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HIGHLIGHTS GRAPHICAL ABSTRACT

e High ammonium (NH4+ ) levels in water
sources affect ecosystems.

o The flow capacitive deionization (FCDI)
method effectively removes NH, from
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ARTICLE INFO ABSTRACT

Keywords: Ammonium (NHI) in water presents substantial environmental challenges, such as eutrophication and toxicity
gf"‘“;om“m removal that necessitate effective removal strategies. This study developed flow electrodes using biochar obtained from
F1C01§I ar orange peels for the removal of NHI from water through flow capacitive deionization (FCDI). The biochar was

prepared through carbonization and modification with MgO at varying ratios using the co-precipitation method.
The modified biochar exhibited high hydrophilicity and demonstrated a specific capacitance of 238 F g~1. The
FCDI process was optimized at an applied voltage of 1.2 V, an electrode flow rate of 10 mL min~! and a 2.5 wt%
carbon content in the flow electrode. The modified flow electrodes showed effective performance, attaining an
average NH; removal rate of 17.3 mg m~2 min~?, removal efficiency of 86.7 % and retention of 91.3 % after 30
cycles. Notably, the modified MgO flow electrode resulted in approximately 62 % reduction in energy con-
sumption during electrosorption compared to pristine biochar, indicating advantages emanating from reduced
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solution and charge transfer resistances. Experiments with simulated municipal wastewater confirmed the
modified electrode's superior ability, consistent stability over multiple cycles, and selectivity in NH; removal.
This study highlights the efficacy of the developed flow electrodes for FCDI systems, offering a straightforward
electrode synthesis method and effective NH; removal.

1. Introduction

Water contamination by nutrients such as ammonium (NHI) poses a
significant risk to water security, public health, and ecosystems. Indus-
trial effluents, municipal discharges, and agricultural runoff inevitably
contribute to excess NH; in water bodies, this leads to reduced water
quality, eutrophication, and disruption of aquatic ecosystems [1-4]. The
permissible limit of NH] level in drinking water is 1.5 mg L7}, as set by
the World Health Organization (WHO), and 1 mg L™}, as set by the
Tanzania Bureau of Standards (TBS) [5].

Conventional NH; removal techniques such as air stripping, struvite
precipitation, reverse osmosis, and ion exchange have achieved com-
mercial success but suffer challenges, which include operational
complexity, high energy consumption, high maintenance, and need for
chemical additives, which can cause secondary pollution [6,7]. Thus,
there is increasing interest in advancing alternative technologies such as
capacitive deionization (CDI), which promises sustainability, is envi-
ronmentally friendly, and has low energy consumption. CDI operates by
capturing ionic species in water using high-surface-area porous elec-
trodes [8-10]. However, extensive use of conventional CDI is limited by
drawbacks such as low charge efficiency, short cycle operation, and
reduced performance in concentrated feed solutions [11,12]. Recent
advances have led to development of flowable electrode capacitive
deionization (FCDI), which enables better charge transfer efficiencies
and continuous operation [13,14]. FCDI employs a suspension of
conductive porous particles as flowable electrodes that circulate through
channels in the current collectors, while the feed solution is simulta-
neously passed between the electrodes separated by ion exchange
membranes (IEMs) [15,16]. Ions from the feed solution migrate across
the IEMs into the electrode chambers, where they are adsorbed under
the influence of an electric field. The flow electrode then transports and
releases the ions for regeneration [14,17].

Various materials such as activated carbon, carbon black, carbon
nanotubes, and carbon nanofibers have been used as flow electrodes in
FCDI for NH; removal due to their good electrical conductivity, high
specific surface area, and flowability [18-20]. However, most of these
materials face challenges related to their regeneration, cost, and limited
surface functionalities [21,22]. Additionally, activated carbon, which is
commercially available, is derived from coal, a non-renewable resource.
Also, organic electrode materials have rapidly emerged as next-
generation CDI electrodes, providing enhanced salt removal capacities
and tunable electrochemical properties, along with potential environ-
mental benefits compared to conventional carbon-based materials.
However, challenges related to electrical conductivity, long-term sta-
bility, and scalable manufacturing still need to be addressed [23,24].
This has sparked interest in renewable, carbon-rich materials derived
from widely available biomass wastes, offering a reduced environmental
impact in addition to high porosity and favorable surface chemistry
[25,26]. Precursors such as agricultural, marine, and forestry wastes
have been utilized, demonstrating sustainable solutions for water
desalination and ion removal [9,19,27].

In this study, orange peels have been selected since they are abun-
dant organic waste and an excellent biochar resource [28,29]. Orange
peel-derived biochar has shown potential for the electrochemical
removal of contaminants, such as dyes and heavy metals, from waste-
water due to its inherent porosity and surface functionality [30-32].
Nevertheless, some degree of surface modification is typically required
to enhance the physicochemical properties of biochar and improve its

electrosorption capacity [33,34]. The impregnation of biochar with
metal oxides has been shown to enhance key features essential for
contaminant removal via electrochemical means [30,32,35-37]. For
instance, magnesium oxide-modified carbons derived from various
biomass sources, including sewage sludge, have demonstrated remark-
able removal capacities for Cu®", Pb*", PO.*~, Cd*', and NH; from
water [34,38,39].

In this study, biochar derived from orange-peel wastes was prepared
and modified with MgO for use as flow electrodes with enhanced NH;
removal capacity through FCDI. The performance of the developed flow
electrodes was evaluated in terms of the average NH; removal rate,
removal efficiency, desorption efficiency, and energy consumption. In
general, this study highlights the efficiency of modified biochar-based
flow electrodes in FCDI systems, offering a low-cost electrode synthe-
sis approach and effective nutrient removal from water.

2. Materials and methods
2.1. Materials

Orange peels were gathered from local markets in Arusha. Magne-
sium oxide powder (MgO) and hydrochloric acid (HCl) were purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH), Sodium chloride
(NaCl), Calcium chloride (CaClz), and ammonium sulfate ((NH4),S04)
were sourced from LOBA CHEMIE PVT LTD. Carbon black and poly-
vinylidene fluoride (PVDF) were purchased from Shandong Richnow
Chemical Company. Deionized water (DI) was purchased from CHEM-
LANA SPRINGS. Since these chemicals were of analytical grade, they
were used as received without modification.

2.2. Preparation of pristine and modified biochar from orange peel

Orange peels were washed and rinsed several times to remove im-
purities and dried overnight in an oven at 80 C. The dried peels were
then ground to produce orange peel powder (OP), which was sieved
using a British Standard sieve with a mesh size of 90 pm (number 170).
Orange peel-derived biochar was prepared (Fig. 1) by thermal treatment
of OP in a tube furnace at 400°C for 120 min at 5°C min~! heating rate
under controlled conditions N, gas as adopted from Zhengfeng et al.
[32]. The biochar sample obtained was labeled as OP-400. Impregnation
of the biochar with MgO was conducted using the co-precipitation
method at a MgO:0P-400 mixing ratio of 0.5:1, 1.0:1, and 1.5:1 in
deionized water (DI). The mixture was stirred for 30 min and left to
stand for 120 min, followed by centrifugation to obtain the precipitate,
which was then dried overnight at 60 °C. Activation of the dried pre-
cipitate was conducted in a tube furnace at 600 °C for 120 min, with a
heating rate of 5 °Cmin!, and controlled N, gas purging at a rate
of 18 mL min! as per the works of Li et al. [3] and Heo and Park [40].
The MgO-modified sample was washed several times with DI water to
remove impurities until the conductivity became less than 10 pS cm ™,
then dried overnight in a 60 °C oven, ground, and labeled OP-400@A,
where A stands for MgO powder ratio.

