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ABSTRACT: Lantana camara L., or simply Lantana, a widespread weed, was chosen to develop an eco-friendly biochar. Lantana
contains toxic compounds such as triterpenoids and alkaloids, which can cause skin irritation and allergic reactions. Ingesting
Lantana leaves can lead to severe symptoms, including nausea and liver damage. Lantana pollen can exacerbate respiratory
conditions like asthma. Effective management strategies are essential to mitigate these health risks. Pharmaceutical pollution is an
emerging crisis in wastewater and even groundwater. This is exacerbated by the huge global consumption of pharmaceuticals.
Converting Lantana into biochar offers a solution that was tested for removing acetaminophen (ACM) as a model pharmaceutical
compound, addressing both environmental and health concerns. Lantana is globally ranked among the top 10 worst invasive species.
In India, ∼132,000 km2 of pasture lands and ∼303,607 km2 of forest lands are colonized by Lantana, making it a reliable biochar
feedstock. Lantana biochar (LB700) was produced through slow pyrolysis of dried Lantana at 700 °C (ramp rate = 7 °C/min) and
subsequently employed for aqueous ACM sorption. LB700 was characterized by its Brunauer−Emmett−Teller (BET) surface area,
morphology, functional groups, crystallinity, and elemental composition. Batch ACM sorption was performed to find the influence of
pH, initial ACM concentration, LB700 dose, and temperature. Equilibrium sorption data were interpreted using Freundlich,
Langmuir, Temkin, Toth, Redlich−Peterson, and Sips isotherm models, while kinetic data were analyzed using pseudo-first- and
second-order rate equations. Maximum ACM adsorption (4.5 mg/g) occurred at pH 2 with 1.0 g/L of LB700 dose. ACM sorption
drastically reduced after pH 8 due to electrostatic repulsion between deprotonated ACM and negatively charged LB700. Pseudo-
second-order equation best-fitted with kinetic data (R2 = 0.91−0.97). A maximum Langmuir adsorption capacity of 13.2 mg/g was
obtained at 40 °C. The spontaneity and endothermicity of the reaction were inferred from negative ΔG° (−19.73 to −24 kJ/mol)
and positive ΔH° (20.82 kJ/mol) values, respectively. The π−π stacking, H-bonding, van der Waals interactions, and pore diffusions
are the dominant interactions. This study ingeniously addresses two pressing issues, Lantana invasion and pharmaceutical wastewater
management, by providing an alternative solution through large-scale conversion of Lantana into biochar for treating pharmaceutical
wastewater. Moreover, by converting Lantana into biochar, it effectively mitigates the health effects associated with this invasive
plant, ensuring the preservation of environmental health and safety. Furthermore, it emphasizes the paramount importance for
pharmaceutical industries to proactively treat their effluents, thereby safeguarding both environmental health and safety. Thus, this
work strongly aligns with the United Nations Sustainable Development Goals including Clean Water and Sanitation (Goal 6) and
Good Health and Well-Being (Goal 3).
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1. INTRODUCTION
The detection of pharmaceutical compounds in sewage
treatment plants dates back to 1977.1 Its occurrence in
ground, surface, and drinking water sources is already
established.2−4 Globally, ∼631 pharmaceuticals were reported
from 71 countries.4 These “pseudo-persistent”5 contaminants
can bioaccumulate,6 conduce antibiotic resistance, and alter
soil microbiodiversity.7 The increasing consumption of
analgesics, antibiotics, and substances due to COVID-19
pandemic is worrisome.8,9 These concerns behoove the need
to find sustainable solutions to upgrade existing water
treatment technologies to remove emerging contaminants in
a cost-effective manner.2,10−12

Adsorption is widely used in treating industrial effluents and
in drinking water treatment plants.13−16 Powdered (PAC) and
granular activated carbons (GAC)16,17 and graphene18,19 were
applied for aqueous pharmaceutical removal. However, the
high preparation costs of these materials retard its
implementation as an adsorbent for water treatment in
lower-income countries. Therefore, it is imperative to develop
low-cost adsorbents using locally available feedstocks.14,20

