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Abstract
An inexpensive and environmentally friendly composite synthesized from rice husk, impregnated with montmorillonite and 
activated by carbon dioxide, was investigated for the removal of azithromycin from an aqueous solution. Various techniques 
were used to characterize adsorbents in detail. The sorption process was primarily regulated by the solution pH, pollutant 
concentration, contact duration, adsorbent dose, and solution temperature. The equilibrium data were best analyzed using 
the nonlinear Langmuir and Sips (R2 > 0.97) isotherms, which revealed that adsorption occurs in a homogenous manner. The 
adsorption capacity of pristine biochar and carbon dioxide activated biochar-montmorillonite composite was 33.4 mg g−1 
and 44.73 mg g−1, respectively. Kinetic studies identified that the experimental data obeyed the pseudo-second-order and 
Elovich models (R2 > 0.98) indicating the chemisorption nature of adsorbents. The thermodynamic parameters determined 
the endothermic and spontaneous nature of the reaction. The ion exchange, π-π electron-donor–acceptor (EDA) interactions, 
hydrogen-bonding, and electrostatic interactions were the plausible mechanisms responsible for the adsorption process. This 
study revealed that a carbon dioxide activated biochar-montmorillonite composite may be used as an effective, sustainable, 
and economical adsorbent for the removal of azithromycin from polluted water.
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DTGA​	� Derived Thermogravimetric Analysis
BET	� Brunauer-Emmett-Teller
EPR	� Electron paramagnetic resonance
FTIR	� Fourier transform infrared spectroscopy
PD	� Pore diameter
TPV	� Total pore volume
SSA	� Specific surface area
PFO	� Pseudo-first-order
PSO	� Pseudo-second-order
DMPO	� 5,5-Dimethyl-1-pyrroline N-oxide
TBA	� Tert-butylalcohol

Introduction

Antibiotics account for 15% of all the pharmaceutical com-
pounds produced throughout the world (Talaiekhozani et al. 
2020). They can be divided into different groups such as 
sulfonamides, quinolones, β-lactams, tetracyclines, amino-
glycosides, and macrolides based on their chemical structure 
and mechanism (Davoodi et al. 2019). Only a small portion 
of the administrated antibiotics is absorbed by the body, 
while a substantial fraction is released unchanged through 
urine and feces into the environment. This can affect the 
population of microorganisms in the environment, contribut-
ing to the emergence of resistant strains. Furthermore, they 
pose potentially toxic risks to aquatic organisms and may be 
absorbed eventually by humans through the food chain and 
drinking water (Ashraf et al. 2022; Yi et al. 2016).

Among different types of antibiotics, azithromycin (AZT) 
is a second-generation novel macrolide antibiotic (Saadi 
et al. 2020), has a broad spectrum (Li et al. 2021) and supe-
rior acid stability. It is a semisynthetic derivative of eryth-
romycin (Chang et al. 2015) that was produced to overcome 
erythromycin shortcomings (Davoodi et al. 2019). The AZT 
not only acts as an active agent in curing diseases caused by 
a variety of Gram-positive and Gram-negative bacteria but 
it can also be used effectively against atypical pathogens 
(Xiang et al. 2020), which has pushed for its usage in the 
prevention of a variety of respiratory as well as reproduc-
tive health diseases (Cano et al. 2020). Although AZT is 
an antibiotic but it is one of the most successful and widely 
prescribed medicines for coronavirus disease 2019 (COVID-
19) therapy. One hospital in Brazil reported a 2500% rise 
in the rate of AZT use in the emergency department dur-
ing COVID-19, while another hospital in Brazil reported a 
2000% increase in the rate of AZT consumption in the clini-
cal ward during COVID-19 (Silva et al. 2021). It is difficult 
to know how much AZT was prescribed during COVID-19 
in the United States (US), however the use of AZT was so 
high that there was a shortage. The United States Environ-
mental Protection Agency recognized the AZT as a contami-
nant of emerging concern (Vermillion Maier and Tjeerdema 

2018) because its presence might cause severe threats to 
flora and fauna, including humans (Archer et al. 2017). It has 
been included in the European Union Watch List of poten-
tially hazardous compounds for the aquatic environment 
(Senta et al. 2019).

Owing to limited absorption and negligible metabolic 
rate, 70% of AZT is excreted from the body predominantly 
unchanged (Davoodi et al. 2019). As a result, AZT may 
eventually be found in wastewater and water resources 
(Alves et al. 2018; Hanamoto and Ogawa 2019). The intro-
duction of AZT into natural water sources has the potential 
to alter the native microbial populations and promote the 
selection of resistant bacterial strains, which can then trigger 
diseases that are resistant to traditional antibiotics, leading 
to the antibiotic-resistant epidemic (Cano et al. 2020). The 
accumulation of AZT in the aquatic system due to its per-
sistent nature and structural stability for a more extended 
period poses severe threats to human health and the envi-
ronment (Sobhan Ardakani et al. 2020). Hence, the removal 
of AZT from water and wastewater is of great significance.