2.3. Characterization of materials

The surface morphology of the orange peel-derived biochar was
analyzed using a scanning electron microscope (SEM) (JSM-IT200
InTouchScope). The specific surface area was determined using the
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Brunauer-Emmett-Teller (BET) method, and the non-local density
function method (NLDFT) was employed to determine the pore size
distribution (Quantachrome, 1994-2013), operating at 77.35 K with a
relative pressure of 0.9887. The sample was initially outgassed at 300°C
in a vacuum. The elemental composition and valence states of each
element were analyzed by X-ray photoelectron spectroscopy (XPS) (PHI
5000 VersaProbe (Ulvac-PHI, Japan)). Atomic structure was also
determined using X-ray diffraction (XRD) (TERRA-607). The degree of
biochar disorder was determined by Raman spectroscopy
(RWF20250328). The hydrophilicity of the biochar was assessed using a
Goniometer analyzer (L 2004A-0388). Thermogravimetry (TGA) was
employed to evaluate the thermal stability and composition of the ma-
terials. Finally, a Fourier Transform Infrared Spectrometer (FTIR) was
used to identify the functional groups on the surface of the material
(Shimadzu IRSpirit-A224159).

2.4. Electrochemical measurements

The electrochemical properties of biochar were determined by cyclic
voltammetry (CV), Galvanostatic charging-discharging (GCD), and
electrochemical impedance spectroscopy (EIS) using a potentiostat-
galvanostat (PGSTAT204, AUT50663 Metrohm) as the working sta-
tion. Molar solutions of (NH4),SO4,NaCl, and CaCl, were used as elec-
trolytes for CV, GCD, and EIS tests. Active material served as a working
electrode, a platinum counter electrode against Ag/AgCl (for NaCl,
CaCly), and Hg/HgO (for (NH4),SO4) in a three-electrode system. The
working electrode was fabricated using the procedure described by
Enock et al. [41], which involved compressing approximately 5 mg of
active material, polyvinylidene difluoride (PVDF), and carbon black in a
mass ratio of 80:10:10 onto two pieces of nickel foam. These electrodes
were designated as OP-400 and OP-400@0.5. The EIS test was con-
ducted within a frequency range of 0.01 to 100 kHz, using an amplitude
of 10 mV. The CV test was set at the potential range of —1.0-0.0 V for
OP-400 and —0.1-1.0 V for OP-400@0.5 while varying scan rates as
100, 80, 60, 40, 20, and 5 mVs~!. The specific capacitance (F g!) from
CV tests were determined using Eq. (1), and for GCD, it was determined
by using Eq. (2).
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where I (A) is the response current, r (Vs™1) is the scanning rate po-
tential, AV (V) is the potential window employed, and m (g) is the mass
of active material in the electrode.

IAt
C=mav 2
To = 1/f0 3)

where I (A) is the current, At (s) is the discharging time, m (g) is the mass
of active material, AV (V) is the potential window applied, 7o (s) is the
time constant, and f, (Hz) is the characteristic frequency at —45" phase
angle.

2.5. Preparation of flow CDI electrode material and its operation

The NH; Removal from water was accomplished using a lab-scale
prototype FCDI system (Fig. 2), with dimensions of 80 mm x 80 mm
x 5 mm. The two opposite stainless steel current collectors (in the
cathode and anode) are engraved to create electrode flow channels.
Channels are 40 mm long, 36 mm wide, and 2.5 mm deep. The prototype
has 17 channel columns that provide an effective contact area of
14.4 cm? between the flow electrode and the ion exchange membranes
(IEM). Unmodified and MgO-modified biochar electrodes flowed
through the semicircular channels without a blocking mechanism. A
rubber gasket prevented short-circuiting and leakage, allowing for the
recirculation of the feed solution by separating the ion exchange mem-
branes. Two end plates made of polyvinyl chloride kept everything
together. The NH; removal was conducted using an FCDI cell in short-
circuited closed cycle (SCC) mode. The flow electrode was stirred
continuously throughout the experiment to secure homogeneity and
enhance charge cancellation. Fig. 2b depicts the FCDI flow setup. 50 mL
of NHj solution as feed solution circulated continuously in the space
chamber, and 50 mL of flow electrodes were distributed equally to the
cathode and anode chambers during experiments. The operating
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Fig. 1. Orange peel-derived biochar preparation process.



G. Mwalusambo et al.

(a) (b)

Desalination 615 (2025) 119312

CEM

e e
-
=3
- o

_/\
1. End plates
2. Curent collectors —— i
3. Gaskets . b
4 AEM Magnetic Stirring
5

g O NH}
050"

Conductivity
Probe

-+
-
CEM
o
I
g

pOonOIF MOlg
o
-
Oy
- -

Feed water

Fig. 2. (a) FCDI cell and (b) FCDI flow setup.

conditions for all experiments were a pH of 6, a flow rate of 10 mL
min~?, and a contact time of 120 min. A voltage of 1.2 V was applied to
avoid water electrolysis faradaic reactions as adopted from Zhang et al.
[42] and Li et al. [2,3]. Due to the smaller-sized FCDI cell, 2.5 wt%
carbon content was used to prevent electrode flow clogging, as also
reported by Saif et al. [43]. To avoid scaling up the FCDI system the
pipes were instantly washed with DI water after each experimental trial
to remove clogged particles. During the experiments, the conductivity,
response current, and pH were continuously recorded every 5 s using a
conductivity meter (ORION STAR A111, Thermo Scientific). After each
experiment, the FCDI cell was thoroughly cleaned with DI water.

The concentration of NH; was determined using the calibration
curve correlation with conductivity, as depicted in Fig. 3. Therefore, the
initial and final concentration of NH; was determined as a function of
conductivity. The concentration of NHJ in the flow electrode filtrate was
determined using the Nessler method on a spectrophotometer (Hach, DR
1900). Determination of Na™ concentration was via a flame photometer
(Jenway, PFP 7), while Ca®" concentration was measured using the
EDTA titration method (Digital titrator, Brand (Titrette)). The FCDI
performance was determined in terms of NHI removal efficiency (RE),
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Fig. 3. Conductivity and concentration calibration curve.

selectivity, desorption efficiency (DE), adsorption energy consumption
(AEC) [13], and average ammonium removal rate (AARR) [2,3].

Co — G

RE=——x100% (€)]
Co
RE(NH*)
Selectivity = ———24 5
electivity RE, 5)

where Cy and C; denote the initial and equilibrium concentrations of the

feed solution (g L1, RE; for the removal efficiency of selected co-

existing ions, and RE(NW) represents the RE of NH ions from water
4 )i

along with respective co-existing ions.