Biochars were used in remediating aqueous organic21−23 and
inorganic contaminants,24−27 including pharmaceuti-
cals,2,22,28−31,48,50 dyes,32,33,51,52 endocrine disruptors,34,35

volatile organic compounds,36,37 pesticides,21 heavy met-
als,24,25,38,39,53,54 arsenic,40,41,55−57 ammonia,42,43 fluoride,26

nitrate,44,45 phosphate,44 and other contaminants.14,20,46−49

In this study, Lantana camara L. biochar is prepared for
aqueous acetaminophen removal. Lantana is an invasive plant
with a marked presence in 75 countries.58 Approximately 44%
of 303,607 sq. km area of Indian forests is affected by
Lantana.58 Lantana is a threat to the forest biodiversity and
livelihood of those dependent on forest produce.58 Thus, L.
camara L., a pervasive weed, was chosen to develop sustainable
biochar. The plant contains toxic secondary metabolites
including triterpenoids,59,60 flavonoids,61 and alkaloids,61

which can cause dermatitis, hepatitis, jaundice, and photo-
sensitivity upon ingestion.59 Ingestion of Lantana leaves and
berries, particularly by children or pets, can lead to nausea,
vomiting, and diarrhea.62 Lantana pollen can worsen existing
respiratory conditions like allergic rhinitis and asthma in
sensitive individuals.63 Accordingly, it is vital to apply effective
management and control strategies to reduce the health risks
associated with L. camara L. Thus, Lantana was converted into
biochar and then tested for its efficacy in safely removing a
model pharmaceutical, acetaminophen. With a net primary
productivity of ∼10−28 tons per hectare per year (t/ha/year)
in subtropical and temperate forests, Lantana is presented as a
suitable material for biochar production.64 Lantana-derived
biochar has been used for aqueous tartrazine65 and
chromium54 removal. Acetaminophen, on the other hand, is
an over-the-counter drug, making it easily accessible and
widely consumed. Its presence in aquatic sources is reported in
surface waters of >29 countries.4,66 Sewage water concen-
trations of acetaminophen in Korea, China, United States,
United Kingdom, and France ranged between 0.1 and 300 μg/
L. It has also emerged as the most detected pharmaceutical in
sewage waters from Taiwan and China.66 Acetaminophen is

also detected in wastewaters and surface water bodies in India
with concentrations ranging between 4.5 and 86.8 μg/L.67
The current study proceeds with the development,

characterization, and application of Lantana biochar for
aqueous acetaminophen removal. Prepared biochar is charac-
terized to evaluate its surface morphology, mineral phases,
functional groups, and various physicochemical properties.
Batch acetaminophen adsorption experiments were performed
to evaluate the pH role, biochar concentration, initial
acetaminophen concentration, and sorption temperature.
Equilibrium sorption data were fitted to Freundlich, Langmuir,
Temkin, Toth, Redlich−Peterson, and Sips isotherm equa-
tions, while kinetic data were fitted to pseudo-first- and
second-order rate equations. Based on the experimental results,
possible sorption interactions were also proposed.
Thus, conversion of Lantana into biochar not only offers a

sustainable solution to combat the health effects linked with
this invasive plant but also ensures the preservation of
environmental health and safety. Additionally, this highlights
the importance for pharmaceutical industries to treat their
wastewater carefully, protecting environmental health and
safety. These efforts strongly align with Sustainable Develop-
ment Goal 6: Clean Water and Sanitation and Goal 3: Good
Health and Well-being,68 reflecting a holistic commitment to
addressing pressing global challenges.

2. BIOCHAR DEVELOPMENT AND EXPERIMENTAL
METHODOLOGIES

Analytical reagent (AR) and guaranteed reagent (GR) grades
were used in this study. Acetaminophen (C8H9NO2) (ACM)
(structure given below) was purchased from Sigma-Aldrich.

HCl and NaOH used to adjust the pH were procured from
Merck and Qualigens, India, respectively. A Mettler Toledo,
model AB 265-S/FACT instrument, was used to measure the
weights of biochar and chemicals.

2.1. Biochar Preparation. L. camara L. woody biomass
was collected from the Jawaharlal Nehru University campus,
New Delhi (28.5402°N, 77.1662°E), India. Branches and twigs
were chopped into small chips (2−3 cm in length), sun-dried,
and subsequently dried in an oven (Scientech Instruments,
India). The dried chips were transferred into a quartz crucible
for slow pyrolysis at 700 °C in a muffle furnace (Thermolyne,
model F6020C) at a heating ramp rate of 7 °C/min and a
residence time of 30 min. The ramp rate of 7 °C/min was
selected based on preliminary experiments. Furthermore, in the
literature, ramp rates between 5 and 10 °C/min are commonly
used for biochar preparation. The resulting Lantana biochar
was ground and sieved into different particle size fractions. The
biochar with a particle size of 50−100 B.S.S. mesh was washed
with double distilled water to get rid of soluble organic
residues and ash. The washed Lantana biochar (labeled as
LB700) was oven-dried (at 60 °C for 48 h) and stored for
further use in sorption studies.
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2.2. Lantana Biochar (LB700) Characterization.
2.2.1. pHpzc. The point of zero charge was determined using
pH drift method.31 0.1 g of LB700 was mixed with 10 mL of
0.01 M NaCl solutions at pH values 2, 4, 6, 8, and 10. This
suspension was agitated for 48 h at room temperature, and the
final pH was measured. The pHpzc was evaluated by plotting
the initial pH against equilibrium pH.

