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INTRODUCTION

The global demand for drinking water has 
increased markedly over recent decades, driven 
by population increase, urbanization, industrial 
growth, intensive agriculture, and climate vari-
ability (Das and Mishra, 2025). Water demand 
has increased substantially due to population 
growth and urbanization, placing increasing pres-
sure on existing water supply systems and avail-
able water resources (Mapani et al., 2023). In ad-
dition, urban water quality has deteriorated due 
to intensified anthropogenic activities, leading 
to the widespread detection of a variety of sub-
stances, including nutrients, chemicals, emerg-
ing contaminants, and pathogens in surface and 

groundwater sources (Liu et al., 2024; Varathara-
jan et al., 2025).

Water treatment plants (WTPs) generate sig-
nificant amounts of sludge during coagulation, 
sedimentation, and filtration processes used to 
produce drinking water. Global sludge produc-
tion exceeds 10,000 t/day, and its quantity and 
characteristics depend on raw water quality and 
treatment conditions (Mahanna et al., 2024). 
Composed primarily of metal hydroxides, miner-
al particles, natural organic matter, and residual 
treatment chemicals, this residue is increasingly 
recognized as a potential secondary resource 
rather than a waste material (Sousa, Bernardo, 
Matos, et al., 2025). However, inadequate dis-
posal practices remain common in many regions, 
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creating environmental and operational challeng-
es associated with sludge management (Hussein 
et al., 2021). These concerns have stimulated 
research on sludge reuse and valorization path-
ways aligned with circular economy principles 
(Truong et al., 2021).

In response, several valorization strategies for 
WTP sludge have been investigated, including 
coagulant recovery (Truong et al., 2021; Nomani-
far et al., 2024), incorporation into construction 
materials (Mahanna et al., 2024; Mattoso et al., 
2024; Li et al., 2025), soil amendment (Ribeiro 
et al., 2022), and use in constructed wetlands 
(Hernández-Crespo et al., 2022). More recently, 
the conversion of WTP sludge into value-added 
adsorbent materials has emerged as a promis-
ing route within circular economy frameworks 
(Nguyen et al., 2022; Almeida et al., 2024). The 
mineralogical composition of WTP sludge, typi-
cally rich in aluminum oxides, iron oxides, and 
silica, confers physicochemical properties that 
favor adsorption processes, including surface 
charge variability and affinity for a range of aque-
ous contaminants (Wu et al., 2004; Zhao et al., 
2021). Adsorption has attracted considerable at-
tention due to its high efficiency, versatility, and 
cost-effectiveness, particularly when low-cost 
adsorbents derived from waste materials are em-
ployed (Akhtar et al., 2025; Nishi et al., 2025).

Among contaminants of concern in drink-
ing water systems, manganese (Mn) warrants 
particular attention due to its widespread occur-
rence and challenges of its removal. In aqueous 
environments, Mn predominantly exists as Mn²⁺ 
under reducing conditions, remaining soluble 
and difficult to remove by conventional treat-
ment processes (Chen, 2018). Under oxidizing 
conditions, Mn²⁺ may form insoluble Mn(III) and 
Mn(IV) oxides, causing turbidity, discoloration, 
and operational issues in distribution systems 
(Tobiason et al., 2016). Although essential at 
low concentrations, chronic exposure to elevated 
Mn levels has been associated with neurotoxic 
effects and cognitive impairment, particularly 
in children (Rumsby et al., 2014; Aiken et al., 
2023). Conventional treatment processes are of-
ten insufficient for effective Mn removal, requir-
ing additional physical, chemical, or biological 
steps that may increase operational complexity 
and costs (Pearl et al., 2025; Riad, 2025).

Although several studies have explored WTP 
sludge-derived adsorbents for fluoride, phos-
phate, nitrate, dyes and organic contaminants 

(Abo-El-Enein et al., 2017; Almeida et al., 2024; 
Akhtar et al., 2025), studies specifically focused 
on Mn(II) adsorption remain scarce. To the best 
of our knowledge, no previous study has evalu-
ated the combined effects of thermal treatment 
and KOH activation of WTP sludge for Mn(II) 
removal while linking physicochemical modifi-
cations, pHPZC, porosity development and adsorp-
tion performance.

In this context, adsorption has gained increas-
ing attention as a promising approach for Mn 
removal (Wu et al., 2004). WTP sludge-derived 
adsorbents have been successfully applied for 
the removal of anionic contaminants such as ni-
trate and fluoride, with removal efficiencies de-
pending on the treatment and activation methods 
employed (Zhang et al., 2015; Phan Quang et al., 
2022; Letshwenyo et al., 2023). However, despite 
isolated reports of manganese removal in multi-
contaminant systems, investigations specifically 
targeting Mn adsorption using WTP sludge re-
main limited. This gap is particularly relevant 
given the need for cost-effective and sustainable 
solutions for manganese control in drinking water 
systems, while also supporting the valorization of 
WTP sludge as a resource within circular econo-
my frameworks.

In this context, the present study investi-
gates the production and characterization of ad-
sorbents derived from WTP sludge subjected to 
thermal treatment and chemical activation with 
KOH and evaluates their performance in Mn(II) 
removal from aqueous solutions. The relation-
ship between activation, material properties, and 
adsorption performance is examined to advance 
the development of waste-derived adsorbents for 
water treatment applications, supporting resource 
recovery and valorization strategies within a cir-
cular economy framework.

