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INTRODUCTION

Tetracycline (TC) belongs to a class of broad-
spectrum antibiotics with phenanthrene cores 
that are not completely metabolized in humans 
or animals [Zhang et al., 2023]. It is a yellow an-
tibiotic with spectral absorption in the range of 
300 to 430 nm. It is partially absorbed into the 

gastrointestinal tract, with approximately 50% 
being excreted in its original form or as metabo-
lites and released into the environment as a pol-
lutant [Phakathi et al., 2022]. Studies have con-
firmed the persistence of TC and oxytetracycline 
in surface waters and sediments from marine 
culture ponds [Han et al., 2020]. Furthermore, 
chlortetracycline residues have been identified 
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data were best described by the Langmuir isotherm, with a maximum adsorption capacity of 6.009 mg/g at 25 °C. 
This suggests that the interaction between biochar and tetracycline is dominated by monolayer chemical reactions 
on homogeneous surfaces. These results underscore that RHB750 is an efficient, cost-effective, and easily acces-
sible adsorbent and represents a viable and sustainable solution for the treatment of antibiotic contaminated water.

Keywords: rice husk, biomass, antibiotic, tetracycline, agricultural biochars, adsorption.

Received: 2025.05.14
Accepted: 2025.06.14
Published: 2025.06.23

Journal of Ecological Engineering, 2025, 26(9), 382–399
https://doi.org/10.12911/22998993/205417
ISSN 2299–8993, License CC-BY 4.0

Journal of Ecological Engineering

https://orcid.org/0000-0002-3937-9674
https://orcid.org/0000-0001-9252-9566
https://orcid.org/0000-0002-4864-1857
https://orcid.org/0000-0003-0238-2666
https://orcid.org/0000-0003-0880-2078
https://orcid.org/0000-0002-3625-8308
https://orcid.org/0000-0003-4566-1868


383

Journal of Ecological Engineering 2025, 26(9) 382–399

in the water systems of fish farms, reaching con-
centrations of up to 87.4 ng/L, while oxytetra-
cycline concentrations of 7.8 µg/kg and 10.08 
mg/kg have been detected in trout muscle tissue 
and sediment, respectively [Vilca et al., 2021]. 
Furthermore, critical concentrations of up to 32 
mg/L of oxytetracycline have been detected in 
wastewater from antibiotic production [Oberoi 
et al., 2019], and concentrations above 20 mg/L 
of TC have been found in the vicinity of some 
pharmaceutical factories [Gan et al., 2024]. Its 
exposure to the environment poses a significant 
risk to ecosystems and human health [Sun et al., 
2024], making the removal of TC in wastewater 
a critical priority.

Various methods have been used to remove 
TC from aqueous matrices, including coagula-
tion-flocculation-adsorption [Al-Kindi and Al-
nasrawy, 2022], hydrodynamic cavitation degra-
dation [Wang et al., 2022], advanced oxidation 
[Ari et al., 2024], enzyme degradation [Harguin-
deguy et al., 2024], adsorption-photocatalysis 
[Dou et al., 2024], microbial-algal biodegradation 
[Wang et al., 2025] and adsorption [Zeng et al., 
2018]. Among these methods, adsorption is the 
most widely used method because of its high ef-
ficiency, low cost, and the absence of undesirable 
byproducts. Furthermore, it offers significant ad-
vantages such as simplicity, safety, cost-effective-
ness, and effectiveness in removing pollutants at 
low concentrations [Yu et al., 2017]. Various ad-
sorbents, nanoadsorbents and biochar have been 
used [Basheer, 2018]. Biochar is a carbonaceous 
material obtained by carbonizing lignocellulosic 
biomass under conditions of limited or no oxygen 
supply. The physicochemical properties of biochar 
vary depending on the thermochemical conversion 
process used (pyrolysis, hydrothermal carboniza-
tion, and gasification) and the intrinsic properties 
of the biomass used [Jindo et al., 2014]. Biochar is 
widely used in environmental applications due to 
its ability to immobilize or remove pollutants from 
soil, water, and air [Bushra and Remya, 2024].

Among the viable alternatives for the removal 
of TC in aqueous media, the use of biochar from 
rice husks (Oryza sativa), an abundant and inex-
pensive by-product of the agricultural industry, 
stands out [Atta et al., 2022]. This lignocellulosic 
residue, which represents approximately 20% of 
the net weight of rice, poses a significant envi-
ronmental burden due to its low biodegradabil-
ity and persistence in the environment, making 
its sustainable management difficult [Andrade 

et al., 2020]. Rice husk-derived biochar, with or 
without modifications, has been shown to be an 
efficient adsorbent material for the removal of 
emerging contaminants in aqueous systems, in-
cluding metal cations, synthetic dyes, inorganic 
nutrients, and antibiotics, including TC [Bushra 
and Remya, 2024]. Despite advances in the use of 
biochar as a remediation technology, a knowledge 
gap remains regarding the simultaneous optimi-
zation of multiple operating parameters that affect 
the TC adsorption capacity when using nonfunc-
tionalized adsorbents. Few studies systematically 
and statistically address the interaction between 
carbonization temperature, contact time, and ad-
sorbent dose.

In this context, we propose to evaluate the ef-
ficiency of rice husk-derived biochar in TC ad-
sorbing, analyzing the effects of carbonization 
temperature, contact time, and adsorbent dose 
using the Taguchi L9 experimental design with 
signal-to-noise ratio (S/N) under the ‘Larger is 
better’ condition. Using the optimal values, we 
evaluated the adsorption kinetics and isotherms. 
This approach will contribute to the development 
of a more efficient, sustainable and economically 
viable treatment technology for the removal of 
antibiotics from aqueous solutions.

MATERIALS AND METHODS

Materials

Rice husk was collected from the Gran Dora-
do mill in the Lambayeque region of Peru. The re-
agents used, NaOH (1 M) and H2SO4 (1 M), were 
of analytical grade. HPLC grade tetracycline (pu-
rity ≥ 99%) was purchased from Sigma-Aldrich, 
while commercially available pharmaceutical 
tetracycline capsules were obtained from a lo-
cal pharmacy. For the pH analysis, distilled wa-
ter, ultrapure water (18.2 MΩ.cm) at 25 °C, and 
tap water were used to prepare pure tetracycline 
solutions and solutions with the powder contents 
extracted from commercially available 500 mg 
pharmaceutical capsules, respectively.

