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ARTICLE INFO ABSTRACT

Editor: G. Chen Recovery of low-concentration ammonium (NHJ) from the effluent of municipal wastewater plants remains
challenging because most existing electrochemical processes are energy-intensive to concentrate on ammonium.
Flow-electrode capacitive deionization (FCDI) with activated carbon (AC) electrode slurries have been developed
to achieve effective ion adsorption, but the inefficient NHZ accessibility into AC pores and low energy-efficient
implementation suppress FCDI scalability. The aim of this study was to reach energy-efficient ammonium re-
covery by a tailor-made graphene/nano-sized AC FCDI system by improving ion mobility. Various AC powders
(200-1800 nm) and graphene loadings (0.5-1.5 wt%) were conducted at 1.4 V and 10 mL/min in the FCDI to
evaluate the most energy-efficient configuration of AC slurries for NHJ recovery. The results have shown that
ACap exhibits the most efficient NHJ recovery, featuring a ten-fold concentration within 7 h reaction. Meso- and
macropores of ACygg facilitate NHJ transport and adsorption. However, AC;ggo with excessive micropores leads
to limited diffusion regardless of its large surface area. Moreover, the incorporation of 1.5 wt% graphene with 10
% ACpqo can further improve ion transfer, resulting in the increase in specific capacitance by 2.53-fold. Mean-
while, the maximum NHj adsorption rate reaches 3.25 x 10~> mg/cm?/min where it shows the highest 99.43 %
charge efficiency and the lowest energy input at 1.87 kWh/kg-NHJ. In addition, energy-efficient NHJ recovery
from low-concentration wastewater by FCDI using graphene/nano-sized AC electrode is feasible for practical
applications. It is concluded that the manipulation of FCDI with nano-sized AC at optimal graphene/AC ratio is
critical to reach energy-efficient NHJ recovery from municipal wastewater in circular economy applications.
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1. Introduction [4-7]. Therefore, efficient NHA recovery technologies are essential to

mitigate environmental impacts and meet the increase in demand for

Ammonium (NHJ) contamination in the aquatic environment con-
tributes to eutrophication, groundwater pollution, and aquatic toxicity,
posing a serious environmental threat and highlighting the importance
of sustainable nitrogen recovery approaches [1,2]. Simultaneously, the
growing demand for treated water and sustainable nutrient recovery has
driven municipal wastewater treatment plants (WWTPs) to transition
from pollutant removal towards resource recovery [3]. Although con-
ventional municipal WWTPs remove 80-90 % of ammonia, residual
ammonia at around 20-40 mg-NHJ}/L remains a valuable material for
recycling. This recovered ammonia can be repurposed for the agricul-
tural and industrial sectors, including textile manufacturing, water pu-
rification, precious metal extraction, and semiconductor wafer cleaning
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NHJ resources.

Various technologies, including physicochemical, biological, and
electrochemical methods, have been applied for NH4 recovery from
wastewater. The most common methods, such as air stripping, struvite
precipitation, ion exchange and membrane processes, are less effective
and not beneficial for low-concentration wastewater (<100 mg/L)
because of high energy demand, low selectivity, and complex operation
[8-10]. Instead, electrochemical approaches, including bio-
electrochemical systems (BES), can treat low-strength wastewater with
relatively low energy input, but typically achieve limited NHJ recovery
rates (<40 g N m2d1 and may require aeration, which increases
operational expenditure [11]. To date, traditional capacitive
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Fig. 1. Schematic diagram of the FCDI system operation.

deionization (CDI)-based technologies applied in wastewater treatment
have been proven to achieve 77-96 % of NH4 adsorption from 4 to 1000
mg-N/L and reach 38-82 % recovery rate of NH;-N. However, the re-
covery of low-concentration NHi from effluent by traditional CDI
typically pays off high energy input (7.8-38.5 kWh/kg-NH{) but limited
adsorption in its intermittent operation mode [12-15]. In contrast, flow-
electrode capacitive demonization (FCDI) is an advanced CDI-based
configuration that utilizes pumpable AC suspensions as electrodes,
enabling pseudo-infinite adsorption through reloading electrode slurries
in a continuous operation mode, which offers 87-90 % of NHj
adsorption at initial 40 mg/L of NH4 and lower energy demand in the
range of 6 to 30 kWh/kg-NHf;r [16,17] at unlimited recovery of ammo-
nium. Thus, FCDI is considered an applicable approach to reach energy-
efficient NHJ recovery from the effluent of municipal WWTPs.
Recently, extensive improvements on NH4 adsorption by carbon-
based FCDI system have been studied through material modification,
reactor design, and tuning key parameters such as pH, flowrate, vis-
cosity of slurry, and the addition of conductive materials to lower energy
input ranging from 1.8 to 5 kWh/kg-NH3 [17-22]. Previous studies have
emphasized that modifications of electrode materials are able to effec-
tively improve ammonium recovery with low energy input. Compared to
unmodified AC, the sodium dodecyl sulfate- (SDS-AC) material could
enhance ammonium adsorption capacity over 115 % with ~2.2 times
lower energy input [23]. Mixed potassium ditianate (K2Ti2Os or KTO)
with AC shows higher adsorption selectivity from 2.3 to 31 towards NH{
over Na', with energy consumption of approximately 2.49 kWh/kg-N
[19]. In fact, the application of carbon-based materials is the most
practical approach because it has large specific surface area, high elec-
trical conductivity, robust electrochemical stability, and cost-
effectiveness [24]. However, the particle size distribution of micro-