(Co—C) Vi x M

-2 s -1y
AARR (mg m > min™'!) = —axt (6)
_ Vv [ 1dt
AEC (kWhkg') = —% %103 )
(kwhks™) =10~V
Ceve
DE=— "¢ «100% 8
(Co— C)Vr 0 ®

where C. is the final concentration in the flow electrode (mg L™, Ve is
the volume of flow electrode suspension (L), V is the applied voltage, V¢
is the volume of the feed solution (L), M is the molar mass of NH;r (18¢g
mol~1), A is the contact area between the feed solution and IEMs, and t is
the FCDI charging time (min).

3. Results and discussions
3.1. Characterization of materials

The surface morphology and effects of modification on the produced
materials were analyzed using SEM (Fig. 4a-d), as also confirmed by
SEM-EDX (Figs. S3-S4) in Supplementary information. The SEM
micrograph of OP-400 (Fig. 4a) revealed an irregular, flaky structure
with folds, wrinkles, limited pores, and stacked sheets. In Fig. 4b, OP-
400@0.5 displayed increased layering, enhanced pores, and a modi-
fied surface texture, as observed by Bediako et al. [30]. The observation
aligns with the incorporation of MgO onto the OP-400@0.5 electrode
surface of 1.44 wt% compared to 0.22 wt% of the OP-400 electrode
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Fig. 4. SEM microgram of (a) OP-400, (b) OP-400@0.5, (c) OP-400@1.0, and (d) OP-400@1.5, TEM images of OP-400@0.5 at (e) 1 pm, (f) 500 nm, and (g) 200 nm

resolutions.

(Fig. S3a), which strengthens the carbon structure [44]. Fig. 4c shows
OP-400@1.0 with a fluffy, cotton-like structure that was porous and
rough, featuring small fibers and nodules. OP-400@1.5 (Fig. 4d)
appeared clustered and porous with large, defined three-dimensional
networks. The development of fluffy, cloud-like structures in OP-
400@1.0 and OP-400@1.5 suggested that MgO modification created
nucleation sites for new structures during activation. The structural
change could be attributed to the increased MgO on the biochar surface,
as evidenced by EDX elemental mapping, showing 4.52 wt% in OP-
400@1.0 and 39.64 wt% in OP-400@1.5 (Fig. S3b). This appearance
is not solely a result of a carbon structure, but rather the interaction
between the carbon matrix and the dispersed MgO nanoparticles, which
disrupts the original carbon structure and increases surface roughness
and porosity [45-47]. Nanosized MgO exhibits a remarkable ability to
infiltrate and hot-extrude into the pores and fissures of biochar [48].
An increase in porosity was observed, as detailed in Table 1. Before
MgO modification, OP-400 (1.83 nm) exhibited limited pore develop-
ment. However, a significant morphological transformation was
observed after modification, with increased layering and cavity
enlargement in OP-400@0.5 (1.86 nm). Further improvements led to
more pronounced structural variations, including the formation of
fluffy, cloud-like structures in OP-400@1.0 (4.38 nm) and OP-400@1.5
(4.53 nm) biochar materials. These findings suggest that MgO activation
enhances biochar porosity through infiltration and extrusion into pores

Table 1
Porosity properties of materials.

Sample Specific surface area Average pore size Pore volume (cm®
(m*g™") (nm) g
OP-400 460.27 1.82 0.362
OP- 389.56 1.86 0.418
400@0.5
OP- 329.36 4.38 0.612
400@1.0
OP- 270.14 4.53 0.722
400@1.5

and fissures (Figs. S3b, S4a-b).

On the other hand, OP-400@0.5 biochar displayed enhanced
porosity, presenting more active sites necessary for effective NH; elec-
trosorption. Biochar morphology, crystal structures, and defects were
analyzed using TEM (Fig. 4e-f) at resolutions of 1 pm, 500 nm, and 200
nm. The images displayed two regions: less dense areas for amorphous
biochar and well-defined needle-like crystallite structures (MgO) [49].
The integrated crystals formed interconnected networks within the
biochar structures, promoting the creation of essential interfacial
boundaries for Mg-O-C bond formation and supporting oxygen-
containing functional groups (-OH, C=0, C—O0) [50,51]. The irregular
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edges of the needle-like structures provided reactive surface chemistry
for the attachment of oxygen-containing functional groups, enhancing
adsorption capacity, stability, and reactivity through reinforced struc-
tures and additional functional groups.

The functional groups and types of bonds of materials were deter-
mined using FTIR. As presented in Fig. 5a, the narrow peak within the
3400-3650 cm ! range is a characteristic of —OH stretching vibration
[2,3]. After MgO modification, the peaks at 1032 and 1648 em™), cor-
responding to C-O-Mg and C—=O stretching vibrations, were observed
[52,53]. The C—N stretching vibration at 1184 cm ™! could be due to the
intrinsic nitrogeneous components, and the bond disappearing due to
MgO enhancement and surface chemistry alteration, or formation of
other nitrogen and/or oxygen-containing functional groups [54,55].
The 2895 cm ™! and 742 cm ™! peaks are attributed to asymmetrical and
symmetrical stretching vibrations of C—H bonds in aliphatic hydrocar-
bons [56,57]. The aromatic ring structure at 1570 cm’l, corresponding
to C=C stretching vibration, shifted to 1522 cm™! after MgO modifi-
cation and thermal activation [58,59]. The MgO treatment increased
oxygen-containing functional groups that enhanced the removal of NH;
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from feed water.

The crystallinity of the material was determined using X-ray
diffraction (XRD). Fig. 5b illustrates narrow peaks at 21.69" and 44.45°,
corresponding to the graphitic (002 and 100) planes [26,60]. The
diffraction plane (200) observed in OP-400@0.5, OP-400@1.0, and OP-
400@1.5 may be attributed to cubic MgO structures and the brucite
structure (Mg(OH)) diffraction plane (102), as similarly observed by Lv
etal. [61].

The MgO modification enhanced the NH; removal by improving the
ion-exchange capacity of MgO and Mg(OH)z, hence facilitating NH;
adsorption through electrostatic attraction and ion exchange
mechanisms.

The pore size distribution and the specific surface area of carbon
material significantly affect the adsorption capacity. Fig. 5c illustrates
the nitrogen gas adsorption/desorption isotherm type I for OP-400 and
type IV for OP-400@0.5, OP-400@1.0, and OP-400@1.5 based on the
International Union of Pure and Applied Chemistry (IUPAC) classifica-
tion. The hysteresis loop in the MgO-modified sample indicated the
development of mesopores that favored the N2 adsorption-desorption at
relative pressure above 0.4 [62]. As observed in Fig. 5d, the NLDFT

(b)
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Fig. 5. Shows (a) FTIR spectra, (b) XRD patterns, (c) N, adsorption—-desorption isotherms, and (d) pore size distribution of OP-400, OP-400@0.5, OP-400@1.0, and

OP-400@1.5 electrode materials.
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revealed the pore size distribution profile. OP-400 displayed a high
specific surface area primarily due to its micropores. The observed
decrease in specific surface area for OP-400@0.5, OP-400@1.0, and OP-
400@1.5 may be attributed to the MgO modification, which introduced
mesopores, as illustrated in Table 1. This finding is consistent with the
report by Li et al. [2,3]. The average pore size in OP-400 was observed to
be 1.82 nm, and after MgO modification, the pore sizes increased to
1.86, 4.38, and 4.53 nm for OP-400@0.5, OP-400@1.0, and OP-
400@1.5, respectively. The introduced mesopores enhanced diffusion
and adsorption kinetics, while micropores facilitated NH, adsorption
capacity from feed water.

