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Abstract: This work aimed to fabricate a magnetically modified biochar (MBC) through a one-step pyrolysis of
Vitex doniana nut at 500  °C and investigate its feasibility for the removal of two pharmaceuticals, namely,
amoxicillin (AMX) and trimethoprim (TMT) from aqueous environment. The textural characteristics, chemical
composition and magnetic properties of the MBC were analyzed using Brunauer-Emmett-Teller (BET) analysis,
scanning electron microscopy (SEM), Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD)
and vibrating sample magnetometer  (VSM).  The results  demonstrated  the successful  incorporation of  the
magnetic particles in the biochar matrix. The specific surface area and average pore volume of the MBC were
obtained as 108.90 m2/g and 2.98 cm3/g, respectively. The adsorption process was observed to be strongly
pH-dependent, and equilibrium was attained within 1 h. The kinetic data favors pseudo-second-order model
(R2 >  0.999),  implying  that  the  most  plausible  mechanism  for  the  adsorption  was  chemisorption.  The
isothermal data was best fitted by the Langmuir model (R2 > 0.985), signifying that the process was mainly
monolayer adsorption on homogeneous surface. The maximum adsorption capacity achieved for AMX and TMT
was 41.87 and 55.83 mg/g at  303 K,  respectively.  The thermodynamic examination highlighted that  the
adsorption  was  feasible  and  accompanied  with  absorption  of  heat  and  increase  of  entropy  for  both  the
adsorbates.  Furthermore, the MBC exhibited a good recycling capability such that the adsorption capacity
decreases by ~ 25% after reuse for six cycles.  Besides,  the theoretical results based on density functional
theory (DFT) calculations demonstrated that the TMT molecules (ΔE = 3.762 eV) are more reactive compared
to the AMX molecules (ΔE = 3.855 eV) which correlates with the experimental observations. 
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INTRODUCTION

Over  the  last  few decades,  many classes  of  micro-
pollutants  including  pharmaceuticals,  steroid
hormones,  pesticides,  endocrine  disrupting
compounds,  and  personal  care  products  have  been
detected in various freshwater resources worldwide.
Among them, pharmaceuticals have emerged as one
of  the  major  concerns  of  public  health  authorities
(1,2).  The drug industries, hospitals, and households
are the main sources of pharmaceutical contaminants
in  water  systems  (3).  Most  compounds  of
pharmaceutical  origins  are  persistent,  non-
biodegradable  and  often  not  appreciably  eliminated
due  to  their  ability  to  pass  through  the  treatment
processes  largely  undisturbed  (4). Therefore,  their
residues  are  rampant  in  surface  water,  partially
treated  water  and  groundwater,  typically  at  trace
quantities from ng/L to μg/L.  Long-term exposure to
pharmaceuticals  may  pose  a  deleterious  risk  to
humans and has been established to have significant
disruptive impacts in aquatic ecosystems (5). To date,
the treatment of pharmaceuticals has been a daunting
task due to their complex physicochemical properties.

Numerous  decontamination  technologies  have  been
employed  to  eliminate  pharmaceutically  active
compounds  from  aqueous  medium  including
coagulation,  biological  treatment,  adsorption,
filtration,  and  advanced  oxidation  processes.
However,  the  efficiencies  of these  traditional
processes  such  as  filtration,  coagulation  and
biodegradation were  insufficient.  In  contrast,
advanced  oxidation  processes  are  also  not easily
applicable in industrial scale owing to  expensiveness
of  energy and  the  generation  of  undesired
byproducts.  In this regard, adsorption appears to be
favorite alternative due to its effectiveness, low-cost
of  operation  and  complete  elimination  of  the
pharmaceutical  without  causing  any  secondary
pollution (6).
 
The  use  of  carbon-based  materials  is  the  most
prominent  method  for  removal  of  organic
contaminants  from  water  streams.  Biochar  is  a
carbon-rich  material  produced  mainly  from  the
carbonization  of  biomass  feedstock  in  an  oxygen-
depleted medium. The preparation of biochar does not
require the activation process and uses less energy
(7).  Although  biochar  in  their  ordinary  forms  have
been employed as solid adsorbents, they suffer from
limitations such as small particle size, poor adsorption
performance,  and  ability  of  separation  from  bulk
solution  (8).  Therefore,  it  is  imperative  to  modify
biochars  in  order  to  enhance  their  adsorption
efficiency  towards  pollutants.  Recently,  magnetic
modification  has  seen  tremendous  interest  as  a
remedy  to  overcome  these  shortcomings.  Magnetic

response  is  attained  through  functionalization  of
biochar  surface  with  magnetic  particles  such  as
magnetite  and  maghemite  (9).  High  adsorption
performance,  easy  to  separate  from  water,  reuse
potential,  and  natural  abundance  of  precursors  are
the main attributes which promote magnetic biochar
as a promising adsorbent for the removal of various
pollutants.

