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Abstract: The growing amounts of sewage sludge (SS) and water pollution caused by 
heavy metals are major environmental concerns. This study addresses both issues by in-
vestigating the potential of biochar derived from SS gasification at an experimental plant 
as an effective adsorbent for the removal of selected heavy metals, cadmium, chromium, 
copper, and lead, from synthetic wastewater. A Box–Behnken design was used to deter-
mine the influence of the biochar mass, initial heavy metal concentration, pH, and time on 
the heavy metal removal. For the statistical analysis, 104 experiments were performed. 
The pristine SS biochar demonstrated an adsorption capacity reaching up to 46.64 mg/g 
for Cd, 43.89 mg/g for Cr, 42.42 mg/g for Cu, and 72.66 mg/g for Pb from single-component 
synthetic solutions in acidic-to-neutral conditions, with an over 99% removal efficiency 
for all four heavy metals under optimal conditions. The removal of all the tested metals 
followed pseudo-second-order kinetics, with Cd fitting the Langmuir model and Pb, Cr, 
and Cu fitting the Freundlich model. This paper also provides suggestions for further re-
search focused on the multiple uses of biochar as an adsorbent and later as a substitute 
material in the construction industry, aiming to achieve an integrated approach and max-
imizing the overall sustainability of wastewater treatment and waste management by uti-
lizing waste as a resource. 

Keywords: sewage sludge; gasification; biochar; adsorption; wastewater treatment; heavy 
metals; cadmium; chromium; copper; lead 
 

1. Introduction 
In recent years, stricter wastewater treatment and discharge standards have been in-

troduced, driving the growth of wastewater treatment plants (WWTPs) and leading to 
increased sewage sludge (SS) production. As the efficiency of urban WWTPs improves, 
SS production has correspondingly increased. The global production of SS in 2017 was 
estimated at 45 million tons of dry solids and is projected to reach 127.5 million tons by 
2030 [1]. The data for the EU27 estimate the annual production of SS at about 10 million 
tons of dry solids [2]. The increasing volume of SS production, along with rising treatment 
costs and stricter standards, underscores the urgent need to explore methods for reducing 
sludge accumulation and promoting its resource utilization. In the European Union, the 
main treatment methods are biostabilization, dewatering, and drying. Over 50% of SS is 
stabilized by anaerobic digestion. Its final disposal mainly involves land application or 
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resource recovery after incineration, with landfill use declining. In the US, nearly 60% of 
SS is stabilized by aerobic composting or anaerobic fermentation and is used as a biomass 
fertilizer, while the remainder is incinerated, landfilled, or used for mine rehabilitation. In 
Japan, SS treatment relies on anaerobic digestion, composting, and melting, with recent 
disposal methods focusing on its harmless use in gardens or green spaces, and the incin-
eration ash being converted into bricks or building materials [3]. Transforming SS into a 
resource is a growing trend in these areas and globally. The EU Directive 91/271/EEC pro-
motes sustainable SS management through recycling and reducing its environmental im-
pacts. For SS unsuitable for agriculture, thermal treatments like gasification, pyrolysis, 
and hydrothermal carbonization are effective options, converting sludge into biochar. 
These methods reduce waste volume, eliminate microorganisms, and transform organic 
matter into valuable byproducts [4–7]. 

While conventional incinerators are used for large-scale systems due to their energy 
efficiency, gasification is well suited for decentralized systems as it reduces greenhouse 
gas emissions [8]. Gasification eliminates SS, removes pollutants, and generates energy 
with lower emissions and reduced migration of heavy metals [9]. At temperatures above 
800 °C, it converts SS into syngas, biochar, and ash [8]. Biochar from organic waste, a car-
bon-rich porous material with an aromatic compound structure [9], can be used in 
wastewater treatment due to its high adsorption capacity [4,5,10–12]. Biochar produced at 
higher temperatures has enhanced porosity, and heavy metal leaching is minimal [4]. 

Another distinct environmental issue is heavy metals in aquatic systems, which pose 
significant environmental, ecological, and public health risks due to their environmental 
persistence and non-biodegradable nature. Lead, chromium, copper, and cadmium are 
among the most concerning heavy metals due to their toxicity and prevalence in 
wastewater. Cadmium, for instance, is particularly concerning, being common in drinking 
water and wastewater and considered one of the most toxic pollutants [13]. Therefore, 
removing heavy metals from wastewater is a critical issue, and among the various meth-
ods, adsorption has proven to be an effective approach. Previous research has shown that 
the efficiency of heavy metal ion adsorption by SS-based biochar is highly influenced by 
the chemical activator used during its modification, where the choice of the activator plays 
a crucial role in enhancing a material’s adsorption capacity [14]. 

This paper explores biochar from SS gasification as an adsorbent for the removal of 
heavy metals in wastewater treatment. Previous studies have shown SS-derived biochar 
effectively adsorbs metals like Pb(II), Cd(II), Cr(VI), As(III), Cu(II), Zn(II), and Ni(II), and 
helps remediate contaminated soils [7,15]. Singh et al. [16] reviewed the preparation, acti-
vation, and adsorption methods for SS-derived biochar, highlighting its potential as an 
adsorbent alongside activated carbon. However, these processes often yield biochar with 
a low surface area and poor pore structure due to SS’s limited carbon content, which are 
essential for effective adsorption [17,18]. 

The effectiveness of biochar at removing heavy metals depends on factors, such as 
the biomass type, modification methods, gasification or pyrolysis conditions, solution pH, 
coexisting ions, temperature, and adsorbent dosage [19]. The key adsorbent properties 
include high selectivity and capacity, low cost, stability, and longevity. The chemical com-
position, surface area, ash content, and functional groups in biochar influence its adsorp-
tion properties. Modifications with reagents like Ca(OH)2, MgCl2, ZnCl2, and KOH create 
rougher, more heterogeneous surfaces [16,20]. Pristine SS-based biochar often shows low 
performance, limiting its practical use. Chemical treatments and modifications of the py-
rolysis/gasification conditions improve biochar properties and its pollutant-removal ca-
pacity. Lin et al. [21] conducted adsorption experiments on Cu2+ and Pb3+ using different 
chemical activators (KOH, ZnCl2, and H3PO4) to modify SS-based biochar. They found 
that KOH modification at 600 °C produced the largest specific surface area, but H3PO4-
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modified biochar had the best adsorption capacity for Cu2+ and Pb3+. Kang et al. [22] 
demonstrated that nano-zero-valent iron-supported SS biochar outperformed unmodified 
sludge biochar at removing Cu(II) and Cr(VI) during heavy metal removal experiments, 
with maximum adsorption capacities of 215.40 mg/g for Cu(II) and 177.10 mg/g for Cr(VI). 
The heavy metal interaction experiment showed that Cr(VI) and Cu(II) competed for the 
active sites, with Cr(VI) being more easily absorbed by the biochar. Despite its potential, 
SS-based biochar may be less attractive in the potential market than other types with better 
adsorption properties. In addition to environmental risks and applicability concerns, com-
mercial challenges may arise from economic and social viability issues. Cao et al. [14] con-
cluded that the co-pyrolysis of SS and biomass produces biochar with better adsorption 
properties, making it a promising material for treating wastewater contaminated with 
pollutants like dyes, heavy metals, drugs, and pesticides. 