Up to now, several methods have been tested by research-
ers to eliminate AZT from contaminated water, including 
adsorption (Ma et al. 2021), membrane separation (Avella 
et al. 2010), chemical oxidation (Li et al. 2019), photo-
catalytic degradation (Ashraf et al. 2021), and biological 
means to treat AZT (Alvarino et al. 2017; Yang et al. 2017). 
However, adsorption acquires particular importance since 
it is considered the most promising technology because 
of its high efficiency, low cost (Sophia and Lima 2018), 
convenience, simple design, and because it does not add 
unwelcome byproducts to the system (Andrade et al. 2018; 
Arif et al. 2021). Although, a variety of adsorbents have 
been extensively employed, including activated carbon 
(Gupta and Garg 2019), graphene, resins, carbon nano-
tubes, fly ash (Zhang et al. 2011), soil (Carrasquillo et al. 
2008) and mineral oxides (Yin et al. 2018) to remove AZT 
from wastewater, their application has been limited due to 
cost-effectiveness and adsorption performance (Huang et al. 
2020). Hence, when selecting a new adsorbent, it must be 
considered that the selected adsorbent should have a high 
surface area, be eco-friendly, have a well-developed porous 
structure, have modified surface functional groups, be read-
ily available, and be inexpensive.

Biochar (BC), a carbonaceous material produced from 
biomass in an oxygen limited environment, has recently 
gained momentum over activated carbon and is being inves-
tigated as an alternative adsorbent for remediation of AZT. 
Even though BC is less expensive than activated carbon, the 
ionic size of AZT does not fit into the pore size of BC and 
the ionic nature of antibiotics causes electrostatic repulsion. 
These properties limit the adsorption capacity (Ashiq et al. 
2019a; Peng et al. 2016).
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The activation of BC with carbon dioxide (CO2) has 
been proposed to boost its surface characteristics, including 
porosity and surface area, therefore making it a very efficient 
adsorbent for the removal of different pollutants (Kołtowski 
et al. 2017; Sun et al. 2020). Likewise, coating clay minerals 
onto BC to create BC-clay mineral composites has received 
attention to change the surface characteristics of BC and 
absorb various pollutants (Yao et al. 2014).

The clay minerals have been extensively studied for sorp-
tive removal of antibiotics due to their high cation exchange 
capacity, layered structure, large surface area, and chemi-
cal/mechanical stability (Viglašová et al. 2018). Montmoril-
lonite (MMT) has received a lot of interest among the clay 
minerals because of its abundance, low cost, and promising 
features including high porosity, mechanical strength, and 
cation exchange capacity (Zango et al. 2022). The MMT 
is a 2:1 aluminosilicate clay mineral in which cations in 
the interlayer gaps are replaced by positively charged con-
taminants through a cation exchange process. MMT also 
has a high swelling capacity. These characteristics make 
it an excellent choice for wastewater cleanup applications 
(Zango et al. 2022). It has a higher ion exchange capacity 
(60–170 meq/100 g) than other related clay minerals. More-
over, MMT itself contains metal atoms of aluminum, mag-
nesium, and these exogenous metal atoms may be embedded 
therein to react with BC, enhancing the performance of the 
MMT-BC composite (MBC) (Song et al. 2020).

Hence, the modification of rice husk-BC with MMT was 
considered to be a good option for the adsorption of AZT. 
Further, it was also observed in some studies that clay min-
erals had reduced the surface area of BC by obstructing the 
surface pores (Rawal et al. 2016). So, keeping in mind the 
above limitation, activation of the BC-clay mineral compos-
ite was done using CO2 to enhance its porosity for improved 
adsorption. This study evaluated the AZT removal from con-
taminated water using CO2 activated BC-MMT composite 
(AMBC), which has not been considered before to the best 
of our knowledge. The characterization of adsorbents and 
plausible mechanisms for AZT adsorption were studied.

Materials and methods

Materials and chemicals

The AZT was purchased from Shanghai Aladdin Biochemi-
cal Technology. The rice husk (RH) used in this study was 
obtained from a farm near Hefei, China. Southern Clay 
Products Inc supplied the MMT. Alfa Aesar (China) Chemi-
cals Co. Ltd provided methanol (CH4O), hydrochloric acid 
(HCl) and sodium hydroxide (NaOH). All the experimental 
solutions were prepared using analytical reagent grade (AR) 

chemicals without further purification and ultrapure deion-
ized water (Milli-Q/18.2 MΩ cm).

Synthesis and modification of BC, ABC, MBC 
and AMBC

After washing the rice husk biomass, it was air-dried, 
ground, transferred into a crucible and placed into a tube 
furnace at a pyrolysis temperature of 500 °C with a heating 
rate of 10 °C min−1 using N2 as inert gas for 60 min retention 
time. The N2 gas was replaced with CO2 (800 ml min−1) to 
activate the BC with CO2 to enhance its surface properties 
after the desired temperature was achieved. The CO2 gas was 
then switched back to N2 after 60 min of retention time to 
allow the system to cool.

