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A B S T R A C T

The focus of this research was to synthesize novel clay-biochar composites by incorporating montmorillonite
(MMT) and red earth (RE) clay materials in a municipal solid waste (MSW) biochar for the adsorptive removal of
tetracycline (TC) from aqueous media. X-ray Fluorescence Analysis (XRF), Fourier Transform Infrared
Spectroscopy (FTIR), Powder X-ray Diffraction (PXRD) and Scanning Electron Microscopy (SEM) were used for
the characterization of the synthesized raw biochar (MSW-BC) and clay-biochar composites (MSW-MMT and
MSW-RE). Results showed that minute clay particles were dispersed on biochar surfaces. The FTIR bands due to
Si-O functional group vibrations in the spectra of the clay-biochar composites provided further evidence for
successful composite formation. The kinetic TC adsorption data of MSW-MMT were well fitted to the Elovich
model expressing high surface activity of biochar and involvement of multiple mechanisms in the adsorption.
The kinetic TC adsorption data of MSW-BC and MSW-RE were fitted to the pseudo second order model indicating
dominant contribution of chemisorption mechanism during the adsorption. The adsorption differentiation ob-
tained in the kinetic studies was mainly due to the structure of the combined clay material. The adsorption
isotherm data of all the adsorbents were well fitted to the Freundlich model suggesting that the adsorption of TC
onto the materials occurred via both physisorption and chemisorption mechanisms. In comparison to the raw
biochar and MSW-RE, MSW-MMT exhibited higher TC adsorption capacity. Therefore, MSW-MMT clay-biochar
composite could be applied in the remediation of TC antibiotic residues in contaminated aqueous media.

1. Introduction

Aquatic ecosystem pollution via antibiotics is becoming a serious
environmental issue. The tetracycline (TC) antibiotics were discovered
in 1940s, and started to be used as a therapeutic agent in preserving
human heath in 1950s (Eliopoulos and Roberts, 2003). The TC mole-
cule consists of three ionizable functional groups which can protonate
and deprotonate, and form different conformations depending on the
solution pH (Parolo et al., 2008). Usually at pH < 3.3, cationic form of

TC is predominant, at pH 3.3 < pH < 7.7 zwitter ions become
dominant, and at pH > 7.7 anionic form becomes dominant (Chang
et al., 2014).

Most of the gram negative and gram positive bacteria are vulnerable
to antibacterial activity of TC (Abdulghani et al., 2013). Compared to
other antibiotics, TC is considered as a cheap antibiotic as a result of
which it is popular in developing countries (Roberts et al., 2012). Al-
though the human use of TC has been restricted in many countries due
to the development of resistant bacterial strains (López-Peñalver et al.,
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2010), it is still extensively used in veterinary medicines as well as a
growth promoter in livestock maintenance, poultry farming and aqua-
culture (Sarmah et al., 2006). When TC is administrated to animals,
about 25–75% and 70–90% of the antibiotic are excreted into the en-
vironment in active forms via urine and feces, respectively (Halling-
Sørensen, 2000). Therefore, antibiotics residues eventually contaminate
the soil and surface water via leaching and run off. These residues de-
velop antibiotic resistance to microorganisms, inhibit growth of some
aquatic species, and directly influence the steroidogenic pathway which
leads to endocrine disruption in humans (Halling-Sørensen, 2000;
Daghrir and Drogui, 2013; Ji et al., 2010). A study in Sri Lanka showed
that effluents released from poultry and livestock farms contained ap-
proximately 45, 35 and 20% of TC, oxytetracycline (OTC) and amox-
icillin (AMX), respectively (Liyanage and Manage, 2017). The average
concentration ranges of TC, OTC and AMX in effluents of selected
poultry farms are 0.001–0.005, 0.001–0.004 and 0.001–0.005mgL−1

(Liyanage and Manage, 2017).
Therefore, it is necessary to eliminate TC residues from effluents

prior to their release in the environment. Compared to current water
treatment techniques available, such as membrane processes, photo-
chemical processes, electrochemical processes, photocatalytic and
photoelectrocatalytic processes, ozonation and advanced oxidation
(Košutić et al., 2007; Koyuncu et al., 2008; Chen et al., 2010; Lee et al.,
2011), adsorption is considered as a simple, cost effective, and less
harmful technique for the removal of TC from waste water. Different
types of adsorbents have been used for the adsorptive removal of an-
tibiotics of all categories, but not TC (Chang et al., 2016; Rajapaksha
et al., 2015). Most of the adsorbents used in adsorption studies are
abundant, naturally originated and relatively cheap, such as biochar
and clays (Ahmad et al., 2014; Uddin, 2008).

