.05 at a 95% confidence level. The validity and quality
of the fit were expressed by the correlation coefficient (R?).
Therefore, the optimal values of six variables could be
obtained by RSM.

The TC concentration was determined by a UV-vis
spectrophotometer (UV2550, Shimadzu, Japan) with wave-
length of 357 nm [35]. The TC removal percentage (R%)
and the amount of the TC adsorbed per gram of the bio-
char-MgO composite (7, mg/g) were evaluated using Eq.
(3) and (4), respectively.

R% = [%] %100 (3)

q,= [ﬁ] xV 4)
M

where C,, C, and C, are the initial, final, and the concen-
trations of TC at any time in the solution (mg/L), V is the
volume of solution (L), and M is the weight of biochar-MgO
composite (g).

2.5. Adsorption isotherms

The equilibrium data were evaluated by four “two-pa-
rameter isotherms” models including Langmuir, Freun-
dlich, Dubinin—-Radushkevich (D-R), and Temkin [36].

C 1 C

—¢ = —+ ¢ (5)
Ge Quax X0 Gy
1
R = 6
" 140C, ©
1
logq, = log kf +;logCE (7)
q, =Inq, ke (8)
1
E = 9)
" J2KD
qe :qmln (KTCE) (10)

where C, is the equilibrium concentration of TC (mg/L), g,
is the amount of TC antibiotic adsorbed by biochar-MgO
composite at equilibrium, g, (mg/g) and b are the Lang-
muir constants related to the adsorption capacity and
energy, respectively. The separation factor (R,) which has
been utilized to assess the quality of the adsorption process
(favorable: 0 < R, <1, unfavorable: R, > 1, or irreversible: R,
=0). K, (L/g) is Freundlich constant related to adsorption
capacity and the n parameter denotes the adsorption inten-
sity which has been utilized to evaluate when the adsorp-
tion process is physical (1 > 1), chemical (n < 1), or linear (n
=1). g, is the theoretical saturation capacity (mg/g), while
k and ¢ are the constants related to the mean free energy
of adsorption and Polanyi potential. The D-R constant can
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give the mean energy of adsorption (E) by Eq. (9). The E
parameter can be informative for revealing the type of
adsorption mechanism (physical adsorption: E <8 KJ/mol,
ion exchange: 8 < E <16 KJ/mol, and chemical adsorption:
E > 16 KJ/mol) [37].

Temkin isotherm [Eq. (10)] represents the information
about the heat of adsorption process and the strength of the
bands formed between adsorbent and adsorbate.

2.6. Kinetic and thermodynamic parameter

The pseudo-first-order and pseudo-second-order model
are applied for evaluating the kinetics of TC adsorption by
biochar-MgO composite [38,39]:

k1
log(q,—q,)=1log g, —(m)t

1:;{1}
qt (kz quz) qe

where k, is the equilibrium rate constant of pseudo-first-or-
der model (min ) and k, (g/mg min) represents the rate
constant of the pseudo-second-order model.

The physical and chemical adsorption can be deter-
mined through thermodynamic parameters. The parame-
ters of standard enthalpy (AH®, k] /mol ), standard entropy
change (AS°, kJ/mol K), and standard Gibbs free energy
change (AG°®, kJ/mol) for the adsorption of TC onto bio-
char-MgO were calculated from the following equations
[40]:

(11)

(12)

q.
K=t
= (13)
AG®=—-RT Ik, (14)
k=245 _AH (15)
R RT

where K_is the distribution coefficient, R is the universal
gas constant (8.314 J/mol K), and T is the temperature (K).

3. Results and discussion
3.1. Adsorbent characteristics

The determination of the surface area of biochar is fun-
damental, as it may forcefully affect the reactive behavior of
adsorbents and adsorbate. Thus, after production the bio-
char-MgO, their physical properties such as porosity, total
pore volume, surface area were determined by the BET and
BJH methods (see to Table 2). According to Table 2, the spe-
cific surface area (461.00 m?/g) and the pore volume of the
biochar-MgO are relatively high compared with other adsor-
bents such as peanut hulls [41], hydro char [42], and tomato
waste [43]. Based on the BET equation, the pore diameter
shows that the adsorbent is mesoporous. However, accord-
ing to the BJH equation, the adsorbent is macroporous.
Also, Fig. 1 shows the N, adsorption-desorption isotherm

