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This study reports the valorization of drinking water treatment sludge (DWTS) to remove antibiotics from water.
Sulfamethoxazole and trimethoprim were used as model antibiotic molecules to analyze the removal capacity of
DWTS. A detailed physicochemical characterization of this DWTS was performed including a leaching assay to
determine its chemical stability. Kinetic and equilibrium studies were performed at pH 6.5 and 20-40 °C in single
and binary aqueous solutions containing the tested antibiotics. Different models including statistical physics
theory were applied to correlate and analyze the antibiotic adsorption on DWTS. The application of DWTS to
remove the tested antibiotics from real treated wastewater was assessed. The leaching analysis proved that this
sludge was chemically stable and can be used safely in (waste)water treatment. The results showed that DWTS
can remove both antibiotics with uptake capacities up to 36 mg/g. This sludge displayed better adsorption
properties to remove sulfamethoxazole in both single and binary systems. The binary studies indicated the
presence of antagonistic removal of both antibiotics. The oxygenated functional groups of the DWTS were
involved in the adsorption mechanism of the tested antibiotics via hydrogen bonding. The results in wastewater
showed uptake capacities up to 18 mg/g, namely for trimethoprim, despite the presence of chemical species that
interfere with their removal. Therefore, DWTS are an alternative that can be used to reduce the costs of treatment
systems, namely in the removal of antibiotics, besides contributing to the sustainability and circular economy in
the water sector.

1. Introduction

Antibiotics have been a significant advancement in public health.
However, the effectiveness of many of these pharmaceuticals is facing
challenges due to the rapid evolution of bacteria resistance mechanisms
(Aslan et al., 2018; Sambaza and Naicker, 2023). The discharge of an-
tibiotics into the environment is associated with the emergence of
antimicrobial resistance (AMR), which is of significant concern not only

to public health but also to food security and the economy, as under-
scored by the World Health Organization (Vasilachi et al., 2021). The
threat posed by AMR is evidenced by approximately 700,000 annual
deaths, which could reach 10 million by 2050 (Sambaza and Naicker,
2023). AMR is not the only threat posed by the environmental presence
of antibiotics. For example, the exposure to sulfamethoxazole (SMX) and
trimethoprim (TMP), which are two antibiotics featured in the European
Union Watch List mechanism (European Commission, 2020, 2022), can
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result in toxicological effects including the bioaccumulation in aquatic
organisms (Chaves et al., 2022), oxidative stress in mollusks (e.g.,
Ruditapes philippinarum) (Nicolussi et al., 2022), and impacts on the
swimming activity and heartbeat rate of some species (e.g., Danio rerio)
(Lin et al., 2014). Therefore, it is of utmost importance to reduce the
presence of antibiotics in the environment.

SMX is one of the sulfonamides that is commonly used in human
medicine. This antibiotic inhibits dihydropteroate synthase, a pivotal
precursor in the folic acid synthesis, which plays a crucial role in bac-
terial growth (Prasannamedha and Kumar 2020). SMX has been used in
combination with TMP to minimize the impact of AMR (Prasannamedha
and Kumar 2020; Thiebault, 2020). On the other hand, TMP is a
chemotherapeutic agent that inhibits dihydrofolate reductase, which
catalyzes the conversion of dihydrofolate to tetrahydrofolate (Thiebault,
2020). These two antibiotics cover a wide antibacterial spectrum and
can be used to treat respiratory and urinary tract infections. They are
also used by patients with acquired immunodeficiency syndrome or
other immunosuppressive conditions to treat opportunistic infections
(Frascaroli et al., 2021; Thiebault, 2020). However, these two com-
pounds are poorly absorbed and not completely metabolized by humans,
resulting in the excretion of active compounds (around 20 % for SMX
and 50 % for TMP) via urine and feces (Phoon et al., 2020; Thiebault,
2020). After excretion, these antibiotics usually end up in Wastewater
Treatment Plants (WWTP). However, the conventional treatment sys-
tems of WWTP cannot effectively remove them (Cui et al., 2023). Some
studies have reported that the removal efficiencies for SMX and TMP are
~50 % because of their high resistance to the biodegradation (Wang
et al., 2020). The high capacity to resist conventional removal processes
besides the environmental and public health impacts (toxicity and an-
tibiotics resistance) of these compounds show that is essential to adapt
and improve purification systems of WWTP to reduce the concentration
of antibiotics and other compounds of emerging concern (CECs)
(Guillossou et al., 2019; Rizzo et al., 2020). The concentration of these
antibiotics in wastewater can range between ng/L and pg/L. For
example, in Europe, the concentrations of SMX and TMP range from
0.09 to 1.55 pg/L and from 0.06 to 1.44 ug/L, respectively (Thiebault,
2020).

The adsorption process is pointed out by several authors as an
effective treatment technology for CECs removal including antibiotics
since it is simple to design and operate, has low investment, enables the
reuse and regeneration of the separation media (i.e., solids used as ad-
sorbents) and does not generate toxic by-products (Dias et al., 2021;
Guillossou et al., 2019). In particular, different studies have concluded
that the mechanism of TMP and SMX adsorption from water implies
interactions with the adsorbent surface via hydrogen bonding, electro-
static interactions, complexation, n-t, and hydrophobic forces (Mpatani
etal., 2021; Prasannamedha and Kumar 2020). Activated carbon (AC) is
the universal adsorbent used in WWTP but its cost can limit its imple-
mentation. Therefore, circular economy-based research has focuses on
low-cost materials, such as biochar and waste-based adsorbents (Li et al.,
2019; Mitra et al., 2021; Nielsen and Bandosz, 2016), to reduce water
purification costs and to improve process sustainability.

Drinking water treatment sludge (DWTS) has been identified as a
potential low-cost adsorbent for CECs removal due to its physicochem-
ical properties (Dias et al., 2023; Kulandaivelu et al., 2020). DWTS is a
by-product of drinking water treatment processes and is composed
mainly of organic matter and the reagents used in the purification sys-
tem (Pajak, 2023). Based on the reagents that are incorporated in the
treatment process, DWTS can be classified as aluminum-rich (AI-DWTS),
iron-rich (Fe-DWTS) or activated carbon-rich (AC-DWTS) (Dias et al.,
2023). Previous studies have proved the promising application of DWTS
for the adsorption of antibiotics including TMP and SMX. For example,
Jo et al. (2021) analyzed the performance of pellets prepared with
pre-treated AI-DWTS for the SMX removal obtaining an adsorption ca-
pacity of 1.7 mg/g. Kulandaivelu et al. (2020) studied SMX and TMP
adsorption using Fe-DWTS and Al-DWTS. The results showed that only
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Fe-DWTS was able to remove TMP, while SMX removal was not ach-
ieved by any of the two types of DWTS. However, the literature review
indicates that the use of AC-DWTS to adsorb SMX and TMP has not yet
been properly studied. In fact, there is a knowledge gap concerning the
uptake capacity of this sludge, which is crucial for assessing its true
potential. Additionally, it is important to understand the mechanisms
that determine the removal of these antibiotics.

Based on this context, this study aims to evaluate the removal of TMP
and SMX using AC-DWTS in single and multicomponent aqueous solu-
tions. Kinetic and equilibrium studies were performed, including sta-
tistical physics modelling, to elucidate the removal mechanism of both
compounds. As proof of concept, the antibiotic removal was studied
using real treated wastewater.

2. Materials and methods
2.1. Drinking water treatment sludge characterization

The DWTS sample was obtained from the drinking water treatment
plant after the final dewatering stage. This material contained the
chemicals used in the drinking water treatment process, specifically
polyaluminum chloride, lime milk, AC, and polyelectrolyte. The
collected sludge was subjected to drying at 105 °C to eliminate any
remaining moisture. The dried substance was then ground and sifted to
achieve a particle size of 45/60 mesh (250-354 pum), which falls be-
tween the particle sizes of standard powdered and granular activated
carbon (Sousa et al., 2024).

Elemental organic composition (C, H, N, and S), mineral content (Zn,
Pb, P, Na, Mg, K, Fe, Cu, Cr, Ca, Al), ash content, pH at point of zero
charge (pHpzc), and textural parameters (pore size distribution, meso-
pore volume, micropore volume, total pore volume, and surface area) of
DWTS were determined. Thermogravimetric (TGA) and Transform
Infrared Spectroscopy (FTIR) studies were also performed to charac-
terize DWTS. The DWTS surface characteristics and elemental compo-
sition were analyzed using Scanning Electron Microscopy coupled with
Energy Dispersive Spectroscopy (SEM-EDS). To conclude, a leaching test
of DWTS was performed in accordance with the European standard
aqueous leaching procedure for waste materials and sludges (EN
12457-2.2003, 2003). Details of all procedures and characterization
techniques are reported in Supplementary Material.

