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This paper mainly aimed to determine the energy cost reduction for groundwater treatment using
the economic and innovative biochar adsorption process. From this point of view, malt dust which
is a by-product of brewery industry was utilized as the agro-industrial raw material for the biochar
production, in this study. Slow pyrolysis was performed under three different temperatures which are
250 (M1), 300 (M2) and 500 °C (M3) to produce the biochar. This unique biochar was used for the
groundwater treatment as an innovative and effective water treatment technique. The groundwater
was sampled from three observation points which were Ugrakli, Yaygili and Bolatlar resources located
at the Harran Plain before and post-irrigation. An economic performance assessment was carried out
to benchmark the conventional and biochar adsorption processes. A new energy cost indicator (ECI)
was developed based on nitrate (NO,") removal. Averagely 91.69% of removal efficiency of NO,” was
reported using three types of malt dust derived biochar. Approximately, 65.87% of reduction on energy
costs was obtained using biochar adsorption process.
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INTRODUCTION

European Union (EU) Blue Deal has handled with the pro-
tection and remediation of vulnerable freshwater resources
such as groundwater [1]. There are several groundwater re-
mediation techniques [2]. Biochar application is one of these
treatment techniques for the groundwater remediation [3,
4, 5]. Also, biochar application is considered as an efficient
and cost-effective groundwater treatment technique [4]. Ni-
trate is one of the main groundwater pollutants should be
disposed immediately [2]. There are several nitrate removal
techniques in recent years [2]. Biochar adsorption process
has been widely used for the nitrate removal from ground-
water in recent years due to its stable structure, effective ad-
sorption capacity and being economical [6, 7].

Biochar which is a carbonaceous by-product of the thermo-
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chemical processes of different bio-wastes which could ad-
sorb the emerging pollutants [6, 7, 8, 9]. Biochar could easily
adsorb the nitrate from groundwater [2]. Biochar can be pro-
duced from several feedstocks which are waste or raw mate-
rials [10, 11, 12]. Also, waste reduction and recycling are one
of the major topics which have contributed to the circular
economy for several environmental applications according
to the EU Green Deal [13, 14]. EU Green Deal has recom-
mended waste minimization and development of zero-waste
policies for the industrial plants to achieve the circular econ-
omy targets [13, 14].

From this point of view, malt dust which is a by-product of
brewery industry was used as the agro-industrial raw mate-
rial for the biochar production, in this study. Also, nitrate
adsorption was investigated onto the biochar. This study also
recommended a waste reduction technology for brewery in-
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dustries to recycle the wastes. In this context, this paper rep-
resented a techno-economic performance assessment using
biochar application for groundwater treatment in terms of ¢
removal. A new energy cost indicator (ECI) was developed
based on NO,” removal. This study majorly aimed to define
the energy cost reduction for groundwater treatment using
the innovative biochar adsorption process. This study also
recommended a waste reduction technology for brewery
industries to recycle the wastes. This study is original that
malt dust derived biochar application was firstly applied as
groundwater treatment technique to remove the NO,". In
the literature, Fseha et al. (2022) investigated nitrate remov-
al from groundwater using date palm waste derived bio-
char [15]. In another study, Geng et al. (2022) used bamboo
chopstick biochar electrode in order to remove nitrate from
groundwater [16]. Wang et al. (2022) investigated nitrate re-
moval biochar-assisted aluminum-substituted mineral [17].
Another study by Han et al. (2021) was conducted on remov-
al of nitrate from groundwater using biochar derived from
sawdust and iron oxide [18]. Xia et al. (2024) researched
the nitrate removal from groundwater using biochar-based
zero valent iron [19]. Liu et al. (2022) removed nitrate from
groundwater using biochar-based iron composites [20].

MATERIALS AND METHODS

Experimental Procedure and Adsorption Process

The groundwater sampling points were Ugrakli, Yaygili and
Bolatlar resources located at the Harran Plain before and
post-irrigation. These periods were selected to determine
the effect of irrigation on the techno-economic performance.
Impregnation (fertilization) was not applied at these sam-
pling periods. Only farmers normally irrigated the areas the
sampling points. NO, analyses were performed according to
standard methods using Aquamerck® nitrate kit [21]. The
coagulation-flocculation process was applied as the conven-
tional treatment method. The coagulant was alum (Al2(-
S0O4)3) and the dose of alum was 20 mL/L.