2.2.2. Proximate and Ultimate Analysis. Ash content in
biochar was determined as per ASTM D1762-84.69 In brief,
ash content was measured by combusting 0.5 g of LB700 in a
quartz crucible (without lid) at 750 °C for 6 h in a furnace.
CHNS analysis was carried out using a Thermo Finnigan
Model FLASH EA 1112 series. The oxygen content of the
biochar was estimated by subtraction. The LB700 surface area
was determined by the Brunauer−Emmett−Teller (BET)
method using a Micromeritics ASAP 2020 (accelerated surface
area and porosimetry system) porosimeter employing nitrogen
adsorption−desorption isotherms.

2.2.3. Morphology. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were employed
to examine the LB700 surface morphology. Biochar samples,
affixed to a stainless steel stub using double-sided carbon tape,
were analyzed using a Zeiss EVO 40 SEM at an acceleration
voltage of 20 kV. A JEOL 2100F TEM set at 200 kV was used
for high-resolution morphological images of biochar. Biochar
samples were sonicated in ethanol for 15 min and loaded onto
copper grids for TEM analysis.

2.2.4. Elemental and Spectral Identification. Energy-
dispersive X-ray fluorescence (ED-XRF) spectrometry (PAN-
alytical, model Epsilon 5) was used to estimate the bulk
elemental composition of both pristine and loaded biochars.
The biochar sample was pelleted through a hydraulic press
after binding with polyvinyl acetate. An X-ray diffractometer
(XRD) (PANalytical, model X’pert PRO) was used to
determine the crystalline and mineralogical properties of the
biochar. For XRD, the biochar sample was analyzed from 10 to
80° with a scan speed of 2°/min. Functional groups on pristine
and ACM-loaded biochars were determined using attenuated
total reflection-Fourier transform infrared spectrophotometer
(ATR-FTIR) (PerkinElmer, model Frontier) in the range of
4000−650 cm−1 at a scan rate of 16 scans per second.

2.3. Sorption Studies. Solution pH, LB700 dose, contact
time, ACM concentration, and temperature were optimized
through batch sorption studies. These studies were performed
at pH values of 2, 4, 5, 6, 8, and 10 (initial ACM conc. = 10
mg/L, LB700 dose = 1.0 g/L at 25 °C). The required pH value
was adjusted using 0.1 N HCl and NaOH. LB700-ACM
suspension was agitated for 24 h in a water bath shaker
(Scientech and Macro Scientific Works, India). The
suspension was then filtered using Whatman no. 1 filter
paper. The filtrate was analyzed using a UV−Vis spectropho-
tometer at 243 nm (PerkinElmer, model Lambda 35). The
equilibrium adsorption capacity is calculated using eq 1

= ×q
C C

m
V

( )
e

o e
(1)

where qe is the ACM amount adsorbed per gram of LB700
(mg/g); Co and Ce are the initial and equilibrium ACM
concentrations (mg/L), respectively; m is the amount of
LB700 in grams; and V is the ACM volume (L) used in the
batch sorption studies.
Kinetic studies, spanning from 5 min to 48 h, were

conducted at different LB700 dosages (0.5, 1.0, and 2.0 g/L)

with a fixed ACM concentration of 10 mg/L and at 25 °C.
Sorption equilibrium studies were conducted with aqueous
ACM concentrations ranging from 0.5 to 150 mg/L at a 1.0 g/
L LB700 dose and at 10, 25, and 40 °C. All sorption studies
were performed in triplicate, and the average values were
reported.

2.4. Adsorption Modeling. Kinetic equations provide
useful insights into reaction pathways and possible sorption
interactions.15,73 Thus, pseudo-first-order (PFO) rate equa-
tion71 and pseudo-second-order (PSO) rate equation72 were
used to fit the kinetic data. Sorption isotherms describe the
relationship (retention and mobility) between the liquid phase
(adsorbate) and the solid phase (adsorbent) at a constant
temperature and pH.73 Langmuir,74 Freundlich,75 Temkin,76

Redlich−Peterson,77 Toth,78 and Sips79 isotherm models were
used to fit the data and to better understand the sorption
processes. Details about kinetic and isotherm equations are
provided in Supporting Information, Section S1. Nonlinear
kinetic and equilibrium isotherm model fitting was performed
using Origin Pro 2018.