The observed trend of increasing average pore sizes and decreasing
specific surface area in biochar, as detailed in Table 1, resulted in a
corresponding decline in NH} adsorption capacity. Micropores are
recognized for their significance in adsorbing small molecules like NH;,
while larger pores can facilitate diffusion rates while potentially
compromising overall adsorption capacity, as discussed in previous
studies by Kumar et al. [63]. The pore volume exhibited a notable rise
from the pristine (0.362 cm?® g_l) biochar to 0.722 cm?® g_1 for OP-
400@1.5. This increase in pore volume corresponded with the higher
MgO ratio, indicating enhanced pore development resulting from the
activation process. Larger pores present in OP-400@1.0 and OP-
400@1.5 accelerated the diffusion rate of NH} to adsorption sites,
reducing overall RE. Conversely, the enriched micropores and relatively
high specific surface area of OP-400@0.5 contributed to its superior
adsorption capacity. Despite the high specific surface area of OP-400, it
lacked essential surface functionalities. The distinctive characteristics of
OP-400@0.5, characterized by an optimal combination of micropores
and specific surface area, position it as a suitable candidate for NH;
removal applications due to its enhanced adsorption capacity and
effective surface interactions.

The degree of disorder in OP-400 and OP-400@0.5 was assessed by
Raman spectroscopy to evaluate the effects of MgO modifications.
Spectral lines of OP-400 and OP-400@0.5 exhibited two significant
peaks at 1580 cm ™! and 1350 cm ™}, corresponding to the G-band and
the D-band, respectively. As demonstrated in Fig. 6a, the OP-400 sample
was observed with high graphitic ordering compared to OP-400@0.5,
reflecting the amorphous characteristics of the carbon [64]. The Ip/Ig
ratios of OP-400 (0.726) and OP-400@0.5 (0.859) indicated that MgO
modification enhanced the OP-400@0.5 sample to be more porous and
disordered. This disorder contributed to greater pore sizes and more
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active sites for adsorption. The TGA analysis was divided into two
distinct steps, namely Step I and Step II. Step I, as illustrated in Fig. 6b,
targeted the removal of loosely bound water, while Step II corresponded
to the pyrolytic phase. Notably, all materials exhibited comparable
weight loss, with equivalent onset temperatures (350 °C) and final
degradation temperatures (500 °C). As a result, these materials exhibit
thermal stability up to 500 °C. Since the biochar's porosity is determined
by its surface area and the presence of micropores and mesopores that
can hold onto loosely bound water, this was evident in Step I. This step
showed the level of surface hydrophilicity and pore accessibility. In Step
11, the biochar materials remained stable up to 500 °C, indicating their
ability to maintain porosity and surface chemistry during operations.
This preservation helps retain adsorption and electrochemical proper-
ties, enabling the biochar to withstand multiple redox cycles without
losing capacitance and conductivity [65,66]. Therefore, the combina-
tion of porosity and hydrophilicity supports the efficiency of ion
removal, improving removal rates and electrode durability.

The impact of MgO modifications was observed through a notable
change in the elemental composition, as determined by XPS (Table 2),
where a decrease in C and O contents was noted. Carbon content
decreased from 79.01 to 69.86 %, possibly due to partial oxidation and
removal of aliphatic carbon structures. A decrease in oxygen content
from 2.83 % to 2.27 % was observed, attributed to the introduction of
oxygen-containing functional groups. The possibility exists that some
oxygen functionalities may decompose at higher temperatures, as sup-
ported by Kharel et al. [67] and Nzediegwu et al. [68]. A slight increase
in N content, from 18.16 to 25.40 %, could be due to nitrogen enrich-
ment during activation in the tube furnace.

Additionally, the activation of MgO has the potential to create de-
fects that stabilize nitrogen-containing functional groups initially pre-
sent in biomass, as observed by Schievano et al. [66]. Modification of
MgO was successfully observed for OP-400@0.5 biochar with 2.47 %
content. The decrease in elemental composition levels, coupled with a
slight rise in nitrogen (N) content, resulted from the impact of MgO

Table 2

Elemental composition of orange peel-derived biochar.
Sample/elemental (%) C (0] N Mg
OP-400 79.01 2.83 18.16 0.00
OP-400@0.5 69.86 2.27 25.40 2.47
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Fig. 6. Shows (a) Raman shifts for OP-400 and OP-400@0.5 (b) TGA profiles for OP-400 and OP-400@0.5, OP-400@1.0, and OP-400@1.5 electrode materials.



G. Mwalusambo et al.

modifications. This effective integration of MgO into the OP-400@0.5
biochar surface enhances its ion exchange capacity and electro-
sorption capacity, consequently improving the overall RE and AARR.

Elemental composition of OP samples and chemical bonds of C, O, N
and Mg were analyzed by XPS (Fig.7). Full spectra (Fig. 7a), an
analytical comparison between unmodified OP-400 and modified OP-
400@0.5 reveals significant peaks for Cls (~285 eV) and Ols (~532
eV), indicating the presence of carbon and oxygen as primary elements
in both samples. Notably, the OP-400@0.5 sample shows additional
peaks not found in OP-400, including Mgls (~1304 eV), Mg2p (~48
eV), Mg2s (~ 85eV), and Mg KLL Auger peaks, confirming the suc-
cessful integration of magnesium species post MgO modification. A
minor N1s peak is also detected in both biochar samples, indicating
nitrogen enrichment introduced during modification or originating from
the precursor material. The intensified Ols peak in OP-400@0.5 sug-
gests an increase in oxygen-containing functional groups, likely stem-
ming from MgO and potential Mg(OH). formation. According to Fig. 7b,
the Mg1s spectrum for OP-400@0.5 showcases metallic Mg, C-MgO, and
Mg(OH)z, peaks, confirming MgO as the primary magnesium species
post-modification.