2.2. Adsorption assays

All the single adsorption studies were performed via batch adsorbers
using 25 mL of antibiotic solution, under a continuous agitation of 300
rpm in a multistirrer (VELP Scientifica Srl, Usmate, Italy). The solutions
of adsorbates were prepared daily using distilled water or wastewater,
considering the studied matrix: 5 % methanol (MeOH) (HPLC/MS purity
grade >99.9 %, Honeywell Riedel-de Haén, Germany) and selected
antibiotics (TMP and SMX). The purities of TMP (Fargos, Barcelona,
Spain) and SMX (Sigma Aldrich, Missouri, USA) were 99.6 and 98 %,
respectively. The adsorbate concentrations used in this study, which are
detailed in the following sections, are higher than those typically found
in the environment. This approach aims to achieve DWTS saturation in
order to determine the maximum adsorption capacity of the material.

After the adsorption process, the suspensions were filtered through
1.2 pm glass microfiber filters (MFV3, Barcelona, Spain) and the filtrate
was analyzed to quantify the antibiotic concentration using a UV-VIS
spectrophotometer (GBC UV/VIS, model 916) with quartz cuvette with
100 mm pathlength (UNICO, Dayton, NJ, USA). The calibration curve,
quantification limit (LOQ) and determination limit (LOD) for the con-
centration measuring of each antibiotic are shown in Table S1 of the
Supplementary Material. The binary adsorption tests were performed in
the same conditions as the single. For these studies, the concentration of
tested adsorbates was determined using a method adapted from Bai and
Acharya (2016) where HPLC was applied using the conditions reported
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in Supplementary Material. The calibration curve, LOQ and LOD for
HPLC-based quantification of each antibiotic are reported in Table S2 of
the Supplementary Material. All the adsorption experiments were per-
formed by duplicate.

2.2.1. Identification of the best solid/liquid ratio for antibiotic adsorption

A preliminary single adsorption study with the DWTS was performed
to define the best solid/liquid ratio (S/L) for the antibiotic removal ex-
periments. Four S/L ratios of DWTS (0.1, 0.5, 1 and 2 g/L) were tested
during 24 h at pH = 6.5. The concentrations of SMX and TMP used in this
study were 50 mg/L. The removal efficiency (RE, %) was calculated by
Eq. (1),

RE (%) = (C‘)C;Cf) x 100 €}

0

where Cy and Cy are the initial and final concentrations (mg/L) of the
studied antibiotics. S/L value that achieved the highest RE was selected
for the kinetic and isotherm studies of antibiotic adsorption.

2.2.2. Kinetic study

The single and binary kinetic studies were performed using m/V = 2
g/L of DWTS with initial concentrations of 50 mg/L of the adsorbates.
The contact time ranged from 0 to 96 h. The uptake capacity (q, mg/g) of
DWTS at a given operating time t was determined using Eq. (2), while
the results were adjusted via the following kinetic models: Pseudo-First
Order (PFO), Eq. (3), Pseudo-Second Order (PSO), Eq. (4), and Elovich,
Eq. (5):

Co—C,
_ (G-C) x Vv @
m
@ =qex (1—e™) 3
@ xkyxt
qt_1+qe><k2><t @
1
q[:E x In(1+ag x bg x t) (5)
E

where g, (mg/g) is the amount of antibiotic adsorbed on DWTS at time t;
g. is the uptake capacity at equilibrium (mg/g); k; is the pseudo-first-
order rate constant (min'l); ko is the pseudo-second-order rate con-
stant (g mg'lmin'l); ag is the initial adsorption rate constant of Elovich
model (mg g™ min™1); and b, is the rate of change of the activation energy
with surface coverage (g/mg) (Wang et al., 2024).

2.2.3. Equilibrium studies

The adsorption isotherms were determined at three temperatures
(20, 30 and 40 °C) using m/V = 2 g/L of DWTS. The contact time for
these studies was selected according to the results of the kinetic study (i.
e., 24 h). The initial concentration of each antibiotic ranged from 20 to
250 mg/L. The binary equilibrium study was performed under the same
conditions as those used in the single solutions. The initial concentration
of each antibiotic ranged from 20 to 300 at a ratio of 1:1 (e.g., 20 mg/L
of SMX / 20 mg/L of TMP). The experimental data of both the single and
binary equilibrium studies were correlated using the following isotherm
models.

i. Langmuir model:

K, X gm x C,

1+K, xC, ©)

de =

where C, (mg/L) and q, (mg/g) are the concentration and the adsorption
capacity at equilibrium, respectively; g is the calculated maximum
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adsorption capacity (mg/g); and Kj, is the Langmuir equilibrium con-
stant (L/mg) (Wang et al., 2024).
i. Freundlich model:

qe=KpxCe'/} @

where Kz (L/™ g'1 mglfl/ nr) is the Freundlich constant that character-
izes the strength of adsorption and ny is the adsorption intensity (Lima
et al., 2021).

i. Sips model:

_ K X g x C¥Fs

8
1+Kg x Cfs

where K S(L /mg)!/ “SP is the Sips equilibrium constant and ng is the Sips

exponent (dimensionless, 1/ng ranging from 0 to 1) (Lima et al., 2021).
i. BET model:
Ks x C,
qe = o ©)

qm(l — Ki ger % Ce)(1 — K x C + Ks gpr % Ce)

where K ger (L/mg) and K, ger (L/mg) are the equilibrium constants for
the first and second layers, respectively (Ebadi et al., 2009).

i. The multi-step isotherm model:

5. a; x ki x [(C. — by) + abs(C, — by)|"
12”z+k < (G —bi) + abs(C. B[

(100)

i=

where S is the number of steps of the isotherm; g; is the maximum
adsorption capacity (mg/g) of the layer n;; k; is equilibrium constant
[(L/mg)]"™ of the layer n;; and b; is the critical concentration limit (mg/L)
(Czinkota et al., 2002; Tolner, 2008).

2.2.4. Statistical physics modelling

A monolayer model (MM), formulated via the theory of statistical
physics (Edi-Soetaredjo et al., 2023; Sellaoui et al., 2015), was also
applied to examine the adsorption mechanism of TMP and SMX on
DWTS. This MM assumed that the functional group of DWTS can accept
a variable number of antibiotic molecules at different adsorption tem-
peratures, in contrast to the Langmuir model. It is expressed as follows
(Edi-Soetaredjo et al., 2023; Yazidi et al., 2020):

NgF

qe = /N "amn
1+ (Cl/z)

where the ng, parameter can estimate the number of antibiotic mole-
cules adsorbed per DWTS functional group, F represents the functional
group density (mg/g), and Cj/2 is the concentration at half-saturation
(mg/L).

This model was extended to explain the binary adsorption of TMP
and SMX. The binary model (BM) considers that both TMP and SMX are
adsorbed on the same DWTS functional group to justify the competition
of these adsorbates (antagonistic removal) during the multicomponent
adsorption process. It is given by Edi-Soetaredjo et al. (2023), Yazidi
et al. (2020):

(111)
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11Dy (%)
en = A1y Tgp
Ce Ce
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(13)

Ge2 = n Ty
Ce Ce
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In both expressions, the nj;, parameter represents the number of TMP
molecules adsorbed per DWTS functional group in the binary systems,
the ngp parameter estimates the number of SMX molecules adsorbed per
DWTS functional group, Dy is the density of DWTS functional groups,
and Cp (i = 1,2) is the concentration (mg/L) at half-saturation,
respectively.

(122)

2.2.5. Model selection

The parameters of all adsorption models were determined via a Non-
Linear Least Square method. The model comparison and selection for
both kinetic and equilibrium studies was based on three criteria: (i) the
adjusted determination coefficient (Rﬁdj), (ii) the residual sum squares
(RSS), and (iii) the Chi-square test (y2).

n—-1
Ry = 1-(1-R%) x (m) a#

RSS =3 (qup s (1s)

(qexp - qmod> ’
Gmod

=Y 1e)
where R? is the determination coefficient, n is the number of experi-
mental results, p is the number of parameters in the fitting model, gex, is
the experimental adsorption capacities (mg/g) and g4 is the adsorp-
tion capacities obtained with the models (mg/g). The model with the
highest R, and lowest value of RSS and y* was selected as the most
accurate fit (Ho, 2004; Lima et al., 2021).

