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ARTICLE INFO ABSTRACT

Editor: Dr Philiswa Nomngongo Adsorption processes have emerged as promising solutions for water treatment, particularly when utilizing
bioderived materials, due to their environmental sustainability. Nevertheless, a key challenge of this approach
lies in the regeneration of spent materials. This study investigates the possibility of using biochar in a fixed-bed
adsorption system for water treatment, focusing on its potential reuse following an environmentally friendly
regeneration process and evaluating its feasibility for large-scale applications. Rapid small-scale column tests
were conducted to optimize process parameters for removing sulfamethoxazole while using a high concentration
to prove the concept and evaluate process efficiency. Under optimal conditions, the column maintained its
operational capability after treating 33 L, achieving a saturation time of up to 130 h. The adsorption behavior
was explored using kinetic models, analyzing breakthrough curves to reveal dynamic performance. The Clark
model demonstrated the highest degree of fit to the data, making it a reliable tool for predicting adsorption
efficiencies. The reusability of the adsorbent was evaluated through a sustainable regeneration approach,
enabling effective reusability for up to 5 cycles. The applicability of the proposed treatment method was further
validated on real water samples, demonstrating a significant reduction in turbidity and the concentration of
detected substances in the samples. Finally, a techno-economic assessment estimated a treatment cost of €0.89/
m®, supporting the economic feasibility of the approach. This research highlights the efficiency and scalability of
the proposed process as a viable, cost-effective water treatment solution for large-scale applications.
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1. Introduction throughout the food chain, resulting in detrimental effects for ecosys-
tems [5], non-target organisms [6], and humans [7]. In addition,

Ensuring clean and uncontaminated water resources is essential for exposure to SMX raises concerns about public health due to the devel-

environmental safety and public health; however, most water sources
are increasingly contaminated by various emerging contaminants (ECs),
which include pharmaceuticals [1,2]. Antibiotics, in particular, are
consistently being detected in wastewater and surface waters at con-
centrations ranging from nanograms to micrograms per liter [3,4].
Among antibiotics, sulfamethoxazole (SMX), a widely used sulfonamide
in human and veterinary therapy, has the potential to bioaccumulate
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opment of antibiotic resistance [8].

Recent research focuses on optimizing the removal of various con-
taminants from water using different advanced processes [9,10]. How-
ever, while effective in theory, many of these methods face challenges in
scaling, making them difficult to implement due to high costs [11] and
limited flexibility [12]. Alternatively, adsorption-based materials pro-
vide a practical and cost-effective method for water treatment,
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efficiently removing ECs from wastewater [13]. Their use in remediation
strategies offers flexibility, as the wide variety of available adsorbents
allows for cost reduction based on optimized material selection [14].
One of the most economical and sustainable approaches to developing
eco-friendly and effective adsorbents is through waste valorization. This
approach not only mitigates waste accumulation but also enables the
production of bio-based adsorbents that effectively remove pollutants
from water, aligning with the principles of the circular economy [15]. In
this context, a strategic method for producing adsorbent material is the
application of pyrolytic processes to waste [16]. Among the bio-waste
sources available, forest residues from wood harvesting offer a prom-
ising supply of lignocellulosic material that is abundant, readily acces-
sible, and can be converted into effective biochar adsorbents [17].

Biochar is a low-cost material that can effectively remove ECs and
other pollutants from greywater, wastewater, and surface water [18],
due to its distinctive properties, including a large specific surface area,
multiple functional groups, and broad sorption sites [19-21]. Thus far,
the majority of biochar applications for pollutant removal have been
conducted on batch adsorption [14,22], as also reported in our previous
study, which demonstrated its efficacy in eliminating four different
pollutants [23]. While batch experiments are crucial for assessing
adsorption characteristics, such as removal mechanisms, they are
limited in practical applicability, as they do not provide data directly
applicable to large-scale treatment systems [24,25]. In contrast,
continuous adsorption column systems offer promising potential due to
their scalability, ranging from small-scale setups to large industrial ap-
plications [26-28].

Column systems follow two configurations, depending on the spe-
cific experimental objectives and application type, namely down-flow
(DoF) and up-flow (UpF). Although both configurations are assumed
to produce similar behaviors due to their similar mechanisms, their ef-
ficiency may differ due to multiple factors [29]. UpF improves system
adsorption efficiency by slightly elevating the adsorbent bed, which
reduces channeling and extends contact time between pollutants and
adsorbent [30]. However, the UpF configuration is less prevalent in
wastewater treatment compared to the widely used DoF configuration,
due to DoF’s ability to better simulate large-scale systems, its low hy-
draulic pressure demands for water flow, and its capability to facilitate
single-step adsorption while averting particle accumulation at the bed’s
base [31,32].