MATERIALS AND METHODS

Sludge sampling

Sludge was collected from the Maringá drink-
ing WTP (Paraná, Brazil) in September 2023. The 
facility operates a conventional treatment pro-
cess, including coagulation with polyaluminum 
chloride. Samples were collected from a high-
rate clarifier during routine cleaning and sludge 
withdrawal operation. The sludge was thickened 
in a drainage bed lined with geotextile fabric, 
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sun-dried for 4 hours, fragmented, and sieved 
(2.00–2.36 mm) according to ABNT NBR NM 
ISO 3310-1 (ABNT, 2010), with the 2.00 mm 
fraction selected for subsequent analysis. Ther-
mal treatments were performed in a muffle fur-
nace (80, 200, and 500 °C) to promote gradual or-
ganic matter removal and structural modification, 
and designated as in natura, 80, 200, and 500.

The thermally treated sample at 500 °C was 
chemically activated with 0.5 mol/L KOH (ana-
lytical grade, Êxodo Científica) and designated as 
500 + KOH. Activation was performed with 1 g 
of adsorbent in 100 mL of KOH solution under 
agitation in a Dubnoff shaking water bath for 6 
h at room temperature. Subsequently, the sample 
was filtered through qualitative filter paper (80 g/
m²), dried at 80 °C for 24 h, washed with ultrapure 
water, and treated with 0.1 mol/L HCl (analytical 
grade, Fmaia) for 30 min. The material was rinsed 
to neutral pH and dried at 105 °C until complete 
moisture removal (Oumabady et al., 2021).

Sludge characterization

Total solids (TS), fixed solids (FS), and volatile 
solids (VS) of in natura sludge were determined 
according to Standard Methods (Methods 2540-B 
and 2540-E) and Brazilian standard NBR 10664 
(ABNT, 1989; APHA/AWWA/WEF, 2017). 

Thermogravimetric analysis (TG/DTG) was 
performed using a PerkinElmer STA 6000 with 10 
mg samples, heated from 100 to 800 °C at 20 °C/
min under synthetic air (20 mL/min). DTG curve 
was obtained from TG to identify decomposition 
temperatures and thermal stability ranges.

Particle size distribution was determined by 
laser diffraction (Bettersizer S2 WD) using aque-
ous dispersion with pyrophosphate. Samples (6–
10 g) were homogenized and analyzed by acti-
vation temperature, with system cleaned between 
runs. D10, D50, and D90 represent fine fraction, 
median diameter, and coarse fraction, respective-
ly (Islam et al., 2022).

pH at point of zero charge (pHPZC) was deter-
mined by the 11-point method (1995) using 0.025 
g of adsorbent in 100 mL of solution (initial pH 
2–12), agitated for 24 h at 25 °C. The pHPZC cor-
responds to the pH range where final pH is inde-
pendent of the initial value.

Fourier transform infrared spectroscopy 
(FTIR) was conducted using an Avatar 360-FTIR 
spectrometer (Thermo Nicolet) over 4000–400 1/
cm to determine structural characteristics.

X-ray diffraction (XRD) was employed us-
ing a Bruker D8 Advance diffractometer (Co ra-
diation, 40 kV, 30 mA), scanning 10–110° (2θ) 
at 0.02° steps and 2°/min to identify crystalline 
phases and structural changes.

Nitrogen physisorption (Linde, >99.999%) 
at 77 K (1.2 × 10⁻³–0.092 MPa) was performed 
using a Micromeritics ASAP 2020 to determine 
specific surface area. Before analysis, samples 
were degassed at 1.3 × 10⁻⁴ MPa and 150 °C 
with a heating rate of 5 °C/min for 3 h. Specific 
surface area was calculated by BET equation 
(Brunauer et al., 1938), and total pore volume 
estimated at P/P₀ = 1.

Surface area and pore size distribution were 
obtained from N₂ adsorption–desorption iso-
therms at 77 K using an Autosorb analyzer 
(Quantachrome). The BET specific surface area 
was calculated using the Brunauer–Emmett–Tell-
er equation (Brunauer et al., 1938), while pore 
size distribution, pore volume, and average pore 
diameter were determined using the Horváth–
Kawazoe (HK) method (Horváth and Kawazoe, 
1983). Micropore surface area was estimated us-
ing the Halsey t-plot method (Gregg et al., 1967). 

Morphology was analyzed by scanning elec-
tron microscopy (SEM), and elemental composi-
tion was determined by energy-dispersive X-ray 
spectroscopy (EDS) using a Zeiss EVO MA15 
microscope equipped with an Oxford X-Max 20 
mm² detector after gold sputter coating.