A literature review of studies on SS biochar for water contaminant removal shows 
significant variations in the results: Liu et al. [23] reported a Cr(VI) adsorption capacity of 
11.6 mg/g for biochar produced from nano-zero-valent iron and SS; Wang et al. [24] found 
removal efficiencies for Pb, Cu, and Zn of 21.3%, 72.1%, and 30.3%, respectively; Zhang et 
al. [25] reported removal efficiencies for Cr, Cu, and Zn of 77.0%, 97.4%, and 99.7%, re-
spectively; and Zhu et al. [26] found a Cr(VI) adsorption capacity of 22.9 mg/g for SS bio-
char. Usman et al. [19] also concluded, based on a comprehensive literature review, that 
modified biochar performs substantially better than pristine biochar for pollutant adsorp-
tion. Despite numerous studies on SS-based biochar for pollutants like heavy metals, the 
high modification costs and waste treatment hinder its large-scale use [27]. The use of 
unmodified biochar for the removal of heavy metals remains underexplored, which this 
paper aims to address. While surface modification boosts adsorption capacity, it is costly 
and energy-intensive. SS-derived biochar offers dual benefits: an abundant feedstock (SS) 
and an effective waste management solution [13]. 

The literature review reveals that, despite the increasing number of studies on bio-
char as an adsorbent, there are still gaps to be addressed. One such area is the potential 
use of SS biochar produced through new or modified thermochemical decomposition 
technologies, such as the experimental gasification plant used to obtain the biochar in this 
research. 

The primary aim of this study is to assess the effectiveness of pristine biochar, derived 
from a specialized gasification process for SS in an experimental plant, at removing se-
lected heavy metals from synthetic wastewater. This experimental gasification plant de-
veloped in Croatia focuses on producing hydrogen-rich synthetic gas from various 
wastes, including SS. The main challenge is managing the residual biochar. While biochar 
has been successfully used in concrete [28] and brick production [29] as a partial raw ma-
terial replacement, its potential as an adsorbent for heavy metals removal from 
wastewater is now being explored. Despite concerns about secondary pollution from the 
desorption of heavy metals or organic matter, the initial findings have suggested this is 
unlikely [30–32], supporting its reuse in multiple applications. 

2. Materials and Methods 
2.1. Origin and Process of Biochar Production 

Since there are no full-scale gasification plants in Croatia, the biochar used in this 
study was obtained by gasifying SS at an experimental plant. The SS was sampled from a 
tertiary WWTP in Croatia, dried at 105 °C, and subjected to the gasification process in the 
aforementioned experimental plant (as shown in Figure 1). The gasification plant converts 
solid organic material into clean syngas and inert residue. It operates with an input waste 
capacity of approximately 50 kg/h, resulting in around 50% inert residue (biochar) as the 
output during the gasification of used SS. The process occurs in a reactor, where the 
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syngas reaches up to 850 °C. The syngas contains 45–60% hydrogen, suitable for various 
applications. By-products, such as fly ash and bottom bed residue (biochar), can be used 
in construction or wastewater treatment. This plant’s innovations include superheating 
the syngas, reducing the reactor’s thermal load by separating the superheater, and recov-
ering internal heat from the syngas. This waste-to-syngas technology minimizes CO2 and 
other harmful emissions by maintaining high temperatures and preventing oxygen from 
entering the process. The operating principle of the experimental plant is described in 
detail by Bubalo et al. [33]. One of the remaining challenges is managing the residual bio-
char. In this study, the biochar was further analyzed and used as an adsorbent for treating 
synthetic wastewater containing selected heavy metals. 

 

Figure 1. Schematic of the experimental gasification plant from which the biochar used in this study 
was obtained [33]. 

2.2. Biochar Characterization 

The biochar’s chemical composition was determined by atomic absorption spectros-
copy (Analyst 200, PerkinElmer, USA). Samples were dissolved in aqua regia and hydro-
fluoric acid in a Teflon-lined steel autoclave, then diluted, and measured as oxide mass 
fractions. 

The biochar sample was also analyzed by energy-dispersive X-ray fluorescence 
(EDXRF, Siemens X-ray tube with Mo anode and Mo secondary target). Element concen-
trations were determined using IAEA QXAS software by comparing counting rates with 
the IAEA-SL-1 reference material [29]. 

The morphology of the biochar was examined using scanning electron microscopy 
(SEM, Tescan Vega 3). Samples were chromium-coated for 100 s with a Q150T evaporator 
(Quorum Technologies, UK). Micrographs were captured at 8 kx and 20 kx magnifications 
with 5 and 2 µm resolutions. 

Leaching tests followed the EN 12457 standard: ̋ Characterisation of waste - Leaching 
- Compliance test for leaching of granular waste materials and sludges.ʺ. About 90 g of 
biochar was mixed with demineralized water (L/S = 10) in a 1 L glass vessel and agitated 
at 2 rpm for 24 h. After settling for 15 ± 5 min, the eluate was vacuum-filtered (0.45 µm). 
For heavy metal analysis by atomic absorption spectrometry (Perkin Elmer Analyst 800), 
1 mL of 65% nitric acid per 100 mL of filtrate was added. The procedure is described in 
detail by Nakić et al. [34]. 

In order to determine the pH of zero point of charge (pHZPC), the salt addition method 
was used. A total of 50 mL of 0.1 M NaCl was added to a series of flasks and the pH of the 
solution was adjusted within a range from 2 to 12 using 1 M NaOH and HCl. After adding 
0.1 g of biochar to each flask, they were agitated for 48 h, after which final pH of the sus-
pensions was measured. The pHZPC was determined by plotting the difference between 
final and initial pH (ΔpH) against initial pH. The intersection point of the initial pH and 
ΔpH curves on the graph indicates the pHzpc value. 
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2.3. Procedure for Conducting Adsorption Batch Experiments 

The experiments were carried out according to the experimental matrix shown in 
described in 3.2 Experimental design. All reagents used in the experiments and analyses 
were of analytical grade. Stock solutions of heavy metals for the adsorption experiments 
were prepared by dissolving appropriate amounts of analytical-grade cadmium nitrate 
(Cd(NO3)2), copper nitrate (Cu(NO3)2), lead nitrate (Pb(NO3)2), and chromium nitrate 
(Cr(NO3)3) in deionized water. Working solutions of 20, 110, and 200 mg/L were prepared 
by diluting the stock solutions with deionized water. The pH of each solution was ad-
justed to 3, 5, or 7 using 0.1 M HCl or 0.1 M NaOH. pH measurements were taken with a 
HI98194 multiparameter (Hanna Instruments, USA). 

Adsorption experiments were performed in 250 mL sealed bottles containing 100 mL 
of heavy metal solution and specified amounts of biochar (0.25, 0.50, or 0.75 g). The bottles 
were placed on an overhead shaker (Reax 2, Heidolph, Germany) and agitated at 45 rpm 
at room temperature (approximately 25 °C) for the specified contact times (6, 15, or 24 h). 