This study investigated the feasibility of using biochar in a DoF fixed-
bed adsorption system for water treatment through Rapid Small Scale
Column Tests (RSSCTs), which provide a quicker and more efficient
approach for predicting the performance of pilot-scale systems [33,34].
Process parameters, including flow rate and bed length, were optimized
to maximize SMX removal while applying a high concentration in this
step to prove the process concept and evaluate process efficiency.
Breakthrough curves and adsorption behavior were analyzed using ki-
netic models. The system’s reusability was evaluated through a novel
continuous regeneration method, while its real-world applicability was
validated with treatment tests on real water samples. Finally, a techno-
economic assessment was conducted to determine the feasibility of the
system. To our knowledge, no studies have been conducted utilizing this
setup to remove antibiotics from water using biochar. Moreover, the use
of the proposed dual-column biochar adsorption system that sustainably
treats water and regenerates biochar simultaneously has never been
proposed. Finally, biochar application for treating real wastewater and
surface water in downflow continuous adsorption has not been inves-
tigated yet.

2. Materials and methods
2.1. Chemical reagents

The chemicals used in this study were analytical grade. SMX
(C10H11N303S, purity > 98 %) and sodium persulfate (NaS20g, purity
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> 99.0 %) were supplied by Sigma-Aldrich®. A Millipore Milli-Q system
was used to purify ultrapure water (18.3 MQ cm) from Billerica, Mas-
sachusetts, USA. HPLC/MS grade of water, acetonitrile, and methanol
were also obtained from Sigma-Aldrich®. For SMX adsorption studies, a
1,000 mg/L stock solution was prepared in methanol and stored at 4 °C.
After that, working solutions with an SMX concentration of 5 mg/L to
test the performance of the system were prepared by diluting the stock
solution in distilled water and stored in a glass tank. Real water samples,
including wastewater and surface water, were collected from various
locations in the Basilicata region, southern Italy. Wastewater samples
were taken from the outlet of a secondary wastewater treatment plant,
while surface water samples were collected from a city river and a dam.

2.2. Adsorbent

The biochar used in this study was the commercial product Cresci-
fertilis (supplied by Terra Fertilis®, Caen, France). The biochar was
obtained by pyrolyzing at 600 °C wood pellets from forest thinning
operations obtained from Andaines Forest, Argentan, Orne 61, France.
The composition and technical characteristics of the Crescifertilis bio-
char are presented in Tables SM1 and SM2 in the supplementary ma-
terials (SM).

2.3. Rapid small-scale column tests and analysis methods

The rapid small-scale column tests were performed in glass columns
(internal diameter of 2.5 cm, length of 17 cm). The column was filled
with a predefined quantity of biochar, and layers of granular particle
stones were placed to prevent the leakage of biochar particles at both the
bottom and top of the column while ensuring an equal flow velocity
distribution. The inlet solution was circulated downward using a peri-
staltic pump with controlled flow. For optimization trials, an SMX so-
lution (5 mg/L) was prepared by diluting a 1,000 mg/L stock solution in
water at room temperature (20 °C) and neutral pH. The diluted solution
was passed through the column while varying the bed depth and height
(corresponding to a biochar mass of 10-23 g to ensure saturation) and
adjusting the flow rate between 8.5 and 20 mL/min. For the real cases
(surface and wastewater), the samples were passed through the column
under optimal conditions. The experimental setup for adsorption in a
fixed-bed column is illustrated in Fig. 1, while photographs of the setup
and column are provided in Figure SM1.

The efficiency of the process was evaluated by monitoring pollutant
concentrations before and after treatment. For optimization trials, SMX
concentrations were analyzed using high-performance liquid chroma-
tography (HPLC) (Agilent Technologies® 1200 Series) coupled with an
ultraviolet (UV) detector, with analysis details presented in Table S3.
The limits of detection (0.48 mg/L) and quantification (0.16 mg/L) were
determined via calibration curve regression, as shown in Figure SM2.
For real water applications, a non-target screening method was
employed, utilizing solid-phase extraction (HLB Oasis, 6 cc, 500 mg),
followed by measurement via UHPLC " focused-MS/MS (Dionex Ultimate
3000 RS Column Comportament-Thermo Scientific Q Exactive Focus).
The first 500 mL of surface water and 250 mL of wastewater were
screened using a protocol similar to that reported in previous work [35],
with analysis details presented in Table S4. The turbidity of the real
water samples was measured using a turbidity meter (Hanna In-
struments, model HI83414).