Leaking tests of the sludge-derived 
adsorbents

Leaching tests were conducted to assess the 
environmental safety of the adsorbents, focusing 
on the major elements present in the sludge (Al, 
Fe, and Mn), following Methods No. 13 and No. 
46 of the Japanese Ministry of the Environment 
(Zhang and Itoh, 2003). Samples (1 g) of raw 
and thermally treated materials (80, 200, and 500 
°C) were leached in 100 mL of ultrapure water at 
pH 5, 7, and 9, adjusted with 0.1 mol/L HCl or 
NaOH. The suspensions were agitated (~50 rpm) 
for 6 h at room temperature using a Dubnoff bath. 
Aluminum (APHA/AWWA/WEF, 2017), iron 
(Stookey, 1970), and manganese (DIN Deutsches 
Inst. fuer Normung, 2024) concentrations were 
determined by UV–Vis spectrophotometry (Spec-
troquant Prove 600, Merck) at 570, 510, and 525 
nm, respectively.
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Evaluation of manganese adsorption using 
the selected sludge-derived adsorbent

Manganese adsorption studies were conducted 
using a standard solution (>99% metal, Specsol) 
prepared in analytical-grade nitric acid (Neon) and 
diluted with ultrapure water to an initial concentra-
tion of 0.42 mg/L, exceeding the drinking water 
limit of 0.1 mg/L established by Ordinance GM/
MS No. 888/2021 (Brazil. Ministry of Health, 
2021). This concentration is within the range re-
ported for manganese-contaminated drinking wa-
ter systems (Friedman et al., 2024). A fractional 
factorial experimental design with a central point 
(2⁵⁻¹) was employed to evaluate the influence of 
pH, adsorbent dosage, initial concentration, con-
tact time, and temperature on manganese adsorp-
tion, according to the levels shown in Table 1.

The equilibrium adsorption capacity (qe, 
mg/g) was determined using Equation 1. Statisti-
cal analyses were performed using Minitab statis-
tical software (version 1.3.0). 
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where: C0 and Ce (mg/L) are the initial and final 
Mn concentrations, respectively; V (L) is 
the volume of the solution; and m (g) is 
the dry mass of adsorbent. 

Manganese adsorption experiments included 
kinetic and isotherm studies. For the kinetic ex-
periments, 0.5 g of adsorbent was added to 100 
mL of Mn solution (0.50 mg/L) at pH 10 under 
constant agitation at 25 °C. Aliquots were collect-
ed at predetermined intervals (0–1440 min) and 
analyzed by UV–Vis spectrophotometry at 525 
nm (Spectroquant Prove 600, Merck), following 
the DIN standard method (DIN Deutsches Inst. 
fuer Normung, 2024). 

The adsorption capacity at time t (qt, mg/g) 
was calculated using Equation 2. 
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where:	Ct (mg/L) is the Mn concentration at time  
t (min). 

Kinetic data were analyzed using pseudo-
first-order and pseudo-second-order models (Be-
laid et al., 2013; Robati, 2013). The linearized 
forms of the pseudo-first-order and pseudo-sec-
ond-order models are presented in Equations 3 
and 4, respectively:
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where: k1 (1/min) is the pseudo-first-order rate 
constant and  (g/mg min) is the pseudo-
second-order rate constant. 

For isotherm experiments, Mn concentrations 
of 0.40, 0.70, and 0.94 mg/L were employed un-
der conditions without pH adjustment. After 1440 
min, the supernatant was analyzed by UV–Vis 
spectrophotometry, and Langmuir and Freundlich 
models were fitted to the data (Siswoyo et al., 
2019). The Langmuir isotherm assumes mono-
layer adsorption on a homogeneous surface and is 
described by Equation 5:
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where: qmax (mg/g) is the maximum monolayer 
adsorption capacity; KL (L/mg) is the 
Langmuir affinity constant; and Ce (mg/L) 
is the equilibrium concentration.

For parameter estimation, the linearized form 
was applied (Equation 6):
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The dimensionless separation factor (RL) was 
calculated using Equation 7, where 0 < RL < 1 in-
dicates favorable adsorption.

Table 1. Independent variables and their respective levels used in the fractional factorial design (2⁵⁻¹)

Factors
Levels

Inferior (-1) Central (0) Superior (+1)

pH 4 7 9

Adsorbent dose (g/L) 1 5 10

Mn concentration (mg/L) 0.1 0.3 0.6

Temperature (°C) 25 35 45

Time (h) 0.5 12 24
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The Freundlich isotherm model, which as-
sumes heterogeneous surface adsorption, is ex-
pressed by Equation 8:
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where:	KF (mg/g)·(L/mg)1/n is the Freundlich ad-
sorption capacity constant and n (dimen-
sionless) is the heterogeneity factor.

The linearized form used for parameter esti-
mation is shown in Equation 9:
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Model adequacy was evaluated using the co-
efficient of determination (R²).

RESULTS AND DISCUSSION

Physicochemical and morphological 
characterization of the obtained 
adsorbents

The sludge presented 40.02% moisture and 
59.98% TS, of which FS accounted for 41.09% 
(68.51% of TS) and VS for 18.89% (31.48% of 
TS). Compared to literature values (25–26%) 
(Ramirez et al., 2018; Santiago Martins et al., 
2022), these differences may be attributed to sea-
son variation, clarifier retention time, and water 
source characteristics. Such factors may affect 
sludge organic matter content, which here exceeds 

that reported by Santiago Martins et al. (2022) 
(4.93%), but is lower than the 31% observed by 
Gonçalves et al. (2017). The considerable organic 
matter fraction highlights the importance of ther-
mal treatment to enhance material stability and 
reduce biodegradability.