2.3. Adsorption assays using wastewater

2.3.1. Wastewater — origin and characterization

A sample of treated wastewater was collected in an urban WWTP
with an average flow of 19 300 m®/day. The WWTP system included
preliminary, primary, and secondary treatment stages (oxidation ditches
followed by clarifiers). The sample was collected after a secondary
clarifier. The characterization of the wastewater included the determi-
nation of the following parameters: 5-day biological oxygen demand
(BODs), chemical oxygen demand (COD), permanganate index (PI),
total solids (TS), total fixed solids (TFS), total volatile solids (TSV), total
suspended solids (TSS) Kjeldahl nitrogen, phosphate, chloride, sulphate,
nitrate, pH and turbidity. Details of these analyzes are given in Sup-
plementary Material.

2.3.2. Adsorption assay in treated wastewater

The adsorption studies with treated wastewater were performed
using m/V = 2 g/L of DWTS, with initial concentrations of 50 mg/L for
both SMX and TMP under continuous agitation, and a contact time of 24
h using both single and binary solutions. RE (%) and q, were calculated
according to Egs. (1) and (2), respectively.
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3. Results and discussion
3.1. Drinking water treatment sludge characterization

The ash content, elemental composition, and pHpyzc of DWTS are
listed in Table S3. The ash content obtained was comparable to what is
found in the literature for AC-DTWS (Dias et al., 2021; Lee et al., 2020),
but it was lower than the values reported for AI-DWTS (80 %) (Hou
et al., 2018). Based on the findings of Dahhou et al. (2023), the usual
carbon content in DWTS falls between 14 and 18 %. On the other hand,
Siswoyo et al. (2014) reported that the carbon content can be below 9 %.
The carbon content of AC-DWTS reported in this study was higher than
18 %, which may be due to the incorporation of AC and the presence of
other organic matter (Lee et al., 2020; Dias et al., 2021). This sludge
sample also exhibited acidic properties (pHpzc = 5.5), indicating a high
concentration of acidic surface groups (Bernardo et al., 2020). This
outcome could be linked to the inclusion of activated carbon and organic
acids in the sludge composition, resulting from the presence of organic
material in the raw water.

N adsorption-desorption isotherm of DTWS sample (Fig. S1, Sup-
plementary Material) can be classed as a mixture of types I and IV, with
both microporosity and mesoporosity. The relatively large hysteresis of
type H3 indicates the presence of nonrigid aggregates of plate-like
particles with large mesopores (Thommes et al., 2015). According to
textural analysis, the pore volume was essentially associated with the
mesopores, see results reported in Table 1. The surface area (Sggr) was
similar to those values reported in several studies (Dias et al., 2021; Lee
etal., 2020; Shen et al., 2019). The micropore volume was low (Table 1),
and the PSD results (Fig. S2 of the Supplementary Material) showed that
DTWS had mainly micropores with widths below 1.5 nm. It is conve-
nient to recall that microporosity is an important parameter because the
adsorption of antibiotics such as TMP is usually related to the
micropore-filling mechanism (Liu et al., 2015).

The results of the mineral analysis (Table S4 of the Supplementary
Material) showed that the elements of DTWS present in highest con-
centrations were aluminum (Al) and magnesium (Mg), which agreed
with previous studies (Bal Krishna et al., 2016; Dias et al., 2021; Hou
et al., 2018). The Al content was linked to the specific coagulant used in
the treatment of drinking water, which is polyaluminum chloride. The
presence of Mg might indicate the properties of the source water and the
methods implemented to modify water hardness.

The mass loss of DTWS observed in TGA results (Fig. S3 of the
Supplementary Material) up to 105 °C was associated with the sample
moisture. However, the most significant mass loss occurred between 200
and 480 °C, which could be related to the degradation of the organic
matter (Pellenz et al., 2023). The total mass reduction was 28.6 %,
indicating that a considerable amount of mass could be lost during the
regeneration and/or activation process of DTWS.

The FTIR spectrum (see Fig. S4 in the Supplementary Material) of
DTWS exhibits absorption bands linked to the presence of aluminum
hydroxides (3200-3600 and 400-800 cm™!), which may be associated
with the coagulant utilized in the drinking water treatment process (Lee
et al., 2020). The absorption bands that could be related to Si com-
pounds (1010-1090 cm™) were also identified (Coates, 2000; Lee et al.,
2020), although they can overlap with the bands arising from the

Table 1
Textural properties of DTWS obtained from N,
adsorption-desorption isotherms.

Parameter Value
Sper (m*/g) 165

Viotal (cm®/g) 0.154
Vinesopores (cm>/g) 0.114

Vimicropores (cm>/g) 0.040
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stretching vibration of the Al-O bond (Wang et al., 2014). The absorp-
tion bands of silicon could be associated with the composition of raw
water, specifically the presence of clays and riverbeds (Martins et al.,
2022), or aluminosilicate complexes. An additional absorption band was
identified at 1400 cm™ that was probably associated with carbonates
and/or carboxylate ions (Coates, 2000). The absorption band located at
~1700 cm! was associated with the presence of carboxylic acids, which
was confirmed by the acidic nature of DWTS (see pHpyc in Table S3).

SEM-EDS results (see Fig. S5 of the Supplementary Material) showed
the heterogeneity of the DTWS material where carbon was the element
more representative, suggesting the presence of AC particles. Siswoyo
et al. (2014) also identified AC particles in the SEM images of DWTS.
SEM results also confirmed the presence of particles (zone C reported in
Fig. S5) in DWTS sample with a high content of oxygen, silicon, and
aluminum. This type of particle has also been identified in previous
studies (Martins et al., 2022).

The findings from the leaching assay (see Table S5 in the Supple-
mentary Material) showed a variation in pH that was associated with the
PHpzc of DWTS, as the acidic characteristics led to a decrease in solution
pH due to the release of H' ions (Muisa et al., 2020). In the leaching
samples, a conductivity increase of 677.9 pS/cm was observed at 20 °C.
The observed results may be linked to the amount of chloride ions (CI")
released during the leaching process. This released Cl could be associ-
ated with the coagulants used in DWTP, particularly polyaluminum
chloride. Among the chemical species analyzed, calcium (Ca) and so-
dium (Na) exhibited the highest relative mobilities. The relative
mobility of Al was lower than 1 %, indicating a leaching of 0.05 pg/g.
These results elucidate the low mobility of metallic elements from DTWS
to water, indicating that this material is chemical stable and can be
safely used in aqueous media.

3.2. Antibiotic adsorption assays

3.2.1. Preliminary study

The preliminary study results (Fig. 1) showed that DWTS without
any type of activation/functionalization treatment can be used for the
removal of SMX and TMP. In contrast to the expected outcome, no sig-
nificant difference in the affinity between antibiotics and DWTS was
observed. Note that adsorption studies were conducted at pH 6.5 to
simulate the typical pH of wastewater samples (Michael et al., 2013). At
this pH value, the DWTS surface is negatively charged because of its
pHpzc = 5.5 (Table S3). The molecule of SMX is deprotonated at tested
pH (pKa2 = 5.7) (Esteki et al., 2020) and, consequently, electrostatic
repulsion between SMX and DWTS surface is expected. Since TMP is
protonated (pKa2 = 7.45) (Esteki et al., 2020) at the pH of the pre-
liminary study, it would be expected a higher removal of TMP than that
for SMX, but no significant differences were observed. This result

70 -

M HI , ,
0.1 05 1

S/L(gL)

OTMP
BSMX

Removal Eficiency (%)
[ %] w S w [=3
(=3 o =3 (=] (=]

S

Fig. 1. Effect of S/L ratio on the removal (%) of Trimethoprim (TMP) and
Sulfamethoxazole (SMX) using DWTS. Experimental conditions: Initial adsor-
bate concentration = 50 mg/L; solution volume = 25 mlL; initial pH = 6.5;
contact time = 24 h.
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suggests that electrostatic interactions are not the primary mechanism
for SMX adsorption on DWTS. This conclusion also agreed with the study
reported by Mitra et al. (2021), which also found a low influence of
electrostatic interactions on SMX adsorption onto acid-leached carbon
black waste. The highest removal efficiencies were achieved with the
highest S/L ratio for both antibiotics, corresponding to adsorption ca-
pacities of 17.6 mg/g.

The type of DWTS used in this study showed better results for the
antibiotics removal than those reported for other sludge samples with
different compositions. For example, Kulandaivelu et al. (2020)
analyzed the removal of these two antibiotics using Fe-DWTS and
Al-DWTS. The results showed that only Fe-DWTS was able to remove
TMP, while SMX was not removed by any of the two types of DWTS.
However, Fig. 1 indicates that it was feasible to remove both antibiotics
using AC-DWTS, achieving removal values > 60 % for S/L = 2 g/L. This
performance may be related to the incorporation of AC into DWTS. Jo
et al. (2021) also studied the removal of SMX using pellets produced
with AI-DWTS where the sludge sample was subjected to a thermal
pre-treatment at 400 °C. The final adsorbent displayed a SMX removal
between 40 and 80 % for an initial SMX concentration of 50 mg/L using
15 g/L of DWTS pellets. S/L ratio of 2 g/L for DWTS was used in the
subsequent kinetic and equilibrium adsorption experiments reported in
this manuscript.