Table 2
Surface characteristic of biochar-MgO

Characteristic Value
Surface area

Single point surface area at p/p°® = 0.2 478.39 m?/g
BET surface area 461.00 m?/g
Langmuir surface area 609.33 m?/g
t-Plot micropore area 397.25 m?/g
t-Plot external surface area 63.74 m?/g
Pore volume

Single point adsorption total pore volume of 0.2403 cm?/g

pores less than 801.322 A diameter at p/p° = 0.97

t-Plot micro pore volume 0.1846 cm®/g
BJH Adsorption cumulative volume of pores 0.0606 cm®/g
between 17 A and 3000 A diameter

BJH adsorption cumulative volume of pores 0.0600 cm3/g
between 10 A and 3000 A width

Pore size

Adsorption average pore width (4V/A by BET)  20.8545 A
BJH Adsorption average pore diameter (4V/A)  65.51 A

BJH desorption average pore diameter (4V/A)  60.61 A

Ny
30

———————————————————————————————————————————————————————————————————————————————

_______________________________________________________________________________

Quantity Adsorbed (mmol/g)
o
T

N L A
Relative Pressure (p/p?)

Fig. 1. Nitrogen adsorption/desorption isotherm (BET) of bio-

char-MgO composite.

of the biochar-MgO. Based on this figure, the adsorbent is
classified as a type IV according to the International Union
of Pure and Applied Chemistry [44,45]. In addition, the sur-
face area of the biochar (without MgO modification) was
found to be (305.07 m?/g), which is much far than that of
biochar-MgO. Therefore, rise of specific surface area of the
biochar after modification with MgO is probably the main
reason for tetracycline’s proper adsorption in this work. In
other studies [46,47], magnesium oxide has increased the
surface area of adsorbents and, as a result, it increased the
adsorption efficiency of the pollutants.
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The SEM image was used to study the textural mor-
phology and pore structure of the biochar-MgO composite.
The SEM images of the adsorbent are depicted in Fig. 2.
This figure shows that there are some nano-scale particles
on the biochar surface, suggesting successful modification
of crude adsorbent with magnesium oxide. Fig. 2b demon-
strates that the biochar-MgO surface has a small amount of
fine particles which may have been caused by the reaction
of adsorbent and TC pollutant.

The FTIR spectra of fresh and used biochar-MgO
composite are illustrated in Fig. 3. A sharp peak around
3907 cm™, can typically be attributed to the -OH stretch-
ing band in the Mg(OH), crystal structure. It indicates that
MgO might have reacted with the water vapor and formed
Mg(OH),. The sharp peak at ~3437 cm ' could be attributed
to the -OH stretching vibration. The peak determined at
~2928 cm ™ can be assigned to the -CH, group bound. This
peak shifted to 2930 cm ™ after the reaction, suggesting that
the -CH, group was involved in TC binding. The sharp
bands around 1430 cm ™ and 1725 are related to C=C and
C=0 stretching vibrations in carboxyl and alkenes, respec-
tively. The C-CH and C-N stretching appeared at 1259 cm ™,
with band at ~598 cm ™ being related to the Mg-O stretching
vibration [25,48].

To identify the purity and crystallinity of the bio-
char-MgO composite, XRD test was conducted (see Fig. 4).
A peak at 26 of 26° indicates the presence of large amounts
of amorphous carbon particles or non-crystalline solid. In
addition, the surface elemental compositions of the bio-
char-MgO were measured based on XRF test, with the
results displayed in Table 3. The results show that the mag-
nesium oxide is present in the adsorbent composition. as
Also, the amount of magnesium oxide decreased after tet-
racycline absorption. The pH, . (zeta potential) of the com-
posite was obtained as 8.5. This means that at solution pH
above and below 8.5, the adsorbent surface has a positive
and negative charge, respectively.

In general, surface studies suggest that the mechanism
of adsorption of tetracycline can depend on the following
factors: 1) structural properties of tetracycline; 2) phys-
iochemical properties of the adsorbent surface like pore size
distribution, surface functionality, and specific surface area;
and 3) solution pH [49].