2.4.1. Thermodynamic Parameters. The spontaneity and
nature of acetaminophen sorption onto LB700 were examined
by calculating Gibbs free-energy change (ΔG°), enthalpy
change (ΔH°), and entropy change (ΔS°). ΔG°, ΔH°, and
ΔS° were calculated using eqs 2 and 3

=°G RT Kln L (2)

= × +
° °

K H
R T

S
R

ln
1

L (3)

where R is the universal gas constant (8.314 J/(mol K)), T is
the temperature in Kelvin, and KL is the Langmuir constant.
The entropy change (ΔS°) and enthalpy change (ΔH°) were
obtained from the intercept and slope, respectively, of a plot
between ln KL and 1/T. ΔG° is calculated from eq 2.80

3. RESULTS AND DISCUSSION
3.1. Material Characterization. 3.1.1. Proximate and

Ultimate Analysis. The physicochemical characteristics of the
developed LB700 are summarized in Table 1. Carbon,

hydrogen, and nitrogen contents of LB700 were 76.88, 1.94,
and 3.23%, respectively (Table 1). Oxygen and ash contents of
LB700 were 12.76 and 5.19%, respectively. The pHpzc of
LB700 was 8.8 (Table 1). The BET surface area and mean
pore volume of LB700 were 16.54 m2/g and 0.012 cm3/g,
respectively (Table 1).

Table 1. Physicochemical Parameters of Lantana Biochar
(LB700)

parameter LB700

carbon (%) 76.88
hydrogen (%) 1.94
nitrogen (%) 3.23
oxygen (%) 12.76
ash (%) 5.19
pHpzc 8.8
BET surface area (m2/g) 16.54
mean pore volume (cm3/g) 0.012
H/C 0.30
O/C 0.12

ACS Chemical Health & Safety pubs.acs.org/acschas Article

https://doi.org/10.1021/acs.chas.4c00036
ACS Chem. Health Saf. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.chas.4c00036/suppl_file/hs4c00036_si_001.pdf
pubs.acs.org/acschas?ref=pdf
https://doi.org/10.1021/acs.chas.4c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LB700 had molar H/C and O/C ratios of 0.30 and 0.12,
respectively. Biochar with H/C ratios <0.7 has more fused
aromatic ring structures.22,49,83,90 Biochar’s stability is
determined by its molar O/C ratio; a low ratio (<0.2)
indicates stable carbon fraction.22,49,83,90

3.1.2. Surface Morphology of the LB700. The SEM images
showed the pores of varying sizes (meso- and micropores) in

LB700 (Figure 1). The plant structure is well preserved at 700
°C. In Figure 1, a carbonized skeleton of the internal plant
structure is observed. Both superficial and internal porosities,
visible as canal-like structures, are observed in LB700 (Figure
1). The low-magnification images (100x and 500X) show the
intact or partially crumbled cell wall remnants of Lantana
(Figure 1A,B). A high magnification (2.5 and 5.0 KX) shows

Figure 1. SEM micrographs of LB700 at (A) 100×, (B) 500×, (C) 2.5 KX, and (D) 5.0 KX.

Figure 2. TEM micrographs of Lantana biochar at (A) 10 KX, (B) 25 KX, (C) 50 KX, (D) 100 KX, (E) 100 KX, and (F) SAED image.
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the microporous nature of LB700 (Figure 1C,D). Pores with
irregular shapes and sizes ranging from 16 to <2 μm are clearly
visible (Figure 1C,D). Thus, LB700 exhibits a residual cellular
structure with both meso- and microporosities.
TEM images and selected area electron diffraction (SAED)

patterns of LB700 at different magnifications are shown in
Figure 2. TEM images show the irregular shape edges and the
presence of a layered structure in LB700 (Figure 2A−E). Dark
spots in LB700 show a dense aromatic carbon aggregation
(Figure 2C). The SAED pattern shows a nonuniform,
disorderly diffraction pattern, suggesting the presence of
polycrystalline structures occurring in different phases and
orientations (Figure 2F).81

3.1.3. Elemental Composition of LB700. Elemental
composition of LB700 was determined using ED-XRF analysis
(Table 2). This indicates the potential role of these minerals in
acetaminophen sorption.

3.1.4. XRD Pattern of LB700. XRD pattern of LB700 shows
two broad humps centered at 2θ = 24.73° (hkl = 002) and
43.64° (hkl = 100) (Figure 3). The peak at 2θ = 24.73°
corresponds to the presence of amorphous carbon in biochar.
However, the peak at 2θ = 43.64° is indicative of the formation
of carbonized aromatic and condensed planes of turbostratic
carbon in biochar.82,83 A sharp peak at 26.35° and 72.58°
reveals the presence of SiO2 (quartz) in LB700.

83 Other sharp

peaks at 29.25, 43.64, and 51.16° indicate the presence of
CaCO3 (calcites).

21,82 The abundances of calcite and silicate in
the XRD spectrum of LB700 corroborate the elemental data
(Table 2).