Following the adsorption period, the samples were filtered through a 0.45 µm syringe 
filter to separate the biochar. Residual concentrations of cadmium, copper, lead, and chro-
mium in the filtrate were determined using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) (Agilent 5900, Agilent Technologies, USA). All experiments 
were performed in triplicate, and the average values were used to calculate the amount of 
adsorbate adsorbed by the biochar, as presented in the results. The adsorbed amount was 
calculated using Equation (1): q୲ = V C଴ − C୲m  (1)

where qt (mg/g) represents the amount of adsorbate adsorbed per gram of biochar; C0 and 
Ct (mg/L) are the initial and final concentrations of the adsorbate in the solution, respec-
tively; V (L) is the solution volume; and m (g) is the weight of the adsorbent used. 

3. Results 
3.1. Properties of the Produced Biochar 

The biochar produced consists of various high-temperature aluminosilicates, primar-
ily quartz and cristobalite (SiO2), with notable amounts of illite and traces of calcite 
(CaCO3) and calcium aluminum phosphate. Its calcium-based crystalline composition 
suggests a possible solid–solution formation due to the isostructural similarity among the 
phases. The sample shows overlapping weak-intensity maxima, complicating the identi-
fication of the less abundant components, and contains no amorphous phase. The absorp-
tion spectrometry analysis revealed that the biochar sample’s major components are Al2O3 
(~16%), CaO (~15%), and Fe2O3 (~11%), with nearly half (48%) of the mass remaining un-
dissolved, attributed to biochar carbon (Figure 2). 
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Figure 2. Chemical composition of the produced biochar by absorption spectrometry analysis. 

The most toxic heavy metals typically found in SS include arsenic, lead, mercury, and 
cadmium. These metals are non-biodegradable, which leads to their accumulation. Even 
at low concentrations, they can dissolve and contaminate the environment, underscoring 
the need for the safe disposal of waste containing them, including wastewater [33]. The 
content analysis of the key problematic elements, including heavy metals, in the biochar 
is shown in Figure 3, which is generally in agreement with the results of other studies 
(such as [13], where these values ranged from 12.36 mg/kg for Cd to 2510 mg/kg for Mn), 
or indicates slightly lower concentrations of heavy metals in this biochar. The overall re-
sults show low levels of hazardous metals in the biochar, and the sedimentation from 
alkaline substances (especially Ca components) and phosphates will further reduce the 
leachate toxicity below safety thresholds, enabling its safe application for various pur-
poses [35]. 

 

Figure 3. Analysis of the content of heavy metals and other potentially hazardous elements in the 
obtained biochar ( DL—detection limit). 

Leaching tests are used to determine the concentration of elements (mainly heavy 
metals) released from the solid to the liquid phase over time, assessing their potential haz-
ard and bioavailability. In this study, leaching tests were conducted following the EN 
12457 standard, which is used for classifying waste for landfill disposal (hazardous, non-
hazardous, or inert). The tests aimed to identify the potentially hazardous elements and 
the application limitations of this biochar. The results are shown in Table 1. 

Table 1. Leaching test results of the produced biochar according to EN 12457 [mg/kg]. 

Heavy Metal Biochar Sample 
As <DL 
Ba 10.600 
Cd <DL 
Co 0.005 
Cr 0.350 
Cu <DL 
Mo 0.800 
Ni <DL 
Pb 0.008 
Se 0.006 
Zn <DL 

DL—detection limit. 
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The relative solubility of each metal can be estimated by comparing the leaching re-
sults with the initial heavy metal content of the biochar. The leaching concentrations are 
extremely low, with some being undetectable, except for Mo, which shows moderate 
leaching. Zn and Pb exhibit very low solubility, as do As, Cd, Cu, and Ni, while Cr has a 
low but noticeable solubility. Mo shows high solubility, though the total leaching remains 
low due to its initially low concentration. Similar trends have been reported in previous 
studies [34,36]. These findings support the conclusion of Zielinska et al. [37] that, overall, 
heavy metals in SS-derived biochar are stable, minimizing the contamination risks during 
application. So, the main conclusion is that using biochar as an adsorbent in wastewater 
treatment is expected to be feasible and safe, with no significant release of hazardous sub-
stances into the treated water. Several authors have explained this phenomenon, suggest-
ing that the metals present in SS are trapped in the biochar matrix pores or react with the 
inorganic mineral components of the biomass to form more stable co-crystal compounds, 
thereby reducing the toxicity of the heavy metals [14,38,39]. Issues related to the release 
of heavy metals or other problematic compounds are not initially expected based on the 
conducted leaching tests. However, this issue undoubtedly requires further confirmation, 
especially through repeated cycles using the same biochar sample. 

Figure 4 shows the SEM micrographs of the biochar with poly-dispersed grains and 
irregularly shaped, rugged particles. The particles are agglomerated, forming a rough and 
porous isomorphic mass with a network of small cavities and voids. This structure pro-
vides a large surface area and numerous active sites. The varying pore sizes and shapes 
may influence the adsorption performance by affecting how the adsorbate reaches the ac-
tive sites. These pores are believed to play a key role in the adsorption of metal ions onto 
the adsorbent’s surface. 

  

Figure 4. SEM images of the obtained biochar at varying magnification levels. 

The point of zero charge for this biochar is estimated to be around 10.5 based on the 
experimental data. This value indicates the pH at which the biochar’s surface carries no 
net electrical charge. Below this pH, the biochar surface is predominantly positively 
charged, enhancing its ability to adsorb anions. Above the pHzpc, the surface becomes 
negatively charged, favoring the adsorption of cations. 

3.2. Experimental Design 

With the use of the Response Surface Methodology (RSM) in the Design-Expert soft-
ware, a series of experiments was conducted. The aim was to obtain the optimum multi-
factorial operating conditions for the adsorption of different heavy metals. A Box–
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Behnken design (BBD) for four factors was chosen as the experimental design as it requires 
three levels for each factor, all within the specified operating range. Therefore, each of the 
four factors is distributed at one of the three levels (low (−1), medium (0), and high (+1)) 
[40]. 

The four numerical factors included the biochar mass (A), pH (B), initial heavy metal 
concentration (C), and time (D). The factors and their value ranges are listed in Table 2. 

Table 2. Ranges of factors. 

Factor (Unit) 
Levels 

−1 0 1 
(A) Biochar mass (g) 0.25 0.5 0.75 

(B) pH 3 5 7 
(C) Initial heavy metal concentration, 

cin (mg/L) 20 110 200 

(D) time (h) 6 12 24 

After determining the factors and their levels, an experimental matrix with a total of 
26 test series was created. These series were analyzed for each heavy metal, including Cd, 
Cr, Cu, and Pb. Thus, a total of 104 experiments were performed. The matrix is shown in 
Table 3 together with the experimental (yexp.) and predicted (ypred.) values of the responses. 
The calculated adsorption capacities (qt) for each heavy metal are also included in this 
table. Model graphs (3D response surface plots) were created to clearly illustrate the in-
teractions between the independent variables and their combined effect on the response. 

Table 3. Experimental matrix with experimental and predicted values of heavy metal removal effi-
ciency and calculated adsorption capacities. 

