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Abstract: Sewage sludge disposal, being a costly and enviotatty and socially sensitive process, increasinglrdens

utilities and municipalities. Therefore, thermaéatment processes, particularly gasification andopysis, that minimize

environmental impacts while simultaneously produtingproducts that generate energy, are increasiggining importance.

However, even in these processes, new by-productgarerated and need to be properly disposed. Atséimee time,

increasingly stringent requirements for wastewateatment are emerging, particularly with anticipatechendments to the
EU Directive and the introduction of the fourth éwf treatment, primarily aimed at removal of noigollutants.

This paper links these issues: by using biochataiobd by sludge gasification, as an adsorbenttifi@ removal of heavy
metals from wastewater. As part of the preliminargeaach, a series of adsorption experiments on s¥ictisolutions

containing selected heavy metals was conductedltirgsin exceptionally high removal efficienciespstly over 90%. The
ultimate goal of the research is to examine varimilsiencing factors and provide a perspectivetfte further sustainable
disposal of biochar.
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1.INTRODUCTION

Water resources management represents one of thdaktors for the development of any region. In
contemporary times, special attention is devoteavaber protection, primarily due to the increasimeed to
preserve the environment, with an emphasis on béoslity conservation and public health protectidastewater
treatment and the disposal of by-products generiatetie process have become globally significasués,
particularly over the past three decades. Thegisiend in the construction of wastewater treatnpdants
(WWTPSs) has led to the generation of substantiahtjties of sewage sludge. In the wastewater treatprocess,
virtually every technological operation producegaa amounts of sludge as a by-product. As a membthe
European Union, the Republic of Croatia is witnegsan increasing number of WWTP construction ptsjec
which are expected to generate significant addifi@mounts of sewage sludge, making this issueasimgly
relevant at the national level. According to aval#éaanalyses on sewage sludge generation, thepiadiiction
of sludge in Croatia by the year 2031 is estimateckach between 78,000 and 100,000 tons of totalssper
year (TSlyear). Regions with the highest sewagdgslyproduction include northwestern Croatia with @ity of
Zagreb, eastern Slavonia, Istria and Kvarner, hadsplit-Dalmatia Countg{Naki¢ et al. 2024)

The complexity of sewage sludge management litisdriact that the process is costly, environmentaihd
socially sensitive, and must align with the prifeg of sustainable development while minimizing atag
environmental impacts under increasingly stringegulatory guidelinesNaki¢ et al. 2017).According to
Eurostat data, in 2022 approximately 10,200,008 tfrtotal solids (TS) of sewage sludge were predun 34
covered European countries, posing a significantirenmental challenge. In this context, EU Direetiv
91/271/EEC explicitly supports the use of sewagdg, stating in Article 14: “Sludge arising fronastewater
treatment shall be re-used whenever appropriatspd3al routes shall minimize the adverse effectshen
environment.” There are no universal rules for geithanagement at the European level, but two npgroaches
can be distinguished. In Denmark, Estonia, Sloydkiance, Hungary, and Lithuania, the predominaethiod of
sludge management is land application (on agricalland non-agricultural land), while thermal treaht is most
commonly used in Switzerland, Germany, Austria,gieh, and Netherlands. Although practice offerdous
solutions and approaches to sludge managementsong of them are based on the principles of treileir
economy and sustainable development, as also segdny Directive 91/271/EEC.

Among currently applied solutions, thermal treattrarsewage sludge stands out as a simple andaisiogly
used method in developed countries. This approacgaining growing support due to its practicalityda
widespread application within the context of susthie waste management. Particularly notable datively
recent processes such as pyrolysis and gasificatibase main advantage over conventional incinamat the
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reduction of environmental impact. These procegsasrate a new by-product — biochar, a porous oartaderial
produced through the thermochemical degradatidnashass in the absence or near-absence of oxygemaBs
can include various types of organic waste suctreg and forest residues, wood chips, algae, sesiagge,
manure, and organic municipal wastéang et al. 202D Simultaneously, the gasification and pyrolydisewage
sludge also generate gas that can be utilizednfergy production. The yield and composition of tij@s, which
mainly consists of methane (@kicarbon dioxide (Cg), and hydrogen (b, vary depending on the temperature
applied and the sludge composition. In generallggis and gasification processes yield high cotregipns of
H2, as mineral components in sludge, such as calcixide (CaO), promote the production of-Hch syngas
(Gopinath et al. 2021