size AC slurries with and without fine AC (~400 nm) critically in-
fluences the adsorption kinetics of monovalent ions (e.g., Na™), electron
transport efficiency, and slurry stability [25], with maximum Na™
adsorption at around 72 % due to excellent pore accessibility and charge
transport. Nevertheless, a previous study has demonstrated that incor-
porating AC (diameter:5.6 pm; Spgr:1770 m2/g) with graphite can
enhance NHj recovery from 20 to 320 mg-N/L because the addition of
graphite enables the accelerated ion adsorption—desorption kinetics and
extended n-electron networks, while the energy input increases over
reaction time within 7 h, reaching approximately 3.89 kWh/kg-N [26].
Although the individual effects of particle size on monovalent (Na* or
NH{) adsorption capacity and improvement in energy input have been
examined independently for AC-based FCDI, the synergistic effect of
nano-sized AC and graphene mixture on NH4 adsorption and energy
input is under investigation, especially at low-concentration of ammo-
nium (<100 mg-NHZ/L).

The aim of this study was to investigate the diameter effect of nano-
sized AC electrodes on NHj adsorption and energy consumption using
FCDI with and without graphene. The physico-chemical characteristics,
including morphology, specific surface area, pore volume and surface
functional groups of various AC particles were determined to propose
NHJ adsorption mechanisms at different AC diameters without gra-
phene. To study the synergistic effect on NH4 adsorption and energy
consumption with graphene incorporating with AC electrode, average
adsorption ammonium rate, current efficiency, energy-normalized
removed salt (ENRS) and specific energy consumption were deter-
mined at various graphene/AC ratios to evaluate the role of graphene in
energy-efficient NH4 recovery by FCDIL.
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2. Materials and methods
2.1. Materials and reagents

All chemicals used in this study were of analytical grade and pro-
cured from Sigma-Aldrich. Cation- and anion-exchange membranes
were supplied by IONSEP (Lanran). All the solutions were prepared with
Milli-Q water (resistivity: 18.2 MQ cm). The ammonium feed solution
was prepared by dissolving 5.54 mM of NH4Cl in deionized water. A real
wastewater sample was prepared through the collection of effluent from
municipal WWTP, and the metal ions were quantified by inductively
coupled plasma-optical emission spectrometry (ICP-OES, Shimadzu,
Japan). To produce fine particles at different diameters, including 200
nm (ACsqp), 600 nm (ACggg), and 1800 nm (AC1ggo), the commercial AC
(2-3 pm) was crushed by using a dry ball mill equipped with 20 mm and
5 mm balls, operated at 300 rpm for 3 h as illustrated in Fig. S1. AC
particle size distributions were measured using a Zetasizer Nano ZS
(Malvern, UK). Electrode AC slurries were prepared by mixing the
desired amount of AC (7.5 and 10 wt%) in deionized water with and
without addition of graphene (GPgs: 0.5 wt% and GP 15: 1.5 wt%)
following previous studies [24,27,28], as shown in Table S1. Graphene
exhibited stacked thin sheets with characteristic D and G bands at 1334
and 1580 cm ™!, and 2D-related peaks at 2467-2681 cm™?, as confirmed
by scanning electron microscopy (SEM; SM-7600F, Jeol, Japan) and
raman spectroscopy (Fig. S2a and b). The morphology of AC before and
after ball-milling was observed by SEM scanning, as shown in Fig. S2c—e.
It proves that nano-sized AC particles were successfully prepared and
uniformly dispersed along the graphene sheet-like structures after
mixing. To enhance dispersion stability, AC was pretreated with HNO3
to introduce oxygen-containing functional groups that improved hy-
drophilicity and provided anchoring sites for graphene. The mixtures of
AC slurries were stirred for 24 h before testing to obtain a well-dispersed
AC suspension and were subsequently fed into the FCDI cell during the
experiments.