Run 

A: 
Biochar 

Mass 
(g) 

B: 
pH 

C: 
cin 

(mg/L) 

D: 
Time 

(h) 

Cd 
yexp. 
(%) 

Cd 
ypred. 
(%) 

qt (Cd) 
(mg/g) 

Cr 
yexp. 
(%) 

Cr 
ypred. 
(%) 

qt (Cr) 
(mg/g) 

Cu 

yexp. 
(%) 

Cu 
ypred. 
(%) 

qt (Cu) 
(mg/g) 

Pb 

yexp. 
(%) 

Pb 
ypred. 
(%) 

qt (Pb) 
(mg/g) 

1 0.25 5 110 6 60.34 60.62 26.55 9.25 43.40 4.07 40.48 64.71 17.81 94.89 96.83 41.75 
2 0.75 5 110 6 99.89 102.3 14.65 97.34 90.78 14.28 99.51 99.07 14.59 95.87 94.96 14.06 
3 0.5 3 20 15 99.30 95.03 3.97 99.90 76.13 4.00 99.95 93.49 4.00 98.95 94.03 3.96 
4 0.5 7 20 15 99.80 108.9 3.99 99.80 110.04 3.99 99.90 113.22 4.00 97.35 91.53 3.89 
5 0.5 7 200 15 99.13 95.82 39.65 99.99 83.06 40.00 66.75 70.30 26.70 97.94 96.89 39.18 
6 0.75 5 20 15 99.60 95.98 2.66 99.80 116.78 2.66 99.90 120.53 2.66 83.60 85.84 2.23 
7 0.5 3 110 24 99.90 94.91 21.98 93.82 75.13 20.64 99.92 72.03 21.98 98.51 100.03 21.67 
8 0.75 7 110 15 99.93 95.72 14.66 99.97 95.98 14.66 99.99 93.73 14.67 96.00 96.60 14.08 
9 0.25 5 20 15 99.35 92.86 7.95 99.75 69.39 7.98 98.40 86.17 7.87 92.05 93.95 7.36 

10 0.5 5 110 15 99.90 95.43 21.98 94.65 79.59 20.82 94.97 81.89 20.89 99.45 95.90 21.88 
11 0.5 3 200 15 80.54 81.95 32.22 46.20 49.14 18.48 39.43 50.57 15.77 98.23 99.39 39.29 
12 0.75 5 200 15 99.88 103.57 26.63 97.85 89.79 26.09 83.55 77.61 22.28 94.87 97.44 25.30 
13 0.25 5 110 24 96.13 91.36 42.30 54.58 68.40 24.02 64.06 64.71 28.19 99.42 96.83 43.74 
14 0.5 7 110 6 99.84 95.94 21.96 94.04 84.05 20.69 99.86 91.76 21.97 92.82 97.53 20.42 
15 0.5 7 110 24 99.98 108.78 22.00 99.26 109.05 21.84 99.86 91.76 21.97 95.19 97.53 20.94 
16 0.75 5 110 24 99.86 97.24 14.65 99.97 115.78 14.66 99.50 99.07 14.59 97.16 94.96 14.25 
17 0.5 5 20 6 98.15 95.55 3.93 99.95 80.59 4.00 99.45 103.35 3.98 87.95 89.90 3.52 
18 0.25 7 110 15 93.13 93.92 40.98 99.75 97.12 43.89 96.40 89.79 42.42 99.25 98.47 43.67 
19 0.5 5 110 15 99.99 95.43 22.00 46.76 79.59 10.29 99.97 81.89 21.99 99.23 95.90 21.83 
20 0.25 5 200 15 58.30 59.12 46.64 44.55 42.41 35.64 41.39 43.25 33.11 90.82 93.06 72.66 
21 0.25 3 110 15 48.70 58.06 21.43 2.34 14.68 1.03 32.25 39.64 14.19 79.85 82.03 35.13 
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22 0.5 5 200 24 99.98 95.31 39.99 99.55 78.60 39.82 62.29 60.43 24.91 98.07 95.25 39.23 
23 0.5 5 20 24 99.45 108.39 3.98 97.05 105.58 3.88 95.95 103.35 3.84 85.25 89.90 3.41 
24 0.5 3 110 6 80.67 82.07 17.75 47.47 50.13 10.44 76.17 72.03 16.76 98.20 100.03 21.60 
25 0.5 5 200 6 79.36 82.47 31.74 46.19 53.60 18.48 42.63 60.43 17.05 97.37 95.25 38.95 
26 0.75 3 110 15 99.46 103.83 14.59 99.58 110.58 14.61 96.67 104.41 14.18 98.69 99.10 14.47 

3.3. Results of Adsorption Experiments 

3.3.1. Analysis of Variance (ANOVA) 

Statistical testing of the model was carried out using the statistical test Analysis of 
Variance (ANOVA). The results of the ANOVA for the removal of Cd, Cr, Cu, and Pb are 
shown in Table 4. The ANOVA for these responses shows that the models are significant 
due to the low probability value (p < 0.0001). In general, models with a p-value of less than 
0.1 are considered statistically significant. 

The df values (degrees of freedom) indicate the number of factors included in the 
model. For example, in the case of Cd removal, eight factors are included, A, B, C, D, AB, 
AC, AD and A2, as their p-values are less than 0.1, which means that these factors are 
significant. The factors with p-values above 0.1 are mainly excluded. For example, for the 
adsorption of Cu and Pb, the factor D—time—is excluded from further analysis. In gen-
eral, this means that the available data do not provide evidence of an effect. It can also 
mean that a variable has no influence on the response (adsorption), or that the sample size 
is too small, or that the variable is correlated with other variables and its contribution to 
the process is not defined. In the case of Pb, the p-value for the variable A—biochar mass— 
is 0.3615 and is retained to ensure the model’s hierarchy. 

Table 4. ANOVA for reduced linear model. 

Source Sum of Squares df Mean Square F-Value p-Value 
Cd removal 

Model 4880.45 8 610.06 16.66 <0.0001 
A—biochar mass 1696.55 1 1696.55 46.34 <0.0001 

B—pH 577.15 1 577.15 15.76 0.001 
C—cin 513.13 1 513.13 14.02 0.0016 

D—time 494.69 1 494.69 13.51 0.0019 
AB 483.2 1 483.2 13.2 0.0021 
AC 427.15 1 427.15 11.67 0.0033 
AD 320.57 1 320.57 8.76 0.0088 
A2 368.03 1 368.03 10.05 0.0056 

Cr removal 
Model 16,600.2 5 3320.04 9.5 <0.0001 

A—biochar mass 6735.13 1 6735.13 19.27 0.0003 
B—pH 3451.47 1 3451.47 9.88 0.0051 
C—c, in 2185.25 1 2185.25 6.25 0.0212 
D—time 1874.78 1 1874.78 5.37 0.0313 

AB 2353.57 1 2353.57 6.74 0.0173 
Cu removal 

Model 11,160.81 4 2790.202 16.41202 <0.0001 
A—biochar mass 3541.032 1 3541.032 20.82842 0.000169 

B—pH 1167.702 1 1167.702 6.868446 0.015972 
C—cin 5526.808 1 5526.808 32.50879 <0.0001 

AB 925.2658 1 925.2658 5.442431 0.029679 
Pb removal 

Model 279.99 6 46.66 4.35 0.0069 
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A—biochar mass 9.4 1 9.4 0.8766 0.3615 
B—pH 16.8 1 16.8 1.57 0.2266 
C—cin 86.05 1 86.05 8.03 0.011 

AC 39.03 1 39.03 3.64 0.0724 
B2 48.69 1 48.69 4.54 0.0471 
C2 65.68 1 65.68 6.13 0.0235 

3.3.2. Cadmium Removal Efficiency 

The mathematical equation below can be used to make predictions about Cd adsorp-
tion. This is the equation in terms of the actual factors, and the values should be given in 
the original units for each factor from Table 2. 