3.2.2. Kinetic study

The kinetic results reported in Fig. 2 indicated that the equilibrium
conditions were achieved for both compounds in the single solutions
between 18 and 24 h. Therefore, an equilibrium time of 24 h was chosen
for the adsorption isotherm quantification. After the equilibrium time,
the g; values remained constant at approximately 18 and 17 mg/g for
SMX and TMP, respectively. Regarding the binary aqueous solutions, the
equilibrium conditions were also achieved between 18 and 24 h for both
compounds (see Fig. 2c and 2d). However, the binary adsorption ca-
pacities decreased, indicating the competition between antibiotics for
the active sites on DWTS surface (Dos Santos et al., 2023).

The single experimental data for both antibiotics were best fitted by
the PSO model, with R? = 0.989 for SMX and R? = 0.963 for TMP (Table
S6 of the Supplementary Material). PSO model had the highest Rgdj value
and the lowest values of y? and RSS values for SMX in comparison to
other tested kinetic equations. For TMP, it was possible to observe the
same results, except for x. In the binary solution, the PSO model also
achieved the best fit. The results obtained for PSO model performance
agreed with other adsorption studies on SMX and TMP in aqueous so-
lutions (Ahmed, 2017; Jo et al., 2021; Li et al., 2019; Nielsen and Ban-
dosz, 2016). In both single and binary solutions, it was possible to
observe that the TMP adsorption rate was slightly higher than that to
remove SMX (Table S6). This may be related to the hydrophobic prop-
erties of these molecules. TMP has an octanol-water partition coefficient
(Log Kow) between 2.2 and 2.6, while Log K,y of SMX ranges between
0.8 and 1.8 (Prasannamedha and Kumar 2020). Therefore, the tendency
of TMP to be adsorbed was higher than that of SMX, resulting in faster
TMP adsorption, as reported by Xue et al. (2023).

3.2.3. Equilibrium study

The experimental isotherms of both antibiotics can be classified as
type L, indicating that the adsorption capacity increased with increasing
adsorbate concentration until the adsorption sites reached saturation,
see Fig. 3. This type of isotherm suggests that the adsorption process is
caused by physical forces such as van der Waals and hydrogen bonding
(Piccin et al., 2017). However, the curvature of SMX adsorption
isotherm is less pronounced than that for TMP. The curvature of SMX
adsorption isotherm can be classified as subclass 1, which is associated
with the fact that adsorption sites are not fully occupied. The curvature
of TMP adsorption isotherm can be classified as subclass 2, which is
characterized by the formation of a long plateau that represents the
saturation of the monolayer. In this subclass, the molecules have a
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Fig. 2. Kinetic study for the adsorption of trimethoprim (TMP) and sulfamethoxazole (SMX) using DWTS in (a,b) single and (c,d) binary solutions. Experimental
conditions: Initial adsorbate concentration = 50 mg/L; S/L ratio = 2 g/L; initial pH = 6.5.

higher affinity for the adsorbent, but a lower affinity for the molecules
already adsorbed (Piccin et al., 2017).

The experimental single adsorption data were fitted to the different
isotherm models and the results are reported in Table S7 of the Sup-
plementary Material. Based on the mean values of Rgdj, 2 and RSS ob-
tained from tested temperatures, it was concluded that the Freundlich
model was the best to fit the SMX experimental data (Fig. 3a). This
model assumes that (i) the adsorption capacity increases exponentially
with the adsorbate concentration and (ii) the energy of each activation
site is not homogeneous (Lima et al., 2021). The calculated 1/ng value
ranged from 0.32 to 0.33 (Table S7), which indicated that the adsorption

was favorable (Piccin et al., 2017). On the other hand, the best fit for
TMP experimental data was obtained with the Langmuir model
(Fig. 3b). This model assumed that (i) TMP was adsorbed at a fixed
number of active sites, and (ii) saturation was achieved at the monolayer
(Lima et al., 2021).

The maximum adsorption capacities (g,,) of DWTS for the TMP
removal from the single solution at 20, 30 and 40 °C were 20.4, 23.6 and
26.8 mg/g, respectively. For the case of SMX in the single solution, the
calculated monolayer adsorption capacity using the Langmuir model
were 30.5, 30.8 and 36.7 mg/g. This result was unexpected because the
pH conditions were unfavorable for SMX adsorption on DWTS (pH >
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Fig. 3. Isotherms for the adsorption of sulfamethoxazole (SMX) and trimethoprim (TMP) using DWTS from (a,b) single and (c,d) binary solutions. Experimental

conditions: Contact time = 24 h, S/L ratio = 2 g/L, and initial pH = 6.5.

pKa). As discussed, DWTS had a higher adsorption capacity for SMX,
which may be due to the formation of more favorable adsorbent —
adsorbate interactions.

To provide a comprehensive evaluation of the DWTS’s efficiency, a
comparative analysis with other adsorbent materials commonly
accepted as benchmark adsorbents, is essential. The AC is the widely
used adsorbent, the reported adsorption capacities for the SMX and TMP
can range between 130 and 808 mg/g (Liu et al., 2015; Prasannamedha
and Kumar 2020;Shi et al., 2019). This removal performance was
associated with the AC textural properties, namely the significantly
larger surface area (higher than 500 m?/g) (Prasannamedha and Kumar
2020).

The use of AC in the context of wastewater treatment is typically
discouraged due to its substantial additional cost. Given that DWTS is a
by-product (typically viewed as a waste material), its incorporation of-
fers the advantages such as cost reduction, promotion of a circular
economy within the water sector, and a reduced carbon footprint.

The achieved maximum adsorption capacities of DWTS are higher
than other low-cost adsorbents. Specifically, biochar (TMP - 2 mg/g),
wood chippings (TMP - 8.33 mg/g) (Li et al., 2019), pyrolyzed sewage
sludge (SMX - 2.5 mg/g; TMP - 7.5 mg/g), pyrolyzed fish waste (SMX -
4.6 mg/g; TMP - 13.6 mg/g) (Nielsen and Bandosz, 2016), and carbo-
naceous waste from refineries (SMX - 10 mg/g) (Mitra et al., 2021). A
significant advantage of DWTS over other low-cost adsorbents is that it
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requires no activation pre-treatment, a common step for many adsor-
bents discussed previously. This eliminates both the associated eco-
nomic costs and the environmental impact inherent of the (re)activation
process.

The results of the binary experiment showed a competitive (antag-
onistic) adsorption behavior for both antibiotics (Fig. 3c and 3d) where
the maximum adsorption capacities from the single assays were higher
than those obtained for the binary solutions. Note that the hydrogen
bonding is a relevant interaction involved in the adsorption mechanism
of these antibiotics (Xue et al., 2023). Therefore, the reduction in the
antibiotic adsorption capacities may be due to competition for the
oxygenated functional groups. The experimental binary adsorption re-
sults were also correlated using the tested isotherm models (Table S8 of
the Supplementary Material). Based on the mean values of Rﬁdj, Xz and
RSS for the three temperatures, it was possible to conclude that the BET
model was the best-fitted model for both antibiotics (Wang et al., 2024).

3.2.4. Antibiotic adsorption mechanism interpretation via statistical physics
models

The analysis and interpretation of adsorption mechanism of both
antibiotics in single and binary systems was based on the calculated ng,,,
nyp and nyp parameters for the statistical physics models, which are
summarized in Table 2. As stated, the steric parameters (ny, njp, and
nyp) represent the number of antibiotic molecules adsorbed per DWTS
functional group in the single and binary systems. The calculated ngy
values in single systems were 0.4, 0.44 and 0.61 for SMX adsorption at
20, 30 and 40 °C, respectively, while they were 3.21, 0.93 and 0.75 for
TMP at the same temperature conditions. Overall, the calculated ny,
values for SMX removal were lower than those for TMP adsorption. Note
that a significant reduction of n,, parameter for TMP removal was
observed as the solution temperature increased. It was also concluded
that molecular aggregation of TMP may occur in the aqueous solution at
20 °C forming a trimer. However, the thermal agitation broke the bonds
between TMP molecules in the aqueous solution (before adsorption) as
the aqueous solution temperature increased. The adsorption orientation
of SMX and TMP molecules on DWTS surface can be sketched via the
next analysis (Ghorbali et al., 2024; Sellaoui et al., 2024):

(A) If nyy < 0.5, two DWTS functional groups can participate in the
antibiotic adsorption, leading to a parallel orientation.

