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Abstract

The study aimed to assess the effectiveness of TiO,/ZnO nanocomposite-modified biochar (TZB) derived from pristine
biochar (TBC) precursor materials to sequester acetaminophen (APH) from the aqueous solution using the batch adsorption
technique. The uptake of APH by TZB and TBC was examined at solution pH 7, 30 mg adsorbent dose, and a 100-min con-
tact time. The findings suggest a bimolecular interaction between the adsorbates and adsorbents, with pseudo-second-order
kinetics. According to isotherm research, Langmuir and Freundlich models, respectively, best fit the data acquired for TZB
and TBC. For both TBC and TZB, an increase in the Langmuir monolayer adsorption parameters was observed, suggesting
better sorption of acetaminophen with increasing solution temperature. According to thermodynamic studies, both adsorbents
spontaneously removed acetaminophen. Acetaminophen elimination by TBC and TZB was an endothermic procedure. This
study validates the prospective use of TBC and TZB as potential capacity substitutes for treating pharmaceutical-polluted

wastewater.
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1 Introduction

The identification of emerging environmental contaminants
(ECs) in wastewater and aquatic environments is increas-
ing [1]. Interestingly, some of these ECs degrade to form
intermediate of unknown chemistry and these substances
are receiving a lot of attention since they may have harm-
ful effects on human health and the environment [1]. Phar-
maceuticals and other toxic industrial chemicals that are
discharged as effluents are examples of mixed families of
substances that are considered ECs [2]. Acetaminophen is
extensively used as a fever reducer and pain reliever with a
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global production of approximately a million tonnes per year
[2]. Hence, the detection of this EC is becoming more preva-
lent in groundwater and wastewater treatment plants [3]. The
quantity of acetaminophen in any water body or effluent is
largely dependent on the source of the contaminant [3]. A
previous study reported acetaminophen concentrations as
high as 10 mg dm™ in wastewater treatment plant effluents
[4, 5]. In addition, 427 ng/L. was detected in surface water
[6], whereas, on the contrary, hospital wastewater was found
to contain a concentration of 1.35 mg dm™3 [7]. This shows
the spread of this water contaminant across the different
waterbodies.

Research efforts are increasingly focused on developing
low-cost techniques for eliminating acetaminophen and other
pollutants that are becoming increasingly problematic [8].
As adsorption removes the need for chemicals and addi-
tional steps to recover or manage possible toxic byproducts,
it is the simplest and most economical wastewater treatment
technique [9, 10]. The effectiveness of this process is largely
dependent on the nature of the adsorbent employed [9,
11-13]. Adsorbents such as seed husk [14], graphene oxide
[15], silica [16], activated carbon [17], chitosan [18], chars
[19], multi-walled carbon nanotubes [20], metal-organic
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frameworks [21], Fe;O0,@C [22], nutshell [23], NPs [24],
nanocomposite [25], bacteria [26], cellulose [27], hydrogel,
and biochar [28] have been employed for the elimination of
pharmaceuticals from wastewater.

Among the materials that have been used as adsorbents
for the elimination of pharmaceuticals is biochar. Carbon-
based materials having a turbostratic structure and a well-
developed porous texture are generally termed biochar [29].
Biochar is commonly employed in energy storage gadgets,
liquids and gas purification processes, catalysis, and elec-
trochemical reactions [30]. Biochar is generally produced
from a wide variety of precursors with high carbon contents
via the pyrolytic method, among many other things, saw-
dust [31], leaf [32], stem [33], bio-waste [34], bone [35]
and solid-waste [36] among others have been employed for
the fabrication of biochar. Owing to its unique surface area
and different chemical moieties on its surface it favours
their interaction and analyte trapping capacity. Zinc oxide
nanoparticles (ZnO NPs) have been extensively employed
as nano-adsorbents [37, 38]. ZnO NPs have been established
to be non-hazardous, biocompatible, chemically stable, and
environmentally friendly [38]. Besides the aforementioned,
ZnO NPs have demonstrated excellent antimicrobial activ-
ity [31].

The study aimed to fabricate TiO,-impregnated/beta-
cyclodextrin ZnO NPs decorated biochar as a capacity
adsorbent for the sequestration of acetaminophen (APH)
from simulated wastewater. The adsorptive parameters that
are associated with equilibrium, kinetics, and thermodynam-
ics were established in addition to the antioxidant and anti-
microbial properties of the nanocomposite.