Characterization of rice husk and biochar

The previously washed and dried rice husks 
were crushed and sieved in a domestic mill (Coro-
na L12104) to obtain retained fractions in 60 and 
100 mesh sizes. The content of ash and volatile 
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matter were determined using ASTM D-3174 
and ASTM D-3175 methods, respectively, and 
the fixed carbon content was determined by dif-
ference. Biochar was washed three times with 
distilled water (1:10, w/v), with a 30 minute rest 
period between washes to remove soluble con-
taminants that could discolor treated water [Ro-
dríguez et al., 2020]. They were then dried for 22 
h at 80 °C [Thairattananon et al., 2024], manually 
crushed with a mortar and pestle, and again the 
material was retained in 60 and 100 mesh sieves. 
The approximate analysis was made in triplicate. 
The BET surface area and total pore volume were 
analyzed using a Micromeritics Autochem II 
2920 analyzer by nitrogen adsorption at -180 °C. 
The samples were degassed at 100 °C for 30 min-
utes before analysis. The surface area was deter-
mined using the single-point method at a relative 
pressure of 0.3, while the total pore volume was 
determined from the volume of adsorbed nitrogen 
at a relative pressure of 0.97.

Biochar preparation

Rice husks (RH) were washed twice with tap 
water to remove surface residues and dried for 
24 h at 105 °C in a circulating air oven (Binder, 
model FD 115). Subsequently, 40 g of dry RH was 
placed in a 300 ml porcelain crucible, the contents 
were leveled, covered with aluminum foil, and 
the corresponding lid was placed to ensure an air-
tight seal and generate a low-oxygen environment. 
Carbonization was carried out in a muffle furnace 
(Thermolyne Eurotherm, 2116) at temperatures 
of 500 °C, 625 °C, and 750 °C, with a residence 
time of 1 h after reaching the carbonization tem-
perature. After carbonization, the samples were al-
lowed to cool in the muffle furnace for 24 h until 
they reached room temperature (Figure 1). The re-
sulting biochars were weighed, labeled RHB500, 

RHB625, and RHB750 according to their carbon-
ization temperature, and stored in zip-lock bags in 
a desiccator for later analysis. To evaluate the ef-
fect of carbonization temperature on biochar yield 
(five replicates for each temperature), a one-way 
analysis of variance (ANOVA) with significance 
level and Tukey’s post hoc test were applied. Ad-
ditionally, a nonlinear regression analysis was 
performed using OriginPro software to model this 
effect. The R2 value was considered as a goodness-
of-fit criterion, and a 95% confidence level was 
used to validate the nonlinear model.

Experimental design

The experimental design was carried out ac-
cording to the Taguchi approach, with the aim 
of determining the optimal operating conditions 
to evaluate the influence of the selected factors 
on the efficiency of tetracycline removal. The 
orthogonal matrix L9 (33) with three factors and 
three levels   was used to evaluate the control fac-
tors and their interactions. The parameters are 
presented in Table 1.

The experimental results were evaluated us-
ing analysis of variance with a 95% confidence 
level to determine the statistical significance of 
each parameter and its contribution to the process. 
The percentage contribution of each experimental 
variable was calculated from the analysis. Further-
more, the influence of the experimental parame-
ters was assessed by analyzing the signal-to-noise 
ratio (S/N) under the condition ‘Larger is better’ 
according to Equation 1. Experimental data pro-
cessing was performed using Minitab® 21.1.

 (S/N)j,k = − 10log (1
n

∑ 1
y2) 

 

q = V(Co− Ct)
m

 (2) 

 

R = (Co−Ct)
Co

× 100% (3) 

ln (qe − qt) = ln qe − k1t 

 

t
qt

=
1

k2qe
2 +

1
qe

t 

 

Ce

qe
 = 

1
QmaxKL

 +
Ce

Qmax
 

 

log qe = log KF + 
1
n

log Ce 

 (1)

where: n is the number of repetitions of level k in 
factors j and y is the output response. 

Figure 1. Preparation of biochar derived from rice husks
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Spectrophotometric calibration curve

Two spectrophotometric calibration curves 
were developed for the TC measurement, using 
an identical procedure in both cases. For each 
curve, a 100 mg/L TC stock solution was pre-
pared using ultrapure water; one was derived 
from HPLC grade TC and the other consisted 
of the powder contents extracted from commer-
cially available 500 mg pharmaceutical cap-
sules. Standard solutions with concentrations 
of 20, 40, 60, and 80 mg/L were prepared from 
these stock solutions. Absorbance measure-
ments were performed at a wavelength of 360 
nm [Zhang et al., 2023] on a Thermo Scien-
tific GENESYS 30 visible spectrophotometer. 
Each curve was used to determine the residual 
TC concentration, ensuring traceability to the 
source of compound. 

Batch adsorption tests

Batch adsorption experiments were per-
formed in an aqueous TC solution containing 
50 mg/L in ultrapure water. 100 mL of this solu-
tion was added to each 250 mL flask, and 1, 10, 
or 20 g/L of the previously prepared biochars 
(RHB500, RHB625, and RHB750) were added. 
The pH of the mixture was adjusted to 3 us-
ing 1 M H2SO4 or NaOH solutions [Jeganathan 
et al., 2024]. This value was selected because 
TC exhibits cationic speciation in acidic condi-
tions, which improves the interaction with bio-
char [Jang et al., 2018]. Additionally, low pH 
helps prevent removal efficiency losses due to 
changes in adsorbent surface charge at higher 
pH levels [Fan et al., 2018]. The samples were 
shaken at 150 rpm and 25 °C in an orbital incu-
bator (EUROTECH FS-70B) for contact times 
of 1, 2.5, and 4, according to the experimental 
design matrix (Table 3). 

To determine TC removal efficiency and 
adsorption capacity, 10 ml of supernatant was 
extracted, filtered with a 0.45 μm syringe filter 

and the remaining TC concentration was ana-
lyzed using a spectrophotometer. Each test 
was carried out in triplicate and the data was 
expressed as mean ± standard deviation. The 
adsorption capacity (q, mg/g) and removal ef-
ficiency (R, %) were calculated according to 
Equation 2 and 3, respectively. 
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where: Co and Ct (mg/L): initial concentration 
and concentration at time t, respectively; 
V (L): solution volume and m (g): dose 
of biochar. 

With the optimal parameters obtained with 
the Taguchi experimental design, the TC removal 
efficiency was validated using a solution pre-
pared with tap water and the powder content of 
commercial 500 mg pharmaceutical capsules at 
a concentration of 50 mg/L, maintaining the ex-
perimental conditions previously established for 
the HPLC grade compound.

