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ABSTRACT: The discharge of pharmaceutical active compounds
(PhACs) into aquatic environments has become a growing
concern due to their adverse effects on both aquatic organisms
and human health. Simultaneously, the global spread of invasive
weeds disrupts ecosystems, leading to significant environmental
and economic consequences. This study investigates competitive
adsorption of acetaminophen (ACT) and tetracycline (TET) using
green-synthesized ZnO-biochar derived from Prosopis juliflora
(ZPJC). ZPJC was characterized using SEM, EDX, FTIR, XRD,
TGA, and pH,,  analyses and applied in both batch and column
experiments for monocomponent (ACT/TET) and multicompo-
nent (ACT+TET) systems. Batch experiments examined the
impact of operational parameters such as initial PhAC concen-
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tration (0.1—10 mg/L), contact time (1—180 min), pH (3—11), and ZPJC dose (0.25—4 g/L). Column experiments explored the
variations in bed depth (3—9 cm), flow rate (0.5—2 L/h), and influent concentration (1—5 mg/L). Optimal conditions (60 min, 6.5
pH, and 3 g/L ZPJC dose) resulted in a maximum adsorption capacity of 5.27 mg/g for TET and 9.26 mg/g for ACT in the batch
system, following pseudo-second-order and Langmuir models, suggesting chemisorption dominance. For column systems, the
Thomas and Yoon—Nelson models better represented experimental data. Adsorption efliciency improved with increasing bed depth
and flow rate, while it declined with higher PhAC concentration. In multicomponent batch systems, TET exhibited antagonistic
effects due to site competition and steric effects, whereas ACT demonstrated slight synergism. However, in column systems, both
ACT and TET displayed antagonistic interactions. Scale-up design of the column elucidates that ZPJC can be adopted as a
sustainable solution for the removal of PhACs while addressing invasive weed proliferation.

1. INTRODUCTION

Pharmaceutical active compounds (PhACs) found in medi-
cines, personal care products, and disinfectants are increasingly
detected in water bodies due to improper disposal, human
excretion, and effluent discharges.' Their presence poses
environmental and health risks as conventional treatment
systems often fail to remove these compounds effectively.”
Prolonged exposure may cause antibiotic resistance, endocrine
disruption, organ toxicity, allergic reactions, reproductive and
developmental disorders, and even cancer risks.’
Tetracycline (TET) and acetaminophen (ACT) are
extensively consumed PhACs worldwide, frequently detected
in aquatic environments, and have distinctly different
physicochemical characteristics. TET is a broad-spectrum
antibiotic widely used in human and veterinary medicine,
aquaculture, and livestock production, and its persistent release
into the environment has been associated with the emergence
of antimicrobial resistance and disruption of aquatic
ecosystems.” On the other hand, ACT, a commonly used
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analgesic and antipyretic, is one of the most heavily consumed
pharmaceuticals worldwide and is routinely detected in surface
waterbodies and effluents due to incomplete removal in
conventional treatment systems.” Both compounds exhibit
significant persistence and mobility in aquatic environments,
facilitating their accumulation in water bodies and potential
transfer through food chains. Importantly, their contrasting
molecular weights, functional groups, polarity, and solubility
characteristics (Table S1) make them suitable model pollutants

for systematically evaluating the adsorption performance of the
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developed adsorbent under both single- and multipollutant
conditions.

Advanced wastewater treatment is essential to mitigate
PhACs effectively.” Among the available methods such as
oxidation, biodegradation, adsorption, and membrane filtra-
tion, adsorption is considered most promising due to its
efficiency at low concentrations, operational simplicity, low
energy requirements, and potential for adsorbent regener-
ation.” Unlike other processes, adsorption does not generate
excess sludge or demand excessive chemicals, making it more
sustainable and eco-friendly." The eco-friendly nature of
adsorption is strengthened when biochar from invasive weeds
is used as an adsorbent, enabling waste valorization and
reducing reliance on synthetic materials. Sustainability is
further enhanced through green synthesis approaches, where
biochar and biochar-based composites are prepared by using
low-energy processes and environmentally benign reagents.
These methods minimize secondary pollution while improving
the adsorption performance.

Over the past few decades, biochar has gained attention as
an adsorbent for its abundance, low cost, and ability to be
produced from agricultural and industrial residues. Addition-
ally, using invasive weed biomass to produce biochar not only
supports wastewater treatment but also aligns with multiple
sustainable development goals (SDGs). Specifically, it supports
SDG 6 by eliminating pollutants and ensuring access to safe
water while also contributing to SDG 7 by reducing energy
consumption in treatment processes compared with other
technologies. Moreover, it enhances sustainable water manage-
ment and aligns with broader sustainability objectives. By
promoting responsible resource utilization (SDG 12) and
environmentally friendly production methods (SDG 13),
biochar plays a crucial role in sustainability. It further
safeguards aquatic ecosystems from PhACs (SDG 14) and
promotes sustainable land management by controlling
proliferation of invasive weeds (SDG 15).”"°

Numerous studies have explored different adsorbents for
removing PhACs from single-pollutant systems, includin
materials such as orange peel,1 ZnAl-coated bagasse biochar,
Azadirachta indica-coated ZnO nanoparticles,'’ Fe;0,~ coated
coffee residue,'”> bamboo charcoal,”* and Prosopis juliflora-
activated carbon.'* In the meantime, Prosopis juliflora, an
invasive species native to Mexico found across different parts of
the world, including India, is considered a noxious weed due to
its negative economic and environmental impacts. It disrupts
native ecosystems, depletes water resources, and deteriorates
soil quality, posing a significant threat to agriculture."
Converting Prosopis juliflora biomass into biochar presents a
sustainable approach to managing invasive weeds while also
creating added value.