2.2. Protocol of FCDI manipulation

A schematic diagram of the FCDI process and the reactor is shown in
Fig. 1. The FCDI reactor consisted of three compartments configured
with a pair of graphite current collectors featuring serpentine flow
channels with 2 mm depth and 2 mm width. A cation exchange mem-
brane (CEM) and anion exchange membrane (AEM) were placed be-
tween the current collector and separated by PTFE mesh sheets (60 mm
x 80 mm, ~0.5 mm thick) as spacers. The effective contact areas be-
tween the ion exchange membranes and serpentine flow channels were
29.6 cm?. Silicone rubber gaskets with a thickness of 0.5 mm were used
between compartments to prevent leakage. The endplates of the FCDI
reactor were made of 2 cm thick acrylic material. A full configuration of
the assembled FCDI reactor is shown in Fig. S3.

A short-circuited closed-cycle (SCC) mode was adopted to recirculate
the AC slurry from the AC feed tank into the reactor at a constant flow
rate of 10 mL/min using peristaltic pumps [29]. The SCC mode allows
ions adsorbed in the electric double layers (EDLs) to be released by
neutralization, maintaining the ionic charge balance and pH stability in
the AC slurry [30]. In this study, the FCDI was conducted in constant
voltage mode (1.4 V) using the chronoamperometry technique (Poten-
tiostat SP-50e, BioLogic, France). The pH and conductivity of the
ammonium feed solution were monitored in real time with a pH and
conductivity multiparameter (Hach HQ411D, USA). The pH of the AC
slurry electrode was measured using a pH meter, and the ammonium
concentrations in both the feed solution and AC slurry were determined
using an ammonia ion-selective electrode (ISE, Hanna Instruments
H5222, Italy).
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2.3. Analysis of AC slurry samples

To calculate the ammonium concentration, the collected AC slurry
was first centrifuged at 6000 rpm for 15 min, and the ammonium-rich
supernatant was measured. To determine the ammonium trapped on
the AC particles, the pellets of the AC slurry were acidified with 0.1 N
HCl and stirred for 10 min. The acidified mixture was then centrifuged at
6000 rpm for 15 min. The ammonium concentration in the supernatant
was measured to determine the amount of ammonium adsorbed onto the
AC particles.

2.4. Analysis of electrochemical characteristics

To evaluate the electrochemical characteristics of the AC electrode,
cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were conducted using a potentiostat (SP-50e, BioLogic, France) in
a three-electrode system. The CV test was performed at —1 to 1 V vs the
reference electrode at scan rates of 2, 10, and 20 mV/s, and 5 repetition
in 1 M of NH4Cl solution. The EIS test was performed at a low amplitude
of 10 mV in the frequency range of 100 kHz-100 Hz. The obtained EIS
data were fitted to Nyquist plots. The specific capacitance (Cs) was
calculated using the following formula:

_ Jivdy

= 1
2umAV M

C; (F/g)

where i is the current (A), v is the potential (V), y is the scan rate (mV/s),
m is the active mass of the electrode material (g), and AV is the potential
window during testing.

2.5. Calculations and performance evaluations

The reduction ratio (%) of conductivity and ammonium, average
ammonium adsorption rate (AAAR, mg-NHI/cmz-min), current effi-
ciency (CE, %), energy-normalized removed salt (ENRS, pmol/j), and
energy consumption (kWh/kg- NH}) were calculated according to Egs.
(2)-(6), listed as below [26,31]:

Reduction ratio (%) = (1 7%> x 100 2)
0

where Cj is the initial concentration (mg/L), C; is the concentration at a
certain time t (mg/L).

V(Co — Cp)

AAAR (mgNHI / cm® e min) BT

3)

where V is the volume of the sample, Cy is the initial concentration (mg/

L), C, is the concentration at a certain time, Ay is the effective area of

the electrode to the membrane (29.6 cmz), and t is the operational time.
__NFV(Co — C)

CE (%) = T 100 &)

where n is the charge, F is the Faraday constant (96500), V is the volume
of the sample, Cj is the initial concentration (mg/L), C; is the concen-
tration at a certain time, M is the molar mass, and I is the current.

ENRS <”—",1°l> _VG=C) (5)
J JoIU dt

where Vis is the volume of the sample, Cj is the initial concentration
(mg/L), C, is the concentration at a given time, I is the current, and U is
the applied voltage (1.4 V).