Y = −38.1222 + 287.383A + 14.4585B − 0.302296C + 2.70277D − 21.9818AB + 0.459278AC − 3.97875AD − 
120.752A2 

(2)

The normal plot of the residuals is shown in Figure 5. The residuals are normally 
distributed as they mostly fall close to the straight line. Therefore, the plot indicates that 
the model is valid. 

 

Figure 5. Normal plot of residuals for Cd removal efficiency. 

The contour plot and the 3D response surface in Figure 6 show different interactions 
in terms of Cd removal efficiency. 

Three levels of the adsorbent dose (biochar mass) were investigated (0.25, 0.5, and 
0.75 g). As expected, a higher biochar mass resulted in higher Cd adsorption (Figure 
6(top)). In the study by Chen et al. [41], Cd removal increased up to 100% when the biochar 
dosage was increased to 125 mg/L, after which equilibrium was reached. 

The pH of a solution is considered one of the most important parameters affecting 
metal adsorption. It can influence the adsorption performance in several ways: through 
electrostatic repulsion between the adsorbent and adsorbate, through ion exchange, and 
through the distribution of metal species [41]. Increasing the pH value had a positive effect 
on Cd adsorption. However, when using 0.60 g of biochar or more, the pH had no signif-
icant effect on Cd removal. Similar results were obtained by Chen et al. [41], who also 
found that Cd removal efficiency increased with an increasing initial pH. They reached 
equilibrium at pH 4. 
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The results observed from the variations in the initial Cd concentration (Figure 6 
(middle)) show that higher removal efficiencies are achieved with lower initial concentra-
tions. However, with 0.55 g of biochar or more, even the highest initial concentrations of 
Cd can be removed. This suggests that biochar has a significant capacity for Cd adsorp-
tion, and that this capacity is less sensitive to variations in the initial Cd concentrations 
when higher amounts of biochar are used. 

The interaction between the initial biochar mass and time (Figure 6 (bottom)) shows 
that Cd adsorption increases linearly with the duration of treatment. Notably, when using 
0.60 g of biochar or more, the required treatment time for effective Cd removal is markedly 
reduced. For instance, achieving 95% Cd removal takes 24 h with 0.35 g of biochar, 
whereas only 6 h are needed when using 0.60 g of biochar. This highlights the efficiency 
of larger biochar amounts for accelerating the adsorption process. 

From all this, it can be concluded that the highest Cd adsorption can be achieved after 
6 h when using 0.60 g of biochar, regardless of the initial concentration (20–200 mg Cd/L). 
This is suggested as the optimal combination of biochar mass and treatment duration that 
maximizes removal efficiency across a broad range of Cd concentrations. 
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Figure 6. Contour plot (left) and 3D response surface (right) for combined effect of pH and biochar 
mass (top); initial Cd concentration and biochar mass (middle); time and biochar mass on Cd re-
moval (bottom). 

The adsorption capacity of Cd (Table 3) varies between 2.66 mg/g and 46.6 mg/g, 
depending on the experimental setup. Compared to similar studies on cadmium adsorp-
tion by biochar, this biochar derived from SS gasification has a better Cd adsorption ca-
pacity. Chen et al. [36], for example, also used biochar from municipal SS and achieved 
Cd adsorption of up to 22.5 mg/g. Zuo et al. [42] achieved an adsorption capacity of 36.5 
mg/g using SS biochar modified with CaCO3 nanoparticles. 

3.3.3. Chromium Removal Efficiency 

The following mathematical equation, in terms of the actual factors, can be used to 
make predictions about Cr adsorption: 

Y = −135.812 + 337.332A + 32.7365B − 0.14994C + 1.38881D − 48.5136AB (3)

The normal plot of the residuals is shown in Figure 7. The residuals are normally 
distributed as they lie close to the straight line. The model is therefore valid. 

 

Figure 7. Normal plot of residuals for Cr removal efficiency. 
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The contour plot and 3D response surface for the combined effect of pH and biochar 
mass show their influence on Cr removal efficiency (Figure 8). As expected, a higher bio-
char mass leads to higher Cr adsorption. An increase in pH also has a positive effect on 
Cr removal efficiency. In addition, about 0.65 g of biochar is sufficient to remove 90% of 
Cr regardless of the pH. Liu et al. [23] obtained opposite results. The highest removal 
capacity of total Cr (10 mg/g) was achieved with the lowest pH (pH 2) and the lowest 
magnetic (nano-zero-valent iron) biochar dosage (0.5 g/L), due to the reduction of Cr(VI) 
to Cr(III). 

 

Figure 8. Contour plot (left) and 3D response surface (right) for combined effect of pH and biochar 
mass on Cr removal. 

The perturbation plot in Figure 9 is used to compare the effects of all factors on Cr 
removal efficiency. Increasing the biochar mass, pH, and time has a positive effect on Cr 
removal efficiency. However, the removal efficiency decreases with an increase in the in-
itial Cr concentration. In this case, Liu et al. [23] also obtained opposite results. The re-
moval capacity of Cr increased with an increase in the initial Cr concentration. As for the 
reaction time, they reached equilibrium after 2 h. 
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Figure 9. The perturbation plot of biochar mass (A), pH (B), initial Cr concentration (C), and time 
(D). 

The adsorption capacity of Cr (Table 3) varies between 1.03 mg/g and 43.89 mg/g, 
depending on the experimental setup. For comparison, Liu et al. [23] obtained an adsorp-
tion capacity of 9.84 mg/g after 24 h. 

3.3.4. Copper Removal Efficiency 

For the adsorption of Cu, the following mathematical equation can be used in relation 
to the actual factors: 

Y = −26.9407 + 220.803A + 20.1413B − 0.238454C − 30.4182AB (4)

The normal plot of the residuals is shown in Figure 10. The residuals are normally 
distributed, and the model is valid. 

 

Figure 10. Normal plot of residuals for Cu removal efficiency. 

The contour plot and the 3D response surface for the combined effect of pH and bio-
char mass show their influence on Cu removal efficiency (Figure 11). As with Cd and Cr, 
a higher biochar mass and a higher pH value have a positive effect on Cu adsorption. 
However, here too, higher efficiencies are achieved under more acidic conditions with a 
biochar mass of 0.65 g or more. Tang et al. [43] also found that increasing the pH promoted 
Cu adsorption on biochar derived from pyrolysis at 500°C, which could be due to the ion 
exchange effect of Ca2+, Mg2+, K+, and Na+, which are ubiquitous in municipal SS. 

The perturbation plot in Figure 12 is used to compare the effects of biochar mass, pH, 
and initial Cu concentration on Cu removal efficiency. As with Cr, increasing the biochar 
mass, pH, and time positively affectes Cu removal, but the removal efficiency decreases 
with an increase in the initial Cu concentration. 