Signal A= SE2
Mag= 50.00KX

i
EHT = 15.00 kV

200 nm
WD= 6.1 mm

3.2. RSM and 3D plots

The experimental data were detected and the response
functions for TC removal efficiency were expressed using
the second order equation model. Some terms in this model
were not significant at the 95% confidence level. These
insignificant terms were removed from the model for better
estimation. The final coded model was extracted from CCD
as Eq. (16).

Y =+81.62-10.58 A+3.82B+2.04C +.79D + .94E

+1.95F +2.03AB—-.16 AC —.19AD — 66 AE — 56 AF
+22BC +.000BD + .094BE — .25BF + .062CD +

22CE - .13CF + .5DE — .094DF — 242 A% —
1.6B*-1.8C —1.4D* — 58E> + .24F>

(16)

where Y is the response variable (TC removal); A, B, C, D,
E, F are independent variables of pH, TC concentration
(mg/L), adsorbent dosage (mg/L), shaking rate (rpm), tem-
perature (°C), and time (min), respectively.

The analysis of variance (ANOVA) and optimization
of parameters are shown in Table 4. The value of Fisher’s
F-value is equal to 37.74. The large F value shows that the
maximum variation in the percentage removal is explained
by the model. The p-value also represents whether F-value
is large enough to indicate significance of the parameters.
Thus, a factor with p-value of less than 0.05 and large
F-value is considered to be significant [31]. At optimum

===-=Fresh

Transmittance (%)
[+
o

used

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave number (cm!)

Fig. 3. FTIR spectra of fresh and used biochar-MgO composite.

EHT = 15.00 kV
WD = 6.0 mm

Signal & = SE2
Mag= SO00KX

200 nm

Fig. 2. SEM images of biochar -MgO composite (a) before and (b) after TC adsorption.



356

s L1

6000

LTl T

4000

2000

S. Ardashiri et al. / Desalination and Water Treatment 111 (2018) 351-360

W
0 T T T T T T T 0 T T T T T T T
10 20 0 9 50 60 0 10 20 k) 40 ) &0 iy
Posifon [*2Theta] (Copper (G} Posifon [*2Theta] (Copper (Qu))
(@) (b)
Fig. 4. XRF pattern of biochar- MgO composite (a) before and (b) after TC adsorption.
Table 3
Elemental composition of biochar-MgO
Biochar-MgO ZnO Cl Fe,O, CaO SO P,0; AlLO, SO, SiO, MgO(%)
(ppm) (%) (ppm) (%) (%) (%) (%) (%) (%) (%)
Fresh 500 0.14 500 3.66 0.282 0.50 0.11 044 0.18 1.64
Used - - 450 3.04 23.938 0.40 - 244 0.11 0.28
Table 4
ANOVA results for the removal of TC by biochar-MgO composite
Source Sum of Squares Degree of freedom (df) Mean square F -value P-value
Model 10427.64 27 386.21 37.74 <0.0001
A-pH 7706.64 1 7706.82 753.06 <0.0001
B-Concentration 1006.82 1 1006.82 98.32 <0.0001
C- Dosage (mg/L) 288.01 1 288.01 28.14 <0.0001
D- Shaking rate (rpm)  42.87 1 42.87 4.19 0.0452
E- Temperature (°C) 64.06 1 64.06 6.26 0.0152
F- Time (min) 261.96 1 261.96 25.60 0.00001

conditions (pH: 4, dosage: 0.414 g/L, shaking rate: 63 rpm,
contact time: 118 min, temperature solution: 49°C), the esti-
mated TC removal was obtained as 90.25%. The verification
test was performed at the optimum conditions to check the
validity of the proposed model. The experimental value of
the TC removal under optimum conditions was obtained
as 92.75%. Also, the adequate precision (equal to 22.072 >
4) indicates an adequate signal for the quadratic model and
therefore, the model can be utilized to navigate the design
space. In addition, a coefficient of variance (CV) of 4.23%
(<10%) indicates the high accuracy and reliability of the
experiment.