(U fiI(t)dt) x 2.7778 x 1077
V(Co—Cr) x 1

Energy consumption (kWh / ngHI) =
(6)
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Fig. 2. Changes in (a) conductivity and ammonium concentration, (b) zeta potential, (c) particle size and the corresponding polydispersity index of particles (Pdl),
(d) pH feed solution and AC slurry at different AC particle sizes (AC200: 200 nm, ACgo: 600 nm, AC;gp: 1800 nm) during 7 h operational time of FCDI operation at
1.4 V (initial pH of feed solution: 7 + 0.2 and operating pH of AC slurry: 8.8 + 0.2).

where U is the voltage, i is the current, t is the time, 2.7778 x 1077 is the
conversion factor of joule to kwh szl =2.7778 x 1077 kWh per
joule), V is the volume of the sample, Cy is the initial concentration (mg/

L), C; is the concentration at a certain time, and 5 is removal efficiency.

3. Results and discussion
3.1. Impact of AC electrode size on ammonium adsorption

The changes in conductivity and ammonium concentrations from the
feed solution were studied to understand the impact of various AC di-
ameters towards ammonium adsorption via FCDI under an applied
voltage of 1.4 V for 7 h, as shown in Fig. 2a. ACygg exhibits the fastest
conductivity reduction followed by ACgpp with remaining ammonium
concentrations of 1.95 mg/L and 4.7 mg/L, respectively. In contrast,
ACig0o shows the lowest performance with a remaining ammonium
concentration of ~40 mg/L. The superior ammonium adsorption by
ACy00 can be attributed to its favorable ionic transport behavior, as
indicated by the AC surface charge variations (Fig. 2b). ACgo exhibits
more markedly negative surface charges of approximately —54 mV

before FCDI operation, leading to enhance NH4 adsorption via electro-
static interactions. A stronger negative surface charge correlates with
the occurrence of a high density of functional groups (—COO™, -OH,
C=0), which could facilitate ammonium adsorption [32]. A previous
study has reported that the negative surface charge can result from the
increase in repulsive forces among particles [33]. This phenomenon
aligns with the lower polydispersity index of particles (PdI) value at
ACoyq9 (Fig. 2¢), which indicates uniform and stable particle size distri-
bution. Unlike larger AC electrodes, the pronounced negative surface
charge and higher dispersity of smaller AC electrodes could cause more
efficient NH4 adsorption due to strong attraction between NHj and
binding sites on AC surface. In addition, smaller AC electrodes could
provide a high interconnectivity among AC particles, thereby acceler-
ating NHF ion transfer to reach the AC surface [25]. Meanwhile, high
dispersion stability of ACzg9 minimizes agglomeration and maintains
flowability. In summary, when the size of AC electrodes reduces to nano
size from micro size, the superior suspending ability of AC electrodes
may induce frequent contacts between nano-sized suspended AC and
NHj within the serpentine channel during FCDI, leading to faster
ammonium adsorption. It is worth noting that the NHj adsorption in-
creases insignificantly within 7 h FCDI operation, with less than 3 %, as
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Fig. 3. FTIR spectra of AC slurry with different AC sizes (ACz00: 200 nm, ACeo:
600 nm and AC;gpp: 1800 nm) after 7 h of FCDI operation at 1.4 V (initial pH of
feed solution: 7 £+ 0.2 and operating pH of AC slurry: 8.8 + 0.2).

the size of AC reduces from 600 nm to 200 nm. These particle-size-
dependent effects enhance ammonium accessibility towards the AC
particle surface prior to intraparticle diffusion. This indicates that
another influencing factor, such as pore properties of AC, could signif-
icantly dominate the ion adsorption aside from AC size effect. During the
FCDI operation, pH of feed solution remained stable with only minor
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decreases to ~6.8 at ACg09 and ACgoo (Fig. 2d). This pH stability in-
dicates that ammonium adsorption is not primarily governed by pH.
Likewise, the pH of AC slurry was maintained within 8.6-9.3 in order to
prevent conversion of NHf become NHj gas.