Adsorption kinetics tests

Adsorption kinetics were evaluated by add-
ing 20 g/L RHB750 to 100 mL of TC solution 
(50 mg/L, pH = 3) in a 250 ml flask. All experi-
ments were carried out in triplicate. The mix-
tures were shaken at 150 rpm and 25 °C in an 
orbital incubator. At intervals of 1, 5, 10, 15, 
20, 30, 40, 50, 60, 75, 120, 150, 240, and 480 
minutes, 10 mL of supernatant aliquots were 
removed, filtered with 0.45 μm syringe filters, 
and the remaining TC concentration was mea-
sured in a spectrophotometer at an absorption 
length of 360 nm. To describe the adsorption 
mechanism, the experimental data were fitted 
with pseudo-first-order (PFO) and pseudo-sec-
ond-order (PSO) kinetic models according to 
Equation 4 and Equation 5, respectively. The 

Table 1. Process parameter values at three different levels 

Control factor
Levels

1 2 3 Units

Carbonization temperature 500 625 750 °C

Contact time 1 2.5 4 min

Biochar dose 1 10 20 g/L
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kinetic parameters of each model were deter-
mined by linear regression using the OriginPro 
software. The fitting was validated using the 
determination coefficient (R2) and the analysis 
of variance with a 95% confidence level. 

 

(S/N)j,k = − 10log (1
n

∑ 1
y2) 

 

q = V(Co− Ct)
m

 (2) 

 

R = (Co−Ct)
Co

× 100% (3) 

ln (qe − qt) = ln qe − k1t 

 

t
qt

=
1

k2qe
2 +

1
qe

t 

 

Ce

qe
 = 

1
QmaxKL

 +
Ce

Qmax
 

 

log qe = log KF + 
1
n

log Ce 

 (4)

 

(S/N)j,k = − 10log (1
n

∑ 1
y2) 

 

q = V(Co− Ct)
m

 (2) 

 

R = (Co−Ct)
Co

× 100% (3) 

ln (qe − qt) = ln qe − k1t 

 

t
qt

=
1

k2qe
2 +

1
qe

t 

 

Ce

qe
 = 

1
QmaxKL

 +
Ce

Qmax
 

 

log qe = log KF + 
1
n

log Ce 

 (5)

where: qe (mg/g) is the adsorption at equilibrium, 
qt (mg/g) is the adsorption at time t (min), 
k1 is the PFO rate constant (min-1), and k2 
is the PSO rate constant (g/mg.min).

Adsorption isotherm tests

To investigate adsorption equilibrium, TC 
solutions were prepared with initial concentra-
tions of 10, 30, 50, 70, and 100 mg/L, keep-
ing volume of the solution (25 mL), pH (3), the 
dose of RHB750 biochar (20 g/L), and temper-
ature (25 °C) constant. The mixture, contained 
in 100 mL flasks, was stirred for 8 hours at 
25 °C in an orbital incubator. Aliquots of 10 mL 
of the supernatant were taken, filtered with 0.45 
μm syringe filters, and the residual TC concen-
tration was measured at an absorption length 
of 360 nm in the spectrophotometer. The ex-
perimental data were fitted with the Langmuir 
and Freundlich models according to Equation 
6 and Equation 7, respectively. The isothermal 
parameters of each model were determined by 
linear regression using the OriginPro software. 
The fitting was validated using the determina-
tion coefficient (R2) and the analysis of vari-
ance with a 95% confidence level.
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where: qe (mg/g) is the adsorption at equilibrium, 
Ce (mg/L) is the equilibrium concentra-
tion, KL (L/mg) is the Langmuir constant, 
Qmax (mg/g) is the maximum adsorp-
tion capacity, KF is the Freundlich con-
stant, and n is the sorption capacity and 
intensity.

RESULTS AND DISCUSSION

Physicochemical characterization of rice husk 
and rice husk-derived biochar 

Table 2 presents the results of the physico-
chemical characterization of rice husk (RH) and 
rice husk-derived biochars (RHB) obtained at 
the carbonization temperature of 500 °C, 625 °C 
and 750 °C. 

The progressive carbonization of RH resulted 
in a significant decrease in volatile matter, from 
76.55% in RH to 9.0% in RHB750. This substan-
tial decrease is attributed to the thermal decompo-
sition of the lignocellulosic structure as the car-
bonization temperature increases. This behavior 
is consistent with the characteristic volatilization 
profiles of agricultural waste subjected to pyroly-
sis [Jindo et al., 2014; J. Sun et al., 2017]. 

The ash content increased from 15.66% for 
RH to 45.54% for RHB750. Thermal increase 
during carbonization resulted in a higher concen-
tration of inorganic and organic compounds that 
did not volatilize during the thermal decomposi-
tion of RH [Sukarta et al., 2025]. Furthermore, 
the high silica content in RH, which remains in a 
solid state during carbonization, produces biochar 
with a high ash content [Jia et al., 2018]. Previous 
studies reported an increase in RHB ash content 
of 64.19% and 76.2% by increasing the pyroly-
sis temperature from 300 to 700 °C with a resi-
dence time of 3 h [Jia et al., 2018] and between 
27.9% and 38.5% by increasing the temperature 
from 400 to 600 °C with a residence time of 1 h 
[Campos et al., 2020]. The increase in fixed car-
bon content to 45% in RHB, without significant 
differences between the three carbonization tem-
peratures evaluated, represents an improvement 
in the thermal stability of carbon compared to 
7.79% in RH. These values significantly exceed 
those reported in previous studies, where between 
20.7% and 21.7% fixed carbon was generated in 
RHB between 400 and 600 °C for 1 h [Campos 
et al., 2020]. The increase in fixed carbon content 
promotes stabilization of the carbon matrix and a 
larger specific surface area, which increases the 
active adsorption sites and improves the adsorp-
tion capacity of the TC [Jeganathan et al., 2024]. 