2 Materials and methods

Telfairia occidentalis (Ugwu) stems were sourced from a
local market and restaurant in Umueze Umunumo in Ehime
Mbano Local Government Area of Imo State, Nigeria.
B-Cyclodextrin (99.5%), Acetaminophen (purity >99%),
zinc acetate dihydrate (Zn(CH;CO,),-2H,0, 98%), sulphuric
acid (H,SO,, 98%), hydrochloric acid (HCI, 36%), sodium
chloride (NaCl, 99%), nitric acid (HNO;, 98%), ethanol
(99.9%), acetone (99.9%) and sodium hydroxide (NaOH,
97%) were purchased from Sigma-Aldrich and used with-
out further treatment.

2.1 Preparation of biochar

Telfairia occidentalis (Ugwu) stems were allowed to air dry
for seven days. After that, the samples were ground with an
electric blender. The pulverized T. occidentalis stems (10 g)
were soaked in 0.1 M butyl titanate for 24 h and vacuum
oven-dried. The titanium-loaded 7. occidentalis stem and
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pristine T. occidentalis stem were pyrolyzed for 90 min at
450 °C in a tubular furnace with a restricted air supply. The
resultant biochars Ti/TBC and TBC were then reduced to
fine particle size and stored separately in airtight containers.

2.2 Nanocomposite synthesis

We prepared nanocomposite TiO,/ZnO modified biochar
(TZB) from pristine biochar (the biochar company, TBC)
precursor materials. Briefly, a mixture of Ti/TBC (10 g) and
zinc acetate dihydrate (0.124 mol) solution was prepared.
Separately, 0.1 mol dm~ NaOH was prepared. The mixture
was filtered after contacting both solutions at room tempera-
ture and vigorously stirring them for two hours. The result-
ing product was then repeatedly rinsed with distilled water.
The TZB nanocomposite obtained was sealed and stored
in an airtight container for further study after being dried
overnight at 105 °C.

2.3 Instrumentation

The Fourier transform infrared (FTIR) spectra of TBC, TBC-
APH, TZB, and TZB-APH were taken within a frequency
range of 400-4000 cm™! using a Thermo-Nicolet-870 spec-
trophotometer, USA. The crystallinity of TBC and TZB
was assessed by an X-ray diffractometer apparatus (Bruker,
USA) using 44 mA, A=1.54 A (Cu-Ka) and 40 kV. The
SEM micrograph of TBC, TBC-APH, TZB, and TZB-APH
were acquired using JSM-7500 F, JEOL, Tokyo, Japan. The
pH point of zero charges of TBC and TZB was examined
using the solid addition method [39]. The thermal behav-
iour of TZB and TBC were assessed using a PerkinElmer
simultaneous thermal analyzer STA6000 instrument, USA.

2.4 Batch adsorption experiments

The implication of pH on the adsorption of acetami-
nophen onto TBC and TZB was investigated using initial
concentrations of 50 mg dm~>, 30 mg of TBC or TZB,
and solution pH ranging from 2 to 12. After being agi-
tated for a predetermined amount of time at 25 C, the
suspensions were filtered, and the equilibrium concentra-
tion was acquired. The effect of the dose of adsorbent was
examined by varying the amount of adsorbent (0.01, 0.02,
0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1 g) that
was contacted with 50 mg dm™> of acetaminophen. To
investigate the mechanism of adsorption and establish the
equilibrium time, the kinetic of acetaminophen adsorption
onto TBC and TZB was carried out. About 50 mg of TBC
and TZB were added in a stoppered amber glass bottle
containing 25 cm? of aqueous solutions of acetaminophen
with a starting concentration of 50 mg dm~ adjusted to a
predetermined pH. Thereafter, suspensions were agitated
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over varied contact times (5, 10, 15, 20, 25, 30, 60, 90,
120, and 180 min) in a shaker at 120 rpm at room tem-
perature. The influence of initial acetaminophen concen-
tration (5-50 mg dm™?) and adsorbate temperature (298,
303, 313, and 318 K) were also investigated using pH 7,
50 mg of TBC and TZB, and 180-min agitation period.
The reusability of TBC and TZB was performed by wash-
ing the used adsorbent with an effective eluting agent, the
procedure was repeated four times, each time the sample
was reintroduced for adsorption in a new acetaminophen
solution. Briefly, 0.04 g of TBC or TZB was contacted
with 50 cm® of 200 mg dm™ acetaminophen solution for
3 h at 25 °C. Thereafter, 20 cm?® of ethanol was used to
elute the adsorbed acetaminophen, and the equilibrium
concentration was established. The mixtures were filtered
under gravity, and the residual concentration of acetami-
nophen ions in the filtrate was determined by UV—visible
spectrophotometry (Shimadzu UV-3600) (A=273 nm).
All experiments were conducted in duplicate. The uptake
capacity (mg g~') and the removal efficiency (% adsorbed)
of acetaminophen were calculated by using Eqs.(1) and
(2), respectively:

C.-C
g, = (—")V (1)

m

Ci - Ceq
%adsorbed = <T> x 100 2)

where V is the volume of the acetaminophen solution (dm?),
m is the mass (g) of the adsorbent, C; is the starting concen-
tration of acetaminophen (mg dm~), and Ceq is the equilib-
rium concentration (mg dm™).