(B) If nan > 1, one DWTS functional group can participate in the
antibiotic adsorption, leading to a non-parallel orientation.

(C) Ifnape(0.5,1), the adsorption of both antibiotics can be in parallel
and non-parallel orientations at the same time.

For instance, the calculated n,, values for SMX and TMP adsorption
in single systems were lower than 0.5 and between 0.5 and 1, respec-
tively. These results indicated that both antibiotics were adsorbed via
parallel orientation, and parallel and non-parallel orientations at the
same time depending on the adsorption temperature.

On the other hand, the impact of aqueous solution temperature on
nyp and ngp for the binary systems is illustrated in Table 2. Both pa-
rameters showed two different trends as functions of aqueous solution

Table 2
Calculated values of the steric parameters (na, nj, and nyp) for antibiotic
adsorption on DWTS at different temperatures.

Single systems

SMX TMP
T (°C) 20 30 40 20 30 40
Nan 0.40 0.44 0.61 3.21 0.93 0.75
Binary systems
SMX TMP
T (°C) 20 30 40 20 30 40
ng, (i=1, 2) 0.33 0.81 0.50 0.82 0.38 0.94
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temperature in tested binary systems. For instance, the ny, value for
SMX adsorption increased with temperature, while the ny, value for
TMP adsorption decreased. This trend can be explained by considering
the exclusion and competition of both antibiotics from the same func-
tional group of DWTS.

3.3. Antibiotic adsorption assays using wastewater

Table 3 shows the comparison of SMX and TMP adsorption capacities
in distilled water and treated wastewater, while the wastewater char-
acterization results are listed in Table S9. The results showed a decrease
in adsorption capacity in assays with binary solutions compared to
single solutions, both in distilled water and wastewater. The antibiotic
most susceptible to the adsorption inhibition was SMX, which may be
related to its relatively low Log Koy, value (Prasannamedha and Kumar
2020). On the other hand, the decrease in adsorption capacity observed
for SMX could result from competition with other species present in
wastewater, such as phosphate and sulphates, as the ability of DWTS to
remove these compounds has been documented (Dias et al., 2023;
Kulandaivelu et al., 2020). In fact, both anions are present in the used
wastewater (Table S9). It was found that the TMP removal results in
wastewater were similar to those in distilled water, in either single or
binary solutions. Xue et al. (2023) reported that TMP achieved better
removal results under competitive conditions, which agreed with the
results obtained with DWTS in this study. Xue et al. (2023) posit that, in
comparison with SMX, TMP establishes stronger van der Waals forces,
electrostatic attraction, hydrogen bonds and hydrophobic interactions
with the adsorbent material.

4. Conclusions

This study has proved that the sludge produced in the drinking water
treatment process can be used as a low-cost adsorbent for the removal of
sulfamethoxazole and trimethoprim from water and wastewater. This
low-cost adsorbent is composed of activated carbon, organic matter and
coagulant residues, particularly aluminum and magnesium. The results
of leaching assay indicated that this sludge is chemical stable despite its
complex composition and can be safely applied in adsorption processes
for water and wastewater treatment. DWTS showed better adsorption
properties to remove sulfamethoxazole than trimethoprim in aqueous
solutions, and its performance is better than other low-cost materials.
Antagonistic adsorption was observed for the simultaneous removal of
sulfamethoxazole and trimethoprim using this sludge. The oxygenated
functional groups of this material participated in the adsorption mech-
anism to remove both antibiotics via parallel and non-parallel orienta-
tions where hydrogen bonding is expected to be the main interaction.
The results also showed that this sludge can be used to remove these
antibiotics in real-life matrixes such as wastewater. Consequently, the
application of this residue as an adsorbent can benefit the costs of water
utilities and contribute to the sustainability in the water sector and the
circular economy worldwide. However, further studies with different
sludges are required to understand the properties responsible for the
adsorption capacity of antibiotics, in order to promote the use of DWTS
as a low-cost adsorbent for the removal of antibiotics. Conversely,
subsequent studies should concentrate on the life cycle of this material,
evaluating (i) the regeneration processes and (ii) the number of

Table 3
Adsorption capacity (mg/g) of sulfamethoxazole (SMX) and trimethoprim
(TMP) using DWTS in distilled water and wastewater.

Matrix SMX TMP

Distilled water - single solution 17.59 + 3.23 17.60 + 2.45
Distilled water - binary solution 8.80 +1.23 14.70 + 2.76
Wastewater - single solution 11.35 + 1.25 18.10 + 0.26
Wastewater - binary solution 4.68 + 0.49 14.18+ 0.42




D. Sousa et al.
regeneration cycles applicable.
Funding information

The authors acknowledge and thank the support given to the
Fundacao para a Ciéncia e a Tecnologia, I.P. (FCT, Portugal), through a
PhD grant by FCT for Diogo Sousa (2022.11808.BD). This work is fun-
ded by national funds through FCT, within the framework of the UID/
04292/MARE -Centro de Ciéncias do Mar e do Ambiente and the project
LA/P/0069/2020 (10.54499/LA/P/0069/2020) granted to the Asso-
ciate Laboratory ARNET - Aquatic Research Network. and the project
LA/P/0069/2020 (10.54499/LA/P/0069/2020) granted to the Asso-
ciate Laboratory ARNET - Aquatic Research Network. This work
received support and help from the Associate Laboratory for Green
Chemistry—LAQV, which is financed by national funds from FCT/
MCTES (LA/P/0008/2020 DOI 10.54499/LA/P/0008/2020, UIDP/
50006/2020 DOI10.54499/UIDP/50006/2020), through national
funds.

CRediT authorship contribution statement

Diogo Sousa: Writing — original draft, Visualization, Methodology,
Investigation, Formal analysis, Conceptualization. Maria Bernardo:
Writing - review & editing, Supervision, Resources, Formal analysis,
Conceptualization. Lotfi Sellaoui: Writing — original draft, Formal
analysis. Adrian Bonilla-Petriciolet: Writing — review & editing,
Visualization, Formal analysis. Asma Mokhati: Writing — review &
editing, Visualization, Formal analysis. Rita Mauricio: Writing — review
& editing, Supervision, Resources, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors acknowledge and thank the support given to the
Fundagao para a Ciéncia e a Tecnologia, I.P. (FCT, Portugal), through a
PhD grant by FCT for Diogo Sousa (2022.11808.BD). This work is fun-
ded by national funds through FCT, within the framework of the UID/
04292/MARE-Centro de Ciéncias do Mar e do Ambiente and the project
LA/P/0069/2020 (https://doi.org/10.54499/LA/P/0069/2020) gran-
ted to the Associate Laboratory ARNET - Aquatic Research Network.
This work received support and help from the Associate Laboratory for
Green Chemistry—LAQV, which is financed by national funds from
FCT/ MCTES (LA/P/0008/2020 (https://doi.org/10.54499/LA/P/
0008/2020), UIDP/50006/2020 (https://doi.org/10.54499/UIDP/
50006/2020)), through national funds. Asma Mokhati would like to
express her sincere gratitude to the Directorate General of Scientific
Research and Technological Development (DGSRTD, Algiers).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.hazadv.2025.100737.

Data availability

Data will be made available on request.

Journal of Hazardous Materials Advances 18 (2025) 100737
References

Ahmed, M.J., 2017. Adsorption of quinolone, tetracycline, and penicillin antibiotics from
aqueous solution using activated carbons: review. Environ. Toxicol. Pharmacol. 50,
1-10. https://doi.org/10.1016/j.etap.2017.01.004.

Aslan, A., Cole, Z., Bhattacharya, A., Oyibo, O., 2018. Presence of antibiotic-resistant
Escherichia coli in wastewater treatment plant effluents utilized as water reuse for
irrigation. Water 10 (6), 6. https://doi.org/10.3390/w10060805. . (Basel)Article.

Bai, X., Acharya, K., 2016. Removal of trimethoprim, sulfamethoxazole, and triclosan by
the green alga Nannochloris sp. J. Hazard. Mater. 315, 70-75. https://doi.org/
10.1016/j.jhazmat.2016.04.067.

Bal Krishna, K.C., Aryal, A., Jansen, T., 2016. Comparative study of ground water
treatment plants sludges to remove phosphorous from wastewater. J. Environ.
Manag. 180, 17-23. https://doi.org/10.1016/j.jenvman.2016.05.006.