Biochar represents a stable carbon matrix withrgelaurface area and an abundance of oxygen-comgain
functional groups on its surfacédrafioti et al. 2013 Biochar has gained significant attention for its
effectiveness in addressing various environmentalllenges, primarily due to its unique physicochehi
properties like high specific surface area, microgiy, excellent adsorption capacity, and ion exde
capabilities. These attributes make biochar a tibkrseaterial with applications across multiple dains,
including catalysis, energy production, soil qualihprovement, composting, and adsorptiBalgabhashiyam
et al. 2022. Among its most desirable features are its ptyamnd cost-effectiveness, which contribute to its
suitability as a sustainable raw material. Consetiyebiochar holds considerable potential as aearadtive or
complement to conventional activated carbon in gatgm processesZbang et al. 2019 Previous studies have
shown that biochar can effectively remove certagady metals, nutrients (nitrogen/phosphorus), atieéro
pollutants from water. However, removal efficierdgpends on the origin of the biochar, pre-treatmesthods,
and the thermal treatment applied (pyrolysis oifgasion). Some studies have reported that adelitisuch as
catalysts, metals, surfactants, industrial wastd,agricultural residues were added to raw sewkugigs prior to
thermal treatment or mixed with it after carbonizatto enhance the adsorption properties of bioflhamng et al.
2015; Sing et al. 2020This additional modification of biochar via vauis physical and chemical processes
inevitably increases the costs within its applimatthain and may also result in additional envirental impacts.

Previous research has focused on the removal uf/matals and metalloids, including arsenic (Asgdmium
(Cd), lead (Pb), mercury (Hg), chromium (Cr), amghger (Cu), using various types of bioch@opinath et al.
2021; Shen et al. 2018; Xue et al. 2019; Zhand. &04 9. Wei et al. (2018used biochar derived from aerobic
granular sludge for CtiadsorptionGao et al. (2019)eported effective Cd adsorption onto biochar produced
by co-pyrolysis of rice straw and sewage sludgéh significantly better performance than biochadm#érom
sewage sludge alone. It was concluded tha&t @moval (76.1%-80.8%) resulted from cation excleaagd
precipitation.Fan et al. (2018)sed biochar obtained from a mixture of sewagdgauand tea waste to remove
cadmium, achieving removal efficiencies of 27.6%830.Ifthikar et al. (2018feveloped magnetic biochar and
biochar combined with carboxymethyl chitosan fa temoval of PH and Hg*. Zuo et al. (2017used CaC®
modified biochar for C& removal, with a maximum adsorption capacity of ®8/g. The mechanisms of heavy
metal cation removal include physical adsorption,@xchange, electrostatic attraction, surface ¢exagion, co-
precipitation, and physical entrapmefithikar et al. 201). All these studies demonstrate that biochar can
effectively remove heavy metals through various ma@ésms, often enhanced by specific physical omite
modifications to improve its adsorption properties.

The industry has a significant impact on heavy hestacentrations in sewage sludge, as does theganent
of industrial wastewater before discharge intopghbklic sewage systems. The potentially most togaviy metals
include arsenic, lead, mercury, and cadmium. Unbkganic pollutants, heavy metals are not biodesjvb]
contributing to their accumulation potential. Thegn dissolve and contaminate the environment evdoma
concentrations, indicating a strong need for sefieadal of waste materials containing them, incigdvastewater
(Bubalo et al. 202

The fundamental premise of this study is the felityiland justification of using biochar obtainetbi the
gasification of sewage sludge in an experimentahiplor the highly efficient removal of selectedatrg metals
(Cd, Cr, Cu, and Pb) from wastewater, using pmstioriginally obtained biochar without any further
modifications. Still, it should be noted that tkisidy represents only preliminary research interideskrve as a
foundation for future, more detailed investigatiomisned at gaining a deeper understanding of adsarpt
mechanisms and conducting experiments with realtemager samples, in order to identify potential
methodological limitations and evaluate the fedijbdf potential practical application.