3.1.5. FTIR Spectra of Pristine and ACM-Loaded LB700.
The FTIR spectra of pristine LB700 and ACM-loaded LB700
obtained between 650 and 4000 cm−1 are shown in Figure 4.

Identified peaks indicate the presence of oxygen-containing
functional groups (C�O, C−O, and −OH) along with
aliphatic and aromatic functional groups (C�C and C−H).
Both pristine and ACM-loaded LB700 spectra show the −OH
peaks at 3500−3650 cm−1.84 The strong peaks at 1068 and
1004 cm−1 indicate the presence of bonded hydroxyl groups.84

The peak at 3000 cm−1 suggests the C−H stretching vibrations
arising from aromatic, alkene, and alkyne groups.84 A small
peak at 2904 cm−1 shows the presence of asymmetric aliphatic
CH2 groups. The stretching of the ether group’s carbon−
oxygen bonds is detected at approximately 1492 cm−1.85 The
C−O stretching in esters exhibits a distinctive peak within the
range of 1000−1300 cm−1 (Figure 4). A peak around 1140
cm−1 indicates a phenyl acetate group. Alkene is deduced from
C−H bending vibrations found around 873 cm−1 where
polynuclear aromatic groups are known to have characteristic
absorption between 675 and 900 cm−1.84 A reduction in the
intensity of ACM-loaded biochar compared to that of pristine
biochar indicates the participation of functional groups in the
adsorption process.24 The disappearance of symmetric and
asymmetric C�O stretchings, observed at 2159 and 1976
cm−1 (lactone, quinone, or ester functional groups), is clearly
evident in ACM-loaded LB700, highlighting their significant
role in acetaminophen sorption.85

3.2. Batch Sorption Studies. 3.2.1. Initial pH Effect.
Solution pH plays an important role in ACM sorption by
influencing the surface charge of LB700 and acetaminophen
species. Acetaminophen removal was carried out over a pH
range of 2−10 using LB700 (Figure 5). Acetaminophen (pKa =
9.38) remains nonionized within the pH range of 2−8, while
LB700 is positively charged (pHpzc = 8.8). Maximum
acetaminophen sorption was achieved at pH = 2. A rapid
decline in acetaminophen sorption was recorded between pH 2
and 5, stabilizing thereafter until pH 8. After pH = 8, ACM
sorption is drastically reduced (Figure 5). This reduction is
attributed to electrostatic repulsion between deprotonated
ACM and negatively charged LB700. A similar ACM sorption

Table 2. Elemental Composition of LB700 as Determined
Using ED-XRF

elements values

MgO (%)a 0.81
SiO2 (%)

a 0.41
P2O5 (%)

a 0.89
SO3 (%)

a 0.56
K2O (%)a 0.73
CaO (%)a 1.74
Fe2O3 (ppm)

a 920.7
Cl (ppm) 127.2
W (ppm) 117.7
Sr (ppm) 114.6
Ti (ppm) 66.7
MnO (ppm) 86.2
Cu (ppm) 44.8
Zn (ppm) 74.6

a(as oxides).

Figure 3. XRD pattern of Lantana biochar (LB700).

Figure 4. FTIR-ATR spectra of pristine and ACM-loaded Lantana
biochar (LB700).
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pattern was previously reported.22,28,52,86 In view of the above
information, all sorption studies were performed at pH 5.

3.2.2. Acetaminophen Sorption Kinetics. Acetaminophen
sorption kinetic studies were conducted using LB700 doses of
0.5, 1.0, and 2.0 g/L at a fixed 10 mg/L acetaminophen
concentration. The contact time varied from 5 min to 48 h. An
increase in the LB700 dose led to a corresponding increase in
the percent ACM adsorption. At 2.0 g/L LB700 dose, ∼50%
ACM removal was obtained within 2 h, which increased to
>92% at an equilibrium after 24 h (Figure 6 and Figure S1).
Overall, maximum ACM sorption of 92% was achieved at 2.0
g/L LB700 dose, which decreased to 84 and 62% at 1.0 and 0.5
g/L LB700 dosages, respectively (Table 3). Sorption kinetics
data were fitted to nonlinear pseudo-first and pseudo-second-
order rate eqs [Figure 6(A-B)]. Pseudo-second-order equation
best-fitted with kinetic data at all of the LB700 dosages (R2 =
0.913 at 0.5 g/L, 0.912 at 1.0 g/L and 0.968 at 2.0 g/L) (Table
3).