The efficiency of biochar as an adsorption 
material correlates positively with its specific 
surface area, as this property enhances the expo-
sure of functional sites and promotes interaction 
mechanisms such as hydrogen bonding, van der 
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Waals forces, and π-π interactions [Saghir et al., 
2022]. These interactions are based on the pres-
ence of functional groups such as hydroxyl, car-
bonyl and carboxyl, which provide the necessary 
chemical sites to form specific compounds with 
pollutant molecules, thus increasing the retention 
capacity of newly formed compounds in aqueous 
systems [Jiang et al., 2024; Saghir et al., 2022]. 
The specific surface area of   the RHB increased 
from 12.75 m²/g (500 °C) to 231.04 m²/g (750 
°C), an increase of approximately 18 times. Par-
allelly, the total volume of the pores increased 
from 0.0064 cm³/g to 0.12 cm³/g. These textural 
changes are attributed to the release of volatile 
substances such as hemicelluloses and cellulose, 
as well as the formation of channel structures dur-
ing pyrolysis [Zeng et al., 2018]. Furthermore, 
increasing the carbonization temperature leads to 
a reorganization of the carbon network, which in 
turn increases the surface area and porosity, thus 
significantly improving the adsorption capacity 
[Alghyamah et al., 2021; Asadi et al., 2021]. 

In this context, the results suggest that higher 
carbonization temperatures (750 °C) are prefer-
able for the production of biochar with optimized 
physicochemical properties for tetracycline ad-
sorption, outperforming the RHB obtained at 500 
°C. Several studies have reported the influence of 
pyrolysis temperature on the textural properties of 
biochar. Biochar treated at higher temperatures ex-
hibits a larger specific surface area, which means 
increased availability of adsorption sites. This ef-
fect, which correlates with the increase in total 
pore volume, enhances its potential for adsorption 
applications [Zhang et al., 2024]. Increasing the 
temperature from 300 to 700 °C for 3 h increased 
the surface area of   RHB from 78.401 to 377.717 
m2/g, achieving a Cd+2 removal of 96.12% for 
samples pyrolyzed at 700 °C [Jia et al., 2018]. 
Similarly, another study reported an increase in 
surface area from 2.02 to 211.76 m2/g at similar 

temperatures and a residence time of 2 h, achiev-
ing an adsorption capacity of 80.9 mg/g for TC 
with RHB prepared at 700 °C [Zeng et al., 2018]. 
The pores of RHB further improved at pyrolysis 
temperatures up to 900 °C, reaching an area of   
274.6 m2/g and a porosity of 0.315, which was at-
tributed to the progressive thermal decomposition 
and mass loss of the biochar [Tsai et al., 2021]. 

The progressive transformation of the physi-
cochemical and textural properties observed in 
biochars highlights the importance of optimizing 
the pyrolysis conditions to obtain materials with 
suitable characteristics for specific applications 
in the treatment of water contaminated with anti-
biotics. Increasing the carbonization temperature 
significantly modifies the structural and func-
tional properties of biochars, affecting their TC 
removal capacity through mechanisms including 
surface adsorption, π-π interactions, and hydro-
phobic attraction [Fan et al., 2018].

Effect of carbonization temperature on the 
yield of rice husk biochar (RHB)

The yield was calculated as the proportion 
of RHB mass in relation to the original mass 
of rice husk (RH) supplied in each experiment, 
expressed as a percentage and on a dry basis. 
As the carbonization temperature increased to 
500, 625, and 750 °C, the RHB yield decreased 
to 39.60 ± 0.87%, 35.70 ± 0.21%, and 29.36 ± 
0.83%, respectively. A one-way analysis of vari-
ance (ANOVA) confirmed that the observed dif-
ferences between the temperatures tested were 
statistically significant (p < 0.05), and Tukey’s 
post hoc test supports the assumption that each 
temperature represents a different group in terms 
of performance (Figure 2a). The decrease in RHB 
yield with increasing carbonization temperature 
is attributed to the intensification of thermal deg-
radation of RH, which promotes the conversion 

Table 2. Characterization of rice husk and rice husk-derived biochar

Parameters
Sample 

Rice husk RHB500 RHB625 RHB750

Volatile matter, % 76.55 ± 0.32 14.17 ± 0.11 10.51 ± 0.46 9.00 ± 0.12

Ash, % 15.66 ± 0.04 41.46 ± 0.26 44.18 ± 0.03 45.54 ± 0.14

Fixed carbon, % 7.79 ± 0.27 44.37 ± 0.37 45.31 ± 0.49 45.46 ± 0.26

BET surface area, m2/g na 12.75 84.11 231.04

Total pore volume, cm3/g na 0.0064 0.042 0.12

Note: RHB: rice husk biochars; 500: means the carbonization temperature; na: not analyzed.
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of volatile compounds into non-condensable 
gases and liquids of low molecular weight, re-
sulting in a decrease in RHB yield from 55% to 
35% when the pyrolysis temperature increases 
from 300 to 700 °C [Nwajiaku et al., 2018]. 
Since RH contains lignin and cellulose, carbon-
ization at 600 °C for 2 h resulted in a RHB yield 
of 27.16% due to progressive thermal degrada-
tion of structural biopolymers and reduction of 
hydrogen and oxygen through thermal cracking 
reactions, leading to the release of volatile or-
ganic compounds and CO2 [Aziz et al., 2023].

The quantitative relationship between the 
RHB yield and the carbonization tempera-
ture was analyzed using a nonlinear regression 
based on an exponential model that adequately 
describes this behavior (R2 = 0.9743, p < 0.05), 
indicating a robust and reliable agreement be-
tween the experimental data and the fitted model 
(Figure 2b). For various lignocellulosic residues 
such as oak, pine, sugarcane, and peanut shells, 
an exponential yield decline was observed with 
increasing temperature (350 and 900 °C, 1 h resi-
dence time), with determination coefficients (R2) 
exceeding 0.96 [Zhang et al., 2017]. The same 
trend was observed for the residues of the twig, 
leaf and pecan shell, with highly significant ex-
ponential decays (R2 > 0.99) as the temperature 
increased between 300 and 600 °C during a resi-
dence time of 1 h [Liu et al., 2023]. For rice straw, 
they reported a decrease in biochar yield from 
51.36% to 32.75% by increasing the pyrolysis 
temperature from 300 to 600 °C for a residence 
time of 1 h, observing an R2 value of 0.85 for the 
logarithmic fit [Zhang et al., 2020]. In the case of 
rice husks, a linear decrease in biochar yield was 
reported from 75.3% to 32.6% with increasing 

pyrolysis temperature between 250 and 350 °C 
[Jeganathan et al., 2024]. 

These findings confirm the results and high-
light the inverse correlation between carboniza-
tion temperature and biochar yield, with thermal 
enhancement favoring improved structural and 
functional properties for environmental applica-
tions, particularly in the adsorption of organic 
pollutants. Furthermore, the obtained nonlinear 
regression model, compared with previous stud-
ies, underscores that biochar yield is an important 
parameter for industrial production and that fitted 
regression models provide a useful reference for 
carbonization optimization [Liu et al., 2023]. 