The carbon bonds in the biochar materials were subsequently
showcased in Fig. 7c and d. The Cls spectrum, as shown in OP-400,
showcased components typical of biochar, including C—H (~284.5
eV), C—C (~284.3 eV), C—O (~285.7 eV), and C-O-C (~288.8 eV)
groups. In contrast, OP-400@0.5 displayed peaks for C—H (~284.6 eV),
C—O0 (~285.6 eV), and a new C=0 (~286.6 eV) component. OP-
400@0.5 exhibits increased oxygenated carbon species that improve
electrosorption. Fig. 7e and f demonstrates the oxygen bonds observed
in the XPS O1s spectrum. OP-400 biochar shows oxygen mainly as C—O
(~533.5 eV), C=0 (~531.1 eV), and O-C=0 (~532 eV). Additional
peaks in the Ols spectrum for OP-400@0.5 suggest enhanced electro-
static interactions and redox activity. The N1s spectrum (Fig. 7g and h),
for OP-400@0.5, shows graphitic and pyridinic nitrogen that facilitate
charge transfer, improve electrical conductivity, and stabilize the porous
structure. It also enhances minor pseudocapacitance attributed to pyr-
idinic nitrogen, an impact of the modification [27,69]. Therefore, OP-
400@0.5 showecases significant enhancements in surface functional-
ities. These include increased oxygenated carbon species, stronger
electrostatic interactions facilitated by more surface oxygen groups and
MgO, and improved electrochemical activity through the presence of
graphitic and pyridinic nitrogen species. These improvements demon-
strate superior performance of high RE and AEC in electrosorption
compared to OP-400. Notably, the spectral data highlight the enhanced
ion exchangeability and electrosorption of OP-400@0.5, particularly
beneficial for FCDI.

3.2. Electrochemical performance

An electrochemical test is crucial for evaluating the electrosorption
performance of the material. The CV analysis was carried out on the OP-
400 and OP-400@0.5 electrodes, with varying scan rates (CV) (Fig. 8a
and b). The CV profile of both OP-400 and OP-400@0.5 electrodes
suggests an electric double-layer capacitance (EDLC) transport mecha-
nism. In comparison, OP-400 exhibited a smaller and significantly dis-
torted rectangular CV curve, suggesting a lower charge storage capacity
than that of OP-400@0.5 electrode. The lack of redox peaks during both
anodic and cathodic sweeps is evident, indicating that MgO is electro-
chemically inactive, which aligns with the findings of Karthikeyan et al.
[44]. The enhanced capacitance in OP-400@0.5 at slow scan rates could
be attributed to accessible micropores, optimal pore size distribution, or
the presence of pseudocapacitive effects due to surface functional groups
(Fig. 5a). These attributes can lead to greater charge storage per unit
area than observed in conventional EDLC materials [24,70,71]. There-
fore, MgO plays a crucial role in maintaining the structural integrity of
the OP-400@0.5 electrode, ensuring its stability during extended
cycling. Numerous micropores contribute to a high specific surface area,
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but this may not always be the case as very narrow micropores can
hinder ion transfer, decreasing the effective surface area for ion
adsorption. Therefore, a high specific surface area in electrodes does not
always guarantee enhanced specific capacitance [72-74]. The OP-
400@0.5 exhibit high specific capacitance at low scan rates. The CV
curves of OP-400@O0.5 showed a nearly perfect rectangular shape at low
scan rates, maintaining this shape even at higher scan rates with slight
distortion. This indicates a rapid and unhindered charge transfer process
facilitated by the meso-/micropore combination. The Nyquist profile for
OP-400 and OP-400@0.5 is illustrated in Fig. 8c. A low ohmic resistance
(Rs) improves interfacial contact efficiency, facilitating current flow and
energy storage while minimizing losses at the electrode-electrolyte
interface [75,76]. The Rs for OP-400 and OP-400@0.5 materials were
2.42 Q and 0.06 Q, respectively. In comparison, the charge transfer
resistance (Rct) of OP-400@0.5 at high frequency was observed with a
small circle (3.67 Q) compared to that of OP-400 (5.41 Q), indicating a
low polarization effect. The same observation was reported by Sufiani
et al. [77]. Also, OP-400 was observed to have high ion diffusion
resistance at low frequency as compared to OP-400@0.5, this observa-
tion align with bode plots results (Fig. 8e). Therefore, Low Rs, Ret, and
ion diffusion resistance for OP-400@0.5 can be due to better pore
structure and enhanced cavity formation that enhances ion diffusion
rate [2,3]. The specific capacitance from CV calculated using Eq. (1) was
125 F g1 for OP-400 and 238 F g~! for OP-400@0.5 at a scan rate of 1
mV/s (Fig. 8d).

The enhanced characteristics of OP-400@0.5 were further revealed
through Bode plots (Fig. 8e), which showed minimal absolute imped-
ance at both high and low frequencies compared to the OP-400 elec-
trode. The phase angle analysis indicated a high characteristic frequency
at —45" for OP-400@0.5, reflecting a lower time constant of 0.85 ms
compared to 0.94 ms for OP-400 using Eq. (3). [78,79]. The GCD tests
for the OP-400 and OP-400@0.5 electrodes (Fig. 8f and g) involved
varying current densities from 5 to 1 A g~}, where Eq. (2) was used to
calculate the specific capacitance within the employed potential win-
dow of —1.0-0.0 V. The symmetrical and linear features of the charge-
discharge profiles served as additional evidence for the EDL behavior
of the electrodes (Fig. 8f and g). The specific capacitance (Fig. 8h) ex-
hibits that the MgO-modified electrode (OP-400@0.5) provided the
highest specific capacitance of 194 F g~* compared to 77.43 F g~ ! of the
unmodified electrode (OP-400). The cyclic stability of OP-400@0.5
electrode is a crucial factor to be considered, where a long-term
charge-discharge performance was conducted at 2 A g~! (Fig. 8i). The
GCD profiles for the initial and 5000th cycles (Fig. 8i, inset) demonstrate
a consistent capacitive retention (CR) of 94.11 % and coulombic effi-
ciency (CE) of 93.54 %. Moreover, the electrode displays excellent CR
and CE over 5000 cycles, affirming its stability and reliability for
extended use. The enhancement in energy storage capacity resulting
from reduced impedance, structural stabilization that led to increased
charging and discharging durations, supported by the lower time con-
stant of 0.85 ms [75,80]. The improved characteristics of OP-400@0.5
are evident in reduced impedance, higher capacitance values, and
lower time constants, indicating its potential for enhanced performance
in energy storage and providing valuable insights in FCDI applications.

3.3. Wettability measurements

The wettability characteristics of the modified and unmodified bio-
char materials were analyzed, as depicted in Fig. 9. The initial contact
angles for OP-400 and OP-400@0.5 were recorded at 101.5° and 67.1°,
respectively. Over time, the contact angle for OP-400 decreased to 67.1
degrees within 40 s, while for OP-400@0.5, it vanished entirely after 12
s. This shows that OP-400@0.5 is more hydrophilic than OP-400. Hy-
drophilic biochar improves electrosorption in FCDI by enhancing water
interaction and ion accessibility. The presence of oxygenated functional
groups, such as C—0, C=O0, and -OH, as observed in FTIR (Fig. 5a),
enhances wettability, allowing electrolytes to penetrate pores effectively
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Fig. 7. XPS spectra of OP-400 and OP-400@0.5 (a) full spectra, (b) Mgls of OP-400@0.5, (c-d) C1s, (e-f) Ols, (g-h) N1s.