Despite substantial research on PhACs removal, limited
studies have explored the simultaneous removal of multiple
PhACs, particularly using biochar modified with green-
synthesized nanoparticles. Green synthesis employs biological
sources such as plant extracts or microorganisms to produce
metal oxide nanoparticles in an eco-friendly and cost-effective
manner, minimizing toxic chemical use and enhancing
sustainability.'® Prosopis juliflora leaf extract contains bioactive
compounds such as flavonoids, phenolics, alkaloids, saponins,
and tannins that act as reducing, stabilizing, capping, and
nucleating agents for ZnO nanoparticle formation.'”"®
Previous studies mainly targeted PhACs in monopollutant
systems using batch processes, leaving a gap in research on

multipollutant adsorption. Competitive (antagonistic) or
cooperative (synergistic) interactions of multiple PhACs
during adsorption are rarely addressed. Furthermore, fixed-
bed column studies, more representative of real-scale
applications, remain limited, with most investigations restricted
to batch setups.

The main aim of this study is to investigate the potential of
green-synthesized ZnO-coated biochar derived from Prosopis
juliflora (ZPJC) for adsorption of TET and ACT from both
single (ACT/TET) and multipollutant (TET + ACT) systems.
The scope of study includes the following: (i) synthesis of
ZPJC and characterization using various techniques, (ii)
conduct batch adsorption experiments to investigate the
influence of time, dose, concentration, and pH on the
adsorption of ACT and TET, (iii) analyze the adsorption
kinetics and equilibrium using various kinetic and isotherm
models, (iv) assess the dynamic adsorption performance of
ZPJC in a fixed-bed column by examining the effects of flow
rate, bed depth, and concentration, and (v) apply breakthrough
curve models for interpreting column behavior and perform-
ance under dynamic conditions and develop scale-up design
for column system, emphasizing on critical parameters such as
adsorption efficiency and bed utilization capacity.

2. MATERIALS AND METHODS

2.1. Chemicals

TET (C,,H,,N,04-HCl; MW: 480.90 g/mol) and ACT (CgH,NO,;
MW: 151.163 g/mol) of analytical grade were purchased from SRL
chemicals and HiMedia, India, respectively. Other analytical grade
chemicals like zinc nitrate hexahydrate [Zn(NOj;),-6H,0], sulfuric
acid (H,S0,), hydrochloric acid (HCl), sodium hydroxide (NaOH),
potassium hydroxide (KOH), isopropyl alcohol (C;HgO), methanol
(CH;0H), and acetonitrile (CH;CN) were obtained from SD. Fine
Chem Ltd., Isochem, and Sigma-Aldrich, India. All chemicals were
used as received without any further purification or treatment.

2.2. Synthesis of Adsorbent

Synthesis of ZPJC involved three stages: (i) preparation of Prosopis
juliflora biochar (PJC), (ii) green synthesis of ZnO nanoparticles
using Prosopis juliflora leaf extract, and (iii) immobilization of ZnO
onto PJC to produce ZPJC.

2.2.1. Preparation of PJC. Prosopis juliflora biomass was collected
near agricultural land, Bangalore, India, cut into 2—3 cm, washed, and
shade-dried for 10 days. The dried material was treated with 1:1 (w/
w) HCI for 6 h, rinsed with deionized water, and oven-dried at 80 °C
overnight. It was then pyrolyzed at 300 °C for 2 h in a muffle furnace,
cooled, crushed to 1—2 mm, and labeled as PJC.

2.2.2. Green Synthesis of ZnO. 20 g of dried Prosopis juliflora
leaves were boiled in 1 L of distilled water for 10 min and filtered.
Then, 100 mL of leaf extract was mixed with 4 g of zinc nitrate
hexahydrate and stirred at 1500 rpm at 60 °C until a thick yellow
paste was formed. This paste was then calcined at 200 °C for 2 h to
yield ZnO nanoparticles.'

2.2.3. Synthesis of ZPJC. 500 mg of green-synthesized ZnO was
dispersed in 250 mL of distilled water and stirred for 20 min. Then, §
g of PJC was added and stirred at 250 rpm for 4 h at room
temperature. The mixture was filtered, washed, and dried at 150 °C
overnight.*® The resulting ZPJC was stored in an airtight container for
adsorption studies.