3.2.3. Acetaminophen Sorption Isotherm Studies. Sorp-
tion equilibrium studies were performed to determine the
monolayer LB700 adsorption capacity across ACM concen-
trations ranging from 0.5 to 150 mg/L at 10, 25, and 40 °C
with a fixed LB700 dose of 1.0 g/L. Sorption equilibrium data
were fitted to nonlinear Freundlich, Langmuir, Temkin, Toth,
Redlich−Peterson, and Sips isotherm equations [Figure 7(A-
F)]. Langmuir, Redlich−Peterson, and Sips and Toth models
best-fitted the equilibrium data with high correlation
coefficients (R2 > 0.95 at 25 and 40 °C) (Table 4). Langmuir
sorption capacities of 9.8 (at 10 °C), 12.1 (at 25 °C), and 13.2
(at 40 °C) mg/g were obtained (Table 4). Langmuir sorption
capacity increased with an increase in temperature, confirming

the endothermic nature of acetaminophen sorption on LB700.
It is inferred that due to high correlations of data with
Langmuir, Sips, Toth, and Redlich−Peterson models, a
simultaneous execution of homogeneous monolayer/multilayer
and heterogeneous sorption takes place.22 The decreasing
Freundlich adsorption intensity values (1/n) indicate an
increasing sorption heterogeneity with an increase in temper-
ature (Table 4).73 The Redlich−Peterson model incorporates
certain aspects of both Langmuir and Freundlich models. Since
the constants are <1, whereas g = 1, implying that Langmuir
fitting is assumed.73

3.2.4. Thermodynamic Parameters. Thermodynamic pa-
rameters of the acetaminophen sorption on LB700 were
evaluated and are presented in Table 5. The slope and
intercept from Van’t Hoff plots were used to estimate the
change in enthalpy (ΔH°) and entropy (ΔS°), respectively.
The positive ΔH° and ΔS° values showed the endothermic
nature and increasing randomness of the sorption with an
increase in temperature.70,80 Negative ΔG° values indicate that
sorption is spontaneous in nature and feasible.21,80 Negative
Gibbs free-energy (ΔG°) values were previously reported for
acetaminophen removal on Brazil nutshells70 and olive stones
activated carbon.87

3.2.5. Potential Sorption Interactions of Acetaminophen
with L. camara Biochar. Acetaminophen sorption depends on
solution pH, temperature, adsorbate pKa, and adsorbent (L.
camara biochar) characteristics including surface area, pore
size distribution, and surface functional groups.2,52,85−88

The effect of the solution pH is explained in Section 3.2.1
(Figure 5). LB700 functional groups before and after
acetaminophen sorption through FTIR spectroscopy provide
useful insights (Figure 4). A complete loss of peaks at 2159
and 1976 cm−1 indicates the extensive involvement of carbonyl
(C�O) functional groups in acetaminophen sorption.
Possible acetaminophen sorption interactions are given in
Figures 8(A-D) and 9(A-B).
Acetaminophen speciation is given in Figure 8A while its H-

bonding with phenolic, lactone, and quinone groups in the
biochar is shown in Figure 8(B,C). These H-bondings are
facilitated by the presence of amide and hydroxyl groups in
acetaminophen and the quinone and lactone groups present in
the biochar. π−π donor−acceptor interactions are observed
between electron-deficient aromatic rings in the biochar and
the electron-rich phenyl ring of acetaminophen (Figure 8D).
Adsorption of acetaminophen by π−π interactions and H-
bonding with carbonaceous materials is known to be dominant

Figure 5. pH effect on acetaminophen sorption onto LB700.

Figure 6. Acetaminophen rate sorption data fitted to (A) pseudo-first-order and (B) pseudo-second-order rate equations [pH = 5; LB700 particle
size = 50−100 BSS mesh, ACM concentration = 10 mg/L; shaking speed = 100 rpm; temperature = 25 °C] at 0.5, 1.0, and 2.0 g/L LB700 dosages.
Points represent the experimental data, while the solid lines show the fitting of nonlinear kinetic equations to the experimental data (Figure 6 shows
only the percent removal kinetics).
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sorption interactions.22,28,29,89 The amides are weak electron
donors to the phenyl ring, while −OH groups are strong
electron donors to the phenyl ring. They both enrich the π−
electron density on the acetaminophen ring, allowing it to be a
π-donor.86
LB700 contains monovalent and divalent metal oxides

(MgO, CaO, K2O, Fe2O3, and SiO2) (Table 2). These solvated
metal ions can interact with acetaminophen (Figure 9A,B).
The presence of C−O− and C�O groups on the biochar
surface enables the formation of a char coordination with
transition metal. This coordination complex in turn forms
resonance hybrid structures with ionized acetaminophen
(Figure 9A). Another possible interaction is through the
formation of a metal π-complex with the electron-dense
graphitic center of biochar (Figure 9Bi). The metal then binds
with ionized acetaminophen, lowering its formal charge in the
process (Figure 9Bii).