2.5 Kinetics and isotherms study

Adsorption kinetics and isotherm were assessed using a
solution pH of 7, 0.03 g adsorbent dose, 25 cm? of aceta-
minophen solution, and 150 rpm shaking speed at room
temperature. In the uptake kinetic assessments, the mix-
tures were contacted over a time interlude of 5 to 180
min. At the end of each desired contact time interval, the
samples were filtered, and the residual concentration was
determined. Experimental data obtained from the influ-
ence of time experiments were fitted into the pseudo-first-
order [40], pseudo-second-order [41], intraparticle diffu-
sion [42], and Elovich [43] kinetics models (see Table 1).
The removal process was determined using acetami-
nophen concentrations between 5 and 50 mg dm~3 and
the acquired data were fixed into Freundlich and Lang-
muir isotherm models (see Table 2). To ascertain how
the adsorption process behaves thermodynamically, the

Table 1 Kinetics models used to assess the uptake of acetaminophen
onto TBC and TZB

Kinetic models Equations Parameters References
Pseudo-first order % =k (g, - Qz)kl’ q. [40]
9 _Q de ’r 2
Pseudo-second order Tq, =ky(q, - qt) ky,q, [41]
Weber-Morris intra- A _ ki Kia ! [42]
particle diffusion dros
Elovich {d_q — qe(-Pa)a, B [43]

a, adsorption rate constant (mg g~' min~!); k,, pseudo-first order
rate constant (min~'); k,, pseudo-second order rate constant (g
mg~! min~"!); k,;, intraparticle diffusion rate constant (mg g’
min®?); g,, quantity of adsorbate adsorbed at equilibrium (mg g~');
e quantity of adsorbate adsorbed at time t (mg g™!); 1, is a constant
related to the boundary layer thickness (mg g~'); B, desorption rate

constant (g mg~")

Table 2 Isotherm equations and parameters used to describe the
uptake of acetaminophen onto TBC and TZB

Isotherm model Equation Parameters References
Langmuir q, = dnaCeq, b [44]
e 14C,
1 1
Freundlich g, = K,C, [ kg, n [45]
q,, adsorption capacity (mg g"l) of TBC or TZB; C,,, equilibrium

concentration of acetaminophen in solution (mg dm™); q,,,, Maxi-
mum monolayer adsorption capacity (mg g~!) of TBC or TZB; b,
Langmuir isotherm constant (dm? mg‘l); kg, Freundlich isotherm
constant (mg g") (dm™ mg_l)“; n, adsorption intensity

isotherm study was repeated for four different tempera-
tures (298, 303, 313, and 318 K).

2.6 Antioxidant assay

Using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, the
antioxidant properties of TBC and TZB were evaluated. In
summary, 0.5 cm?® of a 0.3 mM DPPH solution was added to
TBC or TZB at various concentrations (25, 50, 100, 200, and
400 g cm™"). DPPH was used as a radical source, while the
wastewater treatment agent (TBC and TZB) served as a radical
scavenger. The mixture of the radical source and the radical
scavengers was incubated for 30 min at 25 °C in a dark con-
tainer. By utilizing the change in the percentage of absorption
wavelength at 517 nm, the concentration of the radical was
calculated and the level of inhibition (1%) of the DPPH was
determined using Eq.(3) [46].

Asorbance_, ., — Asorbanceg,,
ol = ( ‘control Sa ple) % 100 (3)
Asorbance

control
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2.7 Antibacterial activity

The antibacterial properties of TZB and TBC were evaluated
using the Agar-well diffusion method. Ciprofloxacin served
as a positive control to compare the effectiveness of the water
treatment agents (TZB and TBZ) against gram-positive (Staph-
ylococcus aureus) and gram-negative (Escherichia coli) bacte-
ria. Microbial suspensions were plated onto Petri dishes with
Muller-Hinton Agar. Wells, approximately 10 mm in diameter,
were made in the agar using a well cutter, and 250 pg of TBC
and TZB were added to each well. After incubating at 37 °C
for 24 h, the antibacterial activity of TBC and BBC was deter-
mined by measuring the zone of inhibition around the wells.