Vitex doniana (VD), also known as black plum, is one
of the most abundant trees present in tropical Africa.
The plant has emerged as a priority species because
of the multiplicity of it uses. For instance, the plant is
extensively used for food,  source of  timber and for
medical purposes  (10).  The  Vitex doniana nut is the
major waste generated from processing of this plant
and  most  are  discarded  on  the  fields.  Few  studies
have reported the use of this plant’s leaves and nut as
adsorbents for the elimination of toxic metals (11,12).
Nevertheless, to the best of our knowledge, no work
has been reported so far on the preparation of biochar
from  Vitex  doniana nut  and  its  application  for  the
removal of medicinal drugs from water. 
In this regard, two pharmaceuticals, amoxicillin (AMX)
and trimethoprim (TMT) were  chosen as  the  model
pollutants for this study. The selection of these  two
antibiotics was based on the frequency of occurrence
in  freshwater  resources.  Moreover,  information  on
their removal from aquatic environment is relatively
scarce. TMT is among the most prominent antibiotics
employed  in  veterinary  and  human  medicine
worldwide acting as an inhibitor in the chemotherapy
treatment (13). AMX belongs to a class of drugs that
are majorly excreted in an non-metabolized form, and
some reports have highlighted that AMX might pose
an acute risk to the aquatic ecosystem (14,15). 

With  this  background,  the  overall  objective  of  this
research is to investigate the adsorption of amoxicillin
and  trimethoprim  molecules  on  the  surface  of
magnetically  modified  biochar  derived  from  Vitex
doniana nut  wastes.  To  achieve  this  objective,  the
influence  of  experimental  factors  such  as  pH,  ionic
strength,  temperature,  initial  concentration,  and
contact  time  on  the  adsorption  capacity  of  the
adsorbent  was  studied.  Additionally,  the  removal
process was  assessed  isothermally,
thermodynamically,  and  kinetically  in  order  to  gain
insight  about  the  mechanism  and  spontaneity  of
adsorption.  Finally,  density  functional  theory  (DFT)
computations  were  performed  to  obtain  qualitative
insights on the chemical reactivity of amoxicillin and
trimethoprim molecules. 
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EXPERIMENT AND COMPUTATION

Chemicals and Materials
Amoxicillin  and  Trimethoprim  were  obtained  from
Sigma-Aldrich  (USA).  Their  physicochemical
properties  are  depicted  in  Table 1.  Ferric  chloride
(FeCl3.6H2O),  sodium  nitrate  (NaNO3)  and  other
chemicals  used  were  AnalaR  grade  sourced  from
Fisher  Chemicals  (USA).  Vitex  doniana nut  was
acquired  from  Kano  State,  Nigeria.  Demineralized
water  was  employed  during  the  entire  adsorption
tests.

Preparation of Magnetically Modified Biochar
Vitex doniana nuts  were  cut  into  small  pieces,
washed, and then subsequently dried at 110 °C for 48
h.  The  dried  nut  was  pulverized  and  sieved  into
desirable  particle  sizes  (≤1  mm)  and  subsequently
heated in a muffle furnace from room temperature to
500  °C  for  3  h.  The  process  of  pyrolysis  was
performed at a heating rate of 10 °C/min and under
an  oxygen-depleted  condition.  After  pyrolysis,  the
resulting biochar was collected from the furnace after
being cooled to room temperature. Then 10 g of the
obtained biochar was immersed into a mixed solution
containing 4 g of FeCl2.2H2O and 8 g FeCl3.6H2O in 50
mL of demineralized water. The obtained mixture was
homogenized by vigorous stirring for 10 h at 90 °C.
The precipitation of iron oxide particles on the biochar
was  achieved  by  the  addition  of  drops  of  10  mL
NH4OH solution into the mixture with the aid of rapid
stirring for 30 min at  90 °C. After  that,  the  stable
suspension was cooled to room temperature. Finally,
the  produced  magnetically  modified  biochar  (MBC)
was  retrieved  from  the  mixture  using  external
magnet.  The  MBC  was  washed  repeatedly  with
demineralized water to attain pH 7.0, and then dried
in oven at 50 °C for 24 h. 

Determination of Characteristics of the Magnetic
Biochar 
Surface  functional  group characteristics  of  the  MBC
was elucidated using FTIR spectrometer  (Cary 630;
Agilent  Technologies)  in  the  4000-650  cm-1 wave
number range under a resolution of 8 cm-1, while the
crystallographic  structure  was  analyzed  using  XRD
(Rigaku Ultima IV) with a Cu Kα radiation in the 2ϴ
range of 5-85°. The surface texture of the MBC was
examined by means of electron microscopy utilizing a
scanning  electron  microscope  (JEOL-JSM6480).  The
BET  surface  area  was  measured  using  a  specific
surface  area  and  pore  size  analyzer  (BET,  Builder,
SSA-4300). Magnetic properties of MBC was assessed
at  298  K  using  a  vibrating  sample  magnetometer
(VSM, EV9) with a maximum applied magnetic field of
15 kOe. The influence of varying pHs over the surface
charge was probed via determination of the point of
zero charge, pHpzc. The pHpzc is the pH value in which

MBC  surface  presents  a  net  electrical  neutrality.  A
pHpzc of  6.9  was  obtained  following  a  salt  addition
method  described  in  the  literature  (16).  More
precisely, 0.2 g of MBC sample was added to 40 mL of
0.1  M  NaNO3 solution  in  a  centrifuge  tube.  The
medium pH was adjusted to a value between 2 and
11 by  addition of  dilute  HCl  or  NaOH solutions. All
solutions were stirred continuously for 24 h and the
final pH was recorded. A graph between the changes
in pH (∆pH) was plotted against the initial pH and the
intersection point was taken as pHpzc.