An adsorption column was used which volume was 1 liter.
In this study, a new NO, adsorption calculation model was
developed based on general adsorption theory by Metcalf
and Eddy, (2014) (Eq.1.) [22]. The mixture of three types of
biochar were added in the amount of 9 grams, totally into the
adsorption column. 3 grams of each biochar was added. The
optimum amount was decided according to the adsorption
assays for the maximum NO," removal performance from
groundwater.

(No=Ne) 6
Qe = ——5— 0

NO: NO, concentration (mM) before treatment with biochar
N_: NO, concentration (mM) after treatment with biochar
G: Groundwater volume (L)

B: Biochar (adsorbent) dose (g)
q,: the quantity of NO, onto the biochar (mmol/g)

Biochar Production Process and Characterization
Analyses

Biochar was produced using malt dust which was ensured
from a brewery industry in Turkey. A fluidized bed reac-
tor was used for the slow pyrolysis at 250, 300 and 500 °C
(M1, M2 and M3), respectively. Malt dust is a solid and large
by-product of the brewery industries. Firstly, the raw mate-
rial was grinded for the homogenous texture. The operating
conditions of pyrolysis were 10°C/minute of heating rate, 30
minutes of steam residence time and 2 hours of heating time.
Argon was used as the refrigerant gas and its flow rate was
5 NL/min. X-ray diffraction (XRD), scanning electron mi-
croscope (SEM), Fourier transform infrared spectrometry
(FTIR), and BET (Brunauer, Emmett, and Teller) analyses
were applied to define the characterization and the major
properties of the biochar. Structures of biochar were inves-
tigated using a scanning electron microscope (Zeiss Evo 50).
Biochar was degassed in vacuum at 120°C for 6 h. Specific
surface areas and pore size distributions were predicted using
BET. XRD analyses were applied using Rigaku Ultima III for
the record of crystalline textures at an X-Ray diffractometer.
The FTIR analyses was applied by IRTracer-100shimadzo.
The characterization analyses were performed at 25°C.

Techno-Economic Performance Assessment

An economic performance assessment was performed to
benchmark the conventional and biochar adsorption pro-
cesses. A new energy cost indicator (ECI) was developed
based on nitrate (NO,) removal. Then, energy costs (EC)
were accounted using a new approach which was derived in
this study.

ECI was developed based on a model recommended by Cas-
tellet-Viciano et al. (2018) [23]. The basic estimation model
of ECI for full-scale wastewater treatment plants was given
in Eq. 2. [23,24]. The new developed tool (ECI) was shown
in Eq. 3.

EC = AVbeQajxj) (2)

Where,

EC: Energy cost of the wastewater treatment plants
V: Volume of wastewater treated per year

xj: Kinds of independents in the treatment process

A, b, and a: Coefficients of the sensitivity analysis

ECI = 1989 10t’xvﬂ.754e(—15.25RN03+0.6SZ) 3)

In Eq. 3., V describes the volume of water treated per year,
RNO3 means to the nitrate removal ratio (%) and Z defines
the performance indicator. The calculation tool of Z was giv-
en in Eq. 4. [24]. In Eq. 4., g and Q mean to the design water
flow and operational water flow of a treatment system.

Z= ("%)*100 (4)
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Then, a new EC (€/m’ water) tool was developed based on
ECI, energy consumption (c) (kWh/m?®) and Q (specific
cost per 1 kWh energy of the system (€/kWh) (Eq.5.). In
Turkey, () was assumed as 1.3958 Turkish lira /kWh [25].