2.MATERIALS AND METHODS

Stabilized and dewatered sewage sludge collectmd the Karlovac WWTP, which operates at tertiary
treatment level, including the removal of susperstdils, organic pollutants, as well as nitroged phosphorus
compounds, was used to obtain biochar. The sludgecallected in sealed plastic containers and dtatreoom
temperature until drying in a laboratory oven a5°(Dto achieve a TS content exceeding 90%. Thel dtiedge
was subjected to gasification in an experimentahp(Looper), shown ifrigure 1. Gasification converts solid
organic material (in this case, sewage sludge)digan syngas and an inert solid residue. In sulss#ctages,
the syngas is cleaned of particulates and pollstant then cooled. A small portion of the hydrogeh-syngas
(approximately 28—-30% of the produced gas volursejsed to heat the superheater and reactor. Thanieg
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syngas (around 70% of the generated volume) cartilzeed for energy production or other purposeshsas
pure hydrogen generation. This waste-to-syngastdogy represents a controlled process with minicaabon
dioxide emissions and elimination of other harngabeous emissions, achieved by preventing oxyggess
into the system and maintaining high process teatpegs. It is applicable to all types of organicstegNakic et

al. 2024) One of the remaining challenges being addressddnwthe broader scope of this research is the
management of the residual by-product - biochathigistudy, the obtained biochar was further asedyand used
as an adsorbent for the treatment of syntheticemagter loaded with heavy metals.

Sewage sludge

Syngas cleaning by wet scrubbers
e

Sewage sludge drying system
—_—

Figure 1. Schematic diagram (togBubalo et al. 2022and photograph (bottom) of the pilot plant used for
sludge gasification (Looper system)

The chemical composition of the obtained biochas determined using atomic absorption spectrosciopy (
strument: Analyst 200, PerkinElmer, Inc., Walthdi#, USA). The biochar sample was also analysedrzygy-
dispersive X-ray fluorescence (ED-XRF), employin§iamens X-ray tube with a molybdenum (Mo) anod# an
Mo secondary target in orthogonal geometry. Speg#ee analysed using IAEA QXAS software, and the-co
centrations of elements K, Ca, Ti, V, Cr, Mn, Fg,0BlL, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Pb, and Threvdetermined
by direct comparison of count rates with the statideference material IAEA-SL{Bubalo et al. 2023} eaching
tests were conducted in accordance with the EN Z-24&andard. Prior to the analysis of heavy métalgtomic
absorption spectrometry (PerkinElmer Analyst 8@i0jates were acidified with 1 mL of 65% nitric idcper 100
mL of sample to prevent undesired precipitationirdusample storag@Nakic et al. 2017)

The morphology of the biochar samples was examirslg scanning electron microscopy (SEM, Tescan
Vega 3 instrument). To enhance conductivity forgmg, the samples were coated with chromium forséitbonds
using a Q150T coater (Quorum Technologies, UK). SEigrographs were captured at various magnification
providing detailed images with appropriate resoluti