Sustainability 2025, 17, 997 15 of 27 
 

  

Figure 11. Contour plot (left) and 3D response surface (right) for combined effect of pH and biochar 
mass on Cu removal. 

 

Figure 12. The perturbation plot of biochar mass (A), pH (B), and initial Cu concentration (C). 

The adsorption capacity of Cu (Table 3) varies between 2.66 mg/g and 42.2 mg/g, 
depending on the experimental setup. Tang et al. [43] achieved an adsorption capacity of 
74.51 mg/g for amino-functionalized SS biochar, which corresponds to an increase of 118% 
compared to experiments with biochar from pyrolysis at 500°C. 

3.3.5. Lead Removal Efficiency 

For Pb adsorption, the following mathematical equation can be used in terms of the 
actual factors: 

Y = −118.312 − 19.0071A − 7.83457B + 0.0505995C + 0.138833AC + 0.721014B2 − 0.00041028C2 (5)

The normal plot of the residuals is shown in Figure 13. The residuals are normally 
distributed, and the model is valid. 
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Figure 13. Normal plot of residuals for Pb removal efficiency. 

The contour plot and 3D response surface for the combined effect of initial Pb con-
centration and biochar mass show their influence on Pb removal efficiency (Figure 14). 
The highest removal efficiency is achieved for an initial Pb concentration of between about 
110 and 140 mg/l. 

It was also found that an increase in biochar mass had no significant effect on Pb 
adsorption due to the saturation of the biochar. This can also be seen in the perturbation 
plot (Figure 15). This differs from the other heavy metals. This is also noted in the ANOVA 
table (Table 4), where the p-value of factor A—biochar mass—is 0.3615, which is above 
the standard value of 0.1. Factor A, which independently does not affect the Pb removal 
process and should be eliminated by reducing the model, is still included due to the re-
tention of the AC ratio. Therefore, although the mass of the biochar alone does not signif-
icantly contribute to Pb removal, it does influence Pb removal in combination with the 
initial concentration (factor C). The same can be seen from the p-value, which is 0.0724 for 
the combination of the factors AC. Zhou et al. [44] also obtained similar results with bio-
char derived from banana peels. The adsorption capacities of Pb gradually decreased with 
an increase in the sorbent dosage, and equilibrium was reached after adding 0.05 g of 
adsorbent. 

Pb adsorption increases as the initial Pb concentration increases, but slows down 
when the initial Pb concentration increases above 120 mg/L. The reason for this is that the 
adsorption capacity of a small mass of biochar (less than 0.55 g) is not sufficient to remove 
high Pb concentrations. If the mass of the biochar is 0.55 g or more, higher Pb concentra-
tions can be removed. 

Pb was not investigated in alkaline environments, as Pb ions start to precipitate at a 
pH above 7 [44]. In terms of the pH, 95% to 100% of Pb removal was achieved at all three 
pH values investigated. The highest Pb adsorption was achieved at pH 3, as lead is more 
soluble in an acidic environment. 
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Figure 14. Contour plot (left) and 3D response surface (right) for combined effect of initial Pb con-
centration and biochar mass on Pb removal. 

 

Figure 15. The perturbation plot of biochar mass (A), pH (B), and initial Pb concentration (C). 

The adsorption capacity of Pb (Table 3) varies between 2.23 mg/g and 72.66 mg/g, 
depending on the experimental setup. For comparison, Zhang et al. [45] achieved an ad-
sorption capacity of 22.4 mg/g, 47.59 mg/g, and 57.48 mg/g for various sludge-based bio-
chars activated with CO2, KOH, and CH3COOK, respectively. 

3.3.6. Optimization and Validation of the Model 

The optimization tool was used to determine the factor combination that would 
achieve the highest removal efficiency for all four heavy metals. The aim was to maximize 
the efficiency of heavy metal removal while reducing the treatment time. The other pa-
rameters were kept within the ranges listed in Table 2. 

Under these conditions, the model provided 81 potential solutions, of which the one 
with the highest attractiveness was selected for verification. The conditions for this variant 
were a biochar mass of 0.67 g, a pH of 3, an initial concentration of 84.40 mg/L for all four 
heavy metals, and a treatment time of 6 h. The expected Cd, Cr, Cu, and Pb removal 
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efficiencies were 99.99%, 87.35%, 100%, and 97.72%, respectively. The prediction interval 
(allowable deviation) for these values was 5%. 

A confirmation test was carried out under the above conditions, and the removal 
efficiencies of Cd, Cr, Cu, and Pb obtained were 99.51%, 92.08%, 98.44%, and 97.42%, re-
spectively. These results are within the prediction interval. It can be concluded that RSM 
can be effectively used to determine the operating parameters that influence the adsorp-
tion of heavy metals on biochar. 

3.4. Adsorption Kinetics and Isotherms 

Understanding the kinetics of heavy metal adsorption onto biochar is beneficial for 
optimizing the contact time. Adsorption kinetics not only provide insights into the mech-
anisms governing the adsorption process, but also help to identify the rate-limiting steps, 
which are essential for scaling up the process for industrial applications. Additional batch 
experiments were conducted to study the kinetics of heavy metals adsorption onto bio-
char. A total of 20 mg/L of Pb, Cd, Cr, and Cu solutions with a pH value of 3 were pre-
pared, and 0.5 g of biochar was added to each solution. The solutions were agitated for up 
to 6 h at a constant temperature of 25 °C to ensure uniform contact between the adsorbent 
and adsorbates, with samples taken after 0.5, 1, 2, 3, and 6 h. The time-dependent changes 
in the concentrations of the heavy metals were recorded, and the kinetic data were mod-
eled to identify the best-fit kinetic model. 

The adsorption kinetics were analyzed using pseudo-first-order (PFO) and pseudo-
second-order (PSO) models, which are widely used to describe adsorption processes. The 
PFO model assumes that the rate of adsorption is directly proportional to the number of 
unoccupied sites, and it is expressed as q୲ = qୣ (1 − eି୩భ୲) (6)

where qt is the amount adsorbed at time t (mg/g), qe is the amount of adsorbate adsorbed 
at equilibrium (mg/g), and k1 is the rate constant (min−1) [46,47]. 

The PSO model assumes that chemisorption, involving electron sharing or exchange, 
dominates the process. It can be described by the Equation (7), in which k2 represents the 
rate constant of PSO kinetics (g/mg·min). This model often provides a better fit for pro-
cesses where chemical interactions between the adsorbent and adsorbate play a major 
role. q୲ =  kଶqଶୣt1 + kଶqୣt (7)

The kinetic parameters obtained for the PFO and PSO models are presented in Table 
5, and a graphical comparison is shown in Figure 16. The PSO model yields higher R2 
values (0.981–0.999) across all the metals, indicating a superior fit compared to the PFO 
model. Additionally, the equilibrium adsorption capacities calculated using the PSO 
model are closer to the experimentally observed values, suggesting that the adsorption 
process is likely controlled by chemisorption mechanisms. The superior fit of the PSO ki-
netic model in this study aligns with numerous findings in the literature. For instance, in 
a study by Shafiq et al. [48], the adsorption of Ni and Pb onto derived biochar showed a 
very good fit with the PSO kinetic model. Similarly, Mahmood-ul-Hassan et al. [49] found 
that Pb, Cr, and Cd adsorption on sawdust also follows the PSO model. Furthermore, 
similar trends for Ni and Cu adsorption on biochar were confirmed by Zhou et al. [50]. 
Goswami et al. [51] also described Cd adsorption onto biochar using the PSO model. Col-
lectively, these studies corroborate the results of this work, reinforcing the conclusion that 
the PSO model is more appropriate for describing heavy metal adsorption onto biochar. 
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The adsorption of heavy metals onto biochar likely involves chemisorption, as suggested 
by the PSO kinetics, with the potential mechanisms including surface complexation. 