Biochar is a porous carbonaceous material with large specific sur-
face area, and it is produced via pyrolysis of biomass in sealed con-
tainers, under limited oxygen environment (Lehmann and Joseph,
2009). The initial use of biochar was limited to the enhancement of
agricultural productivity via improvement of soil fertility, increasing
soil nutrient levels and water retaining capacity, and decreasing
greenhouse gas emission through carbon sequestration (Lehmann and
Joseph, 2009; Mandal et al., 2016). However, in recent years, biochar
has been used as a cost effective adsorbent for immobilizing both or-
ganic (antibiotics, pesticides, dyes) and inorganic contaminants (nu-
trients, heavy metals) (Vithanage et al., 2014, 2016; Yang et al., 2016;
Yao, 2013; Han et al., 2013). Biochar can be produced using various
feedstocks, mainly crop residues and waste biomasses, which are
abundant and easily collectable, and considered as waste materials,
hence indirectly supporting sustainable waste management (Ahmad
et al., 2014).

Montmorillonite (MMT) is the most commonly used clay mineral as
an adsorbent for the removal of variety of contaminants (Aristilde et al.,
2016; Zhu et al., 2016; Krupskaya et al., 2017). It is an aluminosilicate
clay mineral with 2:1 type structure in which aluminum and silicon are
the main components of layers, and one aluminum octahedral sheet is
stacked in-between two silicon tetrahedral sheets (Krupskaya et al.,
2017). Negatively charged layers in the clay mineral are balanced by
hydrated exchangeable cations (Na+, Ca2+, Mg2+) present in the in-
terlayer space (Segad et al., 2010). Cations present in the interlayer
space of MMT can exchange with positively charged contaminants via
cation exchange mechanism (Yao, 2013). Such a cation exchange re-
action is a physical mechanism which is referred to as intercalation
when guest ions or molecules occupy the interlayer space by replacing
the hydrated cations (Aristilde et al., 2016; Li et al., 2010; Perelomov
et al., 2016).

Natural red earth clay (RE) is an iron coated quartz sand consisted
of small amounts of ilmenite and magnetite, and abundantly found in
the northwest coast of Sri Lanka covering the lime stone strata
(Vithanage et al., 2007). According to available literature, RE mainly
consists of silica (SiO2) coated with considerable concentrations of

Al2O3 and Fe2O3 (Vithanage et al., 2006, 2007). The Fe2+ level is
comparatively high, and sometimes reaches up to 6%, and both alu-
minum and iron (>AlOH and>FeOH) act as active surface sites. As a
result, the surface charge of RE can be varied with variation of pH in the
surrounding environment. Although RE did not show porous or layered
structure (Vithanage et al., 2007), it could have high adsorption capa-
city for heavy metals and metalloids like arsenic and nickel (Vithanage
et al., 2006; Rajapaksha et al., 2011, 2012). However, previously RE
clay was not used to determine its adsorption affinity for antibiotics
likely due to the non-layered structure and low surface activity of the
material.

Compared to activated carbon, biochar was found less promising in
the context of adsorptive removal of contaminants from aqueous media
because of the relatively low surface area of the latter material, and the
influence of abiotic and/or biotic processes on its properties and ad-
sorption capacity (Anderson et al., 2013). Hence, biochar composites
prepared by impregnating biochar with specific materials such as clay
minerals have been tested for the adsorption of contaminants like an-
tibiotics and nutrients (Yao et al., 2014; Li et al., 2017; Chen et al.,
2017). For instance, in biochar-clay composites, biochar could provide
surfaces for the distribution of the clay particles (Yao et al., 2014), and
thus improve contaminant adsorption capacity of the pristine material.

Nevertheless, the application of clay-biochar composites for anti-
biotic removal from aqueous media and associated mechanisms have
seldom been investigated to the best of our knowledge. Therefore,
current study was conducted to investigate the TC adsorption behavior
of two different clay-biochar composites prepared by incorporating
MMT and RE in municipal solid waste (MSW) derived biochar, and
discuss the mechanisms involved in the adsorption of TC by these
composites. The raw biochar and clay-biochar composites are hence-
forth referred as MSW-BC, MSW-MMT and MSW-RE, respectively.