For the preparation of ABC, 50 g of MMT powder was 
mixed with 2 L of water and sonicated for 30 min by using 
ultrasonicator (Rocker-Soner 220). This resulted in a homo-
geneous mixture, which was then placed on a mechanical 
shaker for 4 h. Then, 150 g of prepared rice husk BC at 
500 °C was mixed and shaken for further 4 h. The BC-
MMT slurry was then filtered using 0.45-μm syringe filter 
after centrifugation and kept in an oven at 80 °C overnight. 
Furthermore, the composite was sieved through a 100 mm 
mesh before the experiment. This prepared MBC was kept 
in a tube furnace in the presence of N2 at 500 °C and after 
attaining the desired temperature, N2 was switched to CO2 
(1000 mL min−1) gas for activation of the MBC for a 60 min 
retention time. The CO2 was converted back to N2 when the 
retention time was completed, and the system was cooled. 
The characterization detail of the adsorbents is given in sec-
tion 1 of the supplementary material.

Batch experiment

All the prepared adsorbent materials were tested to inves-
tigate the removal of AZT from contaminated water. The 
adsorbent dose of 1 g  L−1 against a 25 mg L−1 solution 
concentration of AZT at neutral pH in a typical batch test. 
The flasks containing these solutions were placed on the 
mechanical shaker with a shaking speed of 150  rpm at 
room temperature (22 ± 0.5 °C) and adsorption equilib-
rium was reached after 6 h. After achieving equilibrium, 
the supernatant was filtered through a 0.22 μm syringe filter 
and subjected to a UV–vis spectrophotometer for AZT at a 
wavelength of 452 nm, as established in the previous work 
(Ashour and Bayram 2012). We investigated the influence 
of pH on AZT adsorption by varying pH, which varied from 
3.0 to 11.0 while the other parameters remained constant. 
The suspensions were taken at various contact times includ-
ing 5, 15, 30, 60, 120, 240, 360, 480, 600, and 720 min for 
kinetic studies. Following each run, the AZT concentration 
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was determined as mentioned before. The adsorption exper-
iments were carried out and the AZT concentration used 
for adsorption models was in the range of 10–400 mg L−1 
maintaining neutral pH for 360 min while keeping all other 
parameters constant.

Adsorption analyses

The non-linear forms of adsorption isotherms and kinetics 
were used. For kinetic studies, non-linear kinetic models 
such as pseudo-first-order (PFO), pseudo-second-order 
(PSO), and Elovich model were used. The kinetic parameters 
and error analysis were estimated using nonlinear regression 
and the SigmaPlot 11 software. The nonlinear PFO equation 
is given below (Eq. 1) (Ouasfi et al. 2019).

where qt is the adsorption capacity (mg g−1) at time t, qe is 
the adsorption capacity (mg g−1) at equilibrium and the rate 
constant is k1 (min−1).

The nonlinear PSO equation is given below (Eq.  2) 
(Ashiq et al. 2019b; Wu et al. 2014).

whereas, k2 (kg g−1 min−1) is the rate constant of the PSO 
equation.

The non-linear Elovich equation is the below equation 
(Eq. 3) (Wu et al. 2009, 2014).

where, u and v are constants throughout the experiment, and 
u is taken to represent the initial rate (kg g−1 min−1), while 
v is desorption constant (g mg−1) and it can be determined 
according to measurement.

The Langmuir, Freundlich, Sips, and Redlich-Peterson 
isotherm models were used to know the adsorption of AZT 
by different adsorbents. The Langmuir equation has the fol-
lowing nonlinear form (Langmuir 1916; Huang et al. 2020)

where, qe describes the adsorption capacity of AZT at equi-
librium (mg g−1); KL (m3 g−1) is constant; qm, L is the maxi-
mum adsorption capacity (mg g −1); Ce is the equilibrium 
concentration of AZT (mg L−1);

Freundlich equation has a nonlinear version that may be 
expressed as (Dehghan et al. 2019):

(1)qt = qe(1 − e−k1t)

(2)qt =
qet

(

1∕k2qe
)

+ t

(3)qt =
(

1

v

)

ln(uv) +
(

1

v

)

lnt

(4)qe =
KLqm,LCe

1 + KLCe

qe is the equilibrium adsorption capacity (mg g−1), 1/n and 
KF are Freundlich empirical constants, Ce expresses the 
equilibrium concentration (mg L−1). Freundlich constant has 
no unit. They are achieved while plotting adsorption data.

The equation of Sips adsorption isotherm model can be 
written as (Wu et al. 2014)

qm,s is the adsorption capacity (g kg−1) derived from Sips 
equation, Ks is Sips isotherm model constant (m3 g−1)1/n

S, 
and 1/nS is Sips isotherm model exponent.

Results and discussions

Characterization

The SEM images of the synthesized materials are shown in 
Fig. 1. The surface morphology of BC and ABC is smooth 
compared to MBC and AMBC. This clearly showed that the 
MMT particles attached to the BC surface provided more 
surface areas and a rougher appearance for the adsorption 
of AZT. Pores can be observed in all the materials, which 
facilitate the removal of AZT via enhanced surface adsorp-
tion through pore-filling mechanisms. However, coating 
with MMT could cause clogging of pores that might lead to 
decreased removal of AZT. This can be increased through 
the activation of CO2, as can be seen in AMBC. These 
results are consistent with the previous study (Yao et al. 
2014). The BC derived from rice husk is rich in Si and N and 
preserve these elements within their structures (Feng et al. 
2021; Hossain et al. 2020; Vikrant et al. 2022). The surface 
coverage of these BCs with MMT was further confirmed 
to visualize the elemental distribution on the surfaces of 
the analyzed materials with Energy Dispersive X-ray Spec-
trometry (EDS) analysis, as shown in Fig. S2. Following our 
assumptions, the EDS spectrum and SEM analysis revealed 
that the elements C, O, Si, and Al were dispersed through-
out all of the studied materials, with the highest peaks cor-
responding to Al and Si, which is characteristic of MMT.