Factor analysis using Taguchi design   
and S/N ratio

To determine the optimal conditions for max-
imizing TC adsorption efficiency and evaluate the 
relative influence of each operating parameter, 
the Taguchi experimental design was applied. 
Three factors were considered: the carbonization 
temperature of the RH (500, 625, and 750 °C), 
the contact time (1, 2.5, and 4 h), and the dose 
of RHB (1, 10, and 20 g/L). The TC removal ef-
ficiency achieved in each experimental combina-
tion and the corresponding signal-to-noise ratio 
(S/N) values are listed in Table 3. The ‘Larger is 
better’ criterion was used for the analysis, as the 
goal was to maximize process efficiency. The S/N 
values provide an integrated measure of the aver-
age system performance and its robustness (sig-
nal) against experimental disturbances (noise).

Operating conditions that combined a carbon-
ization temperature of 750 °C, a contact time of 
1 h and a dose of 20 g/L of RHB resulted in the 

Figure 2. Rice husk biochar yield as a function of temperature; (a) one-way ANOVA, p < 0.05; 
(b) nonlinear regression curve
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highest TC removal efficiency of 97.83% and also 
recorded the highest S/N ratio of 39.81. On the 
contrary, the combination of 500 °C, 1 h of contact 
and a dose of 1 g/L of RHB resulted in the lowest 
efficiency of 2.40% and the lowest S/N ratio of 
7.59. This wide range of S/N ratio values demon-
strates the high sensitivity of the process to operat-
ing conditions and underscores the importance of 
proper optimization to ensure both system perfor-
mance and stability. The main effect analysis of 
the S/N ratios for each factor level, shown in Fig-
ure 3, shows a positive influence of all three fac-
tors, suggesting that higher carbonation tempera-
tures, contact times and adsorbent doses are asso-
ciated with higher efficiency and greater stability. 
The strongest effect is observed for the adsorbent 
dose, where the slope is significantly steeper, con-
firming that this parameter has the greatest opera-
tional weight in the system. Therefore, this behav-
ior reflects a robust process when the parameters 
are operated at their highest levels, especially with 
regard to the adsorbent dose. 

Table 4 quantitatively confirms these ob-
servations, classifying the factors according to 
their impact on the process. RHB dose (factor 
C) showed the greatest effect, with response val-
ues between 18.56 and 37.36, followed by car-
bonization temperature (factor A) with response 
values between 24.43 and 34.97, while contact 
time (factor B) showed the least effect, ranging 
from 26.18 to 32.30.

The dose of RHB (factor C) was found to be 
the statistically significant factor (p < 0.05) in the 
TC adsorption process, contributing 70.78% to 
the total variation. This result supports the exper-
imental and graphical analysis and confirms the 
critical importance of this factor for the efficient 
removal of TC. On the contrary, the carbonization 

temperature (factor A) contributed 19.87% to the 
total variation, with p = 0.085. Although this 
value did not reach the 95% confidence level, 
the magnitude of its effect suggests that it could 
be considered a relevant factor in studies with a 
greater number of replicates or greater statisti-
cal power. In fact, its influence on the physico-
chemical structure of RHB could be crucial for 
future process design, especially in optimized 
adsorbent production, and its optimization is key 
to maximizing material performance without un-
necessary energy costs. Contact time (factor B) 
was the least influential factor, with a contribu-
tion of 7.51% (p = 0.197), indicating a nonsignifi-
cant effect in the evaluated time interval. Never-
theless, this parameter remains relevant from an 
operational and kinetic perspective, as it defines 
the time required to reach adsorption equilibrium. 
The experimental error was 1.84%, reflecting the 
reproducibility and precision of the experimental 
design and the reliability of the data obtained. 
The study demonstrated that operational factors 
have a heterogeneous influence on the removal 
efficiency of TC by RHB.

Effect of biochar dose on adsorption

Increasing the biochar dose (RHB750) from 1 
to 20 g/L significantly increased the adsorption ef-
ficiency, reaching a maximum removal of 97.83% 
under favorable conditions. This behavior can be 
explained by the larger number of available ac-
tive sites as the adsorbent mass increases, result-
ing in a larger contact area between the adsorbent 
and the TC molecules present in the solution. In 
particular, it is observed that although removal 
efficiency continues to increase with increasing 
doses, this improvement becomes less significant 

Table 3. Signal-to-Noise Ratio (S/N) for tetracycline adsorption

Experiment
Factors Results

Carbonization temperature (°C) Contact time (h) RHB dose (g/L) Efficiency (%) S/N

1 500 1 1 2.40 7.59

2 500 2.5 10 33.62 30.53

3 500 4 20 57.32 35.17

4 625 1 10 36.11 31.15

5 625 2.5 20 71.58 37.10

6 625 4 1 13.13 22.37

7 750 1 20 97.83 39.81

8 750 2.5 1 19.35 25.73

9 750 4 10 92.91 39.36
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beyond a certain threshold, suggesting a possible 
effect of saturation of the usable surface or par-
ticle aggregation, which could hinder access to 
the innermost active sites [Wang et al., 2023]. 
This phenomenon has been documented in vari-
ous studies in which increasing the initial dose 
results in a significant improvement in removal, 
but at high doses the efficiency stabilizes or even 
decreases slightly due to the formation of aggre-
gates that block part of the adsorbent surface, thus 
reducing its effective availability [Al-Kindi and 
Alnasrawy, 2022]. Similarly, in oxytetracycline 
adsorption systems with rice husk ash, increas-
ing the dose increased the removal percentage, 
directly due to the larger number of adsorption 
sites, although efficiency remained constant 

above a critical value (~1.6 g), indicating a satu-
ration point [Andrade et al., 2020]. Similarly, in 
the adsorption of several antibiotics in biochar, an 
increase in efficiency was observed up to 1.2 g/L, 
followed by equilibrium, which was attributed to 
saturation of the active sites at low doses and sur-
face shielding caused by agglomeration at high 
doses [Zeng et al., 2018]. 