EC=ECIxcxQ (5)

RESULTS AND DISCUSSIONS

Nitrate Removal Using Biochar Adsorption Process

The results revealed that malt dust derived biochar could
adsorb the NO, in groundwater. Figure 1 showed the re-
moval efficiencies related to each biochar for three sam-
pling points. Averagely 91.69% of NO,” removal efficiency
was reported using three types of malt dust derived biochar.
The most efficient biochar was M1 which was produced at
the lowest pyrolysis temperature. In Bolatlar, 98.5 % of NO -
removal efficiency was observed before irrigation using M1.
The nitrate concentrations of each process were given in de-
tail in Table 1. Irrigation had significant effect on NO,  con-
centrations for all processes. The concentrations were lower
at post-irrigation periods. The dilution could be formed in
the result of irrigation. The dilution could lead to the lower
concentrations. Irrigation is considered to have a positive
effect on nitrate removal. There are several studies related
to dilution and groundwater pollution reduction in these

areas [4, 26, 27]. Peak changes in water quality parameters
occur in minimum and maximum before and post- irriga-
tion periods [26]. There are many studies in the literature
showing the positive and diluting effects of irrigation on
water quality parameters [4, 26, 27]. In this study, based on
this perspective, the periods were preferred as before and
post- irrigation.

Fseha et al. (2022) reported 94.94% of NO,” removal using
date palm waste derived biochar [15]. In this study, higher
NO, removal amounts were reported before irrigation (up
to 98.5 %). It could be considered that malt dust derived
biochar was more effective. The nitrate removal efficiency
reached 75.8% using bamboo chopstick biochar electrode
in the study by Geng et al. (2022) [16]. It could be said that
only biochar was more effective to remove nitrate than
electrode system. Wang et al. (2022) reported that biochar
addition improved the NO,  removal from groundwater us-
ing aluminum-substituted goethite [17]. Han et al. (2021)
reported that approximately 71% of nitrate was mitigated
using biochar derived from saw dust and iron oxide [18].
It could be considered that only malt dust derived biochar
was more effective rather than saw dust derived biochar as-
sisted by iron oxide. Xia et al. (2024) researched the 93.37
+ 0.33% of nitrate removal from groundwater using bio-
char-based zero valent iron [19]. Liu et al. (2022) reported
97.29% to 89.04% of nitrate removal from groundwater us-
ing biochar-based iron composites [20].
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Figure 1. NO, removal efficiencies (%) in terms of each biochar
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Table 1. NO,” concentrations related to each process
NO, concentration (mg/L)
Resource Period Raw Coagl.llatlon- M1 M2 M3
water Flocculation Process
Yaygili Before irrigation 95 24.7 2.565 3.42 4.75
Post-irrigation 51 16.32 6.171 6.63 6.936
Bolatlar Before irrigation 535 139.1 8.025 10.7 12.84
Post-irrigation 115 36.8 12.65 13.455 13.8
Ugrakli Before irrigation 121 31.46 3.872 6.05 6.9575
Post-irrigation 35 11.2 4.83 5.25 5.635

Results of Biochar Tests and Nitrate Adsorption

The nitrate adsorption results were given in detail in Table
2. The maximum nitrate capacity related to M1 which was
produced at the lowest pyrolysis temperature. The lowest ad-
sorption capacity related to M3 which was generated at the
highest pyrolysis temperature.

Table 2. Results of NO,” adsorption

NO, Adsorption M1 M2 M3

qe (mmol/g) 5.84 5.78 5.70

Fseha et al. (2022) investigated the nitrate removal from
groundwater using date palm biochar [15]. They reported
higher adsorption capacity and removal efficiency (qe: 4.18
mg/g, 94.94%) [15]. Another study by Tan et al. (2020) was
performed. They found that 2.1 mg/g NO, adsorption [28].
In this study, higher efficiencies and adsorption amounts
were reported. Bakly et al. reported lower NO, adsorption
capacity using Macadamia nutshell derived biochar (0.11
mg/g) [29]. Hafshejani et al. (2016) investigated the nitrate

R EETEEE N Tiet i 3 =

by modified sugarcane bagasse biochar [30]. They reported
28.21 mg/g of NO, adsorption capacity [30]. The adsorption
results overlapped with SEM, XRD, FTIR and BET analyses
results. When the morphology and surface structures of bio-
char are investigated, porosity is reduced by the increase of
temperature. When surface analysis is performed, it is seen
that biochar has a flatter structure at the highest temperature.
As can be seen from SEM analyses (Figure 2), it is predicted
that biochar produced at lowest temperature is more efficient
considering the porosity. All biochar has fibrous, prismatic,
and spherical forms. Also, the shapes of the pores are irreg-
ular.