The elemental composition presented in Table 1 showed 
that C content was much lower in MBC and AMBC as com-
pared to BC, though it was slightly higher in ABC.

The reason for overall reduced C level in the composite 
was the addition of MMT. As MMT do not contain carbon 
the overall C content of the composite therefore remained 
unchanged. Similarly, H and O contents were decreased in 
composite materials, including MBC and AMBC, whereas 
there was a slight increase in ABC. The N content was 

(5)qe = KFC
1∕nF
e

(6)qe =
qm,S(KSCe)

1∕nS

1 + (KSCe)
1∕nS
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comparatively higher in raw BC than in other adsorbents. 
Similarly, clay-mineral had a much higher average pore 
width (APW) (143.14 Å) than the other adsorbents, followed 
by AMBC (23.77 Å), ABC (23.08 Å), MBC (20.72 Å) and 
BC (18.20 Å). The range of BC yield from RH biomass was 
observed between 35–51% and there was an increasing trend 
with clay-mineral modification. However, a little decrease in 
yield was noted with CO2 activation.

The SSABET and porosity analysis are summarized in 
Table 1. The high SSABET was found in the AMBC (127 
m2g−1) followed by MBC (99 m2g−1), ABC (95 m2g−1), and 
BC (74 m2g−1), respectively. The SSABET of BC was shown 
to be higher after impregnation of MMT and CO2 activation. 
The average pore width of the pure MMT was smaller as 
compared with all other carbonaceous materials and their 
composites (Yang et al. 2020). The N2 adsorption/desorp-
tion curves in Fig. 2A shows that pristine BC adsorbed a 
low quantity of N2 (17.37 cm3g−1) compared to its modified 
composites. The AMBC exhibited highest N2 adsorption 
(71.58 cm3g−1), as compared to MBC-350 (45.00 cm3g−1) 

and ABC-350 (25.86 cm3g−1). According to International 
Union for Pure and Applied Chemistry classification, the 
as-synthesized materials display type II adsorption isotherm 
and H4-type hysteresis loop (Beltrame et al. 2018). Incon-
spicuous type II adsorption isotherms and H3-type hysteresis 
were observed in the MMT (Yang et al. 2020), confirming 
its macroporous or non-porous nature.

The Thermogravimetric Analysis (TGA) and Derived 
Thermogravimetric Analysis (DTGA) analyses are pre-
sented in Fig. 2B were conducted at a temperature range 
of 30 °C to 1000 °C in an N2 atmosphere. The stability of 
MMT was highlighted, as its weight loss was less than 1% 
when heated below 100 °C. However, a rapid weight decline 
was observed from 349 °C to 600 °C, which might be due 
to the elimination of water by dehydration of exchangeable 
cations and tending to be stable after 806 °C. The loss in 
weight at a temperature higher than 600 °C could be attrib-
uted to the dehydroxylation of MMT (Zhou et al. 2012). 
The initial weight loss in the as-synthesized materials was 
almost 2–3% in the temperature range of 30–115 °C due 

Fig. 1   The SEM images 
(magnification 500X) of BC 
(A), ABC (B), MBC (C), and 
AMBC (D) prepared at pyroly-
sis temperature of 500 °C

Table 1   Elemental composition, 
SSABET, TPV, and APW of 
MMT, BC, ABC, MBC, and 
AMBC synthesized at pyrolysis 
temperature of 500 °C

Adsorbent Elemental analysis BET analysis

N (%) C (%) H (%) O (%) SSABET (m2g−1) TPV (cm3g−1) APW (Å)

MMT 0.00 0.00 1.60 11.29 15.37 0.06 143.14
BC 0.39 52.16 2.94 13.53 74.62 0.03 18.20
ABC 0.34 53.09 3.00 13.82 95.33 0.06 23.77
MBC 0.30 38.65 2.44 11.33 99.14 0.05 20.72
AMBC 0.36 38.67 2.45 11.90 127.16 0.01 23.08
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to evaporation of absorbed moisture. The second weight 
loss occurred because organic compounds like lignin, cel-
lulose, and hemicellulose were broken down by the elevated 
temperature, which caused them to lose weight. The MBC 
showed enhanced stability, while it was slightly decreased in 
the AMBC (Amen et al. 2020; Lee et al. 2019). The DTGA 
curves for all adsorbents with dotted lines are illustrated in 
Fig. 2B, highlighting the weak peaks at 600 °C (Zhang et al. 
2020).