Bernardo, M., Correa, C.R., Ringelspacher, Y., Becker, G.C., Lapa, N., Fonseca, I.,
Esteves, .A.A.C., Kruse, A., 2020. Porous carbons derived from hydrothermally
treated biogas digestate. Waste Manag. 105, 170-179. https://doi.org/10.1016/j.
wasman.2020.02.011.

Chaves, M.D.J.S., Kulzer, J., Pujol De Lima, P.D.R., Barbosa, S.C., Primel, E.G., 2022.
Updated knowledge, partitioning and ecological risk of pharmaceuticals and
personal care products in global aquatic environments. Environ. Sci. Process.
Impacts 24 (11), 1982-2008. https://doi.org/10.1039/D2EM00132B.

Coates, J., 2000. Interpretation of infrared spectra, A practical approach. In: Meyers, R.A.
(Ed.), Encyclopedia of Analytical Chemistry, 1st ed. Wiley. https://doi.org/10.1002/
9780470027318.a5606.

Cui, E., Zhou, Z., Gao, F., Chen, H., Li, J., 2023. Roles of substrates in removing
antibiotics and antibiotic resistance genes in constructed wetlands: a review. Sci.
Total Environ. 859, 160257. https://doi.org/10.1016/j.scitotenv.2022.160257.

Czinkota, 1., Foldényi, R., Lengyel, Z., Marton, A., 2002. Adsorption of propisochlor on
soils and soil components equation for multi-step isotherms. Chemosphere 48 (7),
725-731. https://doi.org/10.1016,/50045-6535(02)00139-X.

Dahhou, M., El Hamidi, A., El Moussaouiti, M., 2023. Reusing drinking water sludge:
physicochemical features, environmental impact and applications in building
materials: a mini review. Chem. Afr. 6 (3), 1145-1161. https://doi.org/10.1007/
$42250-023-00595-6.

Dias, R., Daam, M.A., Diniz, M., Mauricio, R., 2023. Drinking water treatment residuals,
a low-cost and environmentally friendly adsorbent for the removal of hormones—A
review. J. Water Process. Eng. 56, 104322. https://doi.org/10.1016/j.
jwpe.2023.104322.

Dias, R., Sousa, D., Bernardo, M., Matos, 1., Fonseca, 1., Vale Cardoso, V., Neves
Carneiro, R., Silva, S., Fontes, P., Daam, M.A., Mauricio, R., 2021. Study of the
potential of water treatment sludges in the removal of emerging pollutants.
Molecules 26 (4), 1010. https://doi.org/10.3390/molecules26041010.

Dos Santos, D.F., Moreira, W.M., De Aratijo, T.P., Bernardo, M.M.S., De Figueiredo
Ligeiro Da Fonseca, .M., Ostroski, I.C., De Barros, M.A.S.D, 2023. Competitive
adsorption of acetaminophen and caffeine onto activated Tingui biochar:
Characterization, modeling, and mechanisms. Environ. Sci. Pollut. Res. https://doi.
org/10.1007/s11356-023-31024-3.

Ebadi, A., Soltan Mohammadzadeh, J.S., Khudiev, A., 2009. What is the correct form of
BET isotherm for modeling liquid phase adsorption? Adsorption 15 (1), 65-73.
https://doi.org/10.1007/510450-009-9151-3.

Edi-Soetaredjo, F., Slama, M., Sellaoui, L., Ghalla, H., El Hadj Rhouma, M.B., Ismadji, S.,
Ernst, B., Bonilla-Petriciolet, A., Ben Lamine, A., 2023. Highlighting the single and
binary adsorption mechanism of amoxicillin and doripenem on copper benzene-
1,3,5-tricarboxylate MOF via experiments, characterization, statistical physics
modelling and DFT simulation. Chem. Eng. J. 474, 145633. https://doi.org/
10.1016/j.cej.2023.145633.

EN 12457-2.2003. (2003). Characterisation of waste—Leaching—Compliance test for
leaching of granular waste materials and sludges—Part 2: one stage batch test at a
liquid to solid ratio of 10 1/kg for materials with particle size below 4 mm (without
or with size reduction). https://www.en-standard.eu/search/?q—=EN+12457-2,

Esteki, M., Dashtaki, E., Heyden, Y.V., Simal-Gandara, J., 2020. Application of rank
annihilation factor analysis for antibacterial drugs determination by means of pH
gradual change-UV spectral data. Antibiotics 9 (7), 383. https://doi.org/10.3390/
antibiotics9070383.

European Commission, 2020. Decision (EU) 2020/1162. Off. J. Eur. Union. https://doi.
0rg/10.1016/j.envpol.2017.04.060.

European Commission, 2022. Commission implementing decision (EU) 2022/1307 of 22
July 2022 establishing a watch list of substances for union-wide monitoring in the
field of water policy pursuant to directive 2008/105/EC of the European parliament
and of the council (notified under document C(2022) 5098) (Text with EEA
relevance). http://data.europa.eu/eli/dec_impl/2022/1307/0j/eng.

Frascaroli, G., Reid, D., Hunter, C., Roberts, J., Helwig, K., Spencer, J., Escudero, A.,
2021. Pharmaceuticals in wastewater treatment plants: a systematic review on the
substances of greatest concern responsible for the development of antimicrobial
resistance. Appl. Sci. 11 (15), 15. https://doi.org/10.3390/app11156670. Article.

Ghorbali, R., Sellaoui, L., Dhaouadi, F., Ghalla, H., Bonilla-Petriciolet, A., Badawi, M.,
Lamine, A.B., 2024. Adsorption of phenolic compounds on polymeric ionic liquids:
adsorption isotherms interpretation and thermodynamic study. J. Mol. Liq. 414,
126155. https://doi.org/10.1016/j.molliq.2024.126155.

Guillossou, R., Le Roux, J., Mailler, R., Vulliet, E., Morlay, C., Nauleau, F., Gasperi, J.,
Rocher, V., 2019. Organic micropollutants in a large wastewater treatment plant:
what are the benefits of an advanced treatment by activated carbon adsorption in
comparison to conventional treatment? Chemosphere 218, 1050-1060. https://doi.
org/10.1016/j.chemosphere.2018.11.182.


http://10.54499/LA/P/0069/2020
http://10.54499/LA/P/0069/2020
https://doi.org/10.54499/LA/P/0069/2020
https://doi.org/10.54499/LA/P/0008/2020
https://doi.org/10.54499/LA/P/0008/2020
https://doi.org/10.1016/j.hazadv.2025.100737
https://doi.org/10.1016/j.etap.2017.01.004
https://doi.org/10.3390/w10060805
https://doi.org/10.1016/j.jhazmat.2016.04.067
https://doi.org/10.1016/j.jhazmat.2016.04.067
https://doi.org/10.1016/j.jenvman.2016.05.006
https://doi.org/10.1016/j.wasman.2020.02.011
https://doi.org/10.1016/j.wasman.2020.02.011
https://doi.org/10.1039/D2EM00132B
https://doi.org/10.1002/9780470027318.a5606
https://doi.org/10.1002/9780470027318.a5606
https://doi.org/10.1016/j.scitotenv.2022.160257
https://doi.org/10.1016/S0045-6535(02)00139-X
https://doi.org/10.1007/s42250-023-00595-6
https://doi.org/10.1007/s42250-023-00595-6
https://doi.org/10.1016/j.jwpe.2023.104322
https://doi.org/10.1016/j.jwpe.2023.104322
https://doi.org/10.3390/molecules26041010
https://doi.org/10.1007/s11356-023-31024-3
https://doi.org/10.1007/s11356-023-31024-3
https://doi.org/10.1007/s10450-009-9151-3
https://doi.org/10.1016/j.cej.2023.145633
https://doi.org/10.1016/j.cej.2023.145633
https://www.en-standard.eu/search/?q=EN+12457-2
https://doi.org/10.3390/antibiotics9070383
https://doi.org/10.3390/antibiotics9070383
https://doi.org/10.1016/j.envpol.2017.04.060
https://doi.org/10.1016/j.envpol.2017.04.060
http://data.europa.eu/eli/dec_impl/2022/1307/oj/eng
https://doi.org/10.3390/app11156670
https://doi.org/10.1016/j.molliq.2024.126155
https://doi.org/10.1016/j.chemosphere.2018.11.182
https://doi.org/10.1016/j.chemosphere.2018.11.182

D. Sousa et al.

Ho, Y.-S., 2004. Selection of optimum sorption isotherm. Carbon 42 (10), 2115-2116.
https://doi.org/10.1016/j.carbon.2004.03.019. . N. Y.,.