The significance of factors and their interactions are
expressed by p-values. If the p-values Prop> F is <0.05 (95%
confidence level), the model terms are significant. Also, the
suitability and validity of the quadratic model was calcu-

lated by coefficient of determination (R?). The value of R?
and adjusted R? for the reduced model was obtained as
0.9461 and 0.9211, respectively, suggesting a satisfactory
agreement between them. The adjusted R* was close enough
to the R? value of 0.9461, revealing that the unnecessary fac-
tors have not been included in the model [50]. The R? value
of 0.9461 indicates that 94.61% of variations occur in the TC
removal efficiency explained by the independent variables
and their interactions.

In order to illustrate the relationship between variables
(pH, temperature, initial concentration, shaking rate, and
adsorbent dose), the response surface graphs were plot-
ted (see Fig. 5). The 3D response surface shown as graph-
ical offering was applied to show the interactive effects of
measurable variables on removal efficiency of TC. In this
plot, the concurrent interaction of pH and initial TC con-
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centration on the removal of TC has been demonstrated in
Fig. 5. Nevertheless, the other factors were kept constant
at a central value encoded as value 0. As can be seen in
Fig. 5, the removal efficiency of TC at pH 4 increased from
86% to 90% by elevating the concentration of TC from 77
mg/L to 173 mg/L. Also, by increasing the initial concen-
tration of TC and increasing solution pH from 4 to 9, the
TC removal efficiency grew from ~61% to ~73%. A further
increase in the TC concentration and pH had a negative
effect on adsorption process performance and subse-
quently decreased the TC removal efficiency. These results
indicate that the solution pH can significantly affect the
adsorption process and the TC removal was favorable
in the weak acidic environment. High adsorption effi-
ciencies were achieved at pH 4 (between pK_ | and pK,),
indicating that TC*? has easily been adsorbed onto the
biochar-MgO composite. It seems that TC* is adsorbed
on the biochar-MgO through multiple interactions includ-
ing hydrophobicity and surface complexes. At pHs higher
than 7.68 (pK ,), TC°~ was the major TC species. It can be
hypothesized that the decrease of removal efficiency at pH
9 has mainly been due to the electrostatic repulsion and
the weakening of hydrophobic function [51]. The removal
of TC happened immediately at the beginning of the reac-
tion, because of the abundant reactive sites available on

the surface of fresh adsorbent. After 115 min, the adsorp-
tion occurred in a slow mode. Thus, the removal rate was
restricted by the lack of reactive sorption sites [52]. Also,
the decrease in removal efficiency may have been caused
by the saturation of the limited number of active sites.
Another cause can be the certain concentration at which
the active sites become saturated.

3D plot relation between pH, temperature, and removal
efficiency has been illustrated in Fig. 5. The high tempera-
tures have an inverse effect on the removal efficiency, prob-
ably due to the release of the adsorbed TC into the solution,
the degradation or deactivation of active sites on the adsor-
bent surface due to the breaking of the chemical bands, and
the weakening of the force between the pollutant and active
sites [53].

The effects of adsorbent dose and initial TC concentra-
tion on removal efficiency of TC are revealed in Fig. 5. By
increasing the initial concentration of TC from 77 mg/L
(at adsorbent dos of 0.172 g/L) to 173 mg/L (at adsor-
bent dose of 0.428 g/L), the removal efficiency rose from
72% to 85%. The positive relationship between the adsor-
bent dose and TC removal efficiency can be attributed to
improved adsorbent specific surface area and availability
of more adsorption sites. Nevertheless, with an increase
in the initial TC concentration, the adsorption capacity
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at equilibrium was enhanced. This is owing to raised
concentration gradient, which acts as a driving force to
prevail the persistence to mass transfer of tetracycline
between the aqueous phase and biochar-MgO compos-
ite. Therefore, the maximum adsorption was achieved
when 91 mg/L of initial TC concentration was used. Fur-
thermore, Fig. 5 demonstrates the actual values versus
predicted response of the empirical model. The results
obtained from operating variables well agreed with the
predicted data of the response from the empirical model.
The model predicted the optimal values of the variables
consisting of pH: 4, adsorbent dosage: 0.414 g/L, shak-
ing rate: 63 rpm, contact time: 118 min, and temperature
solution: 49°C.