The degree of graphitization and structural defects 
determined (Yang et al. 2020), using Raman spectroscopy 
are given in Fig. 2C. Two peaks at 1365–1385 cm−1 and 
1583–1603 cm−1 were attributed to the D-band (which cor-
responds to a disordered carbon structure) and the G band 
(which corresponds to a sp2-hybridized graphitic carbon 

structure), (Zhang et al. 2018). Values of the ID/IG for BC, 
ABC, MBC, and AMBC, were 0.86, 0.85, 0.87, and 0.85, 
respectively. The Raman findings showed that pristine BC 
was mostly amorphous carbon with few defects. However, 
the modification of BC had no significant effect on the 
structure. The powdered X-ray Powder Diffraction (XRD) 
patterns of all the adsorbents (with and without AZT treat-
ment) in the 2θ range of 10 to 80o are presented in Fig. 3. 
The modified BC demonstrated MMT deposition, indicating 
that it was loaded successfully. The d-values and reflection 
angles were slightly changed in the modified adsorbents. 
This change was ascribed to surface adsorbed water, leading 
to shrinkage of MMT and influencing its internal structure 
during pyrolysis treatment. The d-value of different adsor-
bents was shown to increase after the adsorption of AZT. 

Fig. 2   N2 adsorption-desorption 
curves (A), TGA/DTGA curves 
(B) and Raman analysis (C) of 
various adsorbents

Fig. 3   XRD analysis of different 
adsorbents before (A) and after 
(B) AZT adsorption
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The existence of SiO2 was shown by the presence of a broad 
hump at an angle of 2θ within the range of 22° in pristine 
and CO2 activated BC, suggesting an amorphous carbon 
structure (Shi et al. 2019).

The Fourier transform infrared spectroscopy (FTIR) anal-
ysis (Fig. 4) revealed the presence of different functional 
groups that can be observed on the surface of as-synthe-
sized materials. The peaks at wave numbers 466–470 cm−1, 
537 cm−1, and 796–804 cm−1 were associated with Si–O-Si, 
Si–O-Al, and Si–O, respectively (Ramola et al. 2020). The 
development of conspicuous peaks between 1384 cm−1and 
1402 cm−1might be the result of C-O stretching (Cao et al. 
2019). Between 1597 cm−1and 1636 cm−1, the bands were 

ascribed to C = C/C = O, but with different intensities 
before and after the adsorption of AZT (Arif et al. 2022; 
Chen et al. 2017; Hou et al. 2021). The existence of–CH2 
groups is shown by the presence of peaks at 2923 cm−1 (Kim 
et al. 2012). All adsorbent materials exhibited peaks from 
3405 cm−1 to 3439 cm−1, indicating the existence of the 
O–H group. Peaks detected at 3621 to 3697 in the MBC 
and AMBC were slightly shifted to 3619–3696 cm−1after 
AZT adsorption.

The X-Ray Photoemission Spectroscopy (XPS) analysis 
was utilized to determine the surface chemical characteris-
tics of the as-synthesized materials. The XPS peak spectra 
revealed the presence of C1s, N1s, O1s, Al2p, and Si2p at 

Fig. 4   FTIR analysis of differ-
ent adsorbents before (A) and 
after (B) adsorption of AZT

Table 2   XPS analyses showing 
BE and atomic and peak area 
percentages (%) of various 
adsorbents

Functional Groups B.E. (eV) BC ABC MBC AMBC

C atomic % 71.1 70.3 56.1 60.7
Deconvoluted Peak area % C-C/ C = C 284.7 47.0 50.0 49.0 49.0

C-O/ C-N 285.7 19.0 17.0 19.0 20.0
C = O 287.0 18.0 18.0 19.0 23.0
COOH 289.3 16.0 15.0 13.0 11.0

O atomic % 20.8 21.7 26.5 29.3
Deconvoluted Peak area % Al-O 531.2 2.0 4.0 7.0 6.0

Si-O 532.3 16.0 13.0 42.0 34.0
C-O 533.4 50.0 54.0 40.0 47.0
COOH 534.5 32.0 29.0 12.0 13.0

N atomic % 1.1 0.6 0.6 0.9
Deconvoluted Peak area % Pyridinic N 398.4 16.0 11.0 19.0 10.0

Pyrrolic N 399.8 38.0 28.0 19.0 25.0
Graphitic N 401.0 26.0 30.0 25.0 26.0
Oxidized N 402.5 19.0 31.0 37.0 38.0

Si atomic % 7.0 7.1 8.9 8.9
Si-O 103.7 6.0 39.0 86.0 78.0
Si-OH 104.4 94.0 61.0 14.0 22.0

Al atomic % 75.1 --- --- 5.2 4.0
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284.8, 399–400, 532–534, 75.0, and 103–104 eV, respec-
tively. The atomic and area percentages (%) of C1s, N1s, 
O1s, Al2p, and Si2p peaks for various materials are pre-
sented in Table 2. The atomic percentages of C, N, O, and 
Si were 71.05, 1.11, 20.85, and 6.99%, respectively, for BC. 
The main peak in the C1s region was deconvoluted into four 
peaks at 284.7, 285.7, 287, and 289.3 ascribed to C–C /C-Si/ 
C = C, C-N/C-O, C = O, and COOH, accounting for 47, 19, 
18, and 16% of the peak area, respectively (Lee et al. 2019). 
The changes in surface functional group contents after MMT 
treatment and activation with CO2 indicated that some C = C 
bonding was shifted to an oxidized form that might be 
responsible for the removal of AZT.