2. Materials and methods

2.1. Clay-biochar composite preparation

Stable suspensions of MMT and RE were prepared independently
(50 g clay in 2 L deionized (DI) water), and the mixtures were sonicated
for 30min in an ultrasonicator (Rocker). Then 250 g of MSW feedstock
prepared by processing municipal solid waste collected from waste
disposal sites was added to each of the clay suspensions, and the mix-
tures were shaken for 2 h in a shaker at 100 rpm speed. Clay-MSW
feedstock suspensions were filtered to remove the liquids, and the solid
materials were dried at 80 °C overnight in a hot air oven. The clay-
treated biomass feedstocks were packed tightly to ceramic crucibles and
pyrolyzed at 500 °C for 30min under oxygen-limited environment in a
muffle furnace (MTI, Richmond, CA). Untreated MSW feedstock was
also pyrolyzed under the same pyrolysis conditions for the production
of raw biochar. All the biochar and clay-biochar composite samples
were washed several times with DI water to remove soluble impurities,
then kept in an oven at 80 °C for drying, and finally sealed in a con-
tainer for further experimental use.

2.2. Material characterization

Surface physical morphology and microstructure of the clay-biochar
composites were determined by Field Emission Scanning Electron
Microscopy (Hitachi SU6600 Analytical Variable Pressure FE-SEM).
Structure and crystallinity of the composite materials before and after
adsorption of TC were determined by Powder X-ray Diffraction (PXRD)
on a Rigaku, Ultima IV X-ray Diffractometer (Japan) using Cu Kα ra-
diation (λ=1.54056 Å). Surface chemical properties of the raw bio-
char and clay-biochar composites were analyzed before and after ad-
sorption of TC using a Fourier Transform Infrared Spectrometer
(Thermo scientific Nicolet iS10, USA). The Elemental Analysis was done
by using a X-ray Fluorescence (XRF) analyser. Electrical Conductivity
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(EC) and pH of the materials in aqueous suspensions were measured
using an Electro-Conductivity meter (ORION 210A) and a pH meter
(ORION 210A), respectively.

2.3. Sorption-edge experiments

The impact of pH on the adsorption of TC by the adsorbents was
studied in a pH range of 3.0–9.0. Adsorbent concentrations (MSW-BC,
MSW-MMT and MSW-RE) were kept at 2.00 gL-1 in the solutions con-
taining TC 20.00mgL−1. Then pH was adjusted with 0.1M HNO3 or
NaOH. Adsorbent-adsorbate systems were equilibrated in a shaker at a
rate of 100 rpm for 12 h, and final pH of samples were measured.
Thereafter, suspensions were filtered through syringe filters of 0.45 μm,
and TC concentrations in the clear solutions were measured at 268.6 nm
wavelength using a spectrophotometer (Shimadzu UV160A). Two re-
plicates were done for each pH.

2.4. Kinetic experiments

In the kinetic experiment, adsorbent concentrations (MSW-BC,
MSW-MMT and MSW-RE) were kept 2.00 gL-1, and the TC concentra-
tion was taken 20.00mgL−1 of TC. The pH of the system was main-
tained in 7.0–8.0 range. Suspensions were withdrawn from the shaker
at various time intervals: 5, 10, 20, 30min, and 1, 2, 4, 6, 10 and 24 h.
The pH of the suspensions were measured at each sampling occasion.
Then, suspensions were filtered through 0.45 μm syringe filters, and TC
concentrations in the clear solutions were measured at 268.6 nm wa-
velength using a spectrophotometer (Shimadzu UV160A). Two re-
plicates were done for each contact time. Kinetic modeling was done
using the Origin Ver. 6.1 software package. The pseudo second order
(Eq. (1)), pseudo first order (Eq. (2)) and Elovich (Eq. (3)) equations
(Ho and McKay, 1998a, 1998b, 2002) were used for data modeling.

= −
dq
dt

k q qPseudo second order model: ( )t
e t2

2
(1)

= −
dq
dt

k q qPseudo first order model: ( )t
e t1 (2)

= −
dq
dt

αexp βqElovich equation: ( )t
t (3)

where, amount of adsorbed TC at equilibrium and time ‘t’ are qe (mg
g−1) and qt (mg g−1), respectively; equilibrium rate constants are k1
(min−1) and k2 (g mg−1 min−1), initial adsorption rate is α (mg
g−1min−1); and desorption constant is β (g mg−1).