2.3. ZPJC Characterization

Surface morphology of ZPJC was examined using high-resolution
SEM (Carl Zeiss EVO 10, Germany), and elemental composition
analysis was conducted using energy-dispersive X-ray diffraction
(EDX, Tescan Vega3LMU, Czech Republic). Crystalline or
amorphous nature was determined using X-ray diffractometry
(PanAnalytical Xpert Pro). Thermal stability of ZPJC was assessed
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Figure 1. Characterization of ZPJC: (a) SEM, (b) EDX, (c) XRD, (d) FTIR, (e) TGA, and (f) pH

pzc*

using thermogravimetric analysis (TGA, Mettler Toledo, USA), while
Fourier transformation infrared (FTIR, PerkinElmer, USA) radiation
spectrophotometry was used to identify the functional groups present
on the ZPJC surface. Point of zero cha;'%e (pH,,.) was determined

PZC
following established literature methods.

2.4. Experimental Methodology

Experiments were conducted using ZPJC in both batch and fixed-bed
column systems to evaluate the removal of pollutants from
monopollutant (ACT/TET) and multipollutant (ACT + TET)
systems.

2.4.1. Adsorption in Batch System. Batch adsorption experi-
ments were conducted in 250 mL conical flasks containing either
ACT or TET solution placed on an orbital stirrer operating at 150
rpm at room temperature (25 + 2 °C) to evaluate the effect of various
operational parameters. The study investigated the effect of ACT/
TET concentrations ranging from 0.1 to 10 mg/L, contact time
between 0 and 180 min, solution pH from 3 to 11, and ZPJC dosages
from 0.25 to 4 g/L. All experiments were performed in duplicates (n =
2).

Following adsorption, ACT and TET concentrations were
measured using high-performance liquid chromatography (HPLC,
Shimadzu, Japan). Stock solutions of ACT and TET (100 mg/L)
were prepared and diluted to obtain the required working
concentrations. Quantification was performed using an HPLC system
equipped with a reverse-phase C18 column. ACT was analyzed using

a methanol:water (60:40 v/v) mobile phase at 1 mL/min, 20 uL
injection volume, and detection at 254 nm (retention time ~ 4.2
min). Meanwhile, TET analysis employed an acetonitrile:0.1% formic
acid (50:50 v/v) mobile phase, with detection at 360 nm (retention
time ~ 6.5 min).

Adsorption capacity (g., mg/g) and removal (%) were calculated
using eqs 1 and 2, respectively.

1%
9. = [Co — CI X ; (1)

C,— C
Removal (%) = [M] X 100
Co (2)

where C, and C, are the initial and equilibrium concentrations (mg/
L), Vis the solution volume (L), and m indicates the ZPJC mass (g).

2.4.2. Adsorption in a Fixed-Bed Column System. Fixed-bed
column experiments for TET and ACT removal were conducted
using an acrylic column (1 cm internal diameter, 25 cm height). ZPJC
was packed between 1 cm layers of glass wool and glass beads to
ensure stability and uniform flow. ACT/TET solution was introduced
from the top using a peristaltic pump (Ravel, India), and treated
samples were collected at the outlet for analysis.

Bed depth (H) was examined at 3, 6, and 9 cm, with 2.5 mg/L
concentration and 1 L/h flow rate. Flow rate influence was assessed
by varying it at 0.5, 1, and 2 L/h with a fixed-bed depth of 6 cm and a
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Figure 2. Influence of operating parameters on the adsorption of TET and ACT: (a) time, (b) ZPJC dosage, (c) concentration, and (d) pH.

concentration of 2.5 mg/L. Subsequently, the effect of ACT/TET
concentration was studied at 1, 2.5, and S mg/L while keeping 6 cm
depth and 1 L/h flow rate.

2.5. Modeling of Adsorption Data

2.5.1. Kinetic Modeling. Kinetic study was conducted in 250 mL
flasks containing 200 mL of ACT/TET solution (10 mg/L and 6.5 +
0.3 pH). Optimal contact time and ZPJC dose were applied. Samples
collected at different intervals were analyzed using kinetic models:
pseudo-first-order, pseudo-second-order, liquid-film diffusion, intra-
particle diffusion, and Elovich models (Table S2).

2.5.2. Equilibrium Modeling. Equilibrium studies were
performed in 250 mL flasks with 100 mL of ACT/TET solutions
(0.1-10 mg/L at 6.5 + 0.3 pH). Optimal contact time and ZPJC
dose were applied. Adsorption mechanism and maximum adsorption
capacity were evaluated using two-parameter (Langmuir, Freundlich,
Temkin, Dubinin—Radushkevich, and Elovich) and three-parameter
(Redlich—Peterson, Khan, Hill, Toth, and Sips) isotherm models
(Table S2).

All kinetic and isotherm parameters were determined using
nonlinear regression analysis of experimental adsorption data. The
quality and reliability of model fitting were evaluated using multiple
statistical indicators, including coefficient of determination (R?) and
error functions such as the chi-square test (X?) and root-mean-square
error (RMSE).

2.5.3. Breakthrough Curves Modeling. Breakthrough models
(Thomas, Yoon—Nelson, Adams—Bohart, and BDST) were applied
to analyze the breakthrough curves under varying conditions (Table
S3). Adsorption parameters calculated including cumulative adsorbate
mass retained (m,4, mg), equilibrium sorption capacity (g., mg/g),
total influent adsorbate mass (o, mg), effluent volume (Vg mL),
empty bed contact time (EBCT, min), removal (R, %), and mass
transfer zone (MTZ, cm) were determined using expressions
presented in Table S4.