Full-scan XPS spectra of all the prepared adsorbents 
before AZT adsorption were obtained (Fig. S1). The O1s 
peaks at 531.2 eV, 532.3 eV, 533.4 eV, and 534.5 eV were 
assigned to Al-O, Si-O, C-O, and COOH, having 2%, 
16%, 50%, and 32% area, respectively (Mian et al. 2019). 
There were four peaks at 398.4 eV, 399.8 eV, 401.0 eV, and 
402.5 eV. These peaks were for pyridinic, pyrrolic, gra-
phitic, and oxidized N that had 16%, 38%, 26%, and 19% 
area, respectively, in the N1s peak (Mujtaba Munir et al. 
2020). The oxidized N was increased in AMBC, which 
might be responsible for the degradation of AZT. The 
Si2p XPS spectrum indicated two peaks at 103.74 eV, and 
104.45 eV, which can be assigned to Si-O and Si-OH (Arif 
et al. 2022). After modification with MMT, the atomic and 
area percentages of Al2p, Si2p, and O1s increased, showing 
that MMT was deposited onto the BC samples. Although the 
pure BC has less Al and Si, the composite contains a greater 

concentration of these elements as a result of MMT. BC acti-
vation with CO2 had little effect on the concentrations of any 
elements but did raise the total concentration of O, showing 
that CO2 contributed to the augmentation of oxygen.

Effect of solution pH

Figure  5A presents the effect of solution pH on AZT 
removal and the adsorption behavior of this antibiotic on 
adsorbents including BC-500 and AMBC-500. The high-
est AZT adsorption by composite material was exhibited at 
pH 7, showing the strong electrostatic bond between AZT 
and the composite material. Whereas the adsorption capac-
ity was slightely reduced at pH values greater or lower than 
7, that might be due to surface charge repulsion. The pKa 
of AZT is 8.60 to 8.74, which is close to pH 7 and indi-
cates that a large amount of AZT is dissociated into ions, 
which would favor the adsorption process. Moreover, if 
pH is greater than pKa (8.74), the dominant AZT species 
is negatively charged which involves repulsive electrostatic 
forces. When the pH is lower than the pKa value, AZT is in 
cationic form and is electrostatically attracted to the nega-
tively charged BC surface (Tasić et al. 2018). At neutral pH, 
AZT mainly exists as a cation and its adsorption might be 
associated with cation exchange capacity (Hanamoto and 
Ogawa 2019). Adsorption of AZT increased significantly 
over the pH range of 3 to 7 and more than 80% of AZT from 
the solution was removed at this wide range of pH. However, 
the pH of equilibrium was 7, and maximum adsorption was 
observed at this pH. The tertiary amino group (-NH(CH3)2) 

Fig. 5   Effect of solution pH 
(A), adsorbent dose (B), 
solution temperature (C), and 
contact time (D) on adsorption 
capacity of different adsorbents 
for removal of AZT
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is a protonated form of AZT that is predominantly available 
at this pH (Vajdle et al. 2016). As a result of the electrostatic 
interaction and H-bonding mechanisms, it is thought that 
AZT and ≡S–O− groups on the surface of the BC compos-
ite are attracted to each other. As the AZT molecule is very 
large and surface silanol groups (≡Si-OH) are supposed to 
be involved in the adsorption process (Sousa et al. 2018). 
The silanol groups are primarily negatively charged, they 
can interact with cationic compounds through additional 
ion-exchange processes.

Effect of adsorbent dose

The effectiveness of an adsorbent in the treatment of pol-
luted water is mostly determined by the number of active 
adsorption sites accessible on the adsorbent surface (Hu 
et al. 2019; Oguntimein 2015). The impact of the adsorbent 
applied in the adsorption process is a significant factor indi-
cating the adsorption capacity of the adsorbent for a defined 
contaminant concentration. It is also useful in dictating the 
sorbent–sorbate ratio in the removal process, as well as in 
cost forecasting for the removal process (Cheruiyot et al. 
2019). The removal of AZT from contaminated water was 
affected by changing the adsorbent doses while keeping the 
other parameters constant as shown in Fig. 5B. The find-
ings demonstrated that, to a certain degree, the removal of 
AZT rose as the adsorbent dosage increased. The removal of 
AZT was increased due to an increase in total surface area 
and accessibility of more active adsorption sites, thereby 
enhancing the adsorption of AZT. The AZT removal effi-
ciency increased with increasing adsorbent dosage from 1 
to 5 g L−1, while the adsorption capacity was reduced owing 
to the increasing availability of unsaturated adsorption sites 
during the adsorption processes (Barquilha and Braga 2021).

Effect of temperature on AZT adsorption

During the adsorption process, the temperature is critical 
because it influences both the mobility and solubility of 
contaminant molecules in solution, as well as the surface 
characteristics of the adsorbent (Cheruiyot et al. 2019). 
Furthermore, increasing temperature causes an increase in 
the rate of diffusion of the adsorbate molecules across the 
external boundary layer of the adsorbent particles and inside 
their internal pores, which is followed by a reduced solu-
tion viscosity (Bouaziz et al. 2017). In industries and water 
purification plants, the optimum temperature at which the 
adsorption is most likely to be spontaneous is very impor-
tant (Elwakeel et al. 2016). For these reasons, the effect of 
temperature on AZT removal by BC and AMBC was studied 
as shown in Fig. 5C.