2.8 pH point of zero charge (pH;c)

About 0.1 g of TBC and TZB were put into eleven 250 cm®
volumetric flasks, each holding 45 cm?® of 0.1 mol dm™
sodium chloride solution, in order to measure the pH at the
point of zero charge of TBC and TZB, the mixture was then
adjusted to pH values between 2 and 12. The flasks were
sealed and agitated in a pre-heated water bath set to 25 °C
for 48 h. After 48 h, the mixture's final pH was determined.
The pHpyc of TBC and TZB was then calculated from the
line intercept by plotting the mixture's final pH against its
initial pH [39].

2.9 Data analysis

The statistical computing environment of R utilized nonlin-
ear regression routine technique to analyze the experimen-
tal data obtained for contact time and initial acetaminophen
concentration experiment [47]. The R statistical software
considers the minimization of both the sum of squared resid-
uals (SSR) and the residual sum of errors (RSE). A com-
parison of all SSR and RSE values was performed, and the
model adequacy was evaluated based on the value with the
lowest SSR (A lower SSR is preferable because it signifies
that the model’s predictions are more accurate and closely
align with the experimental data). The batch optimization
data were plotted in Origin 2016 pro using error bars in all
plots were obtained from the standard error of the mean,
calculated from repeated experiments (duplicates). The
analysis involved the application of empirical models and
the estimated residuals of the models were used to validate
the adequacy of the models.

3 Results and discussion
Figure 1 shows the SEM micrograph of TZB, TZB-APH,

TBC, and TBC-APH. The pristine biochar (TBC) revealed
irregular shapes of cracked chambers with rough edges.
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After the adsorption step, TBC-APH was noticed to have
loosely packed particles with irregular structural shapes.
The introduction of titanium and zinc nanoparticles as the
surface modifier resulted in enhanced surface-coated char-
acteristics. This indicates a compatible interaction between
the surface of the biochar and the nanometals used as modi-
fiers. In contrast, the spent TZB was observed to have a
smooth surface, suggesting successful fixation of acetami-
nophen onto its surface. The surface morphology of TZB
and TBC suggests beneficial qualities for efficient adsorption
of acetaminophen.

The physicochemical variations on the surface of TBC
after the modification step and the implications of the
adsorbate interaction with the adsorbents (TZB and TBC)
were investigated using FTIR spectroscopy (see Fig. 2). The
spectra revealed characteristics vibrational bands (cm™") that
were assigned to different functional (see Table 3) [48, 49].
Notably, after the modification of TBC, a marginal shift in
some bands with variation in the intensity of some peaks
helps to validate the successful fabrication of the nanocom-
posite (see Table 3). A comparison of the bands acquired for
pristine and spent adsorbent revealed a shift in bands that are
indicative of the active functional groups that are responsible
for the sequestration of APH onto TBC and TZB.

The thermal behaviour of TZB and TBC was assessed
by making use of thermo gravimetric analysis (TGA) and
the thermo grams are displayed in Fig. 3. The thermogram
acquired for TZB and TBC unveiled the degradation stages
at different temperature and their corresponding weight loss.
Thus, Fig. 3 revealed an~ 10% loss in mass in the initial
degradation stage of TZB and TBC occurred within the tem-
perature ranges of 25-102 °C. This observed weight loss
can be attributed to the loss of physically absorbed water.
On the other hand, about 14% and 10% weight loss were
observed for TZB and TBC in the second decomposition
stage (110-400) °C, respectively, which we attribute to the
thermal decomposition of hydroxyl and carboxyl-containing
compounds [50]. Interestingly, about 18% (TZB) and 11%
(TBC) weight loss was noticed for the third degradation
stage (400-600 °C) and can be associated with the vola-
tilization of inorganic materials. Thereafter, 41% and 38%
residues were left behind by TZB and (TBC) respectively.
The slightly higher residual content of TZB confirms the
successful incorporation of the nanometal into the biochar.
Additionally, this study highlights the exceptional thermal
stability and structural integrity of TZB, further demon-
strating its robustness and capacity absorption capacity for
advanced applications in systems with elevated temperature.

The XRD diffractograms of TBC and TZB nanocompos-
ite are presented in Fig. 4. The XRD pattern of the prepared
TBC was compared to that of TZB. The pristine biochar
(TBC) showed peaks at 23.23° and 43.0°, these peaks cor-
respond to the reflection (002) crystal plane of amorphous
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Fig. 1 SEM images of TZB,
TZB-APH, TBC, and TBC-
APH

carbon and the (100) plane of the graphitic structure. On the
other hand, TZB was noticed to have peaks at 32.1, 34.2,
36.6, 47.7, 55.8, 63.1, 68.1° that corresponds to (100)Zn,
(101)Zn, (004)Ti, (200)Ti, (105)Ti, (201)Zn, (103)Zn. The
peak and their corresponding plane were consistent with
JCPDS card no. 01-075-0576 for Zn and the standard card
JCPDS No. 21-1272 the crystallographic planes of TiO,
anatase phase. The mixed peaks and the nonappearance of
some characteristic peaks suggest a semi-crystalline struc-
ture, it also indicates that TZB was successfully synthesized.