3.2. Effect of physico-chemical characteristics of nanopore AC on
ammonium recovery

Although the size of AC electrodes mainly governs external ion
transfer and stability of AC electrodes before internal adsorption by
porous structure of AC electrodes, physico-chemical characteristics (i.e.,
binding site and pore fraction) would also substantially affect the
adsorbed amount of ammonium from pure NH4 solution [34]. In this
study, chemical properties of AC particles at different sizes were further
analyzed using FTIR spectroscopy to investigate the variations in the
surface functional groups, as shown in Fig. 3. The broad absorption band
at 3448 cm ! corresponds to O—H stretching vibrations, indicating the
presence of hydroxyl groups, which has likewise been attributed to O—H
stretching in related electrochemical systems [35]. A weaker C—H
stretching vibration representing characteristic of aliphatic hydrocarbon
is observed within the 2924-2854 cm™! range [36]. The presence of a
stronger carbonyl stretching peak suggests the formation of surface-
bound carbonyl groups, which is likely resulting from the acidic treat-
ment during activation [37]. The FTIR spectrum of ACiggo exhibits
limited peaks, indicating a minimum surface chemical activity, which
could be attributed to a higher degree of graphitization or the absence of
functional oxygen-containing groups. In contrast, ACgoo displayed
distinct peaks at 1540, 1415, and 805 cm_l, corresponding to C=C
(aromatic ring stretching), C—OH (hydroxyl groups), and C—C (skeletal
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Fig. 5. Changes in (a) conductivity, (b) ammonium concentration, and (c) average ammonium adsorption rate (AAAR) at the different AC5¢ (200 nm) contents and
the addition of graphene during 7 h of FCDI operation at 1.4 V (initial pH of feed solution: 7 + 0.2 and operating pH of AC slurry: 8.8 + 0.2).

vibrations), respectively. The absorption bands observed in the
1500-1600 cm™! range could result from aromatic ring stretching
coupled with carboxylate vibrations, as reported previously [38].
Notably, ACygo exhibits the most pronounced peaks, particularly for
O—H, C—H, C-OH, and C—C functional groups that are favorable to
increase chemical reactivity. It suggests that the abundant functional
groups of ACygp behave strong surface hydrophilicity and charge-
assisted NHj adsorption, which further complements the particle-size-
driven impact on ammonium transfer.

The specific surface area and pore volume of AC electrode with
varying AC particle diameters were analyzed to evaluate their impact on
NHJ adsorption onto AC electrode in the manipulation of FCDI, as
shown in Fig. 4. The results indicate that AC;ggp has the highest surface
area, approximately 842.675 mz/g, followed by ACyyp and ACgo
exhibiting approximately 560.4 m?/g and 566.521 m?/g, respectively.
Based on the adsorption test on the surface area of AC, this predominant
surface area in AC;ggo is demonstrated by the adsorbed nitrogen gas into
micropore structure. Such micropore-dominated structures in ACjggp
inherently limit the accessibility and diffusion of hydrated NHJ ions.
However, the total pore volume of AC;ggy micropore is only approxi-
mately 0.121 cm3/g, which is fourfold lower compared to ACyp and
ACeoo, indicating that its internal pore spaces are less available for ion
adsorption. At such conditions, predominated microporous AC can
promote stronger ion-wall interactions, which causes limited ion diffu-
sion and lower adsorption kinetics. A previous study has demonstrated
that variations in pore size critically influence ion migration capacity
and transport efficiency [31]. In contrast, both ACy09 and ACeqp in the
FCDI system have a similarly high proportion of external surface pores
composed of mesopores and macropores, which can enhance ion
transport and reduce electric resistance. These wider pore channels

reduce ion-wall interactions and facilitate bulk-like transport, allowing
NHj to penetrate deeper into the carbon matrix. In other words, ion
mobility is dictated by pore size distribution in which larger mesopores
and macropores minimize ion-wall interactions to facilitate bulk-like
transport and enhance adsorption efficiency. Therefore, the external
pore volume can be significantly magnified as the size of AC electrodes
reduces from micro to nano dimension, while it has limited increase in
external pore volume as the nano-sized AC is diminished further to
smaller one by which the insignificant NH4 adsorption appears. This
indicates that the effect of external pore size plays a dominant role in
NHj adsorption after diminishing AC electrodes to nano dimension. In
summary, smaller AC electrodes with dominant external surface area
generated from mesopore and macropore facilitate ion transport to
reach vast NHi adsorption, while larger AC electrodes with larger
microporous surface areas contribute to slower ion transport that delay
NHJ adsorption.