Experimental  Protocol  of  Pharmaceuticals’
Adsorption
A known mass of MBC (0.1 g) was mixed with 100 mL
of  aqueous  pharmaceutical  solution  of  known
concentrations in series of 250 mL Erlenmeyer flasks
placed  on  thermostatically  controlled  incubator
shaker. The mixture was agitated at 150 rpm for pre-
decided residence times. 0.1 M NaOH or 0.1 M HCl
solutions were used as pH adjusters to desired value.
After the adsorption process, the spent adsorbent was
retrieved by an external magnet, and about 3 mL of
the  solution  was  transferred  to  the  cuvette  and
analyzed by the procedure highlighted in subsequent
section. Each experiment was run at least in triplicate
and  the  mean  values  were  adopted  in  the  report.
Relative  standard  deviation  is  not  reported  as  it  is
negligible (<2%).

The effect  of  pH on the AMX and TMT uptake was
evaluated with initial  solution pH varying from 2 to
10.  The  tests  for  effect  of  ionic  strength  were
implemented at varying NaCl concentrations (0.05 to
0.15  mol/L).  The  influence  of  contact  time  (kinetic
study)  was  assessed  from  5  min  up  to  120  min.
Equilibrium  experiments  (isotherm  study)  were
carried out at initial concentrations ranging from 20 to
100  mg/L.  The  impact  of  temperature
(thermodynamic  study)  on  the  adsorption  process
was evaluated from 303 to 333 K.

Regeneration and Reuse
The MBC was cleaned after  adsorption of  AMX and
TMT using demineralized water and acetone. Briefly,
0.1 g of MBC was placed into 50 mL of acetone. The
mixture  was  agitated  in  an  incubator  shaker
maintained at 150 rpm under room temperature (30
±  1  °C)  for  12  h.  Afterward,  the  regenerated
adsorbent was washed with demineralized water and
dried at 90 °C. The adsorbent was used to assess the
adsorption capacities up to six cycles.

Quantification of  Amoxicillin  and  Trimethoprim
in Aqueous Solution 
The quantitative determination of AMX and TMT was
accomplished  by  UV-visible  spectrophotometry.  The
absorbance  of  the  pharmaceutical  solutions  was
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recorded  by  UV-visible  spectrophotometer  (Lambda
35; Perkin  Elmer)  at  a  characteristic  wavelength  of
228  nm for  AMX and 275 nm for  TMT.  Calibration
curves  were  established  using  solutions  of  each
pharmaceutical in demineralized water in a range of
1-10  mg/L.  The  calibration  curves  for  both  the
adsorbates  exhibited  an  excellent  linearity  (R2 >
0.99). 

The adsorption performance of the MBC was assessed
through  the  parameter  q,  (mg  of  pharmaceuticals
adsorbed per gram of MBC), as expressed in Equation
1:

q=
C0−C f

m
×V  (1)

where  Co stands  for  initial  pharmaceutical
concentration (mg/L), Cf represent the pharmaceutical
concentration at any time given (mg/L), V reflects the
volume of the experimental solution in liters, and  m
denotes the weight of the MBC used in grams.

Adsorption Modelling
The kinetics of the adsorption of the pharmaceuticals
onto the MBC was assessed by conducting the time-
dependent  studies.  Many  kinetics  models,  viz.,
pseudo-first-order (PFO), pseudo-second-order (PSO)
and  intraparticle  diffusion  (IPD)  models  were
employed  to  interpret  the  experimental  data.  The
PFO,  PSO and  IPD  models  in  their  linear  form are
represented by Eqs. 2, 3, and 4, respectively:

log(qe−q t)=logqe−k1 t (2)

t /qt=1/(k 2qe
2)+t /qe

 (3)

q t=k id t
(1 /2)+C  (4)

where qe and qt represent the adsorption capacity of
the MBC at  the  equilibrium state  and at  time of  t,
respectively; k1 (min−1), k2 (g/mg min) and kid denote
the  moduli  of  PFO,  PSO  and  IPD  adsorption,
respectively. 