Particle size distribution analysis (Figure 1) 
showed that increasing treatment temperature in-
creased D10, D50, and D90). Thermal treatment 
induces agglomeration and sintering, increasing 
particle size, as described by Latosińska et al. 
(2021), reducing the proportion of fine particles 
and, consequently, surface area and adsorption 
capacity. Balancing these effects with porosity 
development is crucial for optimizing adsorp-
tion (Godoy et al., 2019). Correlation with BET 
results (Table 2) indicates that samples treated at 
80 °C exhibited lower surface area than those at 
200 °C. This is likely due to higher residual mois-
ture and organic matter content in these samples.

Thermal analysis (Figure 2a) revealed three 
degradation stages: (A) 100–250 °C, gradual 
phenomenon associated with moisture loss; (B) 
250–400 °C, a more pronounced mass loss cor-
responding to organic matter volatilization and 
metal oxides dehydration; (C) 400–498 °C, re-
lated to structural reorganization and crystalliza-
tion. Thermal stabilization occurred near 500 °C, 
consistent with previous studies involving WTP 
sludge (de Oliveira Silva et al., 2012; Martins et 
al., 2022) and with Yang et al. (2023), who re-
ported mineralogical stabilization around 450 °C. 
Therefore, treatment at 500 °C effectively reduces 
undesirable organic compounds while maintain-
ing the structural integrity of the adsorbent.

Figure 1. Particle size distribution of the in natura and thermally treated adsorbents at different temperatures 
(80, 200, and 500 ºC)
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The pHPZC values (Table 2) indicate limited 
surface modification after treatment at 80 °C and 
200 °C. Thermal treatment at 500 °C reduced the 
pHPZC to 5.41, while KOH activation increased it 
to 6.77, likely due to hydroxyl groups incorpo-
ration, similar to the value reported by Santiago 
Martins et al. (2022) (6.15). As Mn adsorption is 
favored above the pHPZC, pH plays a key role in 
adsorption performance. Since the adsorption ex-
periments were conducted at pH 10, the surface 
of both adsorbents was predominantly negatively 
charged. Under these conditions, deprotonation 
of surface hydroxyl groups generates negatively 
charged sites that enhance electrostatic attrac-
tion toward Mn²⁺ ions, increasing the availabil-
ity of adsorption sites and favoring manganese 
uptake from solution. Since adsorption experi-
ments were conducted at pH 10, the contribution 
of Mn(OH)₂ precipitation cannot be completely 
ruled out. The specific functional groups poten-
tially involved in this mechanism are discussed in 
the FTIR analysis presented below. Furthermore, 
the higher pHPZC observed after KOH activation 
suggests modifications in surface chemistry that 
may have contributed to the improved adsorption 
performance of the activated material (Tran et al., 
2017; Joseph et al., 2019; Nguyen et al., 2022). 
Partial ion exchange between Mn²⁺ ions and sur-
face-bound K⁺ or H⁺ species may also contribute 
to manganese uptake. In addition to electrostatic 
attraction, partial ion exchange between Mn²⁺ 
ions and surface-bound K⁺ or H⁺ species may also 
contribute to manganese uptake, particularly after 
alkaline activation, which can alter the distribu-
tion of exchangeable surface ions.

Thermal and chemical treatments significant-
ly affected specific surface area and porosity. In-
creasing temperature from 80 to 200 °C enhanced 

specific surface area and pore expansion, whereas 
treatment at 500 °C reduced surface area due to 
sintering and micropore collapse despite increased 
pore dimensions from organic matter degradation, 
consistent with El-Shorbagy et al. (2025). In con-
trast, KOH activation increased specific surface 
area and pore development through carbon–KOH 
reactions that promote micropore formation and 
pore widening, in agreement with previous stud-
ies (Wang et al., 2021; Ben Ali et al., 2024). 

Complementary to the porosity analysis, SEM 
micrographs of adsorbent samples obtained from 
treated sludge residue were examined, as pre-
sented in Figure 3. SEM images revealed a rough 
surface and irregular microstructure, consistent 
with Wang et al. (2021). Increasing tempera-
ture favored macropore formation and structural 
fragmentation, although less pronounced than 
chemical activation (El-Shorbagy et al., 2025). 
At 80 °C the material remained compact, whereas 
at 200 °C, the material presented greater disag-
gregation and more regular morphology, such as 
diatom frustules with microperforation patterns 
(Skubiszewska-Zięba et al., 2012). At 500 °C, 
collapsed structures with dense agglomerates 
and fewer active pores were observed, indicating 
pore loss due to sintering and surface fusion pro-
cesses (Latosińska et al., 2021; Liu et al., 2025). 
These observations agree with BET results. The 
SEM observations are consistent with the BET 
results and help explain the changes in textural 
properties induced by thermal and chemical treat-
ment: the sample treated at 500 °C showed a more 
compact morphology with signs of structural col-
lapse and particle agglomeration, suggesting par-
tial pore shrinkage and loss of accessible surface 
area, which agrees with the lower BET surface 
area observed for this material. In contrast, KOH 

Table 2. Surface characteristics of the adsorbents (pHPZC and porosity)