Stock solutions of heavy metals used in the adsorExperiments were prepared by dissolving arii
grade cadmium nitrate (Cd(NJ), copper (I1) nitrate (Cu(Ng),), lead (II) nitrate (Pb(Ng),), and chromium (ll1)
nitrate (Cr(NQ)s) in deionized water. Although some of the inialalyses were performed using lower initial
concentrations (20 mg/L of each heavy metal), setdtively low concentrations resulted in very higimoval
efficiencies (approximately 99%) for all four metainder almost all tested conditions (varying pbhtact time,
and biochar dosage). Therefore, the majority ofdkperiments were conducted at significantly higinéial
concentrations (200 mg/L) in order to more cleadgntify and evaluate the effects of the other stigmted
parameters (pH, biochar mass and contact time)phef each solution was adjusted to the desirdalesa(3, 5,
and 7) using 0.1 M HCI or 0.1 M NaOH. pH values svareasured using a multiparameter instrument HI®819
(Hanna Instruments, Romania). Adsorption experisamre carried out in sealed 250 mL bottles coirtgit00
mL of individual heavy metal solutions and a spe@mount of biochar (0.25 — 0.75 g). The bottlesewplaced
on a rotary shaker (Reax 2, Heidolph, Germany) agithted at 45 rpm at room temperature for predeted
contact times (up to 24 hours). After the definedtact time (adsorption period), the samples wi#isrdd using
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syringe filters with a pore size of 0.48n to remove the biochar. Residual concentrationsadfnium, copper,
lead, and chromium in the filtrate were determibgdnductively coupled plasma optical emission smeunetry
(ICP-OES) (Agilent 5900, Agilent Technologies, USAhe adsorption capacity of the biochar for eagaviy
metal was calculated using tBgquation 1.
(Cy—C,) -V
A @)

whereqe is the adsorption capacity (mg/dJe the initial concentration of the heavy metal (mg/C. the
equilibrium concentration of the heavy metal (mgN.the volume of the solution (L), amdthe amount (mass)
of biochar (g).

3. RESULTS
3.1. Main characteristics of used biochar

The results of the chemical composition analysistref produced biochar, obtained using absorption
spectrometry, indicate that the predominant oxidmmonents are ADs (15.6%), CaO (14.7%), and f&&
(10.6%). Additionally, 49.1% of the total samplessaemained insoluble, which is attributed to thdbon-based
fraction of the biochar.

The heavy metal content analysis of the biocfiable 1) reveals extremely low concentrations of hazardous
metals. Moreover, the presence of alkaline compsupalrticularly calcium-based components and phatsghn
the biochar is expected to further reduce leactongity to levels well below environmental safétyesholds,
thus supporting its safe application in varioud¢Bubalo et al. 2023)

Table 1.Content of heavy metals and other potentially hdmas elements in the biochar used

CHEMICAL ELEMENT UNIT Eggﬁgﬁ;
Fe % mass 5
Zn mg/kg 570
Cu mg/kg 330
Cr mg/kg 309
Sr mg/kg 426
Pb mg/kg 31
Ni mg/kg 176
\% mg/kg 118
As mg/kg 18
Th mg/kg <DL
K % mass 1.22
Ca % mass 19
Ti mg/kg 4.921
Mn mg/kg 606
Ga mg/kg 7
Br mg/kg 174
Rb mg/kg 75
Y mg/kg 57
Zr mg/kg 482

*DL — detection limit

Leaching tests were also conducted to assess tieeivations of elements (primarily heavy metdig} tan
be mobilized from the solid phase into the aquguhase over time. These elements are consideredtiadiie
hazardous and bioavailable. The objective was &tuate potential environmental risks and limitati@ssociated
with the use of the produced biochar. The obtaleadhate concentrations were found to be excepljolaav,
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with several elements falling below detection Imfifable 2), consistent with previous studi@Shen et al. 2014;
Hu et al. 2013)

Zinc (Zn) and lead (Pb) exhibited particularly lselubility in the biochar, as did arsenic (As), wadm (Cd),
copper (Cu), and nickel (Ni). Chromium (Cr) showaightly higher, but still limited, solubility. Ircontrast,
molybdenum (Mo) demonstrated relatively higher hedaility; however, due to its very low initial cosratration
in the biochar, the absolute amount released remmainimal. These findings align with trends obsdrireearlier
research{Nakic¢ et al. 2017)Overall, heavy metals in biochar derived from agevsludge appear to be stabilized,
substantially reducing the risk of environmentattamnination during its applicatiqZielinska et al. 2015)The
key conclusion of this investigation is that the o§ such biochar as an adsorbent in wastewattntemt appears
both feasible and safe, with minimal concern fa thlease of potentially hazardous substanceghetéreated
water. In other words, significant leaching of hgavetals or other problematic compounds from tloehoar is
not expected. Nevertheless, this conclusion shdddregarded as preliminary, based on initial leaghi
assessments. Further research is required to cotifiese findings, particularly under repeated-usnarios
involving multiple treatment cycles with the samedhar sample.