The equilibrium data were adjusted to the Langmuir
and  Freundlich  models.  The  linear  expressions  of
these models  are  illustrated  by  Equations  5 and 6,
respectively:

  C e/qe=1/(K Lqmax)+C e /qmax
 (5)

lnqe=ln ⁡[K F ]+ ln (1)/n lnCe
(6)

where Ce (mg/L) is the equilibrium concentration of
pharmaceuticals,  qe (mg/g)  is  the  amount  of

pharmaceuticals  adsorbed  per  gram  of  MBC  under
equilibrium, qmax (mg/g) is the theoretical monolayer
adsorption capacity of MBC for pharmaceuticals, and
KL (L/mg) is  a  constant  pointing the  affinity  in  the
Langmuir  adsorption  process;  KF is  the  Freundlich
empirical  constant  representing  the  relative
adsorption capacity of the MBC, and n (dimensionless)
is  a  constant  illustrative  of  the  intensity  of  the
Freundlich adsorption.

Validity of Models
The capability of the studied kinetic models in fitting
the  experimental  data  and  the  suitability  of  the
investigated isotherms in describing the behavior of
the  adsorptive  system  was  validated  through
coefficient of determination (R2), chi square (χ2) and
sum squares of errors (SSE, %). These error functions
can be represented by Eqs. 7-9, respectively (17):

R2=1−
(∑(q(e ,exp)−q(e, model))

2)

(∑(q(e, exp)−q (e ,mean))
2)

 (7)

χ2=∑
(q(e ,exp )−q(e ,model))

2

q(e, model)

 (8)

SSE (%)=√(∑ (q(e, exp)−q(e ,model))
2)

N
 (9) 

where  qe,model  and qe,exp (mg/g) represent the model
predicted  and  experimental  uptake  capacity,
respectively; qe,mean denotes  the  mean  of  the  qe,exp

values; and N is the number of data points. The best
fitting model exhibits the highest value of R2, but the
lowest value of SSE and χ2.

Computational Methods
The molecular structures of the pharmaceuticals were
designed using ChemDraw Ultra  7.0 software.  Then
the  structures  were  imported  for  DFT  calculations
using  the  Materials  Studio  8.0  software  package
(BIOVIA,  Accelrys).  The  optimization  of  the  full
molecular  geometry  of  AMX  and  TMT  was
implemented  using  DMol3 module  at  the  level
B3LYP/DND. No symmetry constraints were imposed
during  the  geometrical  optimization  of  the  tested
molecules.  The  quantum chemical  parameters  were
estimated  from  energies  associated  with  frontier
molecular  orbitals  [the  highest  occupied  molecular
orbital  (HOMO;  EH),  lowest  unoccupied  molecular
orbital  (LUMO; EL),  and an energy gap (∆E = EH –
EL)],  electron  affinity  (A  =  -EL),  and  ionization
potential  (I  =  -EH).  The  global  reactivity  indexes
namely,  chemical  potential  (µ),  chemical  hardness
(ή),  chemical  softness  (σ)  electronegativity  (χ)  and
global electrophilicity power (ɷ),  were approximated
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in terms of Frontier orbital energies as expressed by
Equations 10-14, respectively (18):

µ=
(EH+EL)

2
 (10)

η=
(EL−EH)

2
 (11)

σ=1
ή

(12)

χ=
(I +A)
2

 (13)

ɷ= µ2

2ή
 (14)

Table 1: Target pharmaceuticals and their characteristics.
Pharmaceutical Molecular Structure MW 

(g/mol)
pKa

Amoxicillin 365.4 3.2
(carboxyl)

11.7
(amine)

Trimethoprim 290.3 7.1

RESULTS AND DISCUSSION

Characterizations 
SEM micrographs clearly depicting the morphological
characteristics of the native and modified biochar are
presented in Figure 1. As can be seen in Figure 1a,
the  micrograph  revealed  the  rough  and
heterogeneous  nature  of  the  biochar  surface.  After
magnetic modification, the SEM micrograph depicts a
relatively porous flower-like structure on the surface,
demonstrating  that  the  surface  structure  of  MBC is
different  from  those  of  native  biochar,  presumably
due to the presence of Fe particles (Figure 1b). This
indicates  that  the  modification  of  the  biochar
enhances the porosity of the material, and thus can
facilitate  the  penetration  and  binding  of  the
pharmaceuticals. 

The  Brunauer–Emmett–Teller  (BET)  analysis  was
performed to determine the specific surface area and
pore size of the adsorbent. The results showed that
the  magnetic  modification  of  the  biochar  led  to  an
increase in specific surface area from 96.31 m2/g for
the native biochar to 108.90 m2/g for the MBC. This
signify  that  the  MBC has a  remarkable  potential  to
adsorb the target adsorbates. Meanwhile, the average

pore volume (VP), and pore diameter were found to
be 0.55 cm3/g and 1.17 nm, respectively, for biochar
and 2.98 cm3/g and 0.76 nm, respectively, for MBC.
The change in the textural properties may be ascribed
to the decoration of biochar with magnetic particles. 

The  XRD  profile  of  MBC  (Figure  2)  revealed  the
diffraction peaks at  2ϴ = 30.7° (220),  35.6° (311),
43.5° (400), 57.3° (511) and 62.9° (440), which was
associated with the standard XRD data of γ-Fe2O3 and
Fe3O4  spinel  structure  (19,20). The  sharp diffraction
peaks  suggest  that  the  as-synthesized  iron  oxides
were incorporated into the biochar matrix  (21).  The
difference between the two magnetic  iron oxides  is
not feasible by XRD  since their diffraction peaks are
very similar. But, it is safe to state that  γ-Fe2O3 and
Fe3O4 are the major crystalline components present in
MBC.