Parameter
Sample

In natura 80 200 500 500+KOH

pHPZC 8.84 8.94 8.62 5.41 6.77

BET specific surface area (m²/g) 141.43 94.68 112.43 80.95 133.01

Langmuir surface area (m²/g) 207.11 137.39 161.19 116.65 191.29

Micropore volume (cm3/g) 0.0044 0.0024 0.0118 0.0054 0.0101

Mesopore volume (cm3/g) 2.3104 0.1823 0.2421 0.2844 0.3509

Macropore volume (cm3/g) 0.0268 0.0183 0.0198 0.0238 0.0216

Total pore volume (cm3/g) 2.34 0.20 0.27 0.31 0.38

Average pore diameter (nm) 59.52 7.50 9.38 13.10 12.60

Median pore width (nm) 328.28 18.92 20.28 32.30 36.02
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Figure 2. Physicochemical characterization of WTP sludge-derived adsorbents: (a) TG and DTG curves of the 
in natura sample; (b) X-ray diffraction patterns of raw and thermally treated sludge (80, 200, and 500 °C); and 

(c) FTIR spectra of treated samples, with the inset showing the O–H band of the KOH-activated material
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activation promoted surface etching, particle dis-
aggregation, and the reopening of blocked pores, 
resulting in a rougher and more porous morphol-
ogy; these microstructural changes are in good 
agreement with the increase in BET surface area 
and pore volume measured for the 500 KOH sam-
ple, indicating that alkaline activation enhanced 
the accessibility of adsorption sites (Tseng and 
Tseng, 2005; Zhang et al., 2025). Siliceous dia-
tom frustules were detected in all samples, even 
after thermal treatment, corroborating previous 
reports (Pookmanee et al., 2011; Skubiszewska-
Zięba et al., 2012; Allen et al., 2020). 

EDS analysis (Table S1) shows that thermal 
and chemical treatments altered the elemental 
composition of the WTP sludge-derived materi-
als. The residue, a by-product of drinking water 
treatment, is primarily composed of organic mat-
ter and treatment reagents and is classified as alu-
minum-rich (Sousa et al., 2025). The high Fe con-
tent is attributed to its natural presence in water 
sources and regional clay-rich soils (Silva et al., 
2025). Carbon content progressively decreased 
from 15.54% (in natura) to 4.81% after KOH ac-
tivation, confirming organic matter degradation. 
Oxygen remained predominant, indicating the 
prevalence of oxides and minerals (SiO₂, Al₂O₃, 
Fe₂O₃), which are characteristic of WTP sludge. 
Aluminum, silicon, and iron contents increased 
with temperature due to mineral enrichment, with 

iron rising from 4.30% to 38.66% after activation. 
Calcium, magnesium, titanium, manganese, and 
zinc remained as secondary constituents, repre-
senting typical impurities in WTP sludge, with lit-
tle variation. Potassium incorporation confirmed 
successful KOH treatment, while phosphorus and 
chlorine detected in some samples are likely as-
sociated with residual chemical compounds and 
may be partially removed during calcination and 
chemical activation processes. Overall, the ma-
terial evolved from an organic–mineral matrix 
rich in carbon and metal oxides (Al, Si, Fe) to a 
predominantly mineral structure with increased 
potassium content after alkaline activation. This 
transformation is typical of activated materials 
derived from WTP sludge. Elemental analysis 
confirms enrichment in metal oxides (Si, Al, and 
Fe) and incorporation of treatment-derived com-
ponents (K), consistent with Ferreira et al. (2022).

After elemental composition analysis, X-ray 
diffraction (XRD) (Figure 2b) was used to deter-
mine the structural arrangement of phases and as-
sess changes induced by thermal activation.

Peaks at 22° and 27° indicate the presence 
of quartz (SiO₂), with increased intensity at 27° 
after treatment at 500 °C suggesting structural 
modifications induced by heating, consistent with 
previous studies (Abo-El-Enein et al., 2017; Mar-
tins et al., 2022; Bougrine et al., 2024). Quartz 
is generally regarded as a weakly reactive phase, 

Figure 3. SEM micrographs of adsorbent samples derived from treated sludge residue: 
(A) 80ºC, (B) 200 °C, (C) 500 °C, and (D) 500 °C and subsequently chemical activated with KOH
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contributing mainly to the physical framework of 
the adsorbent rather than to manganese uptake 
(Allen et al., 2019). Peaks at 35.5° and 43.4° cor-
respond to Al₂O₃ in the corundum phase, likely 
from the polyaluminum chloride coagulant. 
Alumina can participate in manganese removal 
through surface hydroxyl groups (Al–OH), which 
may serve as sites for specific complexation un-
der alkaline conditions, although its relative con-
tribution depends on surface hydroxylation and 
solution chemistry (Micera et al., 1986). Hema-
tite (α-Fe₂O₃) is identified by peaks near 33.2°, 
54°, and 63°, while magnetite (Fe₃O₄) appears at 
35.4° and 62.5°. Hematite and magnetite likely 
contribute to manganese removal through surface 
complexation at Fe–OH sites, in addition to elec-
trostatic interactions. Under alkaline conditions, 
deprotonation of surface hydroxyl groups increas-
es the density of negatively charged sites, enhanc-
ing Mn²⁺ uptake by specific adsorption onto iron 
oxide phases(Morgan & Stumm, 1964; Gadde 
and Laitinen, 1974). Additionally, peaks around 
8° and 12° in the activated samples suggest the 
presence of birnessite-like MnO₂. This is a highly 
significant finding, since birnessite is widely rec-
ognized as one of the most efficient natural Mn 
scavengers, capable of removing Mn²⁺ not only 
by adsorption but also by surface-catalyzed oxida-
tion and subsequent incorporation into the oxide 
structure. Therefore, its formation may represent 
a key mechanism underlying the improved man-
ganese uptake observed after activation (Bruins et 
al., 2015). These phases reflect both the regional 
mineralogy and structural modifications induced 
by thermal and chemical treatments.