Table 3. BET analyses result of biochar

BET Langmuir Total Pore
i ) Surface Surface
NO, Adsorption Volume
Area Area (cm’/g)
(m*/g) (m*/g) :
M1 14.995 26.099 0.359
M2 13.999 24.28 0.29
M3 12.999 22.95 0.219

Figure 2. SEM images of biochar



806

Environ Res Tec, Vol. 8, Issue. 4, pp. 802-808, December 2025

) 3 ’hu'l
y W | . ’MW‘NI
' “'7"“*""“#,\-,:,‘ r‘r}l‘i{}w\?ﬂ'
¥yl f
.h“vl"h?nr[p‘w,q‘u'\.‘h‘“ By ‘J‘{ e, N

Figure 3. XRD graphics of biochar

Figure 4. FTIR analyses results of biochar

Figure 3 showed the XRD analyses of biochar. According to
the XRD spectrum, it could be said that amorphous struc-
ture was observed in all 3 samples. Also, FTIR analyses (Fig-
ure 4) were applied. According to FTIR analyses, three types
of biochar contain alkaline functional groups. Malt dust de-
rived biochar has higher buffering capacity due to alkaline
functional groups. Due to alkaline functional groups, nitrate
could be captured by malt dust derived biochar. According
to the BET analyses (Table 3), the greatest surface area be-
longed to M1. The adsorption results were verified by BET
analyses.

Results of Economic Performance Assessment

Figure 5 represented the energy costs and energy cost indict-
or values. According to the results, the highest energy costs
related to conventional treatment with the value of 1256.22
€/m’ water. The lowest energy costs corresponded to M1
(349.02 €/m* water). Approximately, 65.87% of reduction on
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energy costs was obtained using biochar adsorption process.
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Figure 5. Energy costs based on NO,  removal related to pro-
cesses
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There were restricted studies related to this topic. Samson et
al. (2018) investigated the effect of groundwater flow on cost
minimization [31]. This study concentrated on groundwa-
ter treatment. Mirzaei et al. (2019) focused on agricultural
production and energy costs [32]. Marchioni et al. (2023)
performed a costs-benefit analysis for the use of Shallow
Groundwater [33]. Apart from these studies, this study rec-
ommended the biochar application to reduce the energy
costs. Brookfield et al. (2024) estimated the groundwater
pumping for irrigation in terms of energy costs [34].

CONCLUSION

According to the experimental study, the most effective and
eco-environmentally friendly biochar was M1 which was the
biochar generated at the lowest pyrolysis temperature. This
study confirmed that malt dust derived biochar is an efficient
and low-cost adsorbent for NO," removal from groundwater.
Further research should be increased in this field. Averagely
91.69% of NO,” removal efficiency was reported using three
types of malt dust derived biochar. Approximately, 65.87%
of reduction on energy costs was obtained using biochar ad-
sorption process.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the findings
of this study are available within the article. Raw data that
support the finding of this study are available from the cor-
responding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest with re-
spect to the research, authorship, and/or publication of this
article.

USE OF Al FOR WRITING ASSISTANCE

Not declared.

ETHICS

There are no ethical issues with the publication of this man-
uscript.

REFERENCES

L. European (EU) Commission, European Blue Deal.
Declerations on Blue Deal. European Commission,
Brussels, Belgium, 2023.

2. P. Soyertas Yapicioglu, and M.I. Yesilnacar, “Miti-
gation of Greenhouse Gas (GHG) Emissions Using
Clay-Biochar Composites” In: Vithanage, M., Laz-
zara, G., Rajapaksha, A.U. (eds) Clay Composites.
Advances in Material Research and Technology.
Springer, Singapore, 2023.

10.

11.

12.

13.

14.

15.

P. Yapicioglu, and Yesilnacar, M.I. Yesilnacar, “Grey
water footprint assessment of groundwater resourc-
es in southeastern Turkey: Effect of recharge,” Water
Supply, Vol. 22(1), pp. 615-627, 2022.