2.5. Isotherm experiments

Adsorption isotherms were determined in a TC concentration range
of 0.25–250.00mg L−1 using an adsorbent dose of 2.00 gL-1, and pH
was maintained in the 7.0–8.0 range throughout the experiment. After
contact time of 6 h (as observed from the kinetic experiment that TC
adsorption equilibrium reached in this duration), the pH values of the
suspensions were measured, and TC concentrations in the clear solu-
tions were analyzed, as described previously. Isotherm data for ad-
sorption of TC by MSW-BC, MSW-MMT and MSW-RE were modeled
using the Langmuir (Eq. (4)), Freundlich (Eq. (5)) and Temkin (Eq. (6))

isotherm models.

=
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Langmuir isotherm model:
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Temkin isotherm model: (ln )
ads
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where, Kf (mg g−1 (mg L−1)−n, KL (L mg−1) are the Freundlich and
Langmuir affinity parameters, A and b are constants for Temkin model,
qe (mg g−1) is the equilibrium adsorption capacity, qads (mg g−1) is the
equilibrium adsorption capacity of Temkin model, Ce (mg L−1) is the
equilibrium liquid phase concentration, Qmax (mg g−1) is the maximum
adsorption capacity in Langmuir model, n is a Freundlich constant re-
lated to adsorption, R and T (K) are the universal gas constant and
absolute temperature, respectively.

3. Results and discussion

3.1. Adsorbent characterization

The elemental compositions of the raw biochar and clay-biochar
composites are presented in Table 1. The percentage of Si and Al in
MSW-MMT and MSW-RE clay-biochar composites did not increase with
the clay modification of MSW-BC. It was likely because the amounts of
Si and Al were added to the feedstock in the form of MMT and RE were
negligible in comparison to the original amounts of these elements al-
ready present in MSW. Hence, XRF analyser was unable to detect the
concentration differences of Al and Si in the adsorbent materials.

Nevertheless, percentages of Fe in both the composites were higher
than MSW-BC, and much higher in MSW-RE composite due to the high
Fe content in the pristine RE clay. All other elements in the clay-biochar
composites were generally low in contents and comparable with each
other (Table 1). The pH of the raw biochar (MSW-BC) was basic in
nature (pH=9.55) due to the organic nature of MSW feedstock. The
pH of MSW-MMT composite was not much different (pH=9.51) than
the raw biochar due to the predominance of biochar pH and less acidity
of the MMT clay mineral (pH=7.56) (Chen et al., 2017). However, the
pH of MSW-RE clay-biochar composite was significantly lower
(pH=8.99) than MSW-MMT due to the low pH of the original RE clay
(pH=7.13). Electrical conductivity of the clay-biochar composites was
decreased with clay modification in contrast to MSW-BC due to the high
metal contents in the clay materials used (Table 1). The BET surface
areas of the two clay-biochar composites were almost as double as that
of the MSW-BC, may be because of the deposition of clay particles on
the surface of MSW-BC.

The FTIR spectra of both MSW-MMT and MSW-RE clay-biochar
composites showed considerable differences compared to MSW-BC
(Fig. 1). The bands observed around 1030 - 1040 cm−1 pointed towards
the introduction of Si-O functional groups onto the MSW-MMT and
MSW-RE surfaces (Chen et al., 2017). The bands appearing below
1100 cm−1 might be attributed to SieO stretching, Si-O-Si bending, Si-
O-Al bending and Si-O-Mg bending vibrations (Chen et al., 2017). Some
of these bands were detected in the IR spectra of the clay-biochar
composites. The above observations provided evidences for the

Table 1
Elemental analysis and basic chemical characteristics of MSW-BC, clay materials (MMT and RE) and clay-biochar composites (MSW-MMT and MSW-RE).