The samples were also analyzed by Fourier 
transform infrared spectroscopy (FTIR) (Fig-
ure 2c). Partial spectra (400–1500 1/cm) of the 
samples treated at different temperatures are pre-
sented due to the absence of significant signals 
in other regions, whereas the full FTIR spectrum 
of the KOH-treated sample is highlighted, show-
ing distinct O–H bands (4000–3000 1/cm). These 
results enable identification of functional groups 
and their evolution with thermal and chemical 
treatment. Peaks at 1036–1004 1/cm correspond 
to C–O bonds, indicating organic matter (Kow-
alski et al., 2018; Martins et al., 2022), with in-
tensity progressively decreasing as temperature 
increases. The peak at 912 1/cm is associated 
with Al–OH stretching and Si–O–Si structures 
(Martins et al., 2022; Figueira et al., 2025). The 
signal at 535 1/cm is attributed to metal oxides, 

including Al–O bands in amorphous aluminum 
oxide or hydroxide phases, Fe–O vibrations, and 
bands related to O–H groups and manganese ox-
ides (Zhang et al., 2015; Abdel-Ghani et al., 2016; 
Gao et al., 2024). Bands in the 3000–3250 1/cm 
region in the KOH-treated sample indicate the 
presence of O–H groups (Kassem et al., 2023).

Manganese removal using the prepared 
adsorbent

The prepared adsorbents were evaluated 
for manganese removal from aqueous solution. 
Chemical activation with KOH significantly 
enhanced adsorption, whereas thermally treated 
adsorbents without chemical activation exhib-
ited manganese leaching originating from their 
intrinsic composition. The highest performance 
was achieved by the sample 500 + KOH after 
48 h of contact time, reaching 64% removal 
(0.025 mg/g), with reduced aluminum, iron, 
and manganese leaching (Table S2). Therefore, 
this condition was therefore selected for further 
adsorption studies.

Previous studies indicate that Mn removal 
cannot be explained solely by stoichiometry 
(Morgan and Stumm, 1964; Tobiason et al., 
2016), as manganese oxides formed by the oxi-
dation of Mn on the adsorbent surface can fur-
ther adsorb Mn²⁺ ions through ion-exchange 
mechanisms, during which H⁺ ions are released 
into the solution (Gadde and Laitinen, 1974; 
Rahman et al., 2021). 

The fractional factorial experimental design 
results (Table S3) identified adsorbent dosage, 
initial Mn concentration, contact time, pH, and 
temperature as significant factors affecting Mn 
removal by the sample 500 + KOH (p < 0.05). 
The high F-value obtained for the model (479.49) 
indicates that the variability explained by the 
tested factors greatly exceeds random variation, 
confirming their significant influence on the re-
sponse. The model p-value was 0.036, indicating 
statistical significance at the 5% level. Significant 
effects were also observed for pH, Mn concentra-
tion, temperature, and contact time, as well as for 
the interaction terms pH × Mn concentration, pH 
× time, and time × temperature.

The Pareto chart (Figure 4a) ranked contact 
time and initial Mn concentration as the most 
influential variables, followed by the interaction 
effects pH × Mn concentration and pH × contact 
time. Factors below the significance threshold 
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were not statistically relevant. The normal prob-
ability plot (Figure 4b) confirmed these findings, 
with significant factors deviating most from zero. 
Positive effects indicate increased adsorption ef-
ficiency with increasing pH, Mn concentration, 
and contact time, whereas temperature exhibited 
a negative effect.

Adsorption kinetics (Figure 5) were evaluated 
to elucidate mass transfer mechanisms and deter-
mine the equilibrium time of Mn uptake by the 
KOH-activated sludge treated at 500 °C. Based 
on the factorial design results, pH 10 was selected 
as the optimal condition for the detailed kinetic 
investigation. 

Kinetic profile shows that the amount of 
adsorbed manganese (qe) increases rapidly dur-
ing the initial contact period, reaching approxi-
mately 0.025 mg/g within the first 120 min, 
indicating a fast adsorption stage. After this pe-
riod, the adsorption rate gradually decreases and 
approaches equilibrium. At around 1440 min,  
reaches approximately 0.040 mg/g, suggesting 
saturation of the active sites and establishment 
of adsorption equilibrium. This behavior is typi-
cal of adsorption processes in which surface site 
availability governs the initial uptake, while 
intraparticle diffusion becomes rate-limiting at 
later stages (Tran et al., 2018).