Pore diffusion takes place during organic contaminant
sorption onto carbonaceous adsorbents.2,21,90 Mass transfer
of solutes occurs around the surface of the adsorbent, following
which pore diffusion takes the sorbate molecules into the
pores. As the pores get smaller, the adsorbed molecules
equilibrate by being trapped inside the porous network. The
more the number of molecules entering the smaller pores, the
likelier it is to get trapped [Figure 10(A-C)]. The presence of
meso- and micropores play a significant role in acetaminophen
diffusion into LB700 (Figure 10).
Biochar has previously been reported as a three-dimensional

(3D) adsorbent, meaning that the presence of oxygen (10−20
wt %) in biochar induces a swelling behavior upon its
immersion in aqueous media.91 These biochars are usually
prepared at lower temperatures and shorter pyrolysis times.
Thus, they are likely to exhibit swelling in water in biochar
regions with a higher oxygen content. This swelling enhances
the overall acetaminophen sorption by opening up the isolated
dry pores.31 LB700 contains 12.76% oxygen. Regions with
plentiful oxygen-containing groups are prone to swelling,
which ensures that acetaminophen gets sorbed within this
framework of the LB700. This phenomenon is evident when
sorption capacities of different adsorbents with higher surface
areas are compared (Table 6). A higher oxygen content LB700
(BET surface area = 16.54 m2/g) gives an adsorption capacity
of 0.799 mg/m2, which is 3−10 times higher as compared to
the adsorption capacities (0.074 and 0.221 mg/m2) of various
other adsorbents (Table 6).
Acetaminophen and LB700 have a wide range of favorable

interactions, of which only a few important instances are
provided here. Across a wide pH range and environmental
matrix, the sorption mechanisms alter; thus, applying advanced
techniques including molecular dynamic simulations such as
density function theory (DFT) and Monte Carlo simulations
are recommended for future studies. Similarly, the application
of advanced spectroscopic techniques such as XPS and near-
edge X-ray absorption spectroscopy (NEXAS) can be
examined for in-depth molecular interaction insights in the
future. Furthermore, LB700 can be used to remove many other
pharmaceuticals from water.

4. CONCLUSIONS
Lantana biochar (LB700) was successfully prepared, charac-
terized, and used for acetaminophen remediation. LB700 was
characterized by its heterogeneous carbonaceous structure,
featuring many meso- and micropores. All batch sorption
equilibrium and kinetic studies were carried out at pH 5.0 and
1.0 g/L LB700 dose. Langmuir adsorption capacities of 9.84,
12.09, and 13.22 mg/g were obtained at 10, 25, and 40 °C,
respectively. No single sorption model describes the
acetaminophen sorption on LB700 due to its heterogeneous
nature. At 25 and 40 °C, Langmuir, Sips, Redlich−Peterson,
and Toth isotherm models (R2 > 0.95) suggest the

Table 3. Nonlinear Kinetic Equation Rate Constants Obtained at Different LB700 Dosages and Contact Timesa

Pseudo-first order rate constants Pseudo-second order rate constant

LB700 (g/L) experimental ACM sorption capacity, mg/g (%)b qe, mg/g(%)
b k1 (h−1) R2 qe, mg/g(%)

b k2 (gmg‑1h−1) R2

0.5 12.08 (62) 10.34 (53) 0.17 0.871 11.80(61) 0.02 0.913
1.0 8.13 (84) 6.75 (70) 0.37 0.865 7.47 (78) 0.07 0.912
2.0 4.45 (92) 3.95 (82) 0.96 0.908 4.25 (90) 0.31 0.968

apH = 5; LB700 particle size = 50−100 BSS mesh; acetaminophen concentration = 10 mg/L; shaking speed = 100 rpm; temperature = 25 °C.
bPercent removal is given in parenthesis.

Table 4. Nonlinear Isotherm Parameters Obtained at
Different Acetaminophen Concentrations and
Temperaturesa

temperature (0C)

isotherm parameter 10 25 40

Freundlich
KF (mg/g) 1.00 1.67 1.89
n 2.34 2.47 2.49
R2 0.78 0.89 0.90

Langmuir
Q0 (mg/g) 9.84 12.09 13.22
KL (L/mg) 0.03 0.062 0.07
R2 0.84 0.95 0.96

Temkin
bT (kJ/mol) 1399 1080 1016
aT (L/mg) 0.62 1.24 1.46
R2 0.77 0.91 0.94

Redlich−Peterson
KRP (L/g) 0.29 0.75 0.88
aRP (mg/L)−g 0.03 0.06 0.07
g 1.00 1.00 1.00
R2 0.82 0.95 0.96