Sample Mg% Al% Si% P% S% K% Ca% Ti% Mn% Fe% pH EC μScm−1 BET Surface area m2 g−1

MSW-BC ND 9.12 49.58 10.65 3.88 9.52 12.99 0.96 ND 3.30 9.55 3320 4.33
MMT 5.04 15.83 66.85 ND 0.35 0.96 2.45 0.29 0.03 8.20 7.56 1675 –
RE ND 11.66 75.78 ND 0.06 0.58 ND 2.94 ND 8.78 7.13 298 –
MSW-MMT ND 8.66 46.4 2.08 1.66 ND 20.13 0.86 0.17 8.84 9.51 1799 8.72
MSW-RE ND 12.76 44.26 ND ND 7.39 12.29 2.97 0.25 19.51 8.99 1049 8.44
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successful formation of clay-biochar composites.
As given in Fig. 2a, PXRD pattern of MSW-MMT composite showed

six major X-ray reflections at 2θ values 5.75° (d=1.53 nm), 17.40°
(d= 0.51 nm) 19.79° (d=0.45 nm), 26.52° (d=0.34 nm), 28.60°
(d= 0.31 nm) and 34.90° (d=0.26 nm). All the reflections from the
parent MMT clay mineral were present in MSW-MMT composite. The
primary reflection observed at 2θ=5.75° both in MMT and MSW-MMT
corresponded to a basal spacing (d001) of 1.53 nm. In the PXRD patterns
of both RE clay and MSW-RE composite, primary reflections were ob-
served at 2θ=12.18° (d0.01= 0.73 nm) (Fig. 2b).

The SEM images of MSW-MMT and MSW-RE clay-biochar compo-
sites are shown in Fig. 3. Pores were observed on biochar surfaces,
which could support TC removal via enhancing surface adsorption with
the increase of surface area and through pore filling mechanism. The
SEM images of both clay-biochar composites clearly showed clay par-
ticles adhering on to the biochar surfaces, which gave the biochar
surfaces much rough appearance and provided more reactive surface
area for adsorption than the pristine biochar. However, clay particles
did not cover the entire surface of biochar, and kept the pores of bio-
char accessible to the adsorbate molecules. An excessive coating with

clay particles rather could cause an obstruction of pores, and ultimately
might lead to a decrease of adsorption capacity of the composite ad-
sorbent (Yao et al., 2014; Fosso-Kankeu et al., 2015).

3.2. pH edge experiments

The pH of the solution is a major factor that controls antibiotic
adsorption on to biochar and clay-biochar composites (Li et al., 2017).
The solution pH also has influences on the molecular form of antibiotics
and surface charge of adsorbents depending on the pHpzc of the solid
phases (Chang et al., 2016). According to Fig. 4, the adsorbed amount
of TC was gradually increased with an increase of pH. The highest TC
adsorption by MSW-BC was exhibited at pH 5.0, and the highest TC
adsorption by MSW-MMT and MSW-RE composites were observed at
pH 7.0. As compared to MSW-BC and MSW-RE, MSW-MMT showed a
significant increase of TC adsorption at all the pH values studied be-
tween pH 3.0 and 9.0 (Fig. 4). A NaOH-activated biochar previously
produced using Pinus taeda showed similar trend in adsorption capa-
cities at pH 3.0–9.0 range, and the maximum adsorption capacity was
obtained at pH 5.0 (Jang et al., 2018). The TC adsorption capacities of

Fig. 1. FTIR spectra of biochar and clay-biochar composites: (a) MSW-MMT composite before and after adsorption of TC, and (b) MSW-RE composite before and after
adsorption of TC.

Fig. 2. PXRD patterns of biochar and clay-biochar composites: (a) MSW-MMT composite before and after adsorption of TC, and (b) MSW-RE composite before and
after adsorption of TC.
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other modified biochars (P-biochar, Fe-biochar, Zn-biochar, and Fe/Zn-
biochar) exhibited comparable trend, and their adsorption capacities
were at the peak at pH 6.0 and then gradually decreased with further
increase of pH (Zhou et al., 2017). Decrease of adsorption capacities of
TC at high pH values may be resulted due to electrostatic repulsion
caused by negatively charged TC and surface of the biochar on which
elevated negative charge density formed above pHpzc (Rivera-Utrilla
et al., 2013). However, H3PO4-modified rice straw and swine manure
biochars showed the maximum adsorption capacity at pH 9.0, and
adsorption capacities of both the biochars were relatively high at pH
between 5.0 and 9.0, and hence elevated adsorption at alkaline pH
mainly depended on pHpzc of the modified biochars (Chen et al., 2018).

3.3. Kinetic experiments

Adsorption capacities of all the adsorbents for TC were increased
rapidly at the initial stage, followed by a slow increase, and then
reached equilibrium within 6 h (Fig. 5a). However, compared to MSW-
BC and MSW-RE, MSW-MMT showed a higher TC adsorption capacity.
Such a significant enhancement of adsorption capacity of TC by MSW-
MMT could be due to the superior ion exchange capacity of the layered
MMT clay mineral (Yao et al., 2014).