G. Mwalusambo et al.

(a)

(b)

Desalination 615 (2025) 119312

0.015 0.018 —3—0P-400
50 4 —o—0P-400@0.5
0.010 ] 0.012 /—\_" .
. 0.006 - 1
< 0.005 < g
‘:‘ < 0.000 £ 30
£ 0.000 g e
S ] £ -0.006- ;
3 3 N 20
-0.005 100mviel | © —100mVs"
. 1 :g mz;s -0.012 80mvs’
foe 60 MV/S. G0 mV s
— 40 mV/s . 10
=0.010 1 20 mVis -0.018 - :;z :x i
5 mV/s B
-0.015— ; ; . . : 0244 T/ e
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -0.2 0.0 0.2 04 0.6 0.8 1.0 0 5 10 15 20 25 30 35
Potential (V vs Hg/HgO) Potential (V vs Hg/Hg0) Z' (ohm)
(d) (e) ()]
o= 0P-400 ' " —a—Impedance - OP-400@0.5
250 —o— OP- 400@0.5 10004 —&— Impedance - OP-400 r20
—a—Phase -0P-400 -
—0— Phase - 0P-400@0.5 A
— 200 o T
o
£ g o B
8 150 S 1004 L202 @
8 N g >
3 ) j: =
& 100 S ey, 40 = g
o 104 " E
B -
504 \, @ v———— | 1N, My, =60 g
o L - 1]
0 20 40 60 80 100 1 10 100 1k 10k 100k 0 20 40 60 80 100 120 140 160
Scan rate (mV/s) Log f (Hz) Time (s)
(8) (h) (1)
1.2 210
0P-400@0.5 —5Ag! == 0P-400 1004 T T 120
1.0 sagll o 180 =O=08:40080.5 ” MM ~
- ; S
® oy < 80 m'"“""'ﬂm 1008
= =150+ s 1 2
S o S - ' H
éo g t % 1‘0t ;u e 2Ag" 80 H
2 8 1204 % 60 3 08 i g
> 8 o 2 06 i F60 ®
< 2 904 0 z / L
= g € 404 2% =
= © - g 0z . i w0 E
= | 1"Cyde 5000™ Cycle [}
3 £ 60+ H g 00 i 3
= 1] a = 00 3
8 2 & 204 Bzl .. 208
& 304 Q 0 50 100 150 200 250
Time (s)
-0.2 . . . . 04— v , . : 04— v v v
o 100 200 300 400 H 2 3 A 5 0 1000 2000 3000 4000 5000
Time (s) Current density (Ag™") Number of cycle

Fig. 8. Shows CV of (a) OP-400, (b) OP-400@0.5 at different scan rates, (c) Nyquist profiles, (d) CV specific Capacitance, (e) Bode plots for OP-400 and OP-400@0.5
electrodes, (f) GCD for OP-400, (g) GCD for OP-400@0.5, (h) GCD specific capacitance of OP-400 and OP-400@0.5 electrodes, (i) CR and CE efficiency of OP-

400@0.5 electrode at 2 A g~! current density.

and increase ion adsorption capacity [81]. Hydrophilic surfaces also
reduce electrical resistance, optimizing charge transfer during electro-
sorption. Tailored functional groups, such as hydroxyl, in modified hy-
drophilic biochar, elevate selectivity and enhance adsorption for specific
ions [82]. The OP-400 biochar, with aliphatic functional groups and
fewer aromatic bonds, exhibited lower hydrophilicity in comparison to
the modified OP-400@0.5 biochar. The MgO modification of OP-
400@0.5 biochar resulted in the formation of oxygenated carbon
bonds, as confirmed by XPS and FTIR analyses, along with an increase in
pore size, as shown in Table 1; this observation was also reported by
Alfredy et al. [8]. The increased pore sizes of OP-400@0.5 enhanced the
surface area available for water interaction, thereby improving moisture
retention, which is necessary for FCDI electrodes.

3.4. Removal of NH; by FCDI system under different operational
conditions

3.4.1. FCDI performance of different flow electrodes

The research optimized the performance of prepared biochar sam-
ples to determine the most suitable for maximum NH; electrosorption.
Experiments were performed under an applied voltage of 1.2V, a pH of
6, a carbon content of 2.5 wt%, a flow rate of 10 mL min-1, a charging
time of 120 min, and a pH of 6. A 500 mg L " of NHj was prepared as the
initial concentration of the feed solution. As illustrated in Fig. S6, the
initial pH of 6 was modified using 0.1 M HCl or 0.1 M NaOH before the
experimental trial. The final pH values recorded were 8.1, 8.0, and 7.8
for the OP-400, OP-400@1.0, and OP-400@1.5 electrodes, respectively.
In contrast, the OP-400@0.5 electrode concluded with a final pH value
of 6.2. Fig. 10a shows that the RE results (Eq. (4)) for the samples
revealed varying performance levels. The OP-400 biochar achieved a RE
value of 51.5 %, while OP-400@0.5 exhibited a significantly higher RE
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Fig. 9. Shows the wettability properties of (a) OP-400 and (b) OP-400@0.5 electrodes.
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Fig. 10. Shows (a) RE, (b) AEC, and AARR of OP-400, OP-400@0.5, OP-400@1.0, and OP-400@1.5 electrode materials. The experiment was conducted at pH 6, with
a 2.5 wt% carbon content, an applied voltage of 1.2 V, and a feed solution of 500 mg L™}, under a charging time of 120 min.

of 87.6 %. OP-400@1.0 and OP-400@1.5 showed intermediate RE
values of 67.7 and 62 %, respectively. Fig. 10b indicates that the AEC
and AARR values of the samples varied significantly when using Egs. (7)
and (8). OP-400 exhibited the highest AEC at 1.65 kWh kg’l.

In comparison, OP-400@0.5 demonstrated a substantial reduction in
AEC with a value of 0.62 kWh kg™!. OP-400@1.0 and OP-400@1.5
showed intermediate AEC values of 0.8 and 0.87 kWh kg™, respec-
tively. The exceptional electrosorption efficiency of OP-400@0.5 is
linked to its reduced Rs and R¢; impedances, elevated specific capaci-
tance, and hydrophilic properties. This particular sample exhibits a
significant abundance of oxygenated carbon bonds, alongside graphitic
and pyridinic nitrogen, which facilitates a higher number of active sites
for improved electrosorption. These characteristics collectively enhance
the superior performance of OP-400@0.5 when compared to other
biochar variants in the FCDI system.