Hou, Q., Meng, P., Pei, H., Hu, W., Chen, Y., 2018. Phosphorus adsorption characteristics
of alum sludge: adsorption capacity and the forms of phosphorus retained in alum
sludge. Mater. Lett. 229, 31-35. https://doi.org/10.1016/j.matlet.2018.06.102.

Jo, J.-Y., Kim, J.-G., Tsang, Y.F., Baek, K., 2021. Removal of ammonium, phosphate, and
sulfonamide antibiotics using alum sludge and low-grade charcoal pellets.
Chemosphere 281, 130960. https://doi.org/10.1016/j.chemosphere.2021.130960.

Kulandaivelu, J., Choi, P.M., Shrestha, S., Li, X., Song, Y., Li, J., Sharma, K., Yuan, Z.,
Mueller, J.F., Wang, C., Jiang, G., 2020. Assessing the removal of organic
micropollutants from wastewater by discharging drinking water sludge to sewers.
Water Res. 181, 115945. https://doi.org/10.1016/j.watres.2020.115945.

Lee, Y.-E., Shin, D.-C., Jeong, Y., Kim, I.-T., Yoo, Y.-S., 2020. Pyrolytic valorization of
water treatment residuals containing powdered activated carbon as multifunctional
adsorbents. Chemosphere 252, 126641. https://doi.org/10.1016/j.
chemosphere.2020.126641.

Li, Y., Taggart, M.A., McKenzie, C., Zhang, Z., Lu, Y., Pap, S., Gibb, S., 2019. Utilizing
low-cost natural waste for the removal of pharmaceuticals from water: mechanisms,
isotherms and kinetics at low concentrations. J. Clean. Prod. 227, 88-97. https://
doi.org/10.1016/j.jclepro.2019.04.081.

Lima, E.C., Dehghani, M.H., Guleria, A., Sher, F., Karri, R.R., Dotto, G.L., Tran, H.N.,
2021. CHAPTER 3 - adsorption: fundamental aspects and applications of adsorption
for effluent treatment. In: Hadi Dehghani, M., Karri, R., Lima, E. (Eds.), Green
Technologies for the Defluoridation of Water. Elsevier, pp. 41-88. https://doi.org/
10.1016/B978-0-323-85768-0.00004-X.

Lin, T., Yu, S., Chen, Y., Chen, W., 2014. Integrated biomarker responses in zebrafish
exposed to sulfonamides. Environ. Toxicol. Pharmacol. 38 (2), 444-452. https://doi.
org/10.1016/j.etap.2014.07.020.

Liu, H., Zhang, J., Ngo, H.H., Guo, W., Wu, H., Guo, Z., Cheng, C., Zhang, C., 2015. Effect
on physical and chemical characteristics of activated carbon on adsorption of
trimethoprim: mechanisms study. RSC Adv. 5 (104), 85187-85195. https://doi.org/
10.1039/c5ral7968h. Scopus.

Martins, D.S., Estevam, B.R., Perez, I.D., Américo-Pinheiro, J.H.P., Isique, W.D., Boina, R.
F., 2022. Sludge from a water treatment plant as an adsorbent of endocrine
disruptors. J. Environ. Chem. Eng. 10 (4), 108090. https://doi.org/10.1016/j.
jece.2022.108090.

Michael, L., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., Dagot, C.,
Fatta-Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the
release of antibiotics in the environment: a review. Water Res. 47 (3), 957-995.
https://doi.org/10.1016/j.watres.2012.11.027.

Mitra, D., Zhou, C., Bin Hashim, M.H., Hang, T.M., Gin, K.Y.-H., Wang, C.-H., Neoh, K.G.,
2021. Emerging pharmaceutical and organic contaminants removal using
carbonaceous waste from oil refineries. Chemosphere 271, 129542. https://doi.org/
10.1016/j.chemosphere.2021.129542.

Mpatani, F.M., Aryee, A.A., Kani, A.N., Han, R., Li, Z., Dovi, E., Qu, L., 2021. A review of
treatment techniques applied for selective removal of emerging pollutant-
trimethoprim from aqueous systems. J. Clean. Prod. 308, 127359. https://doi.org/
10.1016/j.jclepro.2021.127359.

Muisa, N., Nhapi, L., Ruziwa, W., Manyuchi, M.M., 2020. Utilization of alum sludge as
adsorbent for phosphorus removal in municipal wastewater: a review. J. Water
Process. Eng. 35, 101187. https://doi.org/10.1016/j.jwpe.2020.101187.

Nicolussi, G., Fabrello, J., Asnicar, D., Ciscato, M., Matozzo, V., Marin, M.G., 2022.
Effects of three widely used antibiotics and their mixture on the haemocytes of the
Clam Ruditapes philippinarum. Front. Environ. Sci. 10, 845213. https://doi.org/
10.3389/fenvs.2022.845213.

Nielsen, L., Bandosz, T.J., 2016. Analysis of sulfamethoxazole and trimethoprim
adsorption on sewage sludge and fish waste derived adsorbents. Microporous
Mesoporous Mater. 220, 58-72. https://doi.org/10.1016/j.micromeso.2015.08.025.

Pajak, M., 2023. Alum sludge as an adsorbent for inorganic and organic pollutants
removal from aqueous solutions: a review. Int. J. Environ. Sci. Technol. 20 (10),
10953-10972. https://doi.org/10.1007/513762-023-04854-4.

Pellenz, L., De Oliveira, C.R.S., Da Silva Janior, A.H., Da Silva, L.J.S., Da Silva, L., Ulson
De Souza, A.A., De Souza, S.M.D.A.G.U., Borba, F.H., Da Silva, A., 2023.

A comprehensive guide for characterization of adsorbent materials. Sep. Purif.
Technol. 305, 122435. https://doi.org/10.1016/j.seppur.2022.122435.

Phoon, B.L., Ong, C.C., Mohamed Saheed, M.S., Show, P.-L., Chang, J.-S., Ling, T.C.,
Lam, S.S., Juan, J.C., 2020. Conventional and emerging technologies for removal of
antibiotics from wastewater. J. Hazard. Mater. 400, 122961. https://doi.org/
10.1016/j.jhazmat.2020.122961.

Piccin, J.S., Cadaval, T.R.S., De Pinto, L.A.A., Dotto, G.L., 2017. Adsorption isotherms in
liquid phase: experimental, modeling, and interpretations. In: Bonilla-Petriciolet, A.,
Mendoza-Castillo, D.I., Reynel-Avila, H.E. (Eds.), Adsorption Processes for Water

Journal of Hazardous Materials Advances 18 (2025) 100737

Treatment and Purification. Springer International Publishing, pp. 19-51. https://
doi.org/10.1007/978-3-319-58136-1_2.

Prasannamedha, G., Kumar, P.S., 2020. A review on contamination and removal of
sulfamethoxazole from aqueous solution using cleaner techniques: present and
future perspective. J. Clean. Prod. 250, 119553. https://doi.org/10.1016/j.
jclepro.2019.119553.

Rizzo, L., Gernjak, W., Krzeminski, P., Malato, S., McArdell, C.S., Perez, J.A.S.,

Schaar, H., Fatta-Kassinos, D., 2020. Best available technologies and treatment trains
to address current challenges in urban wastewater reuse for irrigation of crops in EU
countries. Sci. Total Environ. 710, 136312. https://doi.org/10.1016/j.
scitotenv.2019.136312.

Sambaza, S.S., Naicker, N., 2023. Contribution of wastewater to antimicrobial resistance:
a review article. J. Glob. Antimicrob. Resist. 34, 23-29. https://doi.org/10.1016/j.
jgar.2023.05.010.

Sellaoui, L., Guedidi, H., Knani, S., Reinert, L., Duclaux, L., Ben Lamine, A., 2015.
Application of statistical physics formalism to the modeling of adsorption isotherms
of ibuprofen on activated carbon. Fluid Ph. Equilib. 387, 103-110. https://doi.org/
10.1016/j.fluid.2014.12.018.

Sellaoui, L., Nour, S., Dhaouadi, F., Bonilla-Petriciolet, A., 2024. Physicochemical study
of the adsorption of chlorophenols on activated carbon using an advanced double
layer model. J. Mol. Liq. 414, 126098. https://doi.org/10.1016/j.
molliq.2024.126098.

Shen, C., Zhao, Y., Li, W., Yang, Y., Liu, R., Morgen, D., 2019. Global profile of heavy
metals and semimetals adsorption using drinking water treatment residual. Chem.
Eng. J. 372, 1019-1027. https://doi.org/10.1016/j.cej.2019.04.219.

Shi, Y., Liu, G., Wang, L., Zhang, H., 2019. Activated carbons derived from hydrothermal
impregnation of sucrose with phosphoric acid: remarkable adsorbents for
sulfamethoxazole removal. RSC Adv. 9 (31), 17841-17851. https://doi.org/
10.1039/C9RA02610J.