3.1 Effect of pH

The effect of pH on the removal of acetaminophen by TZB
and TBC is illustrated in Fig. 5. The TZB and TBC uptake
capacity increased when the solution pH increased from 1.0
to 6.0 and attained a maximum at pH 7.0. The TZB exhib-
ited the highest acetaminophen removal, attaining ~49 mg
g~! at pH 7.0, and then declined as the solution pH was
further increased. The point of zero charge (pHp,) for TZB
and TBC were estimated as 7.83 and 5.48, respectively (see
Fig. 6). Hence, hydrophobic interactions could be a possi-
ble path via which acetaminophen was sequestered. Further-
more, T-T interactions may be used to produce intermolecu-
lar forces between acetaminophen and the sorbents since the

adsorbents mostly include n-electrons that can interact with
organic contaminants that contain aromatic rings. These
processes clarify why neutral circumstances promote the
adsorption of acetaminophen by TZB and TBC. The uptake
of acetaminophen onto TZB and TBC is therefore attributed
primarily to the interactions between neutral molecules of
acetaminophen and the active sites of TZB and TBC via
hydrogen interaction, -7 interactions, or pore entrapment
[51]. This study is consistent with the observation made
using different adsorbents [52].

3.2 Influence of dosage

The effect of adsorbent dose was assessed over a sorbent
range of 10-100 mg. As revealed in Fig. 7, increasing the
amounts of TBC and TZB with a constant concentration
of acetaminophen resulted in enhanced efficiency of the
adsorbents. The phenomenon is attributed to increases
in the number of active sites available for adsorption,
hence, adsorbate removal is enhanced. The incremental
removal of acetaminophen continues until a point of equi-
librium where its concentration becomes the limiting fac-
tor. Hence, the removal of acetaminophen was enhanced
by increasing the adsorbent dose, obtaining better effi-
ciencies by using TZB. It was observed that the removal
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Table 3 The observed FTIR spectral bands (cm™") and assignments
TZB TZB-APH TBC TBC-APH Assignments
3314 3298 3322 3346 v(O-H, N-H)
1577 1567 1564 1564 C=C
1377 1372 1385 1385 Opena(O—H)
1059 1075 1019 1024 Vpena(C-0)
1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
capacity of acetaminophen was inversely proportional to 10 20 30 40 50 60 70 80
the increase in the adsorbent amount from 10 to 100 mg. 2Theta

This owing to a significant amount of the adsorbent
clumping together, which successfully lowers the satura-
tion of the adsorption sites. In this study, a mass of 0.3 g
was considered appropriate for adsorption, since effective
comparison can be made at this dosage.

Fig.4 XRD pattern of TZB and TBC
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3.3 Contact time

The influence of contact time on the adsorption of aceta-
minophen was assessed over a period of 5-180 min. As
seen from Fig. 8, the capacity absorbance capacity for the
removal of acetaminophen by TBC and TZB at different
contact times (0 — 180 min). The figure demonstrated that
with the increase in contact time, the adsorption capacity
for the removal of acetaminophen increased significantly in
the first 20 min for TBC and TZB. Further, an increase in
contact time revealed a slow increase in the removal capacity
of TBC and TZB and thereafter attained equilibrium within
100 min for the adsorbents. The sorption of acetaminophen
onto TBC and TZB was rapid with a removal capacity of

15 mg g~! and 48 mg g~!, respectively after 100 min. This
demonstrates that the incorporation of Ti into the biochar
significantly improved the sorption ability of TZB, showing
a high capacity for acetaminophen removal almost immedi-
ately in contact with the TZB. For further adsorption experi-
ments, an agitation time of 180 min was employed for TBC
and TZB to ensure the complete removal of acetaminophen
from the solution.