3.3. Adsorption isotherm

Adsorption isotherm study is applied to determine the
amounts of adsorbate removed from a solution at the equi-
librium conditions by unit of adsorbent mass at a constant
temperature. The results of four most common models
(Langmuir, Freundlich, Temkin, and D-R) are provided in
Table 5. Adsorption of TC onto biochar-MgO well fitted the
Langmuir isotherm (R*> 0.99). The separation factor (R,)
value was obtained as 0.82. Thus, the adsorption process
of TC onto the biochar-MgO composite is favorable within
the studied concentration range. The maximum adsorption
capacity was attained to be 111.1 mg/g, which is higher
than that obtained for other adsorbents like peanut hulls
[41] and hydro char [42], but smaller for tomato waste [43]
and tyre char [42].

3.4. Adsorption kinetic
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were applied. The obtained kinetics parameters are listed
in Table 6. Comparing the correlation coefficients of two
kinetic models, it is clear that the pseudo-second order
kinetic model fitted the adsorption data better. Further,
Table 6 shows that according to most recent studies, the
adsorption of tetracycline has followed pseudo-second
order kinetics.

3.5. Adsorption thermodynamic

The effect of temperature on the adsorption of TC by
biochar-MgO composite was calculated in batch experi-
ments at solution temperatures of 298, 303, 313, 323, 328,
and 333 K. The values of thermodynamic parameters are
presented in Table 7. Based on data presented in Table 7,
the negative values of AH® indicate that the adsorption
process is exothermic. This may be due to the total energy
absorbed in bond breakdown is lower than the total
energy released in bond development between TC and
biochar-MgO composite, thus causing the release of extra
energy in the form of heat to the solution [59]. The Gibbs
energy change is a key factor for determining the degree of
spontaneity of the adsorption process. A higher negative
value of AG® indicates that spontaneous physisorption has
taken place in the system [59]. Also, the positive value of
AS? indicates that the adsorption process has involved a
dissociative mechanism [59].

Table 7
Adsorption thermodynamic parameters

AH° AS° AG? (kJ/mol) Adsorption
In order to study the kinetics of TC adsorption using ~ (kKI/mol)  (J/Kmol) "53¢ 513 3p3 hature

biochar-MgO . and to better identify the sorption pro- 19107 16.69 3374 4006 4983  Exothermic
cess, pseudo-first order and pseudo-second order models
Table 5
Isotherms findings

Langmuir Freundlich Temkin Dubinin-Radushkevich

(y = 0.0091x + 0.0023) (y =—-0.1937x + 3.2621) (y = —2.8466x + 24.951) (y = 8E-07x + 2.4946)

qmax KL RL RZ kf n RZ qnl bT RZ qnl KD En RZ

1111 3.95 0.82 09924 246 5.2 09032 2.84 1.0002 09116 1506  21.67 0.15 0.7356
Table 6
Adsorption kinetic parameters and the comparison with different absorbent

Precursor Activator ~ Adsorbate C (mg/L) Pseudo-first order Pseudo- second order Ref.

R? k, (min™) R? k, (g/mg min)

Macad shells NaOH TC 500 0.87 0.1286 0.95 4.7 x10~* [54]

Vine wood NaOH TC 20 091 0.002 0.99 0.233 [55]

Petroleum coke KOH TC 100 0.886 45E-2 0.959 7.2E-5 [56]

Activated carbon MnFe,O, TC - 0.854 1.33 0.929 0.0049 [57]

Pumice stone - TC 5-300 0.998 0.03 0.999 0.02 [58]

Biochar MgO TC 91 0.986 -814 0.9979 0.003 This work
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4. Conclusions

In this paper, the Amygdalus scoparia biochar was modi-
fied with MgO to remove tetracycline from aqueous media.
The adsorbent was a non-crystalline solid and had a surface
area of 461 m?/g. The response surface methodology (RSM)
was used to optimize the influential parameters affecting the
tetracycline adsorption. The maximum adsorption efficiency
of TC (92.75%) was obtained at the optimized conditions of
pH: 4, adsorbent dosage: 0.414 g/L, shaking rate: 63 rpm,
contact time: 118 min, temperature solution: 49°C. Tetra-
cycline adsorption data well fitted the Langmuir isotherm
model (g, =111.1mg/g) and the second-order kinetics. Also,
thermodynamic parameters indicated that the process was
spontaneous and exothermic. Generally, the biochar-MgO
composite is an efficient adsorbent and has a suitable poten-
tial to be used in full-scale tetracycline treatment.
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