Table 5. Calculated parameters for tested kinetic models. 

PSO PFO 
 Pb Cd Cr Cu  Pb Cd Cr Cu 

qe (mg/g) 3.008 3.019 3.018 3.028 
qe 
(mg/g) 1.573 1.973 2.273 2.461 

k2 (g/mg·h) 5.212 2.533 0.681 1.077 k1 (h−1) 1.689 1.732 0.604 0.989 
R2 0.999 0.997 0.981 0.993 R2 0.922 0.918 0.916 0.984 

 

Figure 16. The comparison of PSO and PFO kinetic models for (a) Pb, (b) Cr, (c) Cd, and (d) Cu 
removal. 

Adsorption isotherms help to understand the interaction between the adsorbate and 
the adsorbent surface, providing insights into the adsorption capacity and mechanism 
[52]. In this study, two widely used models, the Langmuir and Freundlich isotherms, are 
applied to describe the equilibrium adsorption of Pb, Cd, Cr, and Cu on biochar. Adsorp-
tion isotherms are crucial for understanding how heavy metals are retained by biochar at 
various concentrations. 

The Langmuir isotherm, which assumes monolayer adsorption onto a surface with a 
finite number of identical sites, is expressed as qୣ =  q୫k୪cୣ1 + k୪c୪ (8)

where qm is the maximum adsorption capacity, ce is the equilibrium concentration, and kl 
is the Langmuir constant [46,53]. The Freundlich isotherm describes adsorption on heter-
ogeneous surfaces, suggesting multilayer adsorption, and is given by Equation (9): 
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qୣ =  k୤cଵୣ୬ (9)

where kf and n are empirical constants related to the adsorption capacity and intensity 
[46,53]. 

The adsorption experiments used for the isotherm studies were conducted using 0.5 
g of biochar at a room temperature of 25 °C, with an equilibrium time of 6 h, pH value of 
3, and initial metal concentrations of 10, 110, and 200 mg/L. Both Freundlich and Lang-
muir isotherms were evaluated to analyze the interaction between the heavy metal ions 
and the biochar surface. As listed in Table 6, the Freundlich model exhibits higher R2 val-
ues for most metals, except for Cd, where the Langmuir model performs equally well. 
This suggests that the adsorption of Pb, Cr, and Cu onto biochar occurs predominantly on 
heterogeneous surfaces, supporting a multilayer adsorption mechanism. Interestingly, the 
Langmuir model shows excellent agreement for Cd adsorption, suggesting that Cd ions 
may form a uniform monolayer on the biochar surface. Figure 17 compares both models 
for the adsorption of Cu, which can be described by either one. It is important to note that 
the isotherms obtained in this study are based on limited experimental data and do not 
include enough points to be considered fully representative of equilibrium conditions. 
However, the presented results still provide indicative trends of the adsorption process. 

Table 6. Langmuir and Freundlich isotherm parameters. 

Langmuir Freundlich 
 Pb Cd Cr Cu  Pb Cd Cr Cu 
qm 39.996 26.042 18.018 17.986 n 1.570 2.285 2.861 2.766 
kl 0.594 0.492 0.074 0.146 kf 12.622 6.448 3.195 3.542 
R2 0.773 0.997 0.864 0.988 R2 0.990 0.865 0.975 0.997 

The results of this study align well with the findings of others, such as Ye et al. [54], 
where the maximum adsorption capacity for Pb was 40.8 mg/g and for Cd it was 24.2 
mg/g. Shafiq et al. [48] also found that Pb ions are more quickly absorbed on biochar and 
have a higher maximum capacity. Although studies, such as those of Ye at al. [54], Shafiq 
et al. [48] and Zou et al. [50], have found that the Langmuir model better describes the 
adsorption of heavy metals onto various biochars, other authors, such as Khudair et al. 
[55] and Reddy et al. [56], have concluded that the Langmuir model is a better fit. Similarly 
to results of this study, Zhou et al. [44] concluded that both models can show a very good 
fit, depending on the heavy metal. 

 

Figure 17. Comparison of Freundlich and Langmuir isotherms for copper. 
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4. Discussion 
The presented technique for heavy metals removal from wastewater offers many ad-

vantages, including low cost, high selectivity, efficient removal even at low concentra-
tions, ease of use, simple design, high capacity, and minimal by-product generation, con-
sistent with the findings from previous studies [19]. However, the novel biochar derived 
from the experimental gasification plant used in this study offers additional environmen-
tal and economic benefits. Due to its high carbon content, the presence of metal oxides 
(Ca, Al, Fe, and Mg) on the surface, and its highly porous structure, this biochar demon-
strated exceptional efficiency at removing selected heavy metals. The adsorption capaci-
ties of the pristine biochar (without any modifications) were generally comparable to, and 
in some cases even exceeded, those reported in previous studies where modified biochars 
were predominantly used [3,14]. Xu et al. [57] reported similar carbon contents (50–60%) 
in SS-derived biochar, but with considerably lower levels of the major metal oxides (Si, 
Ca, Fe, and Al). 

Fan et al. [58] reported a maximum adsorption capacity of 38.49 mg/g for Cu(II) using 
Na4P2O7-modified SS biochar at 35 °C. Shah et al. [13] found that the optimal contact times 
for removing Zn2⁺ and Cd2⁺ were 80 and 140 min, achieving removal rates of 95.51% and 
97.54%, respectively, from 50 mg/L spiked solutions using 25 g/l biochar. The optimum 
pH was 8–9 at 40 °C, suggesting some metal ion precipitation in alkaline conditions. Max-
imum adsorption capacities were 3.02 mg/g for Cd2⁺ and 2.51 mg/g for Zn2⁺, comparable 
to other adsorbents. Isotherm studies confirmed that the Langmuir model fit well, with R2 
values of 0.9846 and 0.9816 for Cd2⁺ and Zn2⁺. However, the overall results of the removal 
efficiency still fall short when compared to those achieved in this study. 

The surface of biochar carries a negative charge due to the presence of specific func-
tional groups. As a result, positively charged metals are retained on the surface through 
electrostatic interactions [59]. The ion exchange process between the adsorbent (SS bio-
char) and the treated metals occurs as a result of the dissociation of acidic or ionic groups 
present in the biochar [13]. 