3.4 Kinetic studies

A good understanding of the kinetic dynamics is essential to
the design of large-scale adsorption technologies [53]. The
mechanism for the uptake of acetaminophen onto TBC and
TZB was assessed using the change in acetaminophen con-
centration as time (t) was varied. The data acquired were fit-
ted into four kinetic models, namely, the pseudo-first order,
pseudo-second order, Elovich, and intraparticle diffusion
models. Table 1 illustrates the non-linear kinetic equations
employed for the study. Table 4 displays the parameters
estimated for the four models for acetaminophen adsorp-
tion onto TBC and TZB. Whereas Fig. 9 displayed the plots
of the models for both TBC and TZB. The dependence of
the model that best fits the experimental data was selected
based on the one with the lowest SSR value. The adsorption
of acetaminophen onto TBC and TZB was observed to have
5.366 and 298.1 as the least SSR values (see Table 4) that
were assigned to the pseudo-second-order kinetic model.
This indicates that the adsorption of acetaminophen onto
TBC and TZB was adequately fit by a pseudo-second order
model, this suggests that the rate-limiting step for the uptake
of acetaminophen is via chemical interactions involving the
sharing or exchange of electrons between the acetaminophen
with TBC or TZB. Since the adsorption of acetaminophen
onto the investigated adsorbents may be presumed to occur
through hydrogen and/or n-n interactions, the results of this
investigation further clarify the assertion. In these processes,
n-electron-containing atoms on the active sites of TBC or
TZB and the aromatic-ring electrons of acetaminophen may
share electrons. Thus, suggesting that two binding active
centres on TBC and TZB are responsible for the adsorption
of acetaminophen.

3.5 Isotherm study

The removal capacity of acetaminophen in the initial con-
centrations range of 5-50 mg dm™ was assessed using pre-
determined optimum conditions such as 180 min contact
time, 30 mg adsorbent dose, solution pH 7, and 150 rpm at
298 K. The experiment was repeated using solution tem-
peratures 303 K, 308 K, and 313 K. Thereafter, the implica-
tion of initial acetaminophen concentration at varied solu-
tion temperatures was assessed and presented in Fig. 10.
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The increase in the uptake capacity of acetaminophen with
increasing acetaminophen concentrations and solution tem-
perature may be attributable to increased driving force due
to enhanced concentration gradient. The mass transfer and
diffusion of acetaminophen molecules onto the active sites
of TBC and TZB were enhanced with an increase in solu-
tion temperature. Therefore, elevated temperatures led to a
better elimination of acetaminophen (see Fig. 10). This sug-
gests an endothermic process of adsorption was favoured.
Considering the effectiveness of these adsorbents at room
and elevated solution temperatures, the outcome shows
that TBC and TZB could prove effective for the removal of

@ Springer

Table 4 The estimated kinetic parameters for the uptake of acetami-
nophen onto TBC and TZB

Model Parameter TBC TZB
Experimental Qexp (Mg g™) 24.23 56.54
Pseudo first order k,(min™") 0.037 0.013
q. (mgg™hH 19.57 60.16
SSR 6.442 3304
RSE 0.819 6.015
Pseudo second order  k, (g mg™' min~") 0.002 9.9x107°
q. (mgg™h 23.28 89.68
SSR 5366  298.1
RSE 0.897 6.427
Intraparticle diffusion k4 (mg g~! min~0%) 1.798 4.061
1(mgg™) - -
SSR 64.94 583.8
RSE 2.686 8.054
Elovich a (mg g~ min™") —4728 —3223
B (gmgh 5.053 16.23
SSR 9.506  435.1
RES 1.090 7.375

acetaminophen regardless of adsorbate temperature. Conse-
quently, they are appropriate for treating APH-polluted efflu-
ents directly before they are released into the water bodies.

Isotherms are required to set up an adsorption process that
involves the removal of adsorbate on an industrial scale. The
Langmuir and Freundlich isotherms were used to probe the
adsorbate-adsorbent interaction using the acquired equilibrium
data. The non-linear equations for every isotherm are given in
Table 2. The isotherm with the lowest SSR value was chosen
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Fig. 10 The influence of adsorbate concentration on the absorbance capacity of acetaminophen by (a) TZB and (b) TBC

following a non-linear least squares (NLLS) analysis of each
model. The features of the isotherms that best characterize
the equilibrium data for the adsorption of acetaminophen are
provided in Table 5. The optimum uptake capacity of TZB and
TBC was demonstrated promising capacity when compared
to previously used adsorbents(seeTable 6).Table 5 shows that
the Freundlich and Langmuir models, respectively, provided
a superior description of the equilibrium data collected for
acetaminophen removal utilizing TZB and TBC. When com-
pared to other models, the model with the least SSR values
served as the basis for the deduction. The endothermic nature

of acetaminophen sorption on the investigated adsorbents was
demonstrated by the increase in the Freundlich sorption coef-
ficient (k) and Langmuir maximum adsorption capacity (qu,,)
with increasing temperature. The Freundlich model assumes
a heterogeneous surface and is therefore based on the multi-
layer adsorption of acetaminophen onto TZB. Conversely, the
monolayer mechanism plays a crucial part in the adsorption
process of acetaminophen onto TBC. Strong binding connec-
tions between the acetaminophen molecule and TZB or TBC
were suggested by the observed rise in adsorptive power (b)
with increasing temperature. The 1/n values were likewise less