2.4. Adsorption modeling

In the fixed-bed analysis, the collected breakthrough curve data were
modeled using four models (Equations (1) to (4) in their linear form to
assess the column behavior, efficiency, and applicability in large-scale
operations and the parameters controlling the adsorption performance
[36].

Adams-Bohart Model [37,38]:
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Fig. 1. Illustration of the fixed-bed column adsorption setup.
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Where: Cy is the influent (inlet) concentration (mg/L), C is the effluent
(outlet) concentration (mg/L), kag (L/mg x h) is the kinetic constant of
the Adams-Bohart model, Ny (mg/L) is saturation concentration, Z (cm)
is the bed high or depth, Uy (cm/h) is superficial velocity, kry (mL/h x
mg) is Thomas model rate constant, qo (mg/g) is adsorption capacity, m
(g) is adsorbent mass in the column, Q (mL/h) is volumetric flow rate, &
(h) is the time corresponding to 50 % adsorption, kyy (b1 is Yoon-
Nelson model rate constant, A is Clark model constant, r (mg/L x h) is
adsorption rate and n is Freundlich adsorption constant.

The following formula can be used to determine the surface velocity
U()Z

>0

U, = )
Where: Q (mL/h) is the flow rate; A (cm?) is the adsorption column’s
cross-sectional area which is a cylindrical column, and the value was
calculated based on internal diameter (2.5 cm) to be 4.91 cm?.

By simplifying its assumptions and focusing on the relationship be-
tween bed depth and service time at a specific breakthrough point, the
Adams-Bohart model can be transformed into a practical approximation
for scaling adsorption systems based on breakthrough performance,
known as the Bed Depth Service Time (BDST) model (Equation (6)
[41,42].

N, 1

— CO*
Gl KoGo

C

t= In(-2 - 1) 6)

2.5. Regeneration of adsorbent

The continuous regeneration method using thermally activated
persulfate (PS) was employed to regenerate the column, as previous
investigations have demonstrated its sustainability and efficiency
compared to other methods [23], resulting in a sustained post-
adsorption step and regeneration process that prevents saturation and
mitigates the risk of contaminants in the saturated biochar. For each
regeneration step, 1 L of the regenerating solution was passed through
the column at a flow rate of 8.5 mL/min, with the optimal PS concen-
tration previously determined as [PS] = 20 mM [43]. The temperature
for activation was set to 60 °C, which was identified as the optimal value
in earlier studies [44]. Following regeneration, the column was washed
with 2 L of water at a flow rate of 16 mL/min and then dried before being
reused in adsorption experiments. The efficiency of regeneration was
quantified across cycles based on adsorption efficiency, as determined
using the equation below:

(Co - C)
C

0

Adsorption efficiency (%) = x 100(%) )

The concentration of adsorbed SMX was assessed by desorbing the
adsorbed SMX in 2 g of biochar using 100 mL of a solution containing 1
M sodium hydroxide (NaOH) and methanol (9:1 v/v ratio) under ul-
trasonic conditions for 30 min [43]. The experiment was run in tripli-
cate, and the solutions were analyzed via HPLC. Additionally, these
trials helped determine whether SMX degradation occurred during the
regeneration process.

2.6. Characterization of adsorbent

The biochar was characterized before adsorption, after adsorption,
and during regeneration using different characterization techniques.
The SEM XL30 ESEM PHILIPS FEI equipment was employed to analyze
morphology. The Raman spectra were obtained using a LabRam
(Horiba-JobinYvon) spectrometer, equipped with an edge filter, two
diffraction gratings (600 and 1,800 grooves/mm), and an Olympus
microscope. The spectrometer was connected to a CCD detector cooled
to —70 °C via the Peltier effect to ensure optimal signal detection. A He-
Ne laser (A = 632.8 nm, 20 mW) served as the laser source, with intensity
carefully controlled using a neutral density filter carousel to prevent
sample degradation. The X-ray photoelectron spectroscopy (XPS)
spectra of the studied materials were obtained using a SPECS
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spectrometer (Phoibos 100-MCD5) at 10 kV and 10 mA in a medium
area (diameter = 2 mm) with the MgKa (1253.6 eV) source operating
under chamber pressure below 10" mbar. The acquired XPS spectra
were analyzed using the curve-fitting program (NewGoogly). Peak po-
sitions (binding energies, BEs) derived by the curve-fitting are refer-
enced to Cls aromatic carbons as the internal standards set at 284.3 eV.