Figure 4. Pareto chart (a) and normal probability plot (b) of standardized effects for the adsorbent treated 
at 500 °C and activated with KOH
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The 500 + KOH material exhibited a maxi-
mum adsorption capacity of 0.025 mg/g, increas-
ing to approximately 0.040 mg/g after 1440 min, 
which is lower than the values reported for sev-
eral inorganic waste-based adsorbents. For ex-
ample, mining wastes such as magnetic tailings, 
flotation tailings, and sludge showed better ad-
sorption potential for manganese, particularly the 
sludge fraction, when tested with 30 mg of adsor-
bent in 10 mL of a 2 mg/L Mn solution (Mendes 
and Alves, 2024). Sewage sludge ash reached an 
adsorption capacity of approximately 0.639 mg/g 
for Mn²⁺ removal under the conditions of 10 mg/L 
Mn²⁺ and 10 g/L adsorbent (İrdemez et al., 2022). 
Fly ash also demonstrated relevant performance, 
with adsorption capacities of about 0.031 mg/g 
at pH 3.0 and 0.069 mg/g at pH 8.5, reflecting 
the strong effect of alkaline conditions on man-
ganese removal (Sharma et al., 2007). Overall, 
these results indicate that waste-derived inorganic 
materials generally outperform the 500 + KOH 
sample, likely due to their richer mineral compo-
sition, higher density of reactive surface sites, and 
greater sensitivity to pH

Pseudo-first-order and pseudo-second-or-
der models were fitted to the experimental data, 
and the corresponding kinetic parameters are 

presented in Table S4. The pseudo-second-order 
model provided the best fit to the manganese ad-
sorption kinetics, as indicated by the highest R2 

value. The adsorption capacity predicted by the 
model (qe) was 0.044 mg/g. This result suggests 
that chemisorption is likely the rate-controlling 
step in the adsorption mechanism of manganese 
onto the WTP sludge-derived adsorbent treated at 
500 °C and activated with KOH, consistent with 
the findings reported by Mendes and Alves (2024) 
and Geremias et al. (2012). The kinetic analysis 
allowed determination of the equilibrium time, 
while the isotherm parameters (Table 3) provide 
insights into the maximum adsorption capacity 
and the nature of the adsorbate–adsorbent inter-
actions, enabling a comprehensive evaluation 
of system behavior under different experimental 
conditions.

The Langmuir model showed the best fit to 
the experimental data, with a coefficient of deter-
mination (R2) of 0.943, indicating strong agree-
ment between predicted and observed values. The 
estimated maximum adsorption capacity qmax was 
0.350 mg/g, while the Langmuir constant  (KL = 
0.086 L/mg) suggests moderate affinity between 
the adsorbent and manganese ions. The separa-
tion factor (RL = 0.971), close to unity, indicates 

Figure 5. Mn adsorption capacity as a function of contact time for the adsorbent treated at 500 °C 
and activated with KOH

Table 3. Parameters obtained for Langmuir and Freundlich model fitting

Parameter
Langmuir model Freundlich model

qmax KL RL R2 n KF R2

Sample|Unity mg/g L/mg - - - (mg/g)(L/mg)1/n -

500 + KOH 0.350 0.086 0.971 0.943 2.281 0.065 0.888
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favorable adsorption with near-linear charac-
teristics (Piccin et al., 2011; Nandiyanto et al., 
2020). Although the Langmuir model predicted a 
theoretical maximum adsorption capacity of 0.35 
mg/g, the experimentally observed uptake under 
environmentally relevant manganese adsorption 
capacity was between 0.025 and 0.040 mg/g (Fig-
ure 5). This difference may be related to the theo-
retical nature of the Langmuir maximum adsorp-
tion capacity and to the increased uncertainty as-
sociated with parameter estimation when isotherm 
experiments are performed within a relatively low 
concentration range (Fallou et al., 2016).

The Freundlich model also adequately de-
scribed the system (R2 = 0.8884), although with 
lower correlation than Langmuir. The value of 
n  (2.281) greater than 1 confirms favorable ad-
sorption, while 1/n (0.438) indicates moderate 
surface heterogeneity. The Freundlich constant 
KF (0.065) reflects adsorption capacity at low sol-
ute concentrations (Piccin et al., 2011).

Overall, the results indicate that Mn adsorp-
tion is better described by the Langmuir model, 
suggesting predominant monolayer formation 
on relatively homogeneous active sites, although 
the Freundlich parameters confirm some degree 
of surface heterogeneity. The favorable n and RL 
values corroborate the suitability of the adsorbent 
treated at 500 °C and activated with KOH. Simi-
lar behavior has been reported for WTP sludge-
derived materials in previous studies (Zhang et 
al., 2015; Li et al., 2018; Vitorette et al., 2022). 
These results are consistent with adsorption be-
ing the primary removal mechanism. Although 
the experiments were conducted at pH 10, where 
Mn(OH)₂ precipitation may occur, the satisfactory 
fit of the Langmuir isotherm and pseudo-second-
order kinetic model suggests that adsorption was 
likely the dominant mechanism, although simul-
taneous surface precipitation may have occurred.