3.3. Synergistic effects of graphene-AC electrode on ammonium recovery

Energy consumption remains a critical challenge in the application of
FCDI for ammonium recovery. In this study, stand-alone AC electrodes
still demonstrate an energy input exceeding 2 kWh/kg-NHj, as shown in
Fig. S4. With ACy alone, it results in the lowest energy consumption at
approximately 2.5 kWh/kg-NHjJ, followed by ACgoo and ACiggo ac-
counting for 3.2 and 6 kWh/kg-NHJ, respectively. A previous study has
revealed that graphene can improve electrical conductivity and assist
the ion adsorption [39]. To further evaluate the effect of graphene
incorporation with AC for ammonia recovery improvement, two gra-
phene amounts of 0.5 and 1.5 wt% were mixed with AC slurry at 7.5 %
and 10 wt%. As shown in Fig. 5a and b, it shows that the addition of 0.5
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Fig. 6. Variation in (a) CV curves at a 20 mV/s scan rate, (b) specific capacitance of the AC slurry, (c) EIS represented by a Nyquist plot at the different AC5q (200
nm) contents and the addition of graphene, and (d) CV curves at varying scan rates in a 1 M NH4Cl electrolyte

% and 1.5 % graphene into 7.5 wt% ACaq slurry initially reduces both
conductivity and ammonium removal because the presence of graphene
could occupy the partial binding site on the AC surface. A previous study
has revealed that the incorporation of additive materials such as CNTs
enhances electrical conductivity and restricts ion or charge transfer to
adsorption sites [40].

Despite the incorporation of graphene with 7.5 wt% ACygo slurry
slightly reduces the NH7 adsorption onto the AC electrodes within first
2 h, as increasing ACzo9 amount to 10 wt%, it further improves NHZ
adsorption significantly. In that case, after 2 h of adsorption, with ACyq¢
alone, it reaches 70 % of NHJ adsorption, while 10 % ACg mixed with
1.5 % graphene shows the most improvement in NH4 adsorption up to
83 %. Therefore, 10 % ACypo and 1.5 % GP mixture possesses synergistic
effect on NH4 adsorption.

To further evaluate the effect of graphene on adsorption kinetics of
NHjZ by FCDI at various graphene/AC ratio, the average ammonium
adsorption rate (AAAR) was calculated using Eq. (3), as shown in Fig. 5c.
With 7.5 % ACsyqg alone, it exhibits the lowest AAAR, accounting for
1.57 x 10~* mg/cm?/min within 2 h. However, with the addition of 0.5
and 1.5 wt% graphene can rise AAAR to 1.46 x 10> and 3.01 x 1073
mg/cmz/min, respectively. Likewise, increase in ACyp9 amount to 10 wt
% achieves higher AAAR at 0.5 wt% graphene (10 % ACyoo + GPo5) and
1.5 wt% graphene (ACy00 + GP;5) at approximately 2.1 x 1072 and
3.25 x 1072 mg/cm?/min, respectively. These results suggest that the
addition of graphene into AC slurry improves charge transfer by
providing additional conductive pathways, leading to reduce electrical
resistance and facilitating ion migration towards the active adsorption
sites [20,41]. In fact, the adsorption performance of graphene-AC could
be declined in a multiple-time manipulation of the FCDI system with
recycled AC slurry. Therefore, it is essential to testify the durability and
stability of adsorption towards ammonium by FCDI with 10 % ACa00
mixed with 1.5 % graphene. As shown in Fig. S5, the recycled electrode

further reused to repeat the adsorption test on NH4 within ten-cycle
consecutive FCDI manipulation. It reveals that recycled graphene-AC
electrode maintains stable NHj adsorption over ten-cycle tests, with
only marginal decreases in NHj recovery efficiency as low as ~10 %. In
summary, graphene-AC electrodes can enhance ammonium recovery by
accelerating charge transfer and reduced resistance. Meanwhile, stable
NHj adsorption across repeated FCDI tests proves their durability and
feasibility for long-term ammonium recovery. It is worth noting that
NHj adsorption rate is subject to the ratio of graphene and nano-sized
AC for FCDI.

3.4. Electrochemical behavior of graphene-AC electrodes towards NHj
recovery

Electrochemical performance was tested to assess the influence of
graphene and AC content on charge storage and ion adsorption by FCDI.
Fig. 6a shows that 10 % ACsyyo mixed with GP; 5 electrode exhibits the
highest capacitance with the largest quasi-rectangular CV area, indi-
cating enhanced charge storage and electrosorption performance. Gra-
phene can facilitate electron mobility due to its high conductivity,
whereas the increase in AC electrodes provides additional ion-accessible
sites, reinforcing the charge retention capacity [26,39]. The enhanced
interaction between AC and graphene forms a conductive percolation
network within carbon-based electrodes and optimize charge mobility
to improve electrochemical efficiency [42]. Specific capacitance anal-
ysis at 20 mV/s further confirms the role of graphene in enhancing
charge transport and ion accessibility, as evidenced by the 2.53-fold
increase in capacitance for 10 % ACyp + GP15 compared to 10 %
ACyo (Fig. 6b). The combined effect of graphene and AC facilitates
charge transfer and ion accessibility, thereby enhancing the adsorption
process. However, at a lower AC content (7.5 % ACypo + GP;.5), the
impact of graphene remains limited due to insufficient electroactive
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Fig. 7. Variation of (a) charge efficiency and energy-normalized removed salt (ENRS), (b) current at the different sca0o (200 nm) contents and the addition of
graphene during 7 h of FCDI operation at 1.4 V (initial pH of feed solution: 7 & 0.2 and operating pH of AC slurry: 8.8 & 0.2).