3. Results and discussions
3.1. Optimization and modeling of adsorption

Flow rate and bed depth (Z) are essential factors for assessing the
efficacy of an adsorption process, especially for the continuous treat-
ment of wastewater on a large scale. The adsorption trials were studied
as a function of time to explore breakthrough curves. Starting with the
flow rate, Fig. 2(a) shows its effect on system efficiency during the first 5
min. The data show that decreasing the solution flow rate improves
system efficiency by increasing contact time with the adsorbent. Only a
small variation in adsorption efficiency was observed between flow rates
of 8.5 and 10 mL/min, which can be considered negligible.

The bed depth experiments were initially investigated using the
BDST model to calculate sorption capacities and kinetic constants. The
service times (C/Cy = 0.80, C/Cy = 0.55, C/Cy = 0.30) for bed depths of
5.5, 9, and 12.5 cm at a constant flow rate of 10 mL/min and an initial
concentration of 5 mg/L were determined. Fig. 2 (b) illustrates the
relationship between service time vs bed depths modeled with the BDST
model. The model parameters, calculated from the slope and intercept,
are shown in Table 1. The high R? values confirm the reliability of this
model in predicting adsorption performance at different bed depths in
continuous columns.

The effects of bed height and depth on the breakthrough curve were
also investigated under identical conditions. Fig. 3 illustrates the
breakthrough curves for bed depths (biochar mass) of 5.5 cm (10 g), 9
cm (16.5 g), and 12.5 cm (23 g). The results show that increasing bed
depth enhances column performance by extending breakthrough and
saturation time. The column with a 12.5 cm bed depth continued to
operate even after treating 33 L of 5 mg/L SMX, reaching an 80 %
saturation rate, and demonstrating its ability to function for up to 130 h
before complete saturation. The improved adsorption performance with
increasing bed depth is attributed to a greater number of adsorption
active sites in the adsorbent and the longer contact time between the
pollutant and biochar [45].

The breakthrough curves were fitted to various models to describe
the fixed-bed column kinetics, as shown in Fig. 4. The high R? values
indicate a strong fit between the experimental data and the tested
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Table 1
Bed depth service time model parameters.

C/Co No (mg/L) Ko (L/mg) Zo (cm) R?
0.8 71.4 —0.009 4.57 0.998
0.55 20.4 —0.004 5.67 0.804
0.33 2.19 0.187 3.56 0.929

cic,

02 —a—55cm (10 g)
—o—9cm (16.5g)
—o—12.5cm (23 g)
0.0 T T T T T T T T T T T
0 10 20 30 40 50

Time (h)

Fig. 3. Breakthrough curves for different bed depths with a flow rate of 10
mL/min.

model, suggesting their potential applicability for describing the
adsorption process in this column. The parameters for all models are
summarized in Table 2.

Fig. 4 (a) presents the Adams-Bohart model, showing that as bed
depth increases, the Adams-Bohart kinetic constant (kag) decreases,
resulting in a rise in saturation concentration N, due to the greater
availability of adsorption sites in the column [46]. Thomas’s modeling
(Fig. 4 b) indicates that internal and external diffusion are not limiting
steps in the adsorption process [47]. The Thomas constant (kry) de-
creases with increasing bed depth, while adsorption capacity (q,) in-
creases, corresponding to an increased number of available adsorption
sites [48]. Fig. 4 (c) shows the Yoon-Nelson model, which estimates the
time required for 50 % adsorption (8). The results show that & increases
with bed depth, while the Yoon-Nelson constant (kyy) decreases. Clark’s
model combines the Freundlich isotherm with mass transfer theory. To

60
® CICy=080 |(b)
50| @ CIC,y=0.55
_ @ CICy=0.33
= 40
)
€ 304
=
8 20
E o
D 10
(/2]
o —
0] @ ®
5 6 7 8 9 10 " 12 13

Bed depth (cm)

Fig. 2. (a) Effect of flow rate on the efficiency of the column in the first 5 mins, bed depth 5.5 cm, (b) Bed depth service time model fitting curve for SMX removal,

flow rate 10 mL/min.
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Fig. 4. Linear modeling of the breakthrough curve for SMX removal at different depths, (a) Adams-Bahart, (b) Thomas, (¢) Yoon-Nelson, and (d) Clark.