The  surface  functional  groups  of  MBC  that  might
participate  in  pharmaceuticals  adsorption  are
elucidated  by  FTIR  analysis  (Figure  3). An  obvious
band centered  at around 3409 cm-1 was ascribed to
the O–H and –NH2 stretching vibration (22). The peak
at around 1628 cm-1 was attributed to C=C stretching
vibrations of aromatic ring. The bands observed in the
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range  of  1000-1200  cm-1 may  be  assigned  to
stretching vibration of C-O- (ether or alcohol) and –N-
H, signifying the presence of diverse functional groups
(23). Lastly, a weak peak at 579 cm-1 can be assigned
to  Fe–O  bonds  vibrations  compatible  with  the
presence  of  γ-Fe2O3 and  Fe3O4 (20).  The
aforementioned result further affirmed that iron oxide
was successfully incorporated into the biochar matrix.
Characteristics of infrared spectra of blank MBC and
adsorbate-loaded MBC are also contrasted in Figure 3.
Some slight changes in peak positions were observed
after  adsorption  which  signify  the  interactions
between  the  pharmaceuticals  and  MBC’s  surface
functional groups.

The  magnetic  properties  of  the  adsorbent  was
recorded at the magnetic fields of -15000≤H≤15000
Oe  at  298K.  As  presented  in  Figure  4, the  MBC
displayed  appreciable  saturation  magnetization  (Ms)
value  of  7.70  emu/g.  This  was  attributed  to  the
presence  of  iron  oxides  particles  on  the  biochar
surface.  The  Fe3O4/γ-Fe2O3 particles  loaded  on  the
adsorbent surface exhibit magnetic properties, which
in turn render the biochar magnetically active  (24).
Moreover, the magnetization curve suggested that the
adsorbent was ferromagnetic, attesting the potential
for  easy  retrievability  and  reusability  through
magnetic recovery.

Figure 1: SEM images of (a) biochar (b) MBC.
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Figure 2: XRD pattern of MBC.

Figure 3: FTIR spectra of the MBC before and after adsorption of AMX and TMT.

Figure 4: Magnetic hysteresis curve of MBC.
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Study of the Effects of pH and Ionic Strength 
Due to discrepancy in the values of acid dissociation
constants (pKa) of the examined pharmaceuticals, it
is  anticipated  that  both  AMX  and  TMT  could  yield
different  charges  under  varying  experimental
conditions. As  can  be  observed  in  Figure  5,  the
adsorption potential of AMX appreciably increases with
a  decrease  in  the  pH,  and  maximum  uptake  was
observed  at  pH  =  3.  However,  TMT  exhibited  a
different behavior from the AMX as the decrease in pH
resulted in a lower adsorption yield and the optimum
condition  was  presented  at  pH  =  8.  The  distinct
behavior of the adsorption of the pharmaceuticals can
be  explained  by  considering  the  electrostatic
interactions  between  the  examined  adsorbates  and
target adsorbent.  For pH < pHpzc, the surface of the
MBC is positively charged, while for pH > pHpzc, the
adsorbent bears a negative charge at its surface. The
solution  pH  also  determines  the  appearances  of
charges in the examined pharmaceuticals, therefore,
both  attractive  and  repulsive  interactions  could  be
induced.  The  high  adsorption  of  AMX  in  acidic

environment  may  be  explained  by  considering  the
ionization  of  the  carboxyl  group (pKa = 3.2).  It  is
obvious that the pKa value of the aliphatic carboxylic
acid functionality of AMX is close to pH 3. Therefore,
this  group  is  not  completely  protonated  carrying
partial  negative  charges  that  could  enhance
electrostatic  attraction  between  the  AMX  and  MBC
(25). By  contrast,  TMT  performs  better  in  basic
medium, having a similar pKa (7.1) to the pHpzc (6.9)
which induces greater repulsion in low pHs (26).

Since  there  are  many  types  of  ions  in  different
wastewaters, it seems imperative to investigate ionic
strength’s  influence  on  the  adsorption  process.  To
achieve this, sodium chloride (NaCl) salt was used for
adjusting  the  ionic  strength  of  the  adsorbates’
solution. As shown in Figures 6 and 7, the adsorption
capacity  of  MBC  for  both  AMX  and  TMT  decreases
slightly with increasing ionic strength of the solution.
This  indicates  that  the  salt  concentration  has  an
insignificant influence on the adsorption of AMX and
TMT onto the MBC.