P. Yapicioglu, and M.I. Yesilnacar, “Energy cost op-
timization of groundwater treatment using biochar
adsorption process: An experimental approach,
Water Supply, Vol. 23 (1), pp. 14-33, 2023.

A. L. S. Neto, W. Pimentel-Almeida, G. Niero, E.-H.
Wanderlind, C.M. Radetski, and G.I. Almerindo,
“Application of a biochar produced from malt ba-
gasse as a residue of brewery industry in fixed-bed
column adsorption of paracetamol,” Chemical Engi-
neering Research and Design, Vol. 194, pp. 779-786,
2023.

X. Wu, Y. Zhou, M. Liang, X. Lu, G. Chen, E Zan,
“Insights into the role of biochar on the acidogenic
process and microbial pathways in a granular sulfate
reducing up-flow sludge bed reactor;” Bioresource
Technology, Vol. 355, pp. 127254, 2022.

A.U. Rajapaksha, S.S. Chen, D.C. Tsang, M. Zhang,
M. Vithanage, S. Mandal, Y.S. Ok, “Engineered/de-
signer biochar for contaminant removal/immobili-
zation from soil and water: potential and implica-
tion of biochar modification,” Chemosphere, Vol.
148, pp. 276-291, 2016.

M. Sadhu, P. Bhattacharya, M. Vithanage, P.P. Sud-
hakar, “Adsorptive removal of fluoride using bio-
char—A potential application in drinking water
treatment,” Sep. Purif. Technol. pp. 119106, 2021.

L. Zhang, Z. Chen, S. Zhu, S. Li, C. Wei, C. 2022
“Effects of biochar on anaerobic treatment systems:
Some perspectives,” Bioresource Technology, pp.
128226, 2022.

N.A. Qambrani, M.M. Rahman, S. Won, “Biochar
properties and eco-friendly applications for climate
change mitigation, waste management, and waste-
water treatment: a review, Renew. Sustain. Energy
Rev. Vol. 79, pp. 255-273,2017.

S. Sethupathi, M. Zhang, A.U. Rajapaksha, S.R. Lee,
N. Mohamad Nor, A.R. Mohamed, M. Al-Wabel,
S.S. Lee, Y.S. Ok, 2017. “Biochars as potential ad-
sorbers of CH4, CO2 and H2S,” Sustainability Vol.
9, pp. 121, 2017.

J. Wang, J., and S. Wang, “Preparation, modification
and environmental application of biochar: a review,*
Journal of Cleaner Production, Vol. 227, pp. 1002-
1022, 2019.

European Commission Directive (EU), European
Commission Directive (EU) 2018/2001 on the pro-
motion of the use of energy from renewable sourc-
es (recast), vol. 61, European Parliament and the
Council, Brussels, Belgium, 2018.

European Union (EU). Report on GREEN DEAL
framework and Fit for 55 legislation package, 2021.
Y.H. Fseha, B. Sizirici, I. Yildiz, “Manganese and
nitrate removal from groundwater using date palm
biochar: Application for drinking water,” Environ-



808

Environ Res Tec, Vol. 8, Issue. 4, pp. 802-808, December 2025

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

mental Advances, Vol. 8, pp. 100237, 2022.

N. Geng, B. Ren, B. Xu, D. Lj, Y. Xia, C. Xu, E. Hua,
“Bamboo Chopstick Biochar Electrodes and En-
hanced Nitrate Removal from Groundwater,” Pro-
cesses, Vol. 10(9), pp. 1740, 2022.

L. Wang, S. Liu, W. Xuan, S. Li, A. Wei, “Efficient
Nitrate Adsorption from Groundwater by Bio-
char-Supported Al-Substituted Goethite” Sustain-
ability, Vol. 14(13), pp. 7824, 2022.