Table 2
Parameters of the Adams-Bohart, Thomas, Yoon-Nelson, and Clark break-
through curve models.

Bed depth (cm)  kag (mL/mg x h) N, (mg/L) R?

Adams-Bohart 5.5 0.004 33.17 0.917
9 0.003 50.08 0.958
12.5 0.002 63.25 0.883

Bed depth (cm)  kpy (mL/h x mg)  q, (mg/g)  R?
Thomas 5.5 0.030 2.84 0.845
9 0.008 4.25 0.955
12.5 0.006 38.75 0.943

Bed depth (cm)  kyy (h™1) 8 (h) R?
Yoon-Nelson 5.5 0.267 0.569 0.835
9 0.041 0.851 0.955
12.5 0.034 7.751 0.943

Bed depth (cm) r (mg/L x h) A R?
Clark 5.5 0.231 5.215 0.936
9 0.064 10.263 0.960
12.5 0.052 14.392 0.919

apply the Clark model, the Freundlich isotherm parameter (n) must be
determined; in this study, a value of 4.543 from previous research [23]
was used. Fig. 4(d) demonstrates that all depth experiments fit well with
this model. Notably, the data revealed that increasing bed depth slows
the adsorption rate (r), extending the time to reach saturation. This
trend also leads to an increase in the Clark model constant (A).

3.2. Regeneration of adsorbent

SMX interacts with the active adsorbent sites in biochar through
chemical and physical interactions with its surface [49]. Consequently,
the adsorbent gradually loses active sites with each regeneration cycle.
To mitigate this, biochar regeneration using advanced oxidation pro-
cesses was applied for SMX removal, based on previous batch adsorption
studies [23]. Fig. 5 (a) illustrates the adsorption efficiency during the
first five minutes of each regeneration cycle, while the kinetics are
depicted in Figure SM3. Regeneration efficiency improved in the second
cycle (82 %) compared to the first (77 %). Consequently, the adsorbent
maintained or even exceeded its pre-regeneration SMX removal capac-
ity, likely due to biochar surface modifications. In addition, saturation
time after regeneration did not increase, possibly due to larger pores
formed through surface modification, facilitating faster adsorption.
After five cycles, the biochar retained 60 % efficiency, suggesting high
regeneration potential and preservation of adsorption sites.

The concentration of SMX was measured in both the solution and
biochar, along with PS concentration in the solution before and after
heating, to determine whether the regeneration method degraded SMX
or just desorbed it. The results are summarized in Fig. 5 (b). The PS
concentration in the solution, determined using a method from the
literature [50], decreased from 20 mM to O after heating, confirming its
full activation to produce sulfate radicals (SO%) and hydroxyl radicals
(*OH). The concentration of SMX was then analyzed after passing the
regenerating solution through the column. HPLC detected no SMX in the
solution, thus pointing out complete SMX degradation. Additionally,
SMX concentration on the biochar decreased significantly after
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Fig. 5. (a) Reusability of biochar for five successive cycles after regeneration, (b) Analysis of SMX and PS concentrations during the regeneration process. [SMX] =5

mg/L, [PS] = 20 mM, Z = 5.5 cm, T = 60 °C.

regeneration, dropping from over 15.67 mg/L to LOD mg/L. This con-
firms that almost all adsorbed SMX was removed. Based on these find-
ings, it could be concluded that SMX was effectively degraded because it
was undetectable in both the biochar and the regeneration solution after
regeneration.

3.3. Characterization of adsorbent

The biochar surface morphology after each stage was evaluated
using SEM analysis. Fig. 6 displays SEM images of the biochar before and
after adsorption and regeneration at a magnification of 200 pm, whereas
Figure SM4 shows a magnification of 500 pm. The SEM image of raw
biochar (Fig. 6 a) shows a typical morphology of wood-derived material,
with an irregular surface and heterogeneous pore sizes and shapes. After

AccV SpotMagn Det WD —————— 2
300kV 3.0 282« SE 100 Biochar

=

AccV Spot Magn  Det wD ——— 2
300KV 30 166x SE 107 Biochar re
v

adsorption (Fig. 6 b), the biochar surface analysis showed fewer empty
pores, as they presumably became filled with SMX molecules, resulting
in a possible decrease in the adsorbing surface. Regeneration (Fig. 6 c)
resulted in a more regular structure, with both narrow and wide pores,
and a smoother surface. This change in morphology is more visible in
Fig. 6 d, which shows the biochar after 5 cycles of regeneration. From
the image, it is possible to observe a biochar with a more regular and
smooth superficial structure and uniformly distributed pores.