@ Springer
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Table 5 Adsorption isotherm

Adsorbent Isotherm Parameters Temperature
model parameters for
acetaminophen sequestration by 295K 303 K 310K 318K
TBC and TZB
TZB Freundlich kg 9.6349 11.033 12.0621 14.958
n 3.5941 3.81583 3.927 4.6874
SSR 2523 2757 5040 5071
Langmuir Qinax 25.412 27.1957 39.0016 45.910
b 0.2843 0.32037 0.6312 0.71248
SSR 2462 2680 2795.4 2938
TBC Freundlich kg 0.6889 0.75687 0.94785 1.32276
n 1.1425 1.12976 1.1962 1.27949
SSR 8.7901 15.662 15.255 22.529
Langmuir max 14.445 16.1429 16.5046 16.9324
b 0.39199 0.51561 0.7135 0.99628
SSR 519.72 759.19 598.15 540.6

Table 6 Comparing the uptake capacity of the adsorbent used in this
study with other adsorbents

Table 7 Thermodynamic factors for the absorption of acetaminophen
onto TBC and TZB

Adsorbent type Absorption capacity (mg Reference Adsorbents T AG® AH AS
gl (K) kJ mol™! kJ mol™! TK ' mol™!

Activated carbon 118 [54] TZB 298 —20.2452 203.04 483.43

NFO@SiO,@APTS 49.00 [25] 303 —22.3396

Rh-cMNP 96.30 [55] 310 —22.8557

CAC 221.0 [52] 318 —25.476

CANal 20.96 [56] TBC 298 —16.9788

Ca (II)-doped chitosan/p- 200.86 [57] 303 —19.1281 75.86 440.63
cyclodextrin 310 —20.8879

TBC 16.93 This work 318 —20.9625

TZB 4591 This work

than 1, suggesting that TZB and TBC were used to remove
acetaminophen in a favourable adsorption process.

3.6 Thermodynamic study

Sorbent-sorbate interaction is often accompanied by energy
conversion [58]. The frequency of collision between aceta-
minophen molecule and TZB or TBC would increase with
increased adsorbate temperature. Hence, the interaction of
acetaminophen molecules with TZB and TBC can be better
understood using the thermodynamic model. Thermodynamic
parameters including standard Gibbs energy change (AG°),
standard enthalpy change (AH°), and standard entropy change
(AS°) were estimated by performing the adsorption experi-
ments at 298 K, 303 K, 308 K, and 313 K, by using Egs. (6)
and (5) [59, 60].

AG° =—-RTIn K “

InkK = — A\ H°/RT + /A\S°/R )

@ Springer

Table 4 presents thermodynamic parameters estimated
for the adsorption of acetaminophen onto TZB and TBC.
The negative values of AG® were noticed to increase with
increasing solution temperature, suggesting a spontaneous
and favourable process at higher adsorbate temperature (see
Table 7). Positive values of AH® were estimated for the
uptake of acetaminophen onto TBC and TZB. This suggests
an endothermic process for the uptake of acetaminophen by
TBC and TZB. In a similar trend, positive AS® values were
obtained for the adsorption of acetaminophen onto TBC
and TZB indicating increased disorder at the solid-solution
interface.

3.7 Desorption studies

To reduce the re-release of sequestered contaminant into
the environment, reusing adsorbents is a crucial process
that prevents the introduction of secondary pollutants into
the aquatic ecosystem. To prevent the re-introduction of
pollutants via sorbate leaching from the surface of spent
adsorbents, regenerating and reusing spent adsorbents was
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examined. This was accomplished by weighing 50 mg of
APH-loaded TBC or TZB into glass bottles with 20 cm?
ethanol and stirring them for 1 h in a water bath with a ther-
mostat. Following several adsorption—desorption cycles, the
results showed a reasonably excellent reuse (efficiency) of
the spent adsorbents. About 79% and 58% removal efficiency
were sustained by TZB and TBC after the fourth cycle (see
Fig. 11). This suggests that the adsorbents may be effective
in real-world industrial settings, owing to it reusable ten-
dency and its robust removal efficiency after several cycles.