2.6. Competitive Adsorption Analysis

Batch and fixed-bed column experiments evaluated the antagonistic
(competitive) or synergistic (cooperative) interactions during ACT
and TET removal in multicomponent systems. In the batch mode,
competitive adsorption was investigated at varying ACT + TET

concentrations (0.1 + 0.1, 0.25 + 0.25,0.5+0.5,1 + 1,2+ 2,4+ 4, S
+5,and 10 + 10 mg/L) using an optimized ZPJC dose, with mixtures
stirred at 150 rpm until equilibrium. To interpret competitive/
cooperative mechanisms, the Langmuir competitive model in eq 3 and
its linearized forms for TET and ACT (eqs 4 and $S), respectively,
were applied.

quLCe
q =
o 14+ YK Coy 3)
1 1 + 1 1+ KL’A X Ce’A
qe,T Qmax,T Q—ma;gT X I<L.T Ce,T (4)
11 1 1+ K g X Cyr
qe,A Q—max,A Q—max,A X KL,A Ce,A ( 5)

At equilibrium, the concentration is denoted as C, (mg/L) and the
adsorption capacity as q. (mg/g). The maximum adsorption capacity
is q,, (mg/g), with K; as the Langmuir constant. For binary systems
(ACT + TET), ‘i’ refers to the target pollutant, while ‘j corresponds
to the competing pollutant. C,y and C,, represent the equilibrium
concentrations of TET and ACT, with g1, gear Qumaxym and Quaxa
denoting their equilibrium and maximum sorption capacities. Fixed-
bed studies use ACT + TET (2.5 + 2.5 mg/L), 6 cm depth, and 1 L/h
flow rate.

2.7. Regeneration and Reusability Study

After adsorption, ZPJC was allowed to settle, and ACT/TET
solutions were replaced with an equal quantity of deionized water
to initiate desorption. Flasks were agitated for 120 min, and the
samples were analyzed for the desorbed amount of ACT and TET.
Furthermore, ZPJC regeneration was assessed over two adsorption—
desorption cycles, with desorption efficiency (%) calculated using eq

X 100

C,
Desorption (%) = [ﬂ
ads

(6)
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where Cg, (mg/L) indicates the TET/ACT concentration desorbed
from ZPJC, and C,4, (mg/L) represents the TET/ACT concentration
adsorbed onto ZPJC.

3. RESULTS AND DISCUSSION

3.1. Characterization of ZPJC

ZPJC characterization is illustrated in Figure la—f. The SEM
image in Figure la reveals a rough, porous surface with
interconnected pores (~4 pm) that facilitate the efficient
diffusion of PhACs. The coarse texture suggests successful
ZnO incorporation, with uniform distribution across the
carbon matrix, potentially enhancing adsorption and photo-
catalytic behavior. EDX spectrum (Figure 1b) confirms the
elemental composition: high carbon content (69.74%)
indicating the dominance of the carbon matrix, supporting
the adsorption capacity. Oxygen (25.4%), indicating functional
groups for chemical interactions, and Zn (3%) verify ZnO
loading onto biochar, which can further improve ZPJC
adsorption and photocatalytic and antimicrobial performance.

XRD pattern (Figure 1c) exhibits a broad peak at 26 = 24°,
representing amorphous carbon, and a smaller peak at 26 =
38°, suggesting that ZnO is dispersed in a nanostructured form
within the carbon matrix. This dispersion provides more active
sites, strengthens ZnO-—carbon interactions, and supports
pollutant removal through electrostatic interactions, surface
complexation, or photocatalytic activity under light. FTIR
spectrum (Figure 1d) confirms the functional groups: O—H
stretching (3200—3600 cm™'), N—H bending (3413 cm™),
C=C aromatic stretching (1632 cm™'), and C—I stretching
(501 cm™). Peaks at 500—700 cm™ confirm ZnO vibrations,
validating ZnO incorporation onto the carbon matrix.

TGA analysis (Figure le) indicates multiphase decom-
position: ~21.45% mass loss below 150 °C (moisture),
~68.55% loss between 150 and 600 °C (organic volatilization),
and ~3% loss at 600—800 °C (ZnO and stable residues).
Figure 1f shows the pH,,. of ZPJC ~6.5. Surface is positively
charged at pH < 6.5 and negatively charged at pH > 6.5. At
neutral pH, ACT (pK, 9.5) remains largely neutral, whereas
TET (pK, 3.3, 7.7, and 9.7) exists in multiple ionic states,
favoring sorption.

3.2. Batch Adsorption System

Batch experiments assessed key operating parameters, with
kinetic and isotherm modeling elucidating ACT and TET
adsorption mechanisms.