The adsorption kinetic data of MSW-BC and MSW-RE were fitted to
the pseudo second order model with r2 values of 0.929 and 0.978, re-
spectively (Table 2), which can be further confirmed by the excellent
closeness of the calculated qe values (qe.cal) from the modelled and
experimental qe value (qe.exp) obtained from the graph for MSW-BC
(qe.cal = 3.921, qe.exp= 3.937) and MSW-RE biochar (qe.cal = 4.156,

qe.exp= 4.131). The rate constant value of MSW-RE composite obtained
from the pseudo second order kinetic model was slightly higher than
that of MSW-BC (Table 2). Hence, MSW-BC and MSW-RE adsorbed TC
mainly via surface adsorption which could involve chemisorption
(Wang et al., 2007). The rate-limiting step could be a chemisorption
process or chemical reaction which might involve electron sharing or
exchange among TC and the adsorbents. Therefore, it could be sug-
gested that the adsorption of TC onto MSW-BC and MSW-RE occurred
via chemical interactions, and a long time was required to reach the
equilibrium. Kinetic data fitting to Elovich model indicated that MSW-
MMT composite had a high surface activity for TC adsorption, and an
enhanced surface coverage decreased the adsorption rate with time
(Chen et al., 2017). Therefore, the adsorption could occur via multiple
mechanisms. The mechanisms of adsorption of TC onto MSW-MMT
composite might be dominated by intercalation interaction and che-
mical reactions occurring between the adsorbent surface and TC.

3.4. Isotherm experiments

The Freundlich isotherm model was the best fitted model for iso-
therm data of MSW-BC, MSW-MMT and MSW-RE (Fig. 5b) with r2 va-
lues of 0.994, 0.973 and 0.949, respectively (Table 3). Hence, the ad-
sorption of TC occurred on to heterogeneous surfaces of the adsorbents,
and the adsorption was a multilayer process (Yao, 2013). These results
were in alignment with kinetic modeling results that the adsorption
could occur via multiple mechanisms. The PXRD analysis also indicated
multiple TC adsorption mechanisms including intercalation of TC in
MMT interlayers of the clay-biochar composite. Therefore, adsorption
could occur via both chemisorption and physisorption. The Langmuir
maximum adsorption capacity of TC on MSW-MMT composite was
78mg g−1. Such a high TC adsorption capacity of MSW-MMT could be
due to the intercalation interactions occurring between TC and MMT
particles dispersed on the surface of the biochar.

Biochar as well as biochar composites prepared by various mod-
ifications were earlier used for the sorptive removal of TC in water (Jing
et al., 2014). Rice husk biochar and methanol modified rice husk bio-
char were used for the absorptive removal of TC. Raw rice husk biochar
prominently removed TC via π-π interactions occurring between aro-
matic rings of TC and biochar, whereas modified biochar showed 45.6%
enhancement in TC adsorption capacity (Jing et al., 2014). However,
coconut shell biochar showed considerably lower adsorption capacity
for TC (100 μg g−1), whereas TC adsorption capacity of bamboo biochar
almost equalled to the TC adsorption capacity of graphene (approxi-
mately 200 μg g−1), and the adsorption was mainly depended on π-π
interactions (Peng et al., 2016).

Sludge-derived materials were also used to remove TC from water.
The capacity of these materials to adsorb TC was very high and was
much greater than that of commercial activated carbon. Such elevated
adsorption capacity (512.1–672.0 mg g−1) is explained by the high

Fig. 3. SEM images of clay-biochar composites: (a) MSW-MMT composite, and (b) MSW-RE composite.

Fig. 4. pH vs TC adsorption capacities of MSW-BC, and MSW-MMT and MSW-
RE composites.
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tendency of TC to form complex ions with some of the metal ions
present in these materials (Rivera-Utrilla et al., 2013). The medium pH
and presence of electrolytes considerably affected TC adsorption on
commercial activated carbon. These results indicate that electrostatic
adsorbent- adsorbate interactions play an important role in TC ad-
sorption processes when conducted at pH values that produce TC de-
protonation.