3.8 Antioxidant activity

The antioxidant activity of TBC and TZB was investi-
gated using the DPPH assay. Figure 12 shows that TZB
has a higher level of antioxidant activity compared to
TBC. The inhibitory efficiency of TBC and TZB was
noticed to increase with an increase in the concentration
of TBC or TZB. The disruption of an oxidation process
using chemical constituents that are termed antioxidants
is often accompanied by interception of the free radical
formation path or the elimination of free radicals [61].
This process tends to confer some protective measures on
biomolecules like fats, enzymes, proteins, and amino acids
via the trapping of nascent oxygen within the intracel-
lular system and in extension will prevent cell death [62,
63]. Interestingly, the magnitude of oxidative damage on
natural macromolecules is generally assessed using DPPH
assay. It is worth mentioning that, charge (electrons or
protons) transfer activities within the valence space of the
composite may aid the reduction of free radicals to stable
molecules. Comparing the results, TZB was observed to
have a higher inhibition than did TBC. This phenomenon
could be attributed to the incorporation of TiO,/ZnO NPs
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Fig. 12 Antioxidant activity of TBC or TZB

on the surface of the synthesized nanocomposite. Other
authors reported similar results [64, 65].

3.9 Antibacterial activity

The antibacterial activity of TBC and TZB was investi-
gated using gram-positive (Staphylococcus aureus) and
gram-negative (Escherichia coli) strains of bacteria by
measuring their zone of inhibition (mm). TZB and TBC
with a concentration of 250 pg exhibited the maximum
antibacterial activity against E. coli with the zone of
inhibition of 2.1 mm and 1.5 mm, respectively. The syn-
thesized TZB produced considerable zones of inhibition
against E. coli than TBC. The observation indicates good
antibacterial activity as shown in Table 8. This may be
attributed to the incorporation of ZnO NPs into the bio-
char, which enhances the electron transfer characteristics
of the composite, hence, the generation of active species by
TZB may result in the damaged cellular membrane, lead-
ing to cell death. Hence, TZB has demonstrated superior
bifunctional characteristics for diversified applications.

Table 8 Antimicrobial

o Samples Zone of inhibition
activity of TZB and TBC (mm)
against Staphylococcus
aureusEscherichia coli S. aureus  E. coli
TZB R 2.1
TBC R 1.5
Control 20.0 15.0

@ Springer
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3.9.1 Cost estimation

The cost of acetaminophen removal by TZB was estimated
using the material and operational costs. Briefly, the bio-
mass used for the fabrication of the biochar was freely
sourced (waste), hence accrued no cost ($0). Whereas,
chemicals for the synthesis of nano-metals and reagent
regents needed for adsorbent regeneration and pH adjust-
ment were estimated to be ~$150 per kg. operational cost
which includes amber bottles, filter papers, and energy
cost $0.20 per kWh) was estimated to be $20. Hence, the
estimated cost per kg of the modified biochar: ~$170 kg~".
Consequently, optimum experimental factors of pH 7,
0.03 g adsorbent dosage, 180 min contact time and stirring
rate 120 rpm suggest that 1 kg of TZB will be required to
decontaminate 833.33 L of acetaminophen-loaded water.
Hence cost-performance ratio can be calculated using Eq.
(6).
. Crzs

Cost performance ratio = ~ (6)

The cost of fabricating the nanocomposite, including
the amount of treated wastewater and the operational cost,
is Crzp ($170) and V (833.33 L), respectively. The cost-
performance ratio is estimated at $0.204 L™'. According
to this finding, TZB may be employed as a productive and
affordable adsorbent for the removal of acetaminophen
from industrial wastewater.

4 Conclusions

This work uses TZB and TBC to investigate the sorption
behaviour of acetaminophen from simulated wastewater
under specific environmental conditions. When compared
to TBC, the results indicated that TZB had a greater
adsorption capability (q,) for the adsorption operations.
Because TiO,/ZnO NPs enhanced the sorption of aceta-
minophen onto TZB's active sites, TZB’s higher capacity
was ascribed to their inclusion. Adsorption of acetami-
nophen was examined at pH 7, and for TBC and TZB,
equilibrium was reached in 100 min, respectively. The
adsorption kinetics for the uptake of acetaminophen onto
TBC and TZB were best described by the pseudo-second-
order model. The removal of acetaminophen was primar-
ily brought about by n-electron-containing adsorbents and
strong hydrophobic interactions. The Freundlich model
provided a better description of the equilibrium data for
the uptake of acetaminophen onto TBC and TZB. For the
elimination of acetaminophen from an aqueous solution,
an endothermic nature of adsorption was achieved, and all

@ Springer

adsorption processes were feasible and spontaneous. TZB
and TBC showed an endothermic nature in their elimina-
tion of acetaminophen. Entropy drives the sorption pro-
cess. Good removal efficiencies were obtained by regener-
ation of acetaminophen-loaded adsorbents, suggesting that
the adsorbents may be used again for related procedures.
Since the adsorbents employed in this study were success-
ful in removing acetaminophen, more research should be
done to see how well they work for treating wastewater.
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