3.2.1. Effect of Operating Conditions. Figure 2a
illustrates the impact of time on adsorption of ACT and
TET. Adsorption was rapid during the first 30 min, reaching
84.45% for TET and 86.76% for ACT, attributed to the
abundance of available active sites on ZPJC. Adsorption rate
then slowed, and equilibrium was achieved within 60 min, with
final efficiencies ~88.29% (TET) and 92.51% (ACT). The
slightly higher uptake of ACT is ascribed to the smaller,
hydrophilic structure that favors hydrogen bonding with ZPJC,
while the steric hindrance from TET’s complex structure limits
the interaction.”” In Figure 2b, at a lower dosage (0.1-2 g/L),
the removal increased notably due to higher availability of
active adsorption sites on ZPJC. Beyond 2 g/L, a sharper
improvement was observed, reaching ~87.84% (TET) and
92.08% (ACT) at 3 g/L. This enhancement is linked to greater
surface area and more active sites. Further increasing the
dosage to 4 g/L resulted in only marginal gains (TET: 88.17%

and ACT: 92.37%) as adsorbent sites exceeded available
pollutant molecules, leaving many unoccupied.””

From Figure 2c, at lower concentrations, abundant sites
enabled high adsorption, with nearly complete removal (~98—
99%) of both pollutants. As the concentration increased,
competition for limited active sites reduced removal, although
the total adsorption increased. At 10 mg/L, the removal drops
to 85.6% (TET) and 90.83% (ACT). TET showed greater
decline, suggesting that ACT has a stronger affinity for ZPJC.**
Figure 2d shows that at acidic pH, removal was reduced, likely
due to protonation of the adsorbate and adsorbent functional
groups, hindering interactions. Adsorption improved near-
neutral pH because the reduced proton competition from H*
ions enhanced electrostatic attraction and hydrogen bonding.
Beyond neutral pH, the adsorption declined, particularly for
TET. ACT (pK, 9.5) remains neutral under acidic and near-
neutral conditions and shows a maximum uptake at near-
neutral pH. At pH > 9.5, deprotonation leads to repulsion with
negatively charged ZPJC (pH,,: 6.5), lowering the removal.
TET (pK, 3.3, 7.7, and 9.7) exhibits charge variability; it is
positively charged at pH < 4 (repulsion with ZPJC),
zwitterionic near neutrality (maximum removal via hydrogen
bonding and hydrophobic effects), and negatively charged
above pH 7.7, causing repulsion and reduced adsorption.
TET—OH complexation under alkaline conditions further
decreases the efficiency. Thus, optimal adsorption for both
PhACs occurs around neutral pH, where the charge balance
and molecular interactions are most favorable.”**®

3.2.2. Kinetic Modeling. Table 1 presents the kinetic
parameters for ACT and TET adsorption on ZPJC. Pseudo-
first-order model showed a reasonable fit, with modeled
adsorption capacities close to experimental values. However,
the pseudo-second-order model exhibited higher R* with lower
X? and RMSE for both pollutants (Table SS), confirming
chemisorption as the dominant mechanism. Intraparticle-
diffusion model analysis indicated slower diffusion for TET
(Kip: 0.042) compared to ACT (Kpp: 0.082). ACT also
showed a boundary layer constant (C), suggesting greater
surface adsorption, though R? values (0.996 for TET, 0.954 for
ACT) suggest that intraparticle diffusion is not the sole rate-
controlling step. Liquid-film-diffusion model gave higher
diffusion rates (Kpp) for TET, yet results imply that the
external mass transfer is secondary. Elovich model fitting
revealed a higher initial adsorption rate (@) and desorption
constant (f) for ACT, suggesting stronger interactions.
Overall, the pseudo-second-order model provided the best
fit, with ACT displaying faster and stronger adsorption than
TET.

3.2.3. Equilibrium Modeling. Table 1 presents the
isotherm constants for ACT and TET adsorption. The
Langmuir model, which assumes monolayer adsorption on
homogeneous sites, showed higher maximum adsorption
capacity (g,) for ACT (9.256 mg/g) compared to TET
(5.267 mg/g) with strong correlation coefficients. Langmuir
separation factor (R ), defined in eq 7, ranged between 0 and 1
for both pollutants, confirming favorable adsorption.

1
1 + (KLC()) (7)

L=

where K| indicates the adsorbent—adsorbate’s affinity; R; (0—
1) signifies favorable, R > 1 suggests unfavorable, and R; = 0
indicates irreversible adsorption.
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Table 1. Kinetic and Isotherm Parameters for TET and
ACT Removal Employing ZPJC

type models constants TET ACT
Ge—exp 2.93 3.07
kinetic models pseudo-first- qe 2.800 2912
order K, 0.781 0.890
R? 1.000 0.985
pseudo-second- ¢, 2.838 2.955
order K, 3.821 2.101
R* 1.000 0.999
intraparticle- Kip 0.042 0.082
diffusion c 2.603 2.557
R? 0.996 0.954
liquid-film- A 2.140 1.980
diffusion Kep 1.165 0.980
R? 0.992 0.995
Elovich a 25.00 30.00
B 2.500 2.750
R? 0.993 0.924
two-parameter Langmuir qm 5.267 9.256
isotherm models K, 0.823 0.579
R* 0.998 1.000
Freundlich Kz 2.980 4.192
y 0.986 0.934
R? 0.990 0.992
Temkin Ap 30.00 275.07
B 0.800 0.349
R? 0.996 0.999
Dubinin— G 4.993 6.392
Radushkevich g 0.0002 0.0002
R? 0.981 0.981
Elovich I 1.609 1.618
Ky 2.323 3.186
R* 0.970 0.970
three-parameter Redlich— k 19.86 5.600
isotherm models Peterson " 0.366 0.564
a 7.919 0.687
R? 0.999 0.961
Khan G 2.990 5.500
K 1.200 0.752
n 0.567 0.274
R? 0.962 0.979
Sips qm 24.96 113.40
K 0.042 0.009
n 0.734 0.745
R? 0.999 0.989
Hill Gt 5.725 7.736
fy 0.227 0.294
Kp 0.335 0.426
R? 0.976 0.969
Toth Kr 5.726 7.736
Ar 0.077 0.161
Ty 0.052 0.111
R? 0.980 0.971