Sips
KLF (L/g) 0.07 0.71 0.87
αLF (L/mg) 0.01 0.06 0.07
βS 1.50 1.03 1.01
R2 0.85 0.95 0.96

Toth
KT (mg/g) 1.61 2553 381
aT (L/mg) 269.6 75.5 51.1
t 0.28 0.51 0.62
R2 0.83 0.96 0.97

apH = 5, LB700 dose = 1 g/L; LB700 particle size = 50−100 BSS
mesh; equilibrium time = 24 h; shaking speed = 100 rpm.
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involvement of simultaneous multiple interactions between
acetaminophen and LB700. Oxygen-containing functional
groups including carbonyl, lactone, and quinone provided
useful interactions with acetaminophen through H-bonding.
The aromatic carbon in the biochar enabled π−π interactions
along with pore filling. The presence of metal oxides gave rise
to electrostatic interactions. Thermodynamic parameters
revealed a spontaneous and endothermic nature of acetami-
nophen sorption on LB700.
The LB700 dosage of 1 g/L can effectively remove

acetaminophen at pH 5.0 and 25−40 °C. Its adsorption
capacity per surface area (mg/m2) is better or comparable to
many other biochars (Table 6). Thus, LB700 can effectively

clean pharmaceutical-contaminated water at pH 5.8−7.8 and
∼20 °C. Future research could benefit from exploring
additional modifications of LB700 by taking advantages of
the dominating mechanisms mentioned above in order to
enhance the adsorption of organic contaminants. Similarly,
there are multiple region-specific invasive plants that can be
examined using similar studies reported in this paper.
Furthermore, biochar developed from Lantana can also be
tested for different organic contaminants including pesticides
and PFAS.
Our study demonstrates a commitment to addressing urgent

global challenges by aligning with sustainable development
goals (SDGs) viz., SDG-6: Clean Water and Sanitation and
SDG-3: Good Health and Well-Being. Rethinking wastewater
treatment with innovative measures ensures the active
preservation of environmental health and safety. L. camara L.
was successfully evaluated for aqueous acetaminophen
remediation. Thus, converting Lantana into biochar offers a
sustainable solution to deal with emerging contaminants in
water, simultaneously combating the health effects of this
invasive plant and mitigating its adverse effects on the
environment. Thus, the use of an invasive plant that threatens

Figure 7. Acetaminophen sorption data fitted to (A) Freundlich, (B) Langmuir, (C) Temkin, (D) Redlich−Peterson, (E) Sips, and (F) Toth
isotherm models [pH = 5, adsorbent (LB700) dose = 1 g/L; LB700 particle size = 50−100 BSS mesh; equilibrium time = 24 h; shaking speed =
100 rpm] at different acetaminophen concentrations (0.5−150 mg/L). Points represent the experimental data, and the solid lines show the
isotherm model fitting to the experimental data.

Table 5. Thermodynamic Parameters for Acetaminophen
Sorption on LB700a

ΔG°(kJ/mol)

10 °C 25 °C 40 °C ΔH°(kJ/mol) ΔS° (kJ/mol·K)
−19.73 −22.67 −24.00 20.82 0.14

apH = 5, adsorbent (LB700) dose = 1 g/L; particle size = 50−100
BSS mesh, acetaminophen concentration = 0.5−150 mg/L;
equilibrium time = 24 h; shaking speed = 100 rpm at different
temperatures.
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Figure 8. Potential acetaminophen sorption interactions: (A) acetaminophen speciation, (B) H-bonding to biochar’s quinone and lactone groups,
(C) surface H-bonding with phenolic groups of biochar, and (D) π−π interactions between biochar and acetaminophen (H-bonding indicated by
arrows → in B and C).

Figure 9. (A) Solvated transition metal (M2+/3+) coordinates with char and forms a resonance hybrid structure with acetaminophen. (Bi)
Transition-metal-forming π-complex with π-anionic center of graphitic carbon, (Bii) bonding of metal with ionized acetaminophen.
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biodiversity and agricultural land offers an innovative approach
towards two global crises.
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High Surface Area Adsorbents

adsorbent pH
temp.
(°C)
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(mg/m2) references
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nonspherical biochar (glucose-derived) 7 10 1033 147 0.142 29
spherical biochar (glucose-derived) 7 10 1292 286 0.221 29
pulp mill sludge biochar 7.6 25 209.12 15.53 0.074 92
MgO/Al2O3 biochar 6 25 419 108.7 0.259 50
oak Acorn AC (KOH) 3 25 298 64.92 0.218 93
oak Acorn activated carbon (H3PO4) 3 25 234.6 46.87 0.2 93
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7 25 1640 309.3 0.189 70
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LB700 5 25 16.54 12.09 0.731 this study
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