1 2 3 4 5 6 7 8 9 1 0
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Figure 5: Effect of pH on the adsorption of AMX and TMT onto MBC (Conditions: pH = 2-10; contact time = 60
min; adsorbent weight = 0.1 g; Co = 60 mg/L, solution volume = 100 mL and temperature = 303 K).
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Figure 6: Effect of ionic strength on AMX adsorption by MBC at different initial concentration (Conditions: salt
concentration = 0.05-0.15 mol/L; pH = 3; contact time = 60 min; adsorbent weight = 0.1 g; Co = 20-60 mg/L,

solution volume = 100 mL and temperature = 303 K).
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Figure 7: Effect of ionic strength on TMT adsorption by MBC at different initial concentration (Conditions: salt
concentration = 0.05-0.15 mol/L; pH = 8; contact time = 60 min; adsorbent weight = 0.1 g; Co = 20-60 mg/L,

solution volume = 100 mL and temperature = 303 K).

Adsorption Kinetics
The impact of contact time on the adsorption process
of AMX and TMT onto MBC was presented in Figure 8.
It can be seen that the adsorption process attained a
relatively  fast  equilibrium  at  around  60  min  of
residence time, suggesting that the MBC surface had
a high affinity towards the pharmaceutical molecules
in solution.

The values of kinetic parameters for the adsorption of
pharmaceuticals onto the MBC as evaluated from the
curve-fitting graphs (Figures 9 and 10) are presented
in  Table  2.  An  excellent  agreement  between  the
theoretical  adsorption capacities computed from the
PSO kinetic model with the experimental  adsorption
capacity for both the adsorbates together with higher
R2 values illustrated that the kinetics of the adsorption
process is compatible with this model. The implication
of  this  outcome  is  that  the  adsorption  rate  is
influenced by the concentration of both the adsorbate

and adsorbent.  According to the PSO rate constant,
AMX is the fastest adsorbing compound compared to
TMT.  The  PSO  kinetic  model  hints  that  the  rate-
controlling  step  was  chemisorption  between  the
adsorbates and the adsorbent (27). A similar trend of
PSO kinetics has also been reported in the previous
studies  for  the  adsorption  of  pharmaceuticals  onto
different adsorbents (26,28).
 
The IPD model was explored to further elucidate the
mechanism of adsorption of AMX and TMT onto the
MBC. The values of the parameters linked with this
model are presented in Table 2. It was observed that
the regression of  qt versus  t1/2 (Figure  11)  is  non-
linear  and  does  not  pass  through  the  origin.  This
deviation signifies that the intraparticle diffusion is not
the sole rate-controlling step.  Furthermore,  the plot
indicates the multi-linearity represented by two linear
segments, which indicates that the adsorption of both
the pharmaceuticals was accompanied by two steps.
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The first sharper segment depicts the instantaneous
external surface adsorption while the second segment
is  ascribed  to  the  gradual  adsorption  stage  of

intraparticle  diffusion  and  the  attainment  of
equilibrium (27). 
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Figure 8: Effect of contact time on the adsorption capacity of MBC towards AMX and TMT (Conditions: contact
time = 5-120 min; Co = 60 mg/L; solution volume = 100 mL; adsorbent weight = 0.1 g; temperature = 303

K).
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Figure 9: Kinetic data of AMT and TMT adsorption onto MBC adjusted to PFO model (Conditions: contact time
= 5-120 min; Co = 60 mg/L; solution volume = 100 mL; adsorbent weight = 0.1 g; temperature = 303 K).
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Figure 10: Kinetic data of AMT and TMT adsorption onto MBC adjusted to PSO model (Conditions: contact time
= 5-120 min; Co = 60 mg/L; solution volume = 100 mL; adsorbent weight = 0.1 g; temperature = 303 K).

Figure 11: Kinetic data of AMT and TMT adsorption onto MBC adjusted to IPD model (Conditions: contact time
= 5-120 min; Co = 60 mg/L; adsorbent weight = 0.1 g; solution volume = 100 mL; temperature = 303 K).

Adsorption Isotherm
The  study  of  adsorption  isotherms  is  essential  to
describe how examined adsorbates interact with the
target  adsorbent  surface.  Two  commonly  used
models,  viz.,  Langmuir  and Freundlich models  have
been  employed  to  interpret  the  isotherm  data  and
outcomes  so  generated  are  shown in  Table  3.  The
equilibrium  data  for  both  adsorbates  exhibit
appreciable  fit  to  the  Langmuir  model,  attested  by
highest  R2 and  lowest  value  of  SSE  and  χ2.  This
implies  that  the  adsorption  occurred  in  a
homogeneous  surface  (sites  of  equal  energy  and
accessibility) leading to the formation of a monolayer
of  pharmaceuticals  on  the  surface  of  the  MBC that
saturates the pores and hampers the transmigration

(25). Furthermore, the value of RL lies in the range of
0–1, intimating a high degree of  favorability  of the
adsorption  process. The  maximum  adsorption
capacities  of  AMX  and  TMT  calculated  from  the
Langmuir isotherm model are 41.87 and 55.83 mg/g,
respectively. This demonstrates the potential of MBC
for  adsorption  of  this  pharmaceuticals  under  the
employed  conditions.  On  the  other  hand,  the
Freundlich model exhibit higher values of SSE and χ2

for both the adsorbates indicating its unsuitability for
inferring adsorption of pharmaceuticals onto the MBC.
It  is  worth  mentioning  that  the  affinity  for  the
Langmuir  model  has  been  observed  in  previous
studies dealing with AMX and TMT adsorption (26,29).
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Table 2: Relevant kinetic fitting parameters for AMX and TMT adsorption onto MBC.
Kinetic model Parameters AMX TMT
Pseudo-first-order qe,exp (mg/g)

qe,model (mg/g)
k1 (1/min)
R2

χ2

SSE (%)