The Freundlich model, describing multilayer adsorption on
heterogeneous surfaces, also fitted well (R* > 0.99). Freundlich
constant (Kg) was higher for ACT compared to TET, implying
greater affinity, while !, values reflected moderately heteroge-
neous surfaces for both pollutants. The Temkin model
incorporates adsorbate—adsorbent interactions, revealing high-

er adsorption intensity (Ay) for ACT compared to TET,
suggesting stronger binding forces with the ZPJC surface. In
contrast, the Dubinin—Radushkevich model indicated low Ky
values for both ACT and TET, confirming mainly a physical
adsorption mechanism, though weak correlations R* limited its
applicability. The Elovich model suggested slightly stronger
adsorption energy (Kg) for ACT than for TET, indicating
stronger interactions between ACT and ZPJC.

Among three-parameter models, the Redlich—Peterson
model provided better overall fit by combining the Langmuir
and Freundlich characteristics. Adsorption capacity parameter
(k) was higher for TET than ACT, indicating stronger initial
adsorption tendency. The Khan model also indicated higher
ACT adsorption capacity, while the Sips model predicted
substantially greater adsorption for ACT, further supporting its
stronger affinity. The Hill model, which evaluates cooperative
binding, showed a higher ny; value for ACT, reflecting stronger
cooperative adsorption. The Toth model, an advanced
Langmuir-based model for heterogeneous surfaces, also
demonstrated strong agreement with experimental data, with
ACT exhibiting higher sorption capacity than TET. Based on
higher R* values with lower X* and RMSE (Table SS), the
Langmuir model was the best-fitting model for experimental
data of both pollutants, indicating a monolayer chemisorption
mechanism.

3.3. Fixed-Bed Column System

Figure 3 shows the breakthrough curves for ACT and TET,
while Table S6 presents the corresponding column adsorption
data.

3.3.1. Effect of Column Operational Parameters.
Figure 3a,b shows the influence of bed depth on ACT and
TET adsorption performance. Increasing the bed depth from 3
to 9 cm significantly extended both breakthrough (C/C, = 0.1)
and exhaustion times (C/C, = 0.9) due to the availability of a
large adsorbent surface area and a longer residence time (Table
S6). At 1 L/h and 2.5 mg/L, increasing the depth from 3 to 9
cm, the breakthrough time for TET and ACT increased from
30 to 160 min and 20 to 160 min, accompanied by an increase
in removal from 57.38 to 70.92% and 54.69 to 65.88%,
respectively. Shallow beds exhibited steep breakthrough curves,
indicating rapid saturation, whereas deeper beds showed more
gradual profiles, reflecting improved mass transfer.”*™>* Slower
breakthrough of ACT compared to TET suggests relatively
stronger interactions with ZPJC. Increasing bed depth also
resulted in higher EBCT, enhancing the adsorbent-adsorbent
contact and more effective utilization of adsorption sites. The
associated increase in the MTZ length indicates a broader
active adsorption region and more progressive breakthrough
behavior.

In Figure 3¢,d, reducing the flow rate from 2 to 0.5 L/h at a
fixed bed depth of 6 cm and an influent concentration of 2.5
mg/L delayed the breakthrough and improved the removal for
both TET and ACT. Lower flow rates increased EBCT by
reducing the linear velocity, allowing sufficient time for
pollutant diffusion into ZPJC pores. In contrast, higher flow
rates shortened the residence time, leading to incomplete mass
transfer, earlier breakthrough, and steeper breakthrough
curves.””*” MTZ values increased with increasing flow rates,
indicating a reduced mass transfer efliciency and faster column
exhaustion.

Figure 3e,f shows the effect of influent concentration on the
adsorption behavior, indicating a reduced breakthrough time
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Figure 3. Effect of column operating parameters: bed depth (a) TET and (b) ACT; flow rate (c) TET and (d) ACT; concentration (e) TET and

(f) ACT.

due to rapid occupation of available adsorption sites, with
increasing ACT/TET concentration from 1 to S mg/L at a
fixed-bed depth (10 cm) and flow rate (1 L/h). At lower
concentrations, sufficient active sites ensured a higher removal
efficiency, whereas higher pollutant loading accelerated
saturation and reduced the operational time. Although higher
concentrations enhanced the mass transfer driving force and
adsorption capacity, they produced sharper breakthrough
fronts and larger MTZ, indicating faster exhaustion of the
bed.***"** Overall, increased bed depth and reduced flow rate
favored higher EBCT and improved mass transfer, while higher
influent concentration accelerated bed saturation, consistent
with fixed-bed principles.