Siswoyo, E., Mihara, Y., Tanaka, S., 2014. Determination of key components and
adsorption capacity of a low cost adsorbent based on sludge of drinking water
treatment plant to adsorb cadmium ion in water. Appl. Clay Sci. 97-98, 146-152.
https://doi.org/10.1016/j.clay.2014.05.024.

Sousa, D., Bernardo, M., Mauricio, R., 2024. Which characteristics make drinking water
treatment residuals a low-cost adsorbent? In: Mannina, G., Cosenza, A., Mineo, A.
(Eds.), Resource Recovery from Wastewater Treatment, Resource Recovery from
Wastewater Treatment, 524. Springer Nature Switzerland, pp. 211-217. https://doi.
org/10.1007/978-3-031-63353-9_37.

Thiebault, T., 2020. Sulfamethoxazole/trimethoprim ratio as a new marker in raw
wastewaters: a critical review. Sci. Total Environ. 715, 136916. https://doi.org/
10.1016/j.scitotenv.2020.136916.

Thommes, M., Kaneko, K., Neimark, A.V., Olivier, J.P., Rodriguez-Reinoso, F.,
Rouquerol, J., Sing, K.S.W., 2015. Physisorption of gases, with special reference to
the evaluation of surface area and pore size distribution (IUPAC Technical Report).
Pure Appl. Chem. 87 (9-10), 1051-1069. https://doi.org/10.1515/pac-2014-1117.

Tolner, L., 2008. The determination of parameters of multi-step adsorption isotherm by
sequential sim-plex optimization. Appl. Ecol. Environ. Res. 6 (4), 111-119. https://
doi.org/10.15666/aeer/0604_111119.

Vasilachi, I.C., Asiminicesei, D.M., Fertu, D.I., Gavrilescu, M., 2021. Occurrence and fate
of emerging pollutants in water environment and options for their removal. Water 13
(2), 2. https://doi.org/10.3390/w13020181. . (Basel)Article.

Wang, J., Chu, L., Wojndrovits, L., Takécs, E., 2020. Occurrence and fate of antibiotics,
antibiotic resistant genes (ARGs) and antibiotic resistant bacteria (ARB) in municipal
wastewater treatment plant: an overview. Sci. Total Environ. 744, 140997. https://
doi.org/10.1016/j.scitotenv.2020.140997.

Wang, L.Y., Tong, D.S., Zhao, L.Z., Liu, F.G., An, N., Yu, W.H., Zhou, C.H., 2014.
Utilization of alum sludge for producing aluminum hydroxide and layered double
hydroxide. Ceram. Int. 40 (10), 15503-15514. https://doi.org/10.1016/j.
ceramint.2014.07.012.

Wang, Y., Wang, C., Huang, X., Zhang, Q., Wang, T., Guo, X., 2024. Guideline for
modeling solid-liquid adsorption: kinetics, isotherm, fixed bed, and
thermodynamics. Chemosphere 349, 140736. https://doi.org/10.1016/j.
chemosphere.2023.140736.

Xue, Z., Feng, Y., Li, H., Xu, C., Ju, J., Dong, L., Yang, C., Bao, W., Wang, J., Wang, H.,
Ma, R., 2023. Adsorption of trimethoprim and sulfamethoxazole using residual
carbon from coal gasification slag: behavior, mechanism and cost-benefit analysis.
Fuel 348, 128508. https://doi.org/10.1016/j.fuel.2023.128508.

Yazidi, A., Atrous, M., Edi Soetaredjo, F., Sellaoui, L., Ismadji, S., Erto, A., Bonilla-
Petriciolet, A., Luiz Dotto, G., Ben Lamine, A., 2020. Adsorption of amoxicillin and
tetracycline on activated carbon prepared from durian shell in single and binary
systems: experimental study and modeling analysis. Chem. Eng. J. 379, 122320.
https://doi.org/10.1016/j.cej.2019.122320.

10


https://doi.org/10.1016/j.carbon.2004.03.019
https://doi.org/10.1016/j.matlet.2018.06.102
https://doi.org/10.1016/j.chemosphere.2021.130960
https://doi.org/10.1016/j.watres.2020.115945
https://doi.org/10.1016/j.chemosphere.2020.126641
https://doi.org/10.1016/j.chemosphere.2020.126641
https://doi.org/10.1016/j.jclepro.2019.04.081
https://doi.org/10.1016/j.jclepro.2019.04.081
https://doi.org/10.1016/B978-0-323-85768-0.00004-X
https://doi.org/10.1016/B978-0-323-85768-0.00004-X
https://doi.org/10.1016/j.etap.2014.07.020
https://doi.org/10.1016/j.etap.2014.07.020
https://doi.org/10.1039/c5ra17968h
https://doi.org/10.1039/c5ra17968h
https://doi.org/10.1016/j.jece.2022.108090
https://doi.org/10.1016/j.jece.2022.108090
https://doi.org/10.1016/j.watres.2012.11.027
https://doi.org/10.1016/j.chemosphere.2021.129542
https://doi.org/10.1016/j.chemosphere.2021.129542
https://doi.org/10.1016/j.jclepro.2021.127359
https://doi.org/10.1016/j.jclepro.2021.127359
https://doi.org/10.1016/j.jwpe.2020.101187
https://doi.org/10.3389/fenvs.2022.845213
https://doi.org/10.3389/fenvs.2022.845213
https://doi.org/10.1016/j.micromeso.2015.08.025
https://doi.org/10.1007/s13762-023-04854-4
https://doi.org/10.1016/j.seppur.2022.122435
https://doi.org/10.1016/j.jhazmat.2020.122961
https://doi.org/10.1016/j.jhazmat.2020.122961
https://doi.org/10.1007/978-3-319-58136-1_2
https://doi.org/10.1007/978-3-319-58136-1_2
https://doi.org/10.1016/j.jclepro.2019.119553
https://doi.org/10.1016/j.jclepro.2019.119553
https://doi.org/10.1016/j.scitotenv.2019.136312
https://doi.org/10.1016/j.scitotenv.2019.136312
https://doi.org/10.1016/j.jgar.2023.05.010
https://doi.org/10.1016/j.jgar.2023.05.010
https://doi.org/10.1016/j.fluid.2014.12.018
https://doi.org/10.1016/j.fluid.2014.12.018
https://doi.org/10.1016/j.molliq.2024.126098
https://doi.org/10.1016/j.molliq.2024.126098
https://doi.org/10.1016/j.cej.2019.04.219
https://doi.org/10.1039/C9RA02610J
https://doi.org/10.1039/C9RA02610J
https://doi.org/10.1016/j.clay.2014.05.024
https://doi.org/10.1007/978-3-031-63353-9_37
https://doi.org/10.1007/978-3-031-63353-9_37
https://doi.org/10.1016/j.scitotenv.2020.136916
https://doi.org/10.1016/j.scitotenv.2020.136916
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.15666/aeer/0604_111119
https://doi.org/10.15666/aeer/0604_111119
https://doi.org/10.3390/w13020181
https://doi.org/10.1016/j.scitotenv.2020.140997
https://doi.org/10.1016/j.scitotenv.2020.140997
https://doi.org/10.1016/j.ceramint.2014.07.012
https://doi.org/10.1016/j.ceramint.2014.07.012
https://doi.org/10.1016/j.chemosphere.2023.140736
https://doi.org/10.1016/j.chemosphere.2023.140736
https://doi.org/10.1016/j.fuel.2023.128508
https://doi.org/10.1016/j.cej.2019.122320

	Reuse of drinking water treatment sludge for the removal of antibiotics: The case study of sulfamethoxazole and trimethopri ...
	1 Introduction
	2 Materials and methods
	2.1 Drinking water treatment sludge characterization
	2.2 Adsorption assays
	2.2.1 Identification of the best solid/liquid ratio for antibiotic adsorption
	2.2.2 Kinetic study
	2.2.3 Equilibrium studies
	2.2.4 Statistical physics modelling
	2.2.5 Model selection

	2.3 Adsorption assays using wastewater
	2.3.1 Wastewater – origin and characterization
	2.3.2 Adsorption assay in treated wastewater


	3 Results and discussion
	3.1 Drinking water treatment sludge characterization
	3.2 Antibiotic adsorption assays
	3.2.1 Preliminary study
	3.2.2 Kinetic study
	3.2.3 Equilibrium study
	3.2.4 Antibiotic adsorption mechanism interpretation via statistical physics models

	3.3 Antibiotic adsorption assays using wastewater

	4 Conclusions
	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	Data availability
	References