45.10
33.55
0.06
0.964
3.98
4.72

50.10
40.98
0.07
0.967
2.03
3.72

Pseudo-second-order qe,model

k2 x 10-3 (g/mg min)
R2

χ2

SSE (%)

44.34
4.90
0.999
0.01
0.25

49.75
2.88
0.999
0.007
0.11

Intraparticle diffusion Kid

C
R2

3.03
19.10
0.785

3.02
24.11
0.771

Table 3: Parameters of the fitting to Langmuir and Freundlich models for AMX and TMT.
Isotherm model Parameters AMX TMT
Langmuir qmax (mg/g)

KL (L/mg)
RL

R2

χ2

SSE (%)

41.87
0.21
0.20
0.994
0.12
0.97

55.83
0.23
0.68
0.986
0.14
1.04

Freundlich KF (L/mg)
n
R2

χ2

SSE (%)

14.53
2.28
0.969
2.65
17.20

10.68
2.50
0.979
3.96
18.93

Thermodynamic Behavior
In order to examine the nature of the adsorption of
pharmaceuticals  onto  the  MBC,  the  thermodynamic
factors, such as the changes in enthalpy ΔH (J/mol),
Gibbs free energy ΔG (J/mol), and entropy ΔS (J/mol
K)  associated  with  the  adsorption  process  were
computed by using Eqs. 15-17: 

Kd=
qe

C e

 (15)

∆G=−RTlnK d
 (16)

ln Kd=
−∆ H

RT
+ ∆ S

R
 (18)

where R denotes the universal  gas constant  (8.314
J/mol K); T represent the absolute temperature of the

system (K),  and the parameter  Kd is  dimensionless
since the unit of R, T and  ΔG, are J/mol K, K, and
J/mol, respectively. Furthermore, the system’s ΔS and
ΔH  values  were  estimated  from  the  intercept  and
gradient  of  Van’t  Hoff  plot  (lnKd versus  1/T),
respectively. 

Values of  ΔG at varying temperatures (303–333 K)
evaluated  from  Eq.  (16)  and  other  thermodynamic
quantities such as ΔH and ΔS as obtained from Van’t
Hoff plot (Figure 12) are presented in Table 4. This
table  revealed  that  the  thermodynamic  behavior  of
both AMX and TMT towards  MBC is  the  same.  The
negative  ΔG  values  specify  that  the  adsorption
phenomenon is thermodynamically feasible under the
employed laboratory conditions. The positive values of
ΔH and  ΔS for both the adsorbates signify that the
process  is  endothermic  in  nature  and  accompanied
with the increase in the degree of randomness at the
adsorbate/adsorbent interface during adsorption (30).
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Figure 12: Van’t Hoff plot for estimating the ∆H and ∆S of the adsorption system.

Table 4: The thermodynamic parameters for pharmaceuticals adsorption onto MBC.
Adsorbate ∆H (J/mol) ∆S (J/molK)                          ∆G (J/mol)

    303K     313K    323K        333K
AMX
TMT

13.32
17.47

52.42
67.09

    -2519
    -2801

   -3123
   -3615

  -3786
  -4321

  -4042
  -4805

Regeneration and Reuse Analysis
The reusability of adsorbent material is a crucial factor
that  needs to  be taken into cognizance in order  to
lower  the  treatment  cost  as  well  as  mitigate  the
hazard that might be occasioned by the disposal of
pollutant-laden  adsorbents.  Although  there  are
diverse  regeneration  strategies,  we  opted  for  the
chemical method because of its low-cost nature and

zero adsorbent loss. Figure 13 displayed the results in
six  adsorption  cycles.  It  was  apparent  that  the
adsorption  amounts  were  maintained  high  and
relatively stable. The MBC adsorbent retained about
75% of its original adsorption capacity after six reuse
cycles.  This  result  verified  that  the  MBC  has  high
economic  viability  since  it  could  be  recycled  and
reused efficiently.
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Figure 13: Reuse experiments results.
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Density Functional Theory (DFT) Studies

Frontier molecular orbitals (FMOs) analysis
The  frontier  molecular  orbitals  are  essential
descriptors for diagnosing the most reactive site in π-
electron systems  (31).  The values of the computed
quantum chemical parameters such as the EH, EL, ΔE,
A,  and  I  are  displayed  in  Table  5  and  the  plots
generated  from  the  computations  are  displayed  in
Figure 14. The value of HOMO energy (EH) depicts the
ability of electron to be donated. When the value of EH

is high, it signifies the ease of donating electron to the
vacant  orbital  of  the  receptor  molecule.  When  the
value of LUMO energy (EL) is small, this implies that a
molecule has a slight resistance to accept electrons.
The  energy  gap  (ΔE)  is  directly  linked  to  the
molecular chemical stability. The pharmaceutical AMX
exhibited highest energy band gap (ΔE = 3.855 eV)
which illustrates its less reactivity and higher stability.
The  TMT  presented  the  lowest  energy  gap  (ΔE  =