The Raman spectra of the biochar after each stage were also assessed
and are shown in Fig. 7. Two distinct peaks were identified in all sam-
ples: the D-band, which indicates a disordered carbon lattice and aro-
matics (1357 cm’l), and the G-band, associated with spz-bonded carbon
(1624 cm™1), which is characterized by a more organized and ordered
structure [51]. Almost all of the samples were identical, with only a

|
f
Det WD F———— 200um

11.1 Biochar 5 cycles

pot Magn
0 306x SE

Fig. 6. SEM micrographs of the biochar with a magnification of 200 um, (a) raw, (b) after adsorption, (c) after regeneration, and (d) after 5 cycles.
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Fig. 7. Raman spectra of the biochar before and after adsorption and
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change in shape and intensity observed post-adsorption, accompanied
by a modification in the D/G ratio, identifying defects in the samples
[52]. In fact, a higher D/G ratio indicates increased defects and disorder
within the carbon material [53]. The D/G ratio was found to be 1.01 for
both the raw and regenerated samples, while, after adsorption, it was
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1.02. This alteration in D/G after adsorption results from the SMX
interaction with the biochar surface through n-n interactions, wherein
the n-electrons of the biochar engage with the n-electrons of the SMX
aromatic ring [54]. The Raman analysis also revealed no significant
structural changes in the biochar even after five regeneration cycles,
suggesting that it maintains its structural integrity and functionality
throughout the regeneration process.

Validation of SMX adsorption on biochar is important to confirm its
adsorption and removal, which can be done by analyzing the material
using XPS before and after SMX adsorption and regeneration [55]. Fig. 8
illustrates the XPS spectra of biochar before and following adsorption
and regeneration. The XPS survey spectrum of biochar shown in Fig. 8
(a) and its zoomed-in view in Fig. 8 (b) shows the existence of photo-
electronic and Auger (AES) signals in all samples, which include the
photoelectronic peaks of Cls and O1ls, as well as the associated Auger
signals of C KLL and O KLL. These peaks are commonly associated with
biochar, which has a structure of aromatic carbon arranged in well-
organized layers [56]. After SMX adsorption, the spectrum exhibited a
small N1s peak attributable to interactions between carboxyl (-COO")
groups on the biochar surface and amine (-NH3) groups from SMX [57].
This peak did not appear either before SMX adsorption or after regen-
eration, thereby confirming the adsorption of SMX onto the biochar and
its subsequent removal post-regeneration, thus aligning with the Raman
spectra results. Furthermore, the XPS spectra showed sulfur, with the
S2p peak after adsorption and regeneration. A detailed scan of XPS
spectra of the S2p region was used to analyze the source of sulfur in both
samples before and after regeneration (Fig. 8 ¢ and d). Fig. 8c shows a
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Fig. 8. XPS spectrum of the biochar before and after adsorption and regeneration, (a) survey spectrum, (b) zoomed-in spectrum, (c) XPS spectra of S2p region after

adsorption, and (d) after regeneration.
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distinct peak at approximately 168 eV after adsorption, associated with
the sulfur in the sulfonamide group (-SO2-). Fig. 8 d shows a distinct
peak at approximately 170 eV after regeneration (indicating higher
binding energy), which is associated with the sulfur of the sulfate rad-
icals (SOY) resulting from persulfate activation [58]. XPS spectra of the
Cls and O1ls regions of the biochar before and after adsorption and
regeneration are provided in Figure SM5.

3.4. Validation on real surface and wastewater

The implementation of a biochar fixed bed column on a larger scale
necessitates a prior evaluation of its performance using realistic water
matrices. The adsorption efficiency may be influenced by inorganic or
organic compounds, which could be present in real water samples, such
as carbonates, waxes, dyes, silicates, and heavy metals [59]. A non-
targeted analysis was employed to screen real samples, as it permits
the determination of unknown or unexpected micropollutants [60,61].
The results indicated the presence of pharmaceuticals in both surface
water and wastewater samples before treatment, with most contami-
nants decreasing to below the detection limit after treatment. The
compounds detected and subsequently removed by the biochar treat-
ment were atenolol, cetirizine, climbazole, and cotinine (Table 3). In
light of these results, the proposed system significantly improved water
quality by reducing most of the pollutants detected in both surface water
and wastewater, thus suggesting its applicability even in complex
matrices.