3.4.2. FCDI performance at different flow rates
Identifying an optimal flow rate is crucial for enhancing FCDI system
performance. The impact of varying electrode flow rates (5, 7.5, 10, and

11

12.5 mL min ') on FCDI operations using a 1.2 V applied voltage and
2.5 wt% carbon content was investigated. Fig. 11 shows the results,
indicating that at flow rates of 5 and 7.5 mL min_?, the RE increased
from 54.7 % to 68.9 %. Upon further increasing the flow rate to 10 mL
min~!, RE improved to 86.5 %, but then decreased to 69.5 % at 12.5 mL
min~!. When the flow rate exceeds 10 mL min~}, the RE gradually de-
creases. This reduction could be due to the shorter residence time of the
electrode in the FCDI system at higher flow rates, which diminishes the
contact duration between the feed solution and the electrode. Higher
flow rates promote ion migration transport under an electric field but
diminish capacitive double-layer storage, whereas lower rates are
conducive to capacitive trapping [83]. This suggests that the optimal
condition for subsequent experiments was identified at a flow rate of 10
mL min~?,
3.4.3. FCDI performance on different applied voltages

This study examined how applied voltage affects the FCDI system,
while maintaining other operating conditions at a 10 mL min~' flow
rate, pH 6, and 2.5 wt% carbon content. Fig. 12 shows the RE against
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Fig. 12. RE against applied voltage changes of OP-400@0.5, under 10 mL
min~! flow rate, 2.5 wt% carbon content as operating conditions, subject to
500 mg L-1 initial concentration of feed solution.

applied voltages from 0.6 to 1.2 V. The removal rates were determined
to be 50.6 %, 57.5 %, 78.3 %, and 86.5 % at 0.6, 0.8, 1.0, and 1.2 V,
respectively. The RE was observed to increase as the applied voltage
increased. The increase in applied voltage in the FCDI system enhances
the formation of the electrical double layer [2,3,84], resulting in
improved charge storage and enhanced ion movement. Increasing the
applied voltage results in a boost in electric field strength, enhanced
charge transfer efficiency, and reduced concentration polarization
[13,85]. The findings indicate that the RE rises with higher applied
voltages; however, to prevent faradaic reactions, 1.2 V was determined
as the optimal voltage for the subsequent experiments.

3.4.4. FCDI performance on different initial pH

The influence of pH levels on NH; removal in water is a critical
factor to consider. This research investigated the impact of pH variations
ranging from 5 to 8, which is the typical pH range for most water

12
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samples. The experiment was performed at an applied voltage of 1.2V, a
carbon content of 2.5 wt%, and a flow rate of 10 mL min~' as the
operating conditions. The experimental observations revealed minor
fluctuations in both initial and final pH values. Notably, the transitions
observed were from pH 5 to pH 7, pH 6 to pH 6.7, pH 7 to pH 7.7, and
pH 8 to pH 8.1 (refer to Fig. S7 from Supporting information). Prior to
the experimental trials, the initial pH of 6 was meticulously adjusted
using either 0.1 M HCl or 0.1 M NaOH. Fig. 13 presents the study results,
illustrating the corresponding RE relative to the initial pH levels.
Notably, at pH 5, the RE was measured at 75.6 %, showcasing a
noticeable increase to 86.7 % at pH 6. However, with a further rise in pH
to 7 and 8, the RE declined significantly to 82 % and 67.7 %, respec-
tively. At low pH (pKa < 9.2), NH; predominates, facilitating efficient
removal through electrosorption due to its charged nature with reduced
energy consumption. Conversely, at higher pH levels (pKa > 9.2), se-
lective trapping of NHjs in flow electrodes enhances ammonia adsorp-
tion, yielding valuable ammonia-rich solutions [86,87]. Therefore,
controlling pH levels strategically can optimize the highest removal ef-
ficiency of NHj at lower pH. Consequently, pH 6 emerged as the optimal
condition for consistent NH, removal across all experimental trials.

3.4.5. FCDI performance under different carbon content

In this study, the effect of carbon content was investigated. The
impact of increasing carbon content on the RE during FCDI operation
can be observed in Fig. 14. Carbon contents of 1.0, 1.5, 2.0, and 2.5 wt%
were employed under the following operational conditions: 1.2 V
applied voltage, initial pH 6, flow rate of 10 mL min~!, and duration of
120 min. The results displayed a notable and gradual rise in RE, ranging
from 54 to 86.5 %, corresponding to carbon contents of 1.0 to 2.5 wt%,
respectively. The observed improvement could be attributed to the
increased surface area, active sites, reduced charge loss, and reduced
internal resistance. Elevating the carbon content in the flow electrode
demonstrates improved desalination efficiency, increased capacitance,
reduced energy consumption, and sustained flow properties [88,89].
The heightened carbon content facilitates improved charge transfer,
augmenting the active material available for ion adsorption. Moreover,
conductivity within the flow electrode slurry is enhanced, leading to
minimized charge loss during operation and reduced internal resistance
[2,3,90]. This advancement accelerates ion electrosorption due to the
increased surface area and improved electrical connectivity, thereby
enhancing removal kinetics during operation. Following the
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Fig. 13. RE against initial pH dynamics of OP-400@0.5, under 1.2 V applied
voltage, 2.5 wt% carbon content as operating conditions, subject to 500 mg L!
initial concentration of feed solution.
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experimental design (14.4 cm? FCDI cell), the optimal carbon content of
2.5 wt% was suggested for subsequent experiments. Beyond this
threshold, an increase in active material content resulted in elevated
pressure within the tubes, leading to clogging and system disruption.

3.4.6. FCDI performance for continuous cycles

During the NH] removal and cycling processes, it was observed that
NH] ions were effectively desorbed from the OP-400@0.5 electrode,
achieving an impressive desorption efficiency (DE) of 84.4 %. This ef-
ficiency was successfully retained over 30 complete cycles using the
same electrode. Subsequent cycle tests (Fig. 15a) showed that the DE
remained stable at 90.6 %, 90.4 %, and 84.4 % during the 10th, 20th,
and 30th cycles, respectively. The stability could be attributed by MgO
modification that claim to stabilize carbon matrix structure [44]. The
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slight decrease in efficiency may be attributed to factors such as elec-
trode degradation, ion accumulation, pore blockage, or oxidative dam-
age [91,92]. Notably, remarkable desorption efficiency (Fig. 15b) was
maintained across all 30 cycles, likely due to the strategic use of voltage
polarity reversal (—1.2 V) for 120 min. and the presence of a function-
alized electrode surface, structural stability, facilitated ion exchange,
and electrosorption [93,94]. After each experimental trial, the OP-
400@0.5 electrode was treated with 0.1 M HCI, stirred for 5 min, and
then washed with deionized water until the conductivity dropped below
10 pS em L.

3.4.7. FCDI performance in co-existing ions

In examining the performance of electrosorption and the selectivity
of the FCDI system utilizing OP-400@0.5 as the flow electrode for NH;
in actual wastewater, we simulated standard municipal wastewater
containing the common co-existing cations Na* and Ca®*. The experi-
mental trials were designed as single, multiple 1, multiple 2, and mul-
tiple 3 as adopted from Li et al. [2,3]. The simulated municipal
wastewater was prepared by dissolving 3.78 mM NH; in all trials. In the
single trial, only NH} was involved; in multiple 1, 3.78 mM NH, and
1.89 mM Na' were used; for multiple 2, 3.78 mM NH; and 1.89 mM
Ca*" were employed; and in multiple 3, 3.78 mM NH;, 0.945 mM Na®,
and 0.945 mM Ca®" were included. Fig. 16 illustrates a decline in NH;
removal efficiency from 87.6 to 78.2, 71.6, and 68.9 % with increasing
levels of Nat and Ca*. Despite the elevated concentrations of inter-
fering ions, the FCDI system consistently removed NH}, demonstrating
the selectivity and resilience of the OP-400@0.5 flow electrode. The
selectivity of OP-400@0.5 for NH; compared to Na* and Ca%", as
calculated using Eq. (2), was significantly greater than 1 (Na't: 3.08;
Ca%*: 2.02; Na®/Ca®": 1.59), reinforcing these findings. Additional de-
tails for these findings are provided by GCD and CV plots (see Fig. S5
from the Supporting information). The OP-400@0.5 electrode in
(NH4)2SO4 demonstrates enhanced capacitance values compared to NaCl
and CaCl; electrolytes, indicating an enhanced charge storage capacity.
The absence of faradaic reactions in (NH4)2SO4 leads to EDL behavior,
while less EDL behavior in the transport mechanism in NaCl and flat-
tened EDL in CaCl.. The high specific capacitance results and GCD tests
highlight the superior performance of the OP-400@0.5 electrode in NHj
compared to Na® and Ca®" electrolytes (details in Supporting
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Fig. 15. Reusability experiment (a) conductivity trends, (b) removal and desorption efficiency of OP-400@0.5 electrode at electrosorption voltage of 1.2 V, using