3.762  eV)  signifying  its  high  reactivity  and  lowest
stability.  The  determination  of  parameters  like
electron affinity and ionization potential is crucial as
they are linked to the orbital  energies of the LUMO
and HOMO, respectively. The higher the value of A,
the  more  the  molecule  will  be  a  better  electron
acceptor.  The  lower  the  value  of  I,  the  more  the
molecule will be a better electron donor (32).  

From  Figure  14,  it  is  obvious  that  the  spread  of
isodensities of LUMOs and HOMOs is different in both
the  pharmaceuticals.  As  we  can  see,  for  AMX
molecule, the HOMO is dispersed over the phenyl ring
including its attached oxygen atom and a small part of
the  side  chain  attached  to  the  ring.  However,  the
LUMO shows no distribution over the phenyl ring. For
TMT,  the  HOMO  density  was  not  spread  over  the
benzene  rings  while  the  LUMO  was  distributed
throughout the molecule ring excluding the terminal
oxygen atoms attached to the benzene ring.

Table 5: Molecular orbital energies and other properties of studied compounds.
Compounds EH (eV) EL (eV) ∆E (eV) I (eV) A (eV)
AMX -5.372 -1.517 3.855 5.372 1.517
TMT -4.620 -0.858 3.762 4.620 0.858

Global reactivity descriptors
The  values  of  the  important  global  reactivity
parameters  of  the  pharmaceuticals  under
investigation  are  presented  in  Table  6.  These
descriptors are imperative to gain insights about the
reactivity  and  stability  of  studied  molecules.  From
Table  6,  it  is  obvious  that  among  the  two
pharmaceuticals,  AMX  is  the  chemically  hardest
having the highest  value  of  η  (3.855 eV),  whereas
TMT  has  the  highest  value  of  σ  (0.266  eV)  and
therefore  chemically  softer  and  more  reactive.  The
chemical  potential  (μ) value gives a clue about the
charge  transfer  within  any  compound  in  its  lowest
energy  state.  It  is  clear  that  AMX has  the  highest
chemical  potential  value  (−3.445  eV).  ω is  a
thermodynamic parameter  that  plays  a vital  role  in
explaining  the  reactivity  of  a  chemical  system.  It
quantifies  the  energy  changes  when  a  chemical

system becomes saturated by electrons addition. The
results  indicate  that  TMT has  the  lowest  ω value
(0.997 eV) and is nucleophilic in nature, whereas AMX
has  the  highest  value  i.e.,  of  1.539  eV  and  is
electrophilic in nature (32). χ describes the capability
of  a  molecule  to  draw electrons  towards  itself  in  a
covalent  bond.  Thus,  AMX  possesses  higher
electronegativity  value (3.445 eV) than TMT (2.739
eV); hence it is the best electron acceptor. 

According  to  the  results  obtained  from  DFT-based
descriptors,  TMT  molecules  are  chemically  softer
(easiness to adsorb) and more reactive in comparison
with  molecules  of  AMX.  These  findings  affirm  the
experimental  observations  related  to  the  high
adsorption  capacity  of  MBC  for  TMT  in  comparison
with AMX. 

Table 6: Global reactivity indices of studied pharmaceuticals.
Property AMX TMT
µ (eV) -3.445 -2.739
ή (eV)  3.855  3.762
σ (eV-1)  0.259  0.266
Χ (eV)  3.445  2.739
ɷ (eV)  1.539  0.997
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Figure 14: Structural and electronic properties of AMX and TMT.

CONCLUSION

Magnetic biochar derived from Vitex doniana nut was
fabricated and successfully  applied for  the  effective
adsorption  of  pharmaceuticals  from aqueous media.
The  adsorption  behavior  of  AMX  and  TMT  on  MBC
adsorbent  was  investigated.  The  amount  of  TMT
adsorbed  on  MBC  was  higher  than  that  of  AMX.
Compared to ionic strength, the influence of pH on the
adsorption  of  the  adsorbates  was  significant.  The

adsorption kinetics was compatible with the pseudo-
second-order model. The adsorption isotherms of AMX
and  TMT  on  the  magnetic  biochar  were  consistent
with  the  Langmuir  model. Thermodynamic
investigation showed that the adsorption process was
endothermic  and  spontaneous  under  studied
conditions. The TMT molecules are chemically softer
and more reactive  in  comparison with  molecules  of
AMX.  The  experimental  results  of  AMX  and  TMT
adsorption onto surface of MBC are in conformity with
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the  DFT investigation  of  molecular  reactivity  of  the
examined pharmaceuticals.  The results  showed that
the  MBC  would  be  a  promising  material  for
environmental protection.
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