surface availability [43]. Based on CV tests, the area of CV cycle in-
dicates that stand-alone AC exhibits low ion storage capacity while the
combination of graphene with AC can enhance ion storage. Therefore, it
is critical to maintain the ratio of AC and graphene for efficient
manipulation of FCDI.

The charge transport mechanism is clarified through EIS analysis
(Fig. 6¢), which reveals trends in electron transfer resistance and ion
diffusion. The increase in AC amount and the addition of graphene
reduce the semicircle diameter in the high-frequency region, indicating
lower electron transfer resistance between the porous nano-sized AC and
the current collector. In that case, a high density of AC percolation
network enhances charge transport pathways and reduces slurry resis-
tance [31]. A previous study has revealed that a larger semicircle
diameter is generally caused by the inability of ions to enter the pore of
AC [44]. In the low-frequency region, the Warburg impedance slopes
indicate that higher graphene amount improves ion diffusion across all
AC concentrations. The two-dimensional graphene structure reduces
diffusion barriers and accelerates ion mobility within graphene-AC
mixed electrodes [40]. The absence of redox peaks over multiple scan

rates for the 10 % ACyp + GP; 5 electrode indicates that there is a
predominantly EDL adsorption mechanism (Fig. 6d) and no faradaic
reaction during ammonium electrosorption [22]. The electrochemical
behavior of graphene-AC electrodes suggests that electrochemical per-
formance can be facilitated by the synergistic effect of graphene-AC
electrodes in the manipulation of FCDI where graphene improves ion
transport and accessibility to lower resistance and enhance
electrosorption.

3.5. Specific energy consumption of graphene-AC FCDI for NHJ recovery

The synergistic effects of graphene and AC slurry electrode on energy
efficiency and salt removal were further determined following Egs. 4
and 5, as shown in Fig. 7a. A 7.5 wt% AC electrode without graphene
reaches a charge efficiency (CE) of 96.5 % and energy-normalized salt
removal (ENRS) of 0.5717 pmol/J, indicating limited charge transport
and insignificant ion adsorption. With addition of 0.5 % graphene
(ACy0p + GPy 5), it achieves CE of 98.30 % and an ENRS of 0.6695 pmol/
J. With increase in the amount of graphene to 1.5 % (ACgg + GP15), it
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Fig. 8. Variations of energy consumption and ammonium concentration in the
influent, supernatant, and recycled electrode from various AC slurries in each
FCDI test (Voltage: 1.4 V; initial pH of feed solution: 7 + 0.2; operating pH of
AC slurry: 8.8 £+ 0.2).

further increases the CE to 98.43 % and ENRS to 1.1618 pmol/J. These
phenomena confirm that graphene facilitates ion charge transport and
lowers energy input for NHj adsorption. An increase in AC content to 10
% (10 % Cgop + GPgs), it further amplifies efficiency of current and
energy input where the highest CE and ENRS at approximately 99 % and
0.7399 pmol/J are observed, respectively. At such a condition, the in-
crease in graphene amount to 1.5 % can reach the highest CE and ENRS,
corresponding to 99.43 % and 1.1852 pmol/J, respectively. This
improvement on CE and ENRS could be caused by the larger electro-
active surface of smaller AC. A previous study has revealed that the
larger electroactive by AC can effectively improve the adsorption ca-
pacity and promote efficient charge-transfer interactions [31]. However,
an excessive amount of AC electrodes is able to rise viscosity of slurry
and hinder ion mobility, as previously reported [25]. On the other hand,
the stability of the current overtime further echoes the improvements in
energy efficiency. FCDI equipped with best ratio of AC and graphene
(10 % ACygp + GPj 5) exhibits minimum current fluctuations, indicating
optimized charge retention and ion transport efficiency (Fig. 7b). In
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contrast, the presence of 7.5 % ACqgo shows fluctuating current trends,
which echoes its limited charge utilization and insignificant ions
adsorption. These results suggest that graphene enhances charge
mobility by mediating the transfer of electron, while AC stabilizes ion
adsorption cycles and reduces resistive losses.