Table 2. Leachingresultsof the obtainedbiocharaccordingo EN 12457[mg/kg]

CHEMICAL ELEMENT BIOCHAR SAMPLE
As <DL
Ba 10,7
Cd <DL
Co 0,006
Cr 0,36
Cu <DL
Mo 0,825
Ni <DL
Pb 0,007
Se 0,004
Zn <DL

*DL — detection limit

SEM micrographsKigure 2) of the biochar reveal polydisperse grains anebutarly shaped particles with a
coarse surface texture. The particles vary in k@b and morphology, are considerably agglomerated form
a porous, isomorphic mass. The micrographs cletislylay a porous structure with numerous small nknand
heterogeneous cavities distributed across therfehis morphology provides a high specific sufacea and
a large number of active sites. The pores, whitferdin size and shape, can influence adsorptidicieficy in
various ways.

“MIRAN TESCAN
:

iew field: 21.67 um  Date(m/dfy): 12/15/23 Performance in nannspacen

Figure 2. SEM image of the obtained biochar
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Considering all the observed characteristics ofotfiained biochar, it is concluded that this matezkhibits
promising potential for the adsorption of heavy atefrom wastewater.

3.2. Results of the adsorption experiments

The experimental results demonstrated that thedbveenoval efficiencies for all four analysed heawgtals
were observed at low pH (3.0) and with the smalesbunt of biochar used as the adsorbent (0.25 ghntrast,
the highest removal efficiencies were achieved utite following conditions: for cadmium and leadthn0.5 g
of biochar at pH 5; for chromium, with 0.5 g of bi@r at pH 7; and for copper, with 0.75 g of biachtgpH 7.

As pH plays a critical role in both metal speciatend surface charge of the adsorbent, variatiopdli can
significantly affect metal removal performanceislimportant to highlight that in all experimentsing 0.5 g or
0.75 g of biochar at pH values of 5 or 7, very highoval efficiencies were recorded, exceeding &d%r 15

hours and over 95% after 24 hoursgure 3 illustrates the effect of pH on the removal e#fiity of various
metals, using 0.5 g of biochar and a reaction tfnE5 hours.
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Figure 3. Removal efficiencies of individual metals at vasiqu levels
(Initial solution concentration: 200 mg/L; biocharass: 0.5 g; reaction time: 15 h)

A clear increasing trend in the removal efficierofyselected metals is observed with increasing antsoof
biochar Figure 4), particularly when the dose is raised from 0.26 @.50 g. However, further increases in biochar
mass from 0.50 g to 0.75 g result in only margimgdrovements, especially in the case of lead appeo
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Figure 4. Removal efficiencies of individual metals at vasi@oses of biochar
(Initial solution concentration: 200 mg/L; pH 5;aetion time: 15 h)

Figure 5 presents the removal efficiency of the four seldanetals over time, for the case with an initial
solution concentration of 200 mg/L, pH 5, and 0.&6f dpiochar. This scenario clearly illustrates afiehe main
findings of the experimental series: the majorifycontaminants, particularly cadmium and lead, r@moved
within the first 6 hours. After this initial phastae removal process slows down, and after 15 heolvesremoval
rate becomes significantly reduced, virtually ngiglie for Cd and Pb.