The results obtained are consistent with the 
scientific literature and confirm that increasing 
the dose of adsorbent improves removal efficien-
cy up to an optimal point. Subsequently, structural 
limitations of the material, as well as saturation or 
agglomeration effects, prevent further improve-
ments. This underscores the importance of care-
fully optimizing the adsorbent dose, considering 

Figure 3. Main effects plot (data mean) for S/N ratios

Table 4. Response table for signal-to-noise (S/N) ratios 

Factors
Response (average) value

Rank
1 2 3

A Carbonization temperature (°C) 24.43 30.21 34.97 2

B Contact time (h) 26.18 31.12 32.30 3

C RHB dose (g/L) 18.56 33.68 37.36 1

Note: The classification of factors according to their range of influence (C > A > B) is consistent with the results 
of the ANOVA analysis (Table 5). 

Table 5. ANOVA table for the output response (TC removal) 
Source Degree of freedom Sum of squares Mean square F-Value P-Value Contribution (%)

A 2 167.09 83.546 10.78 0.085 19.87

B 2 63.13 31.566 4.07 0.197 7.51

C 2 595.19 297.597 38.41 0.025 70.78

Error 2 15.50 7.748 1.84

Total 8 840.91 100.00
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both the overall yield and specific efficiency per 
gram, to ensure a technically effective and eco-
nomically viable adsorption process.

Effect of carbonization temperature on 
adsorption

Experimentally, an increase in removal ef-
ficiency was observed from 2.40% at 500 °C to 
97.83% at 750 °C, supported by the increase in 
average signal-to-noise ratio values from 24.43 to 
34.97. This behavior suggests that carbonization 
at higher temperatures favors the development of 
a biochar with a larger surface area and a greater 
number of active sites available for interaction 
with TC molecules, improving the adsorption 
process [Jeganathan et al., 2024]. Furthermore, 
the aromatic condensation of biochar produced at 
elevated temperatures has been reported to be a 
crucial component of process efficiency, contrib-
uting to greater structural stability and adsorption 
capacity [Zhang et al., 2024]. Similar behaviors 
have been documented for biochars from rice 
husks, sawdust, and municipal biowaste pyro-
lyzed at 700 °C. These exhibited more aromatic, 
polar, and hydrophobic structures, which favored 
the adsorption of antibiotics such as moxifloxa-
cin and ofloxacin [Akhtar et al., 2021]. In highly 
carbonized biochars, TC adsorption occurs pre-
dominantly through intermolecular interactions, 
as the more developed carbon clusters have a 
higher density of active sites [Zhang et al., 2024]. 
The same effect was observed for the adsorption 
of other antibiotics, such as tetracycline hydro-
chloride, doxycycline and ciprofloxacin, whose 
removal increased significantly when using bio-
char produced at 700 °C compared to biochar 
produced at 300 °C or 500 °C [Zeng et al., 2018]. 
Consistently, a removal efficiency of nearly 91% 
was reported for carbonized rice straw biochar at 
700 °C, while the same material barely reached 
45% at 300 °C, confirming the positive effect of 
carbonization temperature on the efficiency of the 
adsorption process [Wang et al., 2017].

Effect of contact time on adsorption

The experimental results showed that increas-
ing the interaction time between the contaminated 
solution and biochar from 1 to 4 h also increased 
the efficiency of TC removal, suggesting that the 
adsorption process is more intensive in the ini-
tial stages. This behavior is typical for systems in 
which high-energy, easily accessible active sites 

are rapidly occupied, resulting in an initial phase 
of high adsorption rate, followed by a slower 
phase as the system approaches equilibrium. 
When these sites are saturated, the adsorption sta-
bilizes and the removal capacity tends to remain 
constant, reflected in a lower removal slope after 
2.5 h of contact. This pattern has also been de-
scribed in similar systems, where the rapid drop 
in antibiotic concentration during the first min-
utes is attributed to the high availability of free 
sites, while over longer periods the adsorption 
rate decreases due to the progressive surface satu-
ration and repulsion between adsorbed molecules 
and those in the solution [Andrade et al., 2020]. 
This rapid process can be further explained by the 
abundance of active sites on the biochar surface 
in the early stages, as well as by the concentration 
gradient between the solution and the adsorbent, 
which acts as a driving force for the transport of 
TC molecules to the active surface of the mate-
rial, where they are fixed through physicochemi-
cal interactions [Zhao et al., 2024]. Other studies 
have consistently shown that the higher adsorp-
tion rate in the initial stages is directly related 
to the availability of free sites in biochar, while 
between 90 and 120 minutes, the adsorption rate 
tends to stabilize due to the reduction of these 
active sites, thus reaching the equilibrium of the 
system [Wang et al., 2023].

Adsorption kinetics study

The kinetic curves show that the adsorption 
was rapid during the first 30 minutes, moderate 
during the following 30 minutes, and slower dur-
ing the following hours. After approximately 60 
minutes, equilibrium was reached, with a removal 
efficiency of 97.83% and an adsorption capacity 
of 2.5 mg/g, as shown in the Figure 4a and the 
parameters summarized in Table 6.

The pseudo-second-order (PSO) kinetic 
model better fitted the experimental data, with a 
coefficient of determination of R2 = 0.9988 (Fig-
ure 4c), than the pseudo-first-order (PFO) model, 
which had a coefficient of determination of R2 = 
0.9042 (Figure 4b). This behavior suggests that 
the adsorption process is predominantly governed 
by chemisorption mechanisms, where the rate is 
controlled by chemical interactions between the 
active sites of the biochar and the TC molecules. 
This interpretation is consistent with a study that 
observed strong agreement of the PSO model 
with processes dominated by chemical reactions 
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[Dai et al., 2020]. Other studies also reported sim-
ilar results, suggesting that the aromatic structure 
of biochar and possible π-π interactions contrib-
ute to this behavior [Fan et al., 2018; Popoola, 
2020]. The rate constant of the PSO model (k2 = 
0.05906 g/mg.min) suggests fast kinetics, related 
to the availability of active sites and the possible 
formation of hydrogen bonds or electrostatic in-
teractions, which is consistent with the assump-
tions of previous studies [Akhtar et al., 2021]. On 
the other hand, the lowest constant observed for 
the PFO model (k1 = 0.0439 min⁻¹) and its lowest 
fitted (R2 = 0.9042) confirm that this model, based 
on physical mechanisms, does not adequately de-
scribe the equilibrium stage. 