The influence of temperature was investigated on the 
adsorption process in the range of 10–50 °C. As indicated, 

increasing the temperature increased AZT removal, with 
the maximum removal occurring at 50 °C. Generally, the 
adsorptive removal of contaminates rises as the solution 
temperature increases. This indicates that the adsorption 
process has an endothermic nature. The results obtained 
from this study were consistent with those of our previous 
study, which showed that the connection between antibiot-
ics and active sites may be strengthened by increasing the 
temperature and may enhance adsorption (Arif et al. 2022). 
In contrast, the removal efficiency of AZT by organo-clays 
was found to decrease with an increase in solution tempera-
ture in a study conducted previously (Imanipoor et al. 2021).

Adsorption kinetics

The AZT removal rate is described by the kinetic studies in 
relation to variations in the AZT contact time on the adsor-
bent. Adequate kinetic models may be used to describe how 
several mechanisms, including surface adsorption, external 
diffusion, and/or pore diffusion, influence the transfer of 
AZT from the solution to the adsorbents at the same time. 
As shown in Fig. 6C and 6D, the effect of equilibrium time 
on the adsorption of AZT was investigated using BC and 
AMBC. The equilibrium time for AZT adsorption by all 
adsorbents may be described as having two phases, includ-
ing primary fast adsorption followed by a second slower 
stage, with equilibrium occurring approximately after 6 h 
(Fig. 5D). The rapid adsorption process at the initial stage 
was perhaps due to larger number of adsorption sites, and 
ultimately the adsorption started to slow before reaching 
equilibrium (Guo et al. 2013). The data from the adsorption 
experiments were analyzed using PFO, PSO, and Elovich 
kinetic models to evaluate the kinetics of the process, as 
shown in Fig. 6C and D. The kinetic parameters defined 
by non-linear analysis are described in the supplementary 
material (Table S2). The values of R2 acquired by the PSO 
model are 0.99 and 0.97 for BC and AMBC, respectively. 
Similarly, R2 values of the Elovich model are 0.98 and 0.99 
for BC and AMBC, respectively.

According to the PSO kinetic model, chemical adsorption 
involving valence forces via electron sharing or exchange 
between the AZT and adsorbents might be the rate-limiting 
phase (Chen et al. 2016). This occurs due to the presence 
of oxygenated functional groups that play a significant role 
in the adsorption of AZT. A chemical link formed between 
the AZT molecule and each of the multiple functional 
groups present on each of the active sites of AMBC during 
the adsorption process, and there was a direct relationship 
between adsorption capacity and the number of active sites 
present on the adsorbents. The studied adsorbents showed an 
Elovich fit, indicating the establishment of chemical interac-
tions with the functional groups present on the AZT. Thus, 
the adsorption of AZT onto the as-synthesized adsorbents 
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obeyed the PSO and Elovich kinetic models. It can be said 
that the AZT adsorption process on these adsorbents is a 
chemical one. Hydrogen bonds may be formed between the 
amine group of the AZT antibiotic and the oxygen present 
in the functional groups of the as-synthesized adsorbents, 
which may improve the removal efficiency (Imanipoor et al. 
2021). The Elovich model is often used to explain chemical 
adsorption in which the rate decreases with time as the sur-
face area of the substance increases. The Elovich model was 
the best match to represent the kinetic behavior of adsorbents 
in the AZT adsorption process in aqueous environment.

Adsorption isotherms

Adsorption isotherms represent the equilibrium relation-
ship between the quantity of adsorbed material and its con-
centration in the bulk fluid phase at constant temperature 
(Sousa et al. 2018). The experimental data were fitted to 
Langmuir, Freundlich, and Sips isotherms and ismotherm 
parameters were derived using non-linear fitting of equa-
tion. The adsorption ability of BC and AMBC prepared at 
a pyrolysis temperature of 500 °C was investigated. It was 
observed that when the initial concentration of AZT was 
increased, an increasing amount of affinity for the adsorbent 
material was developed, which indicated that the binding 
sites were easily freely available to adsorbate. These results 
demonstrated that from 25 to 100 mg L−1, the adsorption 
capacity rose significantly and then equilibrium was reached 

due to saturation of binding sites. Adsorption equilibrium 
isotherms obtained from non-linear models are displayed in 
Fig. 6A and B for BC and AMBC, respectively.

The non-linear Langmuir and Sips models fit the experi-
mental data better than the Freundlich models as their higher 
R2 values (0.97). The Sips model combines the Langmuir 
and Freundlich expressions (Foo and Hameed 2010), there-
fore, the obtained results demonstrate that the AZT adsorp-
tion onto studied adsorbents is a complex process that can-
not be described by basic isotherm models. In addition, the 
maximum adsorption capacities observed through these iso-
therms were quite close to the experimental values for BC 
and AMBC that were 32 and 44 mg g−1, respectively. For 
AMBC and BC, the highest adsorption capacity determined 
using the Sips model was 44.73 and 33.4 mg g−1, respec-
tively (Table S1). The adsorbent surface was homogeneous, 
AZT molecules were adsorbed on the monolayer surface, 
and all active sites were energetically equal. The Langmuir 
model considers the adsorption of AZT as a chemisorp-
tion process through the sharing of electrons between the 
adsorbate and adsorbents (Sobhan Ardakani et al. 2020). 
The results obtained from adsorption models were consist-
ent with the previous studies (Atugoda et al. 2021; Nassar 
et al. 2019). Adsorption on MMT happens primarily via 
three pathways: at the surface, on the edges of the plates, 
and in the interlayer gaps between two successive layers 
(Chen et al. 2016). Adsorption was boosted by electrostatic 
interactions between the functional groups of MMT and BC 