3.3.2. Breakthrough Models Analysis. Table 2 provides
the breakthrough model parameters for TET and ACT
adsorption on ZPJC. Increasing the bed depth from 3 to 9
cm resulted in a decline in Thomas (Kpy), Yoon—Nelson
(Kyn), and Adams—Bohart (K,z) rate constants, reflecting

reduced adsorption rates due to greater mass transfer
limitations.” Although deeper beds enhance adsorption
zones, they also slow adsorption by introducing additional
resistance. Higher flow rates produced opposite effects, with
the increase in Kpy, Kyy, and K,y indicating faster adsorption
kinetics from improved mass transfer. Similarly, increasing the
concentration from 1 to 5 mg/L increased Ky and Kyy,
demonstrating a stronger driving force for adsorption, but
decreased K, due to rapid saturation that lowered the overall
efficiency.

In general, greater beds reduced rate constants, while they
enhanced the adsorption capacity (Qry) and breakthrough
time (7o) because of larger surface area and longer contact.
However, the number of adsorption sites (N,;) declined under
these conditions. In contrast, higher flow rates lowered Qry
and 7,5, while they increased Ny, suggesting faster initial
uptake with reduced retention. At higher pollutant concen-
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interactions can reduce desorption reversibility. In contrast,
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Table 3. Scale-Up Design of Column for Removal of TET and ACT Using ZPJC

monocomponent multicomponent
parameters unit TET ACT TET ACT
Lab Column (1 cm ® X 6 cm)
characteristic time (£%,) time when C/C, = 0.5 (from BT curve) min 170.00 160.00 150.00 140.00
breakthrough time (#, ;) time when C/C, = 0.1 (from BT curve) min 90.00 80.00 70.00 60.00
adsorption capacity of bed (AC) AC = Qyp X C, Xt mg 17.34 16.32 15.30 14.28
utilization capacity of bed (UC) UC = Qup X Cy X ty_pap mg 9.18 8.16 7.14 6.12
degree of utilization (DOU) DOU = UC/AC X 100 % 52.9 50.0 46.7 429
length of unused bed (LUB) LUB =L (1 — ty_1/85%) cm 2.82 3.00 3.20 343
mass of adsorbate flown out (Mgo_jy) Meo_tab = Migra — Mags mg 3.53 5.24 3.58 S5.0S
volume flown out (Veo_1p) Veo-tb = Q X ty_iap L 1.53 1.36 1.19 1.02
average C in effluent (C,,) Cuvg = Mroia/ Veo—iab mg/L 231 3.85 3.01 495
Desired Scale-Up Column (50 cm @ X 300 cm)
characteristic time (t%,,) %16 = 1% X (Lycare/Liab) day 5.90 5.56 521 4.86
breakthrough time (fy_;cy1c) ty—scate = Eae — (8% — toian) day 5.85 5.50 S.15 4.81
flow rate (Qycqte) Qucae = Quap X (Agcare/ App) L/min 42.25 4225 4225 4225
adsorption capacity of bed (AC) AC = Quqe X Cy X e kg 0.898 0.845 0.792 0.739
utilization capacity of bed (UC) UC = Quaale X Co X ty_gcale kg 0.889 0.837 0.784 0.731
degree of utilization (DOU) DOU = fy_eue/ e X 100 % 99.06 99.00 98.93 98.86
length of unused bed (LUB) LUB = Ly X (1 = g/t 0e) cm 2.82 3.00 3.20 3.43
mass of adsorbate flown out (Mgo_cae) Mio—scate = D2iate X Mpo_iap kg 0.009 0.013 0.09 0.013
volume flown out (Vio_gce) Veo—scale = Qseale X th—scale m® 355 334 313 293
average C in effluent (C,y) Cavg = Mro—scate/ Vio-scle kg/m? 0.025 0.039 0.029 0.043

ACT, with fewer binding functionalities, may interact more
weakly and thus desorb more readily. Despite this difference,
sustained desorption over four cycles confirms good
regeneration ability of ZPJC for repeated adsorption—
desorption applications. Furthermore, desorption may be
further improved by using acidic, basic, or organic eluents,
which could selectively weaken adsorbate—surface interactions
and enhance the regeneration efficiency in repeated cycles.

3.6. Mechanism of Adsorption

FTIR spectra (Figure S3) revealed the adsorption of TET and
ACT onto ZPJC by showing shifts in functional groups before
and after adsorption in both mono- and multicomponent
systems. Shift or reduction of the broad band around 3200—
3500 cm™, attributed to the stretching of the O—H and N—-H
bonds, indicated hydrogen bonding and electrostatic inter-
actions. Variations in peaks between 1000 and 1700 cm™
(C=0, C=C, and C—N vibrations) supported additional
chemical interactions, while signals in the 500—900 cm™! range
suggested possible metal—oxygen coordination. Overall,
adsorption involved hydrogen bonding, electrostatic attraction
between negatively charged ZPJC and protonated groups of
ACT/TET, and n—x stacking from the aromatic rings.