This behavior has also been described in pre-
vious studies [Wang et al., 2017], which high-
lighted that the larger surface area of activated 
biochars favors rapid adsorption processes at 
high temperatures. Compared to other studies 
with long equilibrium times, which report stabili-
zation after 6 to 10 h [Andrade et al., 2020; Wang 
et al., 2017], the system evaluated in this study 

shows high efficiency in a shorter time. This dif-
ference can be attributed both to the high acces-
sibility of the active sites of RHB750 and to the 
presence of specific adsorption mechanisms that 
allow rapid uptake of TC from the aqueous so-
lution. The PSO model adequately describes not 
only the initial stage of adsorption but also the 
equilibrium phase, which is consistent with the 
observed experimental trend (Figure 4d), where 
the values of the adsorption capacity over time 
(qt) rapidly approach those of the equilibrium ad-
sorption capacity (qe). Furthermore, the proxim-
ity between the experimental adsorption capacity 
(qexp = 2.50 mg/g) and the adsorption capacity 
calculated under PSO (qcalc = 2.5130 mg/g) sup-
ports the validity of the model for this system. 
These results are consistent with previous stud-
ies that indicate that in chemisorption-dominated 
systems, good agreement between the experimen-
tal data and those predicted by the PSO model is 
achieved [Chen et al., 2016; Zeng et al., 2018]. 

Finally, it should be noted that although the 
measured adsorption capacity is relatively low 

Figure 4. Kinetic for adsorption of tetracycline on RHB750 (C0 = 50 mg/L; T = 298 K; pH = 3; contact time = 
8 h; dose = 20 g/L); (a) removal efficiency and adsorption capacity vs time; (b) PFO; (c) PSO; (d) adsorption 

capacity vs time
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compared to other adsorbents, the overall system 
efficiency is high, highlighting the suitability of 
RHB750 for the antibiotic-contaminated water 
treatment process. This is particularly significant 
given the low cost and wide availability of rice 
husks as a raw material, making the process both 
accessible and sustainable.

Adsorption isotherm study

The fitting plots and obtained parameters, 
presented in Figures 5a–b and Table 7. 

The Langmuir model provided a better fit to 
the experimental data, exhibiting a correlation 
coefficient R2 of 0.9843, higher than that of the 
Freundlich model (R2 = 0.8578), indicating pref-
erential monolayer adsorption on a homogeneous 
surface. This behavior was observed in a previous 
study, which suggested that biochar produced at 
high temperatures develops a structure with equiv-
alent energy sites, which favors the formation of 
a uniform adsorbate layer [Wang et al., 2023]. 
Likewise, the obtained RL value (0.0065) is in the 
range of 0 < RL < 1, indicating a favorable process 
from a thermodynamic point of view. The maxi-
mum adsorption capacity value (Qmax) was 6.009 
mg/g, lower than that reported in a previous study, 
which reported an adsorption capacity of 34.6 
mg/g for a biochar produced at 700 °C [Fan et al., 
2018]. This can be attributed to differences in the 
type of precursor and the specific surface area of 
the material. However, this value is much higher 
than those reported in the literature for similar ma-
terials, confirming the suitability of RHB as an ef-
ficient and cost-effective TC adsorbent [Andrade 
et al., 2020; Chen et al., 2016]. Although the maxi-
mum adsorption capacity achieved (6.009 mg/g) 
can be considered moderate, it was achieved with 
a dose of 20 g/L, allowing high removal efficiency 
(97.83%) under practical conditions. This feature 

is advantageous in real-world applications where 
the effective treatment of contaminants in high 
concentrations takes precedence over optimizing 
the specific capacity.

The presence of high affinity between the ac-
tive sites of RHB750 and TC is also reflected in 
the value of the KL parameter (3.069 L/mg), in-
dicating a strong solute-sorbent interaction. The 
Freundlich model, for its part, showed a 1/n value 
of 0.6079, supporting the heterogeneity of the 
adsorbent surface, although its fit was statistical-
ly lower. This is consistent with observations in 
studies reporting the lack of cooperation between 
molecules in the adsorption of antibiotics in bio-
char, strengthening the hypothesis of a mechanism 
dominated by individual binding to specific active 
sites [Akhtar et al., 2021]. Complementary studies 
also demonstrate the applicability of the Langmuir 
model for systems with high surface affinity ma-
terials, as high TC removal (90%) is observed at 
RL values within favorable ranges, supporting the 
general nature of this model in well-designed sys-
tems [Al-Kindi and Alnasrawy, 2022].

The results of isothermal analysis show that 
the Langmuir model best fits the experimental 
data, indicating monolayer adsorption on a homo-
geneous surface. The use of biochar from agroin-
dustrial wastes, such as rice husks, is presented as 
an efficient, accessible, and cost-effective alterna-
tive for environmental remediation.

Optimum condition and validation of model

The optimization of the TC adsorption process 
was performed using the Taguchi L9 experimen-
tal design under optimal conditions determined 
by signal-to-noise ratio (S/N) analysis. Table 8 
shows the optimized conditions, including a car-
bonization temperature of 750 °C, an adsorbent 
dose of 20 g/L, and a contact time of 4 h, as well 

Table 6. Kinetic parameters for adsorption of tetracycline on HRB750
Kinetic models Kinetic parameter Value of parameter

Experimental qexp (mg/g) 2.5000

Pseudo-first-order

qcalc (mg/g) 2.4444

k1 (min-1) 0.0439

R2 0.9042

Pseudo-second-order

qcalc (mg/g) 2.5130

k2 (g/mg.min) 0.05906

R2 0.9988

Note: C0 = 50 mg/L; T = 298 K; pH = 3; contact time = 8 h; dose = 20 g/L.
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as the efficiency achieved experimentally and the 
optimal value predicted by the model.

With this configuration, a maximum removal 
efficiency of 99.51±0.02% was achieved in the 
experimental tests, which represents a significant 
improvement over the value of 97.83% achieved 
in previous tests at the same temperature and dose, 
but with a contact time of only 1 h. This increase 
demonstrates that the contact time parameter, al-
though statistically less influential in the ANOVA 
analysis, plays a relevant role in determining the 
optimal conditions to achieve a removal close 
to 100%. The observed performance is consis-
tent with previous results in the literature, which 
showed that a simultaneous increase in carboniza-
tion temperature and adsorbent dose significantly 
improves the efficiency of TC removal, although 

with a parallel decrease in specific capacity [S. 
Wang et al., 2023]. Similarly, other authors have 
pointed out that at high doses, efficiency can in-
crease to a certain threshold before stabilizing 
due to effects such as particle agglomeration or 
saturation of active sites on the surface [Al-Kindi 
and Alnasrawy, 2022]. 