Kang et al. [22] found that Cr(VI) removal involved electrostatic attraction, reduction, 
and complexation precipitation by surface functional groups. Cu(II) removal occurred 
through surface adsorption, complexation precipitation, and reduction by Fe when nano- 
zero-valent iron-modified SS biochar was used. For both metals, the pseudo-second-order 
model showed a better correlation than the pseudo-first-order model, indicating that ad-
sorption was primarily chemical, involving surface complexation rather than simple 
physical adsorption. These authors concluded that the Langmuir model better explained 
the adsorption of Cr(VI) and Cu(II) by both modified and unmodified biochar compared 
to the Freundlich model. Their findings were consistent with those of Yan et al. [60], which 
suggested that Cu(II) and Cr(VI) form a single-layer coverage on heterogeneous biochar 
surfaces. A mixed-fit scenario (Langmuir for some metals, Freundlich for others), noted 
in this study, is common for systems involving heterogeneous adsorbents like biochar. 
The superior performance of the Freundlich model for most metals, particularly Pb, Cr, 
and Cu, highlights the importance of heterogeneity in biochar’s adsorption mechanism. 
The strong fit of the Langmuir model for Cd, on the other hand, suggests that biochar 
modification could optimize uniform adsorption for specific metals. These findings em-
phasize the versatility of biochar as an adsorbent in multicomponent systems. Cao et al. 
[14] concluded that the adsorption process of heavy metal ions by biochar included sev-
eral mechanisms: physical adsorption, electrostatic attraction, surface microprecipitation, 
surface complexation, ion exchange, and co-precipitation. 

The solution pH is a key factor in metal adsorption, affecting electrostatic interac-
tions, ion exchange, and metal speciation [41]. The authors Shah et al. [13] conducted de-
sorption of biochar, saturated with heavy metals, using a 1 M HCl solution until 
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equilibrium was reached. In the first cycle, the removal was 94.5% for Cd2+ and 78% for 
Zn2+, but in the second and third cycles, the removal dropped to 30% and 15% for Cd2+ 
and 70% and 16% for Zn2+. To improve performance, the authors adjusted the pH of the 
solution to 7.0 in cycles 4, 5, and 6, leading to the optimal removal of 99.5% for Cd2+ and 
84.5% for Zn2+. 

Cao et al. [14], based on a comprehensive literature review, highlighted the im-
portance of integrating pretreatments and post-treatments with biochar preparation (its 
modification) to enhance the adsorption capacity of pristine biochar, while also address-
ing the issue of avoiding toxic compound contamination during environmental remedia-
tion. One of the primary challenges in using SS-derived biochar for environmental im-
provement is the formation of toxic compounds. The presence of pollutants and toxic sub-
stances in biochar, including volatile organic compounds, heavy metals, potentially toxic 
elements, environmentally persistent free radicals, polycyclic aromatic hydrocarbons, and 
dioxins, depends on the raw SS source and the conditions of the thermal treatments [45]. 
However, these challenges have mostly been overcome by using the novel biochar pre-
sented in this research. Since biochar is a byproduct of SS processing, it has no material 
value and only requires proper disposal. The primary aim was to maximize heavy metals 
removal efficiency without focusing on minimizing the biochar quantity used. Given the 
abundance and anticipated low cost of SS biochar, its practical applications appear prom-
ising. 

Before the commercialization of biosorbents, proper attention must be given to their 
final disposal. Few studies on biochar have focused on the regeneration and reuse of spent 
adsorbents, often overlooking their final disposal. Disposing of spent biomaterials con-
taminated with hazardous organic ions presents significant challenges, with most solu-
tions relying on incineration or landfill disposal. Biochar containing heavy metals can be 
disposed of after metal recovery or immediately post-adsorption. In both cases, there is a 
risk of secondary pollution from the biochar and chemicals used. Biochar loaded with 
heavy metals can harm the environment and human health, making it crucial to ensure 
the complete recovery of heavy metals before release into the environment [14]. The au-
thors of this paper propose the further use of the spent biochar in the construction mate-
rials industry based on previous technical and ecological studies that have already ex-
plored its use as a substitute for parts of the raw materials in concrete [28] and brick prod-
ucts [29]. Future research should investigate the use of biochar, previously used as an ad-
sorbent in wastewater treatment, in the production of different construction materials. 
Significant differences in the technical properties of the resulting materials are not ex-
pected, but their ecological safety (considering that biochar has absorbed additional pol-
lutants) must be thoroughly re-evaluated. However, an encouraging fact is that cement 
and clay-based materials have the ability to incorporate potentially harmful substances 
into the hardened matrix of the final products during the curing process. 

Although this paper initially analyzed wide ranges of initial concentrations for each 
heavy metal, which realistically represent extremely high concentration values of these 
pollutants potentially present in real wastewater, the intention was to cover a broad spec-
trum of boundary conditions. Since adsorbents should also be effective at lower pollutant 
concentrations, further research should aim to conduct experiments at lower, more realis-
tic concentrations. Future research should also explore the removal of these and other 
heavy metals from real wastewater samples to assess how co-existing ions affect adsorp-
tion under typical conditions. The economic feasibility and cost-effectiveness of biochar 
should also be assessed. 

5. Conclusions 
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Managing the growing global production of SS and removing toxic heavy metals 
from water are environmental challenges of increasing interest. Biochar, a cost-effective 
adsorbent, has previously demonstrated an adsorption performance at least comparable 
to traditional materials. While most research has focused on chemically or physically 
modified biochar for enhanced adsorption, this study highlighted the potential of pristine 
biochar produced through the thermal gasification of SS in an experimental plant, demon-
strating its high efficiency at removing Cd, Cr, Cu, and Pb from synthetic wastewater. Its 
adsorption capacity reached up to 46.64 mg/g for Cd, 43.89 mg/g for Cr, 42.42 mg/g for 
Cu, and 72.66 mg/g for Pb from single-component synthetic solutions in acidic-to-neutral 
conditions, achieving removal efficiencies of over 99% under optimal conditions. 

A total of 104 experiments were conducted to analyze the influence of biochar mass, 
initial heavy metal concentration, pH, and time on removal efficiency. While all the pa-
rameters affected Cd and Cr removal, the initial metal concentration had the greatest im-
pact on Cu and Pb removal. The process optimization showed that under the following 
conditions—0.67 g biochar, pH 3, 84.40 mg/L initial concentration, and 6 h treatment—the 
removal efficiencies were 99.51% for Cd, 92.08% for Cr, 98.44% for Cu, and 97.42% for Pb. 

The adsorption followed PSO kinetics, with Cd aligning with the Langmuir model 
and Pb, Cr, and Cu adhering to the Freundlich model. This demonstrates biochar’s adapt-
ability as an adsorbent, offering both heterogeneous adsorption for most metals and uni-
form adsorption for Cd. 

Using unmodified biochar offers simplicity, cost-effectiveness, and reduced environ-
mental impact while maintaining adsorption efficiency, suggesting its potential as a prom-
ising adsorbent for wastewater treatment. 

Considering the results of previous studies where the same biochar was used as a 
partial replacement for raw materials in the production of construction materials, such as 
concrete and bricks, further research should explore the feasibility of using biochar as an 
adsorbent in wastewater treatment over multiple cycles and, once its maximum adsorp-
tion capacity is reached, the possibility of reusing it as a partial substitute for raw materials 
in the construction industry. This approach would offer a new, sustainable, and eco-
friendly strategy for the comprehensive utilization of waste materials. Future studies 
should focus on testing these applications, including experiments with real wastewater, 
evaluating performance across multiple adsorption–desorption cycles, and assessing the 
economic feasibility and cost-effectiveness to support the practical use of biochar. 
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