E.Y. Han, B.K. Kim, H.B. Kim, J.G. Kim, J.Y. Lee, K.
Baek, “Reduction of nitrate using biochar synthe-
sized by Co-Pyrolyzing sawdust and iron oxide." En-
vironmental Pollution, Vol. 290, pp. 118028, 2021.
C. Xia, W. Cheng, M. Ren, Y. Zhu, “Chromium (VI)
and Nitrate Removal from Groundwater Using Bio-
char-Assisted Zero Valent Iron Autotrophic Biore-
duction: Enhancing Electron Transfer Efficiency
and Reducing EPS Accumulation” Environmental
Pollution, 125313, 2024.

S. Liu, X. Han, S. Li, W. Xuan, A. Wei, “Stimulating
nitrate removal with significant conversion to nitro-
gen gas using biochar-based nanoscale zerovalent
iron composites” Water, Vol. 14(18), pp. 2877, 2022.
American Public Health Association, American
Water Works Association. Standard Methods for the
Examination of Water and Wastewater, USA, 1999.
Metcalf & Eddy. Wastewater Engineering: Treat-
ment and Resource Recovery 5th ed, Boston, USA,
McGraw-Hill, 2014.

L. Castellet-Viciano, D. Torregrossa, F Hernan-
dez-Sancho, “ The relevance of the design charac-
teristics to the optimal operation of wastewater
treatment plants: energy cost assessment,” Journal of
Environmental Management, Vol. 222, pp. 275-283,
2018.

E Hernandez-Sancho, M. Molinos-Senante, R. Sa-
la-Garrido, “Cost modelling for wastewater treat-
ment processes,” Desalination, Vol. 268, pp. 1-5,
2011.

MENR, Ministry of Energy and Natural Resources,
Turkey, 2024. Available at https://www.enerji.gov.tr/
tr-TR/Anasayfa. (Accessed in August 2024)

26.

27.

28.

29.

30.

31.

32.

33.

34.

A.V. Bilgili, M.I. Yesilnacar, K. Akihiko, T. Nagano,
A. Aydemir, H.S. Hizli, A. Bilgili, 2018. “Post-irri-
gation degradation of land and environmental re-
sources in the Harran plain, southeastern Turkey”,
Environmental Monitoring and Assessment, Vol.
190(11), pp. 660, 2018.

P. Yapicioglu, P. Derin, M.1. Yesilnacar, M.1., “As-
sessment of Harran plain groundwater in terms of
arsenic contamination”, Tiirkiye Jeoloji Biilteni, Vol.
63(1), pp. 137-144, 2020.

G. Tan, Y. Mao, H. Wang, N. Xu, “A comparative
study of arsenic (V), tetracycline and nitrate ions ad-
sorption onto magnetic biochars and activated car-
bon,” Chemical Engineering Research and Design,
Vol. 159, pp. 582-591, 2020.

S. Bakly, R.A. Al-Juboori, L. Bowtell, “Macadamia
nutshell biochar for nitrate removal: Effect of bio-
char preparation and process parameters,” Journal
of carbon research, Vol. 5(3), pp. 47, 2019.

L.D. Hafshejani, A. Hooshmand, A.A. Naseri, A.S.
Mohammadi, E Abbasi, A. Bhatnagar, “Removal of
nitrate from aqueous solution by modified sugar-
cane bagasse biochar;” Ecological Engineering, Vol.
95, pp. 101-111, 2016.

M. Samson, L. Dallaire, J., L. Gosselin, “Influence of
groundwater flow on cost minimization of ground
coupled heat pump systems,” Geothermics, Vol. 73,
pp. 100-110, 2018.

A. Mirzaei, B. Saghafian, A. Mirchi, K. Madani, “The
groundwater-energy-food nexus in Iran’s agricul-
tural sector: implications for water security, Water,
Vol. 11(9), pp. 1835, 2019.

M. Marchioni, A. Raimondi, M.G. Di Chiano, U.
Sanfilippo, S. Mambretti, G. Becciu, “Costs-bene-
fit Analysis for the use of Shallow Groundwater as
non-conventional Water Resource,” Water Resourc-
es Management, Vol. 37(5), pp. 2125-2142, 2023.
A.E. Brookfield, S. Zipper, A.D. Kendall, H. Ajami,
J.M. Deines, “Estimating Groundwater Pumping for
Irrigation: A Method Comparison,” Groundwater,
Vol. 62(1), pp.15-33, 2024.