The dose of 20 g/L used in this optimization 
is relatively high compared to other studies that 
used lower doses. However, its application in this 
case is justified by the use of rice husk biochar, 
a readily available and inexpensive agricultural 
residue that allows its implementation without 
imposing a significant economic burden. Al-
though the dose of 20 g/L used in this study can 
be considered high, its economic viability is justi-
fied by the low cost and availability of biochar 

Figure 5. Isotherm models for adsorption of tetracycline on RHB750 (initial concentration = 50 mg/L; 
temperature = 298 K; pH = 3; contact time = 8 h; dose = 20 g/L); (a) Langmuir; (b) Freundlich

a)

b)
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from agricultural waste such as rice husks. Pre-
vious studies reported the successful application 
of citrus waste biochar for TC adsorption in real 
wastewater, using even higher doses (70 g/L), 
with an estimated treatment cost of USD 12.6/m³ 
[Rizkallah et al., 2023]. In comparison, commer-
cial activated carbon treatment carbon can cost 
between USD 9.1 and 914.2/m³ due to the higher 
unit price. This background supports the technical 
and economic feasibility of using high-dose bio-
char in real-world water treatment contexts. 

Biochar regeneration was not addressed in 
this study. The literature reports results on the 
efficiency of biochar desorption and reuse of 
lignocellulosic waste, depending on the type of 
contaminant, the regeneration method, and the 
operating conditions [Dai et al., 2020; Rizkallah 
et al., 2023]. The feasibility of using rice husk 
biochar in wastewater treatment has been par-
ticularly supported by its ability to adsorb and re-
move trace contaminants even after reuse [Wang 
et al., 2023]. Given the low cost and availability 
of this feedstock, its application as a single-cycle 
adsorbent may be feasible in certain contexts. 
However, to further enhance the sustainability of 
the process, it is suggested to evaluate the per-
formance of biochars in multiple adsorption-de-
sorption cycles. Additionally, rice husk is a low-
cost material with a lignocellulose-rich composi-
tion and porous structure, which allows for high 

adsorption efficiency without compromising the 
sustainability of the process. 

Notably, carbonization was carried out with 
a residence time of one hour, while other stud-
ies reported the need for a 2 h heat treatment to 
achieve similar efficiencies, thus saving energy 
and operating time [Wang et al., 2023; Zeng et al., 
2018]. Comparing the observed experimental ef-
ficiency (99.51%) with the optimal efficiency 
predicted by the model (105.78%), a significant 
discrepancy is observed, exceeding the realistic 
physical limit of 100% removal. This excess is 
due to the limitations of the mathematical model 
and the software used, which sometimes extrapo-
late optimal values without considering the inher-
ent constraints of the physical system. Such an 
overestimation underscores the need to interpret 
the prediction results within the context of real 
experimental conditions, taking into account that 
the model represents an idealized system, while 
the measured efficiency corresponds to the actual 
and validated behavior of the process. 

Additional validation was performed in arti-
ficially contaminated tap water with pure tetra-
cycline and in tap water mixed with the actual 
contents of medicinal capsules. In both cases, 
complete contaminant removal (100%) was 
achieved after 4 h, confirming the robustness of 
the adsorption system under optimal conditions. 
It is important to note that the performance in 
tap water was even better than that in synthetic 

Table 7. Isotherm parameters of tetracycline adsorption by HRB750
Isotherm models Isotherm parameter Value of parameter

Langmuir

Qmax (mg/g) 6.009

KL (L/mg) 3.069

RL 0.006475

R2 0.9843

Freundlich

n (L/g) 1.645

1/n (g/L) 0.6079

Kf (mg/g)/(mg/L)n 5.116

R2 0.8578

Note: C0 = 50 mg/L; T = 298 K; pH = 3; contact time = 4 h; dosage = 20 g/L. 

Table 8. Optimum condition for maximising the removal efficiency using Taguchi L9 

Factors Optimum conditions Experimental efficiency, % Optimal efficiency, %

RHB dose, g/L 20

99.51 ± 0.02 105.78Carbonization temperature, °C 750

Contact time 4

Note: Initial TC concentration = 50 mg/L; final TC concentration = 0.24 ± 0.02.
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solutions, which could be related to the presence 
of salts and dissolved minerals in the aqueous 
medium. This hypothesis is supported by a study 
in which an increase in TC removal was observed 
from 90% to 95% in real matrices compared to 
synthetic matrices. This is attributed to the salini-
zation effects induced by dissolved solids, which 
modify the solute-sorbent interaction [Rizkallah 
et al., 2023]. In this context, it is concluded that 
certain ions present in real water can facilitate 
the formation of electrostatic bonds, improving 
the overall efficiency of the process. However, 
the specific impact of coexisting substances such 
as metal ions or humates was not evaluated in 
this study. Future work should focus on system-
atically assessing their influence under realis-
tic wastewater conditions to better understand 
the applicability of the proposed system. These 
findings support the high efficiency of the opti-
mized adsorption system for TC removal, which 
achieves removal rates of over 99% in both syn-
thetic solutions and real matrices.

CONCLUSIONS

This study investigated the efficiency of rice 
husk biochar in the adsorption of tetracycline. A 
Taguchi L9 signal-to-noise experimental design 
was used under the ‘Larger is better’ condition, 
considering carbonization temperature, contact 
time, and adsorbent dosage as key variables. The 
results showed that under optimal conditions 
(750 °C, 4 h and 20 g/L), a maximum removal 
efficiency of 99.51% could be achieved, signifi-
cantly exceeding the values obtained under non-
optimized conditions. Previously, the influence of 
carbonization temperature on biochar yield was 
analyzed, observing an inverse correlation be-
tween both factors. However, thermal elevation 
favored the improvement of structural properties, 
such as surface area (BET), which are essential 
for the adsorption of organic contaminants. Ki-
netic analyzes showed better agreement with the 
pseudo-second-order model, suggesting adsorp-
tion dominated by chemical interactions, while 
equilibrium data were adequately fitted to the 
Langmuir model, indicating monolayer adsorp-
tion on homogeneous surfaces with favorable af-
finity, in agreement with the obtained RL values. 
The efficiency of the system was also validated 
under real-world conditions with tap water, where 
an increased removal rate was observed due to 

the presence of dissolved solids. Taken together, 
these findings confirm that biochar from agro-
industrial wastes, such as rice husks, represents 
an effective, economical, and environmentally 
sustainable alternative for the remediation of an-
tibiotic-contaminated water bodies.
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