feed solution of 500 mg L' at 10 mL min 1.
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information). The MgO-biochar composite substantially enhances the
selectivity of NH; by integrating the distinct properties of each con-
stituent. The sustainable, porous structure of biochar increases adsorp-
tion capacity and supports nutrient retention, while also providing
mechanical stability conducive to long-term ion exchange efficiency
[95,96]. Conversely, MgO contributes by establishing an alkaline envi-
ronment that promotes NH ion adsorption, alongside introducing
structural defects that function as electron reservoirs, thereby facili-
tating chemical activity. Collectively, these synergistic effects optimize
ion selectivity and transport, rendering the composite an effective
electrode for NHj ions [97-99]. Also, NH} exhibits a lower hydration
energy (307 kJ mol™!) in contrast to Ca? (1577 kJ mol™!) and Na™
(406 kJ mol™1). The selectivity of NH; over Nat and Ca®" is also
attributed to its high affinity for N/O functional sites, the ion exchange
with H" on these sites. NH; displaces Na* due to its stronger affinity for
the N/O sites, while Ca>* experiences high charge repulsion and size
effects that hinder its binding [100-102]. The micropores' enhancement
was specifically tailored to accommodate NH; with its small hydrated
radius (0.33 nm), effectively preventing the passage of larger hydrated
Ca?* (0.41 nm) and Nat (0.36 nm) [103-105]. This heightened selec-
tivity can be ascribed to the distinctive features introduced and ion
mobility.

The RE and AEC of the FCDI method demonstrate its superiority over
conventional technologies (Table 3). Traditional methods, such as mi-
crobial electrolysis cells (MEC) and microbial fuel cells (MFC), achieve
removal efficiencies ranging from 70 to 90 %, with energy consumption
of 5 to 12.4 kWh kg ™! and 6 to 9.3 kWh kg™!, respectively. The RO,
adsorption, membrane bioreactor, and biological treatment methods
show significant removal efficiency but are energy-intensive. The high
energy consumption in these technologies, like RO, adsorption,

Table 3
Energy consumption comparison between traditional and FCDI methods.
Technology used Removal Energy consumption References
efficiency (%) (kwh kg’l)
Microbial electrolysis 70-90 5-12.4 [106]
cell (MEC)
Microbial fuel cell - 10.93 [107]
(MFC)
Ammonia stripping 50-90 6-9 [108]
Bipolar electrodialysis ~90 5-20.4 [109]
Ion exchange ~87 <1 [110]
Battery electrode >90 1.5-2.0 [111]
deionization (BDI)
Adsorption 70-99 2-3 [112]
Reverse osmosis (RO) 85-98 40-120 [113]
Biological treatment 50-90 4.2-30 [108]
FCDI 86.7 0.62 This study
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membrane bioreactor, and biological treatment for ammonium removal,
is due to their complex processes. These methods typically demand
substantial energy inputs to function effectively and attain desired
removal levels. Factors such as aeration, pumping, and material regen-
eration further add to their energy consumption. In contrast, FCDI ex-
hibits an impressive RE of 86.7 to 88.5 %, while consuming significantly
less energy, at 0.59 to 0.62 kWh kg~ This stark difference highlights
FCDI's potential for more sustainable and cost-effective NH; removal
from aqueous solutions, effectively outpacing traditional methods in
both performance and efficiency.

Table 4 presents a comparison of the FCDI system utilizing OP-
400@0.5 as the flow electrode with data from previous studies on
NH; removal. The analysis showcased that OP-400@0.5 maintains an
impressive RE of 86.7 % and an average NH; removal rate of 17.3 mg
m 2 min’l, achieved with lower carbon content (2.5 wt%) and IEMs
contact area (14.4 cm?) in comparison to materials like Polyaniline, AC,
Ti3CoTy Mxene, AC + Potassium dititanate, and Na-Zeolite. Moreover,
OP-400@0.5 exhibited a notable RE with a modest AEC of 0.62 kWh
kg~ In comparison, alternative materials displayed lower removal ef-
ficiencies ranging from 39.5 to 60 %, coupled with varying energy
consumptions between 0.124 kWh kg ! and 0.58 kWh kg L. It is worth
noting that PDMC achieved a removal efficiency of 87.3 %, albeit
consuming a higher adsorption energy of 2.62 kWh kg™. These findings
underscore the potential of OP-400@0.5 as a favorable candidate for
prospective applications in the field.

4. Conclusion

The challenge posed by NH; in water, this has led to the examination
of promising techniques such as FCDI for water treatment. Utilizing
biomass waste to prepare FCDI electrode not only proves environmen-
tally friendly but also offers a sustainable solution for waste conversion
and repurposing. In this study, OP-400@0.5 emerged with good elec-
trochemical properties, hydrophilicity, and the presence of oxygenated
carbon bonds. The MgO modification introduced ion exchange sites and
polarities, highlighting a specific surface area of 389.56 m? g~* and an
average pore size of 1.86 nm, crucial for electrosorption, particularly for
small hydrated ions like NH} . In the FCDI experiments, conducted under
an applied voltage of 1.2 V, with a 2.5 wt% carbon content, and a flow
rate of 10 mL min~!, OP-400@0.5 demonstrated superior performance.
It achieved an impressive RE of 86.7 % while consuming low energy at
0.62 kWh kg~!. In contrast, the unmodified biochar OP-400 achieved a
removal efficiency of only 51.5 % with higher energy consumption at
1.65 kWh kg1,

Through cyclic experiments, OP-400@0.5 showcased consistent
NH; removal over multiple cycles, with a slight decrease observed in
later cycles. Additionally, this biochar displayed enhanced NH; removal
even in the presence of common co-existing ions like Na™ and Ca®*
found in simulated municipal wastewater. Repurposing orange peel
waste into biochar and modifying it with MgO proves to be a promising
approach for efficient NH; removal, highlighting its potential for sus-
tainable water treatment solutions. Addressing the challenge of NH; in
water through FCDI techniques and the creation of biochar from
biomass signifies a significant step towards sustainable water treatment
processes.
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