When the results presentedrigure 5 are expressed indirectly through adsorption capécalculated using

Equation 1), the 24-hour reaction yields the following valug8.67 mg/g for copper, 39.48 mg/g for lead, 39.79
mg/g for cadmium, and 39.83 mg/g for chromium.
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The average adsorption capacities, based on thedubf experiments, were determined as follové96
mg/g for chromium, 17.40 mg/g for copper, 21.57 gnigk cadmium, and 23.75 mg/g for lead.

The maximum adsorption capacities were obtainednwthe lowest amount of biochar (0.25 g) was used,
specifically at pH 5 for cadmium (46.64 mg/g) aedd (72.66 mg/g), and at pH 7 for copper (42.42gnghd
chromium (43.89 mg/qg).

Removal efficiency [%]

0 6 12 18 24
Time [hours]

Figure 5. Removal efficiencies of individual metals over time
(Initial solution concentration: 200 mg/L; pH 5;dihar mass: 0.5 g)

In general, it was observed that mass transfee&sas with higher initial concentrations of heastats in
solution, i.e., as the initial concentration of alébns rises, so does their adsorption onto thehar surface. This
clearly indicated that, at the applied biochar dpparticularly with 0.5 and 0.75 g, there werdisigint available
adsorption sites on the biochar surface, a findilsg reported byWang et al. 2022In the present study, it was
also observed that, although very high removatigfficies were achieved at both low (20 mg/L) argh{R00
mg/L) initial concentrations of the investigateding metals, the utilization efficiency of biochaaswsignificantly
higher at the elevated concentrations. Specificalynuch greater adsorption capacity, as calculaténdg
Equation 1, was obtained at higher initial concentrations.

On the other hand, an increase in biochar massmmasecessarily result in higher metal adsorptidhile
larger amounts of biochar positively influence readoefficiency, this effect plateaus beyond a derfzoint.
Specifically, increasing the biochar mass from 032t® 0.5 g led to improved removal efficiency iheases,
whereas further increases beyond 0.5 g showed@uaiimprovements only in some cases.

Thus, although increasing the mass of biochar saitse number of available binding sites, if the bemof
sites exceeds the number of metal ions in solusome of these sites remain unoccupied. Conseguenti all
active sites are utilized, leading to a decreasealoulated adsorption capacitgenthilkumar & Mogili Reddy
Prasad 2020)

Overall, the adsorption of these heavy metals bidohar derived from sewage sludge was found tmbst
favourable under slightly acidic to neutral pH citioths (pH 5-7).

The adsorption capacities of the biochar, as cafedl using the results of this study dbguation 1, are
largely consistent with those reported Yog et al. (2022)who found values of 40.8 mg/g for Pb and 24.2 mg/g
for Cd for biochar derived from different biomagpés (e.g., manure and cherry wood).

Unlike most previous studies that focused on the efsmodified sewage sludge or chemically modified
biochar, this study preliminarily confirms the poti@l of pristine, unmodified biochar derived fremwage sludge
for the efficient removal of selected heavy metlatsm wastewater. This underscores the economic and
environmental benefits of utilizing unmodified biwe, especially when compared to more resourcasite
modification processes.

Considering the results of earlier studjBiskic et al. 2024}hat focused on the removal of heavy metals (Cd
and Pb) and nutrients (NHand PG?), the current research further confirms the effeatemoval of Cd, Cr, Cu,
and Pb, all of which must be prioritized for rembvefore discharging due to their harmful effeatsagjuatic life
and the broader ecosystem. In addition, previoussitigations(Bubalo et al. 2022; Nakiet al. 2018)have
demonstrated the feasibility of using this typdiofchar as a substitute construction material, pagrto its broad
applicability. This supports the concept of mutige reuse: initially as an adsorbent for wastemta¢atment,
and subsequently, as its adsorption capacity isuested, as a construction material. This approagpats
multiple sustainable development goals and priesigif the circular economy, where a waste prodoot one
industry (wastewater treatment) becomes a valuasleurce both within that industry and across sthaich as
the construction materials sector.