As shown in Table 4, the adsorption capacity 
obtained in this study is lower than that reported 
for several engineered adsorbents. However, di-
rect comparison should be interpreted with cau-
tion because adsorption capacities are strongly in-
fluenced by experimental conditions, particularly 
the initial metal concentration. Most studies re-
ported in the literature employed Mn(II) concen-
trations ranging from 5 to 1000 mg/L (Pahade and 
Sharma, 2015), whereas the present study evalu-
ated adsorption under environmentally relevant 
concentrations below 1 mg/L. Under such condi-
tions, fewer adsorption sites are occupied, result-
ing in lower apparent adsorption capacities (Bos-
co et al., 2006). Therefore, the relatively modest 
qmax value observed here should be interpreted 
considering the low manganese concentrations 
investigated and the intended application of the 
material for water treatment scenarios involving 
trace-level contamination. Although the adsorp-
tion capacity is modest, studies evaluating Mn(II) 
removal using KOH-activated WTP sludge are 
scarce, making direct comparison difficult and 
highlighting the novelty of the present work.

 However, it is important to emphasize that 
the primary objective of this work was to evalu-
ate the feasibility of valorizing water treatment 
plant sludge as a functional adsorbent. According 
to Nishi et al. (2025), WTP sludge may be clas-
sified as a low-cost adsorbent, for which moder-
ate adsorption capacities can still be considered 
relevant when associated with environmental and 
economic advantages. The conversion of WTP 
sludge into adsorbent material contributes to 
waste reduction, decreases the burden of sludge 
disposal, and aligns with circular economy prin-
ciples by transforming an abundant residual by-
product into a value-added resource. Therefore, 
the practical significance of the material should 
not be assessed solely based on its adsorption 

Table 4. Comparison of Mn(II) adsorption capacities reported for different adsorbents

Adsorbent
Initial Mn 

concentration 
(mg/L)

Maximum 
adsorption 

capacity (mg/g)
qmax (mg/g) Reference

Modified clays 50–1000 1.24–4.48 4.8 Bosco et al., 2006

Chicken eggs shell 5-100 0.125-4.54 0.639 Altameemi and Thuraya, 2021

Aloe Vera adsorbent 100 45.12 21.123 Sivalingam and Gopal, 2024

Macrophyte S. polyrhiza 30 29.0 35.7 Meitei and Prasad, 2014

Black carrot (Daucus carota L.) residues 400.0 3.86 3.87 Güzel et al., 2008

Kaolinite 10.0 0.45 0.446 Yavuz et al., 2003

Water treatment sludge 0.1-0.6 0.04 0.35 This study
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capacity, but also considering its environmental 
viability, economic accessibility, and contribution 
to sustainable resource management.

The favorable adsorption performance, com-
bined with the absence of manganese leaching 
and low release of aluminum and iron observed 
in safety tests, confirms the potential of the se-
lected adsorbent (treated at 500 °C and activated 
with KOH) for water treatment applications. The 
low tendency for secondary metal release ensures 
both effectiveness and environmental safety in 
compliance with Brazilian drinking water stan-
dards (Ordinance GM/MS No. 888/2021). These 
findings demonstrate that WTP sludge can be 
effectively valorized for the removal of specific 
contaminants, contributing to waste reduction 
and water pollution control while supporting sus-
tainable urban water management.

Furthermore, the valorization of WTP sludge, 
a highly abundant waste generated in thousands of 
tons Monthly, as a functional adsorbent not only 
mitigates the environmental impacts of improper 
disposal but also exemplifies the transition to a 
circular economy, converting a liability into an 
active solution for contaminated water treatment. 
Low-cost adsorbents derived from such residues 
often surpass commercial alternatives in terms of 
sustainability and cost-effectiveness, paving the 
way for scalable industrial applications and pro-
moting sustainable development in urban water 
supply systems.

CONCLUSIONS

This study demonstrated that WTP sludge, 
after thermal treatment and chemical activation 
with KOH, can be effectively transformed into a 
promising adsorbent for Mn removal from aque-
ous solutions. Integrated characterization by ther-
mogravimetry, XRD, FTIR, particle size analysis, 
and BET/Langmuir surface area measurements 
confirmed the structural and chemical modifica-
tions responsible for the enhanced adsorption 
performance.

Chemical activation with KOH played a cru-
cial role in increasing surface area and porosity, 
promoting the development of micropores and 
adsorption channels. Isotherm analysis showed 
that the Langmuir model provided the best fit, in-
dicating predominant monolayer adsorption with 
strong affinity for Mn(II), whereas the kinetic 
data followed the pseudo-second-order model, 

suggesting chemisorption as the rate-limiting 
mechanism.

The rapid initial uptake followed by gradual 
stabilization reflects active site saturation and 
the contribution of intraparticle diffusion at later 
stages. FTIR analysis confirmed the presence of 
functional groups relevant to adsorption (O–H, 
C–O, Al–OH), and XRD results demonstrated 
mineralogical stability after treatment. The shift 
in pHPZC significantly influenced electrostatic 
interactions, directly affecting Mn adsorption 
performance.

Importantly, negligible Mn leaching and low 
aluminum and iron release confirm the environ-
mental safety of the material. Overall, the find-
ings highlight the potential valorization of WTP 
sludge as a sustainable adsorbent for targeted con-
taminant removal, contributing to waste reduc-
tion and water pollution mitigation in alignment 
with circular economy principles. Nevertheless, 
further modifications are required to improve the 
removal efficiency of anionic contaminants and 
broaden the material’s applicability.
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