Activated carbon is a most frequently utilized adsorbent for the
remediation of antibiotic residues present in the environment. Lignin-
activated carbon showed higher adsorption capacity (475.48 mg g−1)
for TC in aqueous media (Huang et al., 2014). High surface area, porous
structure and availability of acidic and basic functional groups were
responsible for this enhanced adsorption. The adsorption of TC by MMT
clay mineral was influenced by the presence of different multivalent
metal ions, such as Ca2+, Mg2+, Cu2+, Al3+ and Fe3+ in the medium
(Aristilde et al., 2016). In alkaline medium, presence of these metal ions

promotes formation of bridges between negatively charged groups of
TC and the negatively charged surface of clay minerals via covalent
bonding.

3.5. Tetracycline removal ability and adsorption mechanisms

According to the experimental results, MSW-MMT composite en-
hanced the TC adsorption capacity in comparison to the raw biochar
and MSW-RE composite. This enhancement could be justified by the
presence of additional functional groups which were not detected in the
FTIR spectrum of MSW-MMT composite prior to TC adsorption
(Fig. 1a), and except thier presence in the FTIR spectrum of TC anti-
biotic (Fig. S1). For example, bands appeared at around 3339 cm−1

(OeH stretching), and 2026, 2208 and 2541 cm−1 due to carbon-
carbon triple bond stretching (Li et al., 2017). However, MSW-RE
composite after adsorption of TC did not show these additional bands,
but they were observed in MSW-RE before TC adsorption, which might
be due to the low affinity exhibited by MSW-RE for TC.

Adsorption isotherm results concluded that the adsorption occurred
via both physisorption and chemisorption. However, results signified
that physisorption was the dominant contributor towards the high TC
adsorption capacity shown by MSW-MMT. During physisorption, bio-
char could interact with TC physically via pore-filling mechanism and
intercalation interaction. At pH < 4.0, positively charged form of TC is
dominant which could reach the interlayer space of clay minerals by
exchanging with the hydrated cations (Na+, Ca2+) residing in the inter
layer space. At the pH range of 4.0–8.0, zwitterionic form of TC is the
dominant species which also could penetrate into the interlayer space
between two t-o-t layers of the clay mineral. The PXRD pattern of MSW-
MMT composite was changed and the primary reflection of MMT in the
PXRD pattern shifted to 2θ=4.03° corresponding to a basal spacing
value (d0.01) of 2.19 nm (Fig. 2a), which was higher compared to d0.01
before the adsorption (1.53 nm). This could be attributed to the

Fig. 5. (a) Kinetic data models for the adsorption of TC by MSW-MMT and MSW-RE clay-biochar composites, and (b) adsorption isotherm fittings for MSW-MMT and
MSW-RE composites to the Freundlich model. The symbols correspond to experimental results at pH range 7.0–8.0, and the solid lines symbolize the calculated
results obtained from the non-linear curve fitting.

Table 2
Kinetic parameters acquired from pseudo-first-order, pseudo-second-order and
Elovich models of TC adsorption onto MSW-BC, MSW-MMT and MSW-RE ad-
sorbents.

Model Parameters MSW-BC MSW-MMT MSW-RE

Pseudo first order k1(min−1) 0.268 0.284 0.350
qe(mg g−1) 3.743 8.046 4.039
r2 0.658 0.432 0.901
RMSE – – –

Pseudo second Order k2[g (mg min)−1] 0.130 0.061 0.221
qe(mg g−1) 3.921 8.386 4.156
r2 0.929 0.747 0.978
RMSE 0.225 1.343 0.3845

Elovich αE[mg (g·min)−1] 557,234 398,561 –
βE(g mg−1) 5.279 2.319
r2 0.896 0.886

Table 3
Langmuir, Freundlich and Temkin isotherm parameters for the adsorption of TC onto MSW-BC, MSW-MMT and MSW-RE adsorbents.

Model Langmuir Freundlich Temkin

Parameter K(L mg−1) Qmax(mg g−1) r2 Kf(mg g−1)/(mg L−1)n n r2 A b r2

MSW-BC – – – 0.143 1.191 0.994 4.1× 10−4 2.937 0.983
MSW-MMT 0.0149 77.962 0.958 3.043 0.586 0.973 5.4× 10−4 2.530 0.563
MSW-RE – – – 0.963 0.782 0.949 4.2× 10−4 3.006 0.923
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adsorption of TC on to the clay-biochar composite via TC intercalation
into the inter-layer space of MMT clay mineral. Fig. 2a provided evi-
dence for intercalation interactions occurring between MMT particles
present on the biochar surface and TC. Aristilde (Aristilde et al., 2016)
and Chang (Chang et al., 2014) also observed the expansion of inter-
layer space after adsorption of TC on to MMT clay mineral. At pH >
8.0, the dominant form of TC is anionic, which would electrostatically
repel the negatively charged clay surfaces resulting in a decreasing
trend of the adsorption capacity above pH 8.0. Although, physisorption
dominated, chemisorption via chemical bonding and enhancement of
available binding area resulted by deposition of MMT on biochar sur-
faces also facilitated adsorption.