Fig. 8 illustrates the impact of the AC size and graphene addition on
ammonium recovery and energy consumption. Reducing the AC diam-
eter from ACjgoo to ACygp can improve ammonium adsorption effi-
ciency. At such a condition, energy consumption significantly reduces
from approximately 4.5 to 2.1 kWh/kg-NHj . This phenomenon confirms
that smaller AC diameters improve the charge transfer efficiency and ion
transport pathways, reducing the resistance and lowering the energy
input for ion removal [25,45]. The synergistic effect of graphene addi-
tion and increased AC content from 7.5 to 10 wt% facilities higher
ammonium adsorption efficiency. By using FCDI with optimized ratio of
graphene and AC electrodes (10 % ACypo + GPj5), the concentration
reaches up to ~1000 mg-NH."/L and the corresponding energy con-
sumption minimizes to 1.87 kWh/kg-NHj. Previous studies have re-
ported that recovery of 20-43 mg/L NH4Cl using pure AC electrodes
(5-15 wt%) required 4.7-35.4 kWh/kg-NH4+ [16,17,26]. Whereas
carbon-based composite modifications (e.g., KTO, AC-Ni, CB, and
Ti3CaTx-MXene) reduced energy consumption to 0.45-2.49 kWh/kg-
NHj [19,27,45]. The detailed energy consumption across different FCDI
configurations for ammonium recovery are summarized in Table S2.
Graphene facilitates charge transfer by improving electron mobility and
enhancing electrochemical conductivity. Additionally, the increased AC
content provides additional active adsorption sites, optimizing ammo-
nium adsorption and storage. Furthermore, the stable current profiles
over extended operational periods further demonstrate the optimized
AC-to-graphene ratio to effectively enhance charge utilization.

3.6. Testification of ammonium recovery from municipal wastewater by
graphene-AC FCDI

The practical applicability of graphene-AC FCDI for energy-efficient
ammonium recovery from municipal wastewater was further testified,
as shown in Fig. 9. As shown in Fig. 9a, conductivity rapidly decreases
within 4 h and reaches the minimum (42 pS/cm from ~1953 pS/cm)
after 7 h. Meanwhile, the normalized adsorption ratio of NH} and co-
existing ions declines sharply, with removal efficiency of approxi-
mately 75-95 % where it exhibits higher reduction in NH4 and Na™, as
evidenced in Fig. 9b. As reported previously, monovalent ion such as
NHj exhibits preferential electrosorption with ~1.5 to 2.8x higher
diffusion coefficient and smaller hydrated radius (NH7 = 3.58 A) rela-
tive to Na®, Ca?", and Mg?" which are 3.58, 4.12, and 4.28 A,
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Fig. 9. Changes in (a) conductivity and (b) normalized adsorption ratio of NHj and co-existing ions of the effluent from municipal WWTP by FCDI with 10 % ACayg0
and 1.5 % graphene (Reaction time: 7 h, voltage: 1.4 V, initial pH of feed solution: 7 & 0.2, operating pH of ACyq slurry: 8.8 + 0.2, initial concentration of NHJ:
5.56 mM; AI*":0.104 mM; Ca®*:1.25 mM; Fe?+:0.0225 mM; Mg?*:2.00 mM and Na*:6.22 mM).
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Fig. 10. Proposed mechanisms of ammonium recovery by FCDI using graphene-AC electrodes.

respectively [26,46]. However, the energy input of graphene-AC FCDI
reaches at 2.24 kWh/kg-NH{ after 7 h adsorption. Based on the findings
of testified study, the graphene-ACygp mixture (10 % ACg09 + GP15)
demonstrates an effective and largely non-selective adsorption towards
the existing ions from the effluent of municipal WWTP. This non-
selective behavior appears because graphene-ACypo mixture provides
abundant accessible adsorption sites, enabling rapid ion transport and
simultaneous uptake of both monovalent and divalent species. It con-
cludes that energy-efficient NHj recovery from low-concentration
wastewater by FCDI using graphene/ nano-sized AC electrode is
feasible for practical applications.

3.7. Mechanistic insight and signature of NHJ recovery by energy-
efficient FCDI with graphene-AC

Recovery of ammonium from wastewater by energy-efficient FCDI
system can be achieved through electrosorption, charge-assisted
migration, and ion diffusion to the carbon matrix [31,47]. In this
study, the proposed mechanisms of NHJ ion adsorption by FCDI using
graphene-AC electrode is illustrated in Fig. 10. NH{ migrates towards