4. CONCLUSION

With the increasing number of WWTPs worldwide, tissue of sewage sludge disposal has become
increasingly pressing. Despite a wide range oflalld technological solutions, most are charaaterizy high
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costs and considerable environmental impacts. @uglebal approaches to sludge disposal aim toaligh the
core principles of sustainable development. In kvith EU directives, use of sewage sludge is ersgped
whenever possible, with a strong emphasis on maiigienvironmental harm.

Gasification, a high-temperature sludge treatmeethod, offers significantly lower emissions of h&im
gases compared to other thermal processes, mdkangromising focus for further research. When @mering
the biochar produced via gasification of sewagelgdu(as in this study), it emerges as a potentialyable
material, readily available, relatively low-costgmduce on an industrial scale, and effectiveemaving heavy
metals from wastewater. These characteristics stipip® principles of circular economy and sustaieataste
management.

The results presented in this study confirm thaificant potential of biochar derived from sewadedge
gasification, produced in an experimental pilotnpldor use as an adsorbent in the removal of slelceavy
metals from synthetic wastewater at the laborasoaje. Experimental data identified the conditionder which
removal efficiencies for cadmium, chromium, coperd lead exceeded 99%. An optimal treatment durati
15 hours was determined for all four metals. Addiéilly, all analysed metals were more effectivelgabed
under neutral to slightly acidic conditions, wheyadsorption efficiency declined under stronglylactonditions.
Increasing the mass of biochar improves heavy naetsdrption up to a certain point; however, if hare more
available binding sites than metal ions, the calimd adsorption capacity decreases due to undeedtihctive
sites.

The primary advantage of this study compared t@ipus ones lies in the achievement of exceptiontaitij
heavy metal removal efficiencies using unmodifipdstine biochar, obtained directly from sewagedgk
gasification as a byproduct, without any chemicaltoysical modifications. This implies a simpledanore cost-
effective practical application. A key distinctidrom biochars used in other global studies liesh@ unique
production method employed (experimental Loopeifigation unit) and the specific composition of thesulting
biochar, which is dominated by residual carbonsTarbon acts similarly to activated carbon, fuoritig as the
main adsorbent for heavy metal removal.

Moreover, the potential for multiple applicatiorfshis biochar has been highlighted, initially asagsorbent
for wastewater treatment, and subsequently, oscadgorption capacity is exhausted, as a substitaterial in
the construction industry. Previous studies orstirae type of biochar have already confirmed itdiegoiplity in
such secondary roles.

Overall, biochar produced by sewage sludge gasiicademonstrates strong potential as an efficamd
economical adsorbent for wastewater treatment. @tigributes directly to the circular economy bgueing
sludge disposal costs and enabling the reuse dfistderived byproducts for heavy metals removahdligh the
primary aim of this study was not to evaluate tkeck mechanisms underlying the adsorption of setebeavy
metals onto biochar, understanding these mechanmsessential for gaining insight into the interass between
metal ions and the adsorbent surface. Moreoverprptisn mechanisms critically influence the kinstic
thermodynamics, energy profiles, and overall adsampgapacity. Therefore, further studies are ndedeleepen
the understanding of adsorption mechanisms (cdntathetailed analysis of adsorption models andsgriation
of kinetics), assess the potential for reusabilitjultiple treatment cycles, with particular atien to the potential
for secondary pollution, by evaluating the possieleching of other contaminants from the biochamjc is
especially important given that the biochar usedhis study is derived from waste material. Nonkstbe
considering the preliminary leaching assessmetiteobiochar and the relatively low leaching lewdd¢ected, the
risk of secondary pollution appears to be mininfaiture work will also involve testing with real wewater
samples and assessing the suitability of spenhhidor applications in the construction materiatustry, once
its adsorption capacity has been fully exhaustdt¢hwvould also enable an assessment of cost-effeetss and
provide a more realistic picture of the potentalpractical application. This should also inclaheinvestigation
of the effectiveness of biochar application in ammbus flow systems (e.qg., flow-through columneiif), as these
more accurately reflect real-world applications pamed to simplified laboratory batch experiments.
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