The clay-biochar composite prepared from RE showed adsorption
capacities similar to MSW-BC. Although the BET surface areas of both
biochar composites were almost the same, the TC adsorption capacity of
MSW-RE was very low compared to MSW-MMT, which might be due to
the non-layered structure of RE clay (Vithanage et al., 2007). Un-
changed d0.01 of MSW-RE composite even after adsorption of TC in-
dicated no intercalation of TC in case of MSW-RE, but a possible surface
adsorption process via enhanced surface area of biochar composites
occurred due to deposition of clay particles on biochar surfaces. For
both raw biochar and MSW-RE composite, adsorption is dominated via
chemical interactions such as π-π interaction, because of the avail-
ability of aromatic rings, then via hydrogen bonding, ion exchange and
electrostatic interactions. Physical adsorption via pore filling me-
chanism is also possible as a result of porous nature of biochar. How-
ever, at high pH level, adsorption capacities of TC decreased for the
biochar, which may be resulted due to electrostatic repulsion occurring
between negatively charged TC and surface of the negatively charged
biochar above pHpzc (Jang et al., 2018).

Finally, according to the obtained results, MSW-MMT composite
exhibited higher adsorption capacity for TC, whereas MSW-BC and
MSW-RE showed much lower adsorption capacity. Although, MSW-RE
biochar composite was successfully prepared, the RE clay was unable to
improve adsorption capacity significantly compared to MMT clay mi-
neral. However, these clay materials are naturally occurring materials
in the environment and highly abundant, therefore use of clay-modified
biochar is a better way to enhance adsorption ability of biochar via
simple procedure.

4. Conclusions and future perspectives

Two novel clay-biochar composites were prepared by pyrolysis of
MSW biomass mixed with MMT and RE clay materials. Minute clay
particles were observed on the surfaces of biochar in the clay-biochar
composites, and the IR bands due to Si-O vibration were observed in the
spectra of the composites, which provided evidence for successful
composite formation. The PXRD patterns gave evidence of intercalation
interaction occurring between MMT and TC in the case of MSW-MMT
composite by increasing the basal spacing of the clay mineral after
adsorption of TC. The adsorption of TC was higher at basic pH values
for all the adsorbents than acidic pH range. The MSW-MMT showed
significantly higher TC adsorption capacity compared to MSW-BC and
MSW-RE at a pH range of 3.0–9.0.

The adsorption kinetic data of MSW-MMT fitted to the Elovich
model, and that of MSW-BC and MSW-RE fitted to the pseudo second
order model. The Freundlich model best fitted the adsorption isotherm
data for all the adsorbents indicating that the adsorption was a multi-
layer process involving both physisorption and chemisorption, espe-
cially for MSW-MMT composite. Results implied that high surface ac-
tivity, surface area and interlayer spaces provided by the layered MMT
clay mineral improved TC adsorption capacity of MSW-MMT composite
via both surface adsorption and intercalation interactions, whereas the
raw MSW-BC and MSW-RE did not show any intercalation interaction.
Thus, MSW-MMT was an effective adsorbent over MSW-RE and MSW-
BC for the removal of TC antibiotic residues from aqueous media.

In addition, the use of MSW for the production of biochar con-
tributed to sustainable urban waste management. However, in certain
instances, the use of MSW biochar may contain compounds that can
potentially interfere with the adsorption of target contaminant by al-
tering its structure (e.g., TC antibiotic). Use of such biochar for the
adsorption of antibiotics is not effective. Adsorption studies are usually
conducted under laboratory conditions, but the outer environment is
significantly different than the laboratory environment, especially due
to the severe fluctuations of pH and temperature. These factors can
cause significant impact on the adsorption process. Therefore, pilot-
scale testing will be crucial for determining the efficiency and stability
of MSW biochar and their composites for the remediation of antibiotic
residues in aqueous media.
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