The turbidity of the real water samples was also monitored during
the treatment process. The two surface water samples analyzed had
different turbidity levels: one (sample 1, collected from a city river) with
high turbidity (Tp = 22 NTU, Nephelometric Turbidity Unit), and
another (sample 2, collected from a dam) with relatively low turbidity
(To = 5.68 NTU). Fig. 9 illustrates the significant reduction in turbidity
of both water samples after treatment with a biochar fixed-bed column,
where the turbidity of the first 500 mL measured ranged from 4.2 to 5.8
NTU (mean: 5 NTU) for sample 1 and 2.0-2.8 NTU (mean: 2.4 NTU) for
sample 2. The results demonstrated that the treatment method effec-
tively reduced turbidity in both surface water samples to levels <5 NTU,
which meets the standards for processed food crops [62] and unre-
stricted vegetable irrigation (<10 NTU) [63]. Additionally, wastewater
discharge limits typically target < 10 NTU for environmental safety,
according to the Environmental Protection Agency (EPA) [64]. The
turbidity of the wastewater sample, which was collected from the
outflow of a secondary wastewater treatment unit, was already low
(0.75 NTU) before treatment and improved slightly to 0.7 NTU after
treatment.

3.5. Design and techno-economic evaluation for scaling up the system

An engineering design for an adsorption removal unit using biochar

Table 3
Pollutants detected and removed from surface water and wastewater.
Contaminant  Matrix Detected Concentration LOD
concentration after treatment (ng/
(ng/L) (ug/L) L)
Atenolol Surface 9.04 + 0.081 <LOD 2.15
Water
Wastewater 6.89 + 0.016 <LOD
Cetirizine Surface 20.86 + 0.136 <LOD 5.6
Water
Wastewater 32.16 + 0.156 <LOD
Climbazole Surface 4.13 £ 0.072 <LOD 1.7
Water
Wastewater 1.71 £ 0.055 <LOD
Cotinine Surface 15.31 + 0.164 <LOD 2.8
Water
Wastewater <LOD <LOD
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Fig. 9. Turbidity of surface water before and after the treatment.

was proposed based on prior experimental results. Scaling up the
adsorption system parameters was done by using a scaling factor [65],
which can be used to estimate parameters from small to larger-scale
systems. The scaling factor (100) was determined using a target flow
rate (Qscaled-up = 1 L/min). Starting with scaling up the column volume,
the previous experimental volume was Voriginal = 83.5 mL, which, when
multiplied by the scaling factor, yields Vscaled-up = 8.35 L. The diameter
(D = 11.6 cm) and length (L = 79 cm) of the scaled-up column were
determined by calculating them based on the cube root of the scaling
factor (4.64), as the column is scaled up geometrically [66]. The biochar
mass is proportional to the bed volume and was calculated using the
scaling factor, which was found to be 2.3 kg. Table SM5 summarizes the
parameters of the original setup versus the scaled-up one.

In order to provide a viable and well-developed approach to treating
such complex water, an engineering perspective was applied to outline
the general column shape, dimensions, and quantity while emphasizing
the optimal installation of the treatment units and clarifying the water
flow within the system. To effectively remove pollutants from waste-
water and surface water and minimize treatment time, a dual-function
treatment system consisting of two parallel columns that alternately
treat and regenerate was proposed to ensure continuous operation. The
treated water is discharged into a tank to be reused for other purposes,
such as agricultural irrigation, where the regeneration solution is stored
in another tank to dispose of degradation byproducts generated from the
regeneration method safely. Fig. 10 depicts a schematic diagram of the
proposed treatment unit, detailing the operational process for treating
polluted effluent as well as column regeneration.