On the other hand, pH strongly influenced the uptake due
to ionization states. At low pH, protonation of both pollutants
and ZPJC reduced the level of electrostatic interactions. Near-
neutral pH, reduced H* competition enhanced the adsorption
of both compounds. ACT (pK,: 9.5) remains neutral under
acidic to near-neutral pH, favoring hydrophobic and 7—x
interactions; above pH 9.5, deprotonation caused electrostatic
repulsion with ZPJC (pH,,.: 6.5). TET (pK,: 3.3, 7.7, and 9.7)
was repelled at pH < 4, while in the zwitterionic form at
neutral pH, it enabled hydrogen bonding and hydrophobic
interactions, yielding a maximum uptake. At alkaline pH (pH >
7.7), deprotonation and TET—OH complexation reduced
adsorption.

Equilibrium data suggested monolayer adsorption, consis-
tent with chemisorption, further confirmed by pseudo-second-
order kinetics. SEM images revealed a porous morphology,
indicating pore filling as an additional mechanism. Overall,
ACT and TET adsorption occurred via hydrogen bonding,
electrostatic interactions, n—7m stacking, and pore filling,
supported by kinetic, equilibrium, and FTIR analysis (Figure
S4).

3.7. Design of Scale-Up Column

Scale-up of fixed-bed adsorption column was carried out using
characteristic time (t*), defined at 50% breakthrough,
corresponding to utilization of approximately half of the
adsorbent bed. This approach ensures consistency with
laboratory-scale behavior and enables reliable prediction of
key performance parameters, including adsorption capacity
(AC), utilization capacity (UC), degree of utilization (DOU),
length of unused bed (LUB), treated effluent volume (Vgg),
and effluent concentration (Cavg).9 Table 3 presents the
comparison of lab-scale and scaled-up column performance of
ZPJC for TET and ACT removal under mono- and
multicomponent conditions.

At the laboratory scale, shorter characteristics and break-
through times arise from the bed depth and contact time,
resulting in moderate AC and UC values and noticeable
unused bed. In multicomponent systems, both ACT and TET
exhibit earlier breakthrough, lower utilization, and higher
effluent concentrations than in monocomponent operation,
indicating competitive adsorption for shared sites.

Scale-up substantially enhances the column performance by
increasing the bed dimensions and hydraulic residence time,
which improves pollutant—adsorbent interactions. As a result,
characteristic and breakthrough times, AC, and UC increase
markedly, while DOU approaches completion, reflecting
improved bed efficiency. LUB remains comparable across
scales, indicating the preservation of mass-transfer behavior
and breakthrough dynamics. Additionally, scaled-up columns
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show reduced effluent mass and concentration and significantly
higher treated volume. Although competitive effects persist in
multicomponent systems, ZPJC maintains stable and effective
removal performance, demonstrating robustness and practical
applicability of scale-up design under realistic mixed-contam-
inant conditions.

3.8. Assessment of ZPJC Performance with Other
Adsorbents from the Literature

Previous studies have explored the removal of TET and ACT
primarily through batch systems,'"**~** while relatively few
investigations explored continuous-mode removal via col-
umns.”'>*7>* ZPJC demonstrated strong adsorption of
TET and ACT (Table S9), outperforming many reported
adsorbents in capacity, kinetics, and pH adaptability. Notable
feature is its rapid adsorption rate, enabling faster equilibrium
and eflicient removal, which enhances ZPJC’s practical
application in wastewater treatment. Table S10 further
highlights its robustness in column operations. Importantly,
ZPJC can simultaneously remove multiple pollutants, an ability
rarely reported, making it a highly efficient and sustainable
material for large-scale wastewater treatment mitigating
emerging contaminants.

4. CONCLUSIONS

Competitive adsorption of ACT and TET was investigated in
this study by using green-synthesized ZnO-biochar derived
from Prosopis juliflora (ZPJC). ZPJC was characterized using
various techniques, and its adsorption performance was
assessed in both batch and fixed-bed column experiments for
monocomponent (ACT or TET) and multicomponent (ACT
+ TET) systems. In batch experiments, under optimized
conditions (60 min time, 6.5 pH, and 3 g/L ZPJC dose),
maximum adsorption capacity was 527 mg/g for TET and
9.26 mg/g for ACT. Adsorption followed the pseudo-second-
order kinetic model and was best described by the Langmuir
isotherm, indicating chemisorption as the dominant mecha-
nism. Adsorption of ACT and TET onto ZPJC occurs through
hydrogen bonding, electrostatic interactions, and 7— stacking,
and equilibrium analysis confirms monolayer chemisorption,
supported by kinetic modeling, with SEM revealing pore filling
as the additional adsorption mechanism. For fixed-bed column
studies, the adsorption capacity was enhanced with increasing
bed depth and flow rate but declined at higher concentrations.
The Thomas model provided the best fit to experimental data.
Qs patio for TET (0.40) suggests

-Mono

antagonism due to site competition and steric effects, while
ACT (1.14) showed mild synergism. In column systems, both
ACT (0.92) and TET (0.88) exhibited antagonistic behavior.
Scale-up design of the column demonstrated that ZPJC could
be effectively employed as a sustainable adsorbent for
pharmaceutical contaminant removal while simultaneously
addressing issues of Prosopis juliflora proliferation, making it
a viable solution for environmental remediation.

In batch systems, low
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