Fig. 6   Non-linear adsorp-
tion isotherms for BC (A) and 
AMBC (B) and kinetics models 
for BC (C) and AMBC (D) syn-
thesized at pyrolysis tempera-
ture of 500 °C
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molecules, which competed with the functional groups of 
AZT molecules during the whole adsorption process. The 
clay mineral has a lot of cationic groups that contribute to 
the coulombic interactions with the amide groups in AZT. 
The AZT was shown to be eliminated by AMBC via sev-
eral interactions, including electrostatic interactions, ion 
exchange, hydrophobic interactions, and H-bonding, accord-
ing to the findings of this study.

Electron Paramagnetic Resonance (EPR) analysis

The BC-based adsorbents exhibit catalytic activity due to the 
formation of free radicals. The EPR method, in combination 
with DMPO as a spin-tapping agent, was used to analyze 
the free radicals using various pH conditions and contact 
times. Time-dependent peaks of DMPO.OH are presented 
in Fig. 7A. It can be seen that there is not too much differ-
ence in peaks although the signals become weak over time, 
indicating that.OH produced in the system might be reduced 
over time, probably because of the deactivation of the corre-
sponding active sites (Mian and Liu 2020). It also shows that 
catalytic activity is strongly dependent on the availability 
of catalytic active sites that are scattered across the inte-
rior pores (Lee et al. 2017). The peaks of.OH at various pH 
values can be seen in Fig. 7B. The presence of DMPO-.OH 
peaks at pH 11 was found to be significantly higher than 
those identified at pH 3, 5, 7, and 9. These findings revealed 
that AZT degradation was more severe under extremely 
basic conditions. Although pH affects the production of.OH, 
the change in pH did not influence the total removal of AZT. 
The degradation of AZT was examined using a scavenger 
test. The TBA was introduced as a scavenger to identify.OH 
and evaluate its function in the degradation of AZT. The 
results indicated that removal efficiency was decreased 
by 4.3% when compared to the control test, which did not 
include the use of any TBA. Following the results of the 
scavenging test, it was determined that the.OH was mainly 
involved in the AZT degradation. The results of the EPR 
analysis are consistent with the results of prior research in 

which.OH was the primary contributor to the degradation of 
organic pollutants (Fu et al. 2015).

Compared to various research studies reported in the the 
previous literature, the adsorbent used in the current study 
has excellent adsorption capacity. For instance: zeolites used 
in a previous study adsorbed 7.56 mg g−1 AZT (Sousa et al. 
2018). Similarly, PAC/Fe/Ag/Zn nanocomposite adsorption 
capacity for AZT was 14.18 mg g−1 reported in a previ-
ous study (Mehrdoost et al. 2022). The maximum adsorp-
tion capacity of clinoptilolite for AZT was 28.01 mg g−1 
observed in a study (Saadi et al. 2021).

Conclusions

The removal of AZT from water using an inexpensive and 
environmentally friendly biochar impregnated with MMT 
and activated by CO2 gas was investigated in this study. 
The characterization of the as-synthesized adsorbents was 
done using SEM, EDS, FTIR, Raman, EPR, XRD, BET, 
and TGA. The sorption process was primarily regulated 
by the solution pH, AZT concentration, contact duration, 
adsorbent dose, and solution temperature, as shown by 
the experimental findings. The equilibrium data were ana-
lyzed using the nonlinear Langmuir, Freundlich, and Sips 
isotherm models, which revealed that adsorption occurs in 
a homogenous manner. The monolayer adsorption capac-
ity of BC and AMBC was found to be 33.4 mg g−1 and 
44.73 mg g−1, respectively. Kinetic studies identified that 
the experimental data obeyed the PSO and Elovich mod-
els, indicating the chemisorption nature of adsorbents. The 
thermodynamic parameters determine the endothermic and 
spontaneous nature of the reaction. The novel adsorbent, 
AMBC, exhibited excellent removal efficiency towards AZT. 
The ion exchange, π-π EDA interactions, H-bonding, and 
electrostatic interactions were the plausible mechanisms 
responsible for adsorption process. This study concluded 
that AMBC could be used as an effective, viable, and inex-
pensive adsorbent to remove AZT from contaminated water. 

Fig. 7   EPR analysis of AMBC 
with (A) varying contact time 
and (B) pH
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Further investigations are needed to assess the adsorption 
process using AMBC in a real-world situation. Future stud-
ies should address some issues, such as the cost–benefit 
analysis of AMBC applications, particularly in their regen-
eration techniques for adsorbent recycling; studies should be 
conducted at environmentally relevant concentrations and 
with more complex antibiotic mixtures.
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