The economic feasibility evaluation is essential for evaluating the
financial feasibility of the proposed treatment system [67-69]; For that,
the proposed system was evaluated under previously established con-
ditions, maintaining a flow rate of 1 L/min as a scale-neutral parameter
to facilitate the design of larger-scale systems. The breakthrough time
was estimated to be 130 h for each column, as previously estimated. The
total cost of implementing the proposed system was estimated to be
around €260, with the cost for each column (79 cm in length and 11.6
cm internal diameter, made of 304 stainless steel with a wall thickness of
3 mm) being approximately €21 based on the average price in Europe,
where the remaining costs covered other components like pipes, valves,
pumps, and tanks. The cost of the adsorbent material for two columns is
€26.31, while the regeneration process reduces this cost through reuse.
The cost of a regeneration solution (PS) is €0.24/L with a concentration
of 20 mM, based on the price for PS (€49.60/kg), which can produce 210
L of solution. Operating expenditure was approximated at the average of
€0.31/m® [70], including operations, maintenance, heating energy, and
pumping. Costs related to maintenance, workers, and land were not
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Fig. 10. Schematic diagram of the proposed dual-column adsorption-based water treatment system.

included in calculations as they are not a governing criterion for the
treatment system [71]. The costs are summarized in Table 4, and based
on these values, the treatment cost was estimated to be €0.89/m®. The
cost of this treatment method was found to be acceptable when
compared to other methods, where treatment costs usually range be-
tween 0.30 and €2.94/m3 [72,73], and in certain cases can exceed
€5.00/m3, such as reverse osmosis treatment [74].

Breakeven analysis was used to trade off the cost of effluent treat-
ment between the proposed in-plant treatment system and off-plant
treatment works [75,76], considering an average off-plant treatment
cost of about €2.65/m> [77,78]. Fig. 11 (a) displays the break-even
analysis comparing the suggested in-plant to off-plant treatment. The
system’s construction cost (€423.96) was regarded as a fixed cost, while
its treatment cost (€0.89/m%) was regarded as a variable cost. The
amount of wastewater at which the costs of in-plant treatment and off-

Table 4
Economic evaluation for the proposed dual-column adsorption-based
water treatment system.

Parameter Value

Flow rate 1 L/min
Estimated working days per year 250 days/year
Treated wastewater (m3/day) 1.44 m3/day
Breakthrough time 130 h
Column volume 8.35L
Column number 2

Column system (stainless steel) €21

System implementation cost €260
Biochar cost €5.72/kg
Adsorbent amount per column 2.3Kg
Estimated operating costs €0.31/m>
Regeneration solution cost €0.24/L

Estimated treatment cost €0.89/m>

plant treatment are equal is known as the break-even quantity, and it
was estimated to be 240 m°>.

Payback analysis was used to assess the system’s minimum opera-
tional lifespan required to repay the capital expenditures by comparing
the cost of the in-plant treatment with the off-plant water treatment
price. The payback period was estimated by adjusting treatment volume
(Q) based on months of treatment (30 m? per month) and profit, as
illustrated in Fig. 11 (b). The payback period has been predicted to be 8
months, which indicates fast and efficient cost recovery and quick
reinvestment compared to other treatment methods, such as photo-
catalysis [71], making the process financially viable and economically
feasible.

4. Conclusions

This study investigated the feasibility of using biochar as a water
treatment method in a downflow fixed-bed adsorption system for
removing contaminants from surface water and wastewater. The process
parameters, such as flow rate and bed length, were optimized by con-
ducting rapid small-scale column tests to remove the commonly used
antibiotic SMX. This process, which used a column with a 12.5 cm
adsorbent bed depth, demonstrated that it could continue functioning
for up to 130 h, achieving an 80 % saturation rate after treating 33 L of 5
mg/L SMX. Adsorption kinetics and breakthrough curves were analyzed
using kinetic models such as Adams-Bohart, Thomas, Clark, and Yoon-
Nelson. The Clark model demonstrated the highest degree of fit to the
data, as it combines the Freundlich isotherm and a mass transfer theory,
implying that it can be used to predict the breakthrough curve. The
system’s reusability was also studied using a novel continuous regen-
eration approach and by monitoring changes in the adsorbent through
characterization techniques, demonstrating reusability with larger pores
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Fig. 11. (a) Break-even analysis, (b) Payback period analysis of the proposed water treatment system.

and more effective contaminant removal compared to the literature. The
applicability of this system was further confirmed by experiments on
real contaminated samples by following contaminants and turbidity,
which showed a significant reduction in both. Finally, a dual-column
adsorption-based water treatment system was proposed for large-scale
applications, and a techno-economic study was conducted to evaluate
its feasibility, where it was demonstrated that the unit cost of this pro-
cess could be estimated to be €0.89/m3, which can be considered
commercially and economically feasible. The study found that biochar
has the potential to be an economically effective water treatment solu-
tion that can be scaled up for industrial applications. To increase treated
water quality, future research should focus on improving this approach
and enhancing treatment efficiency by combining it with other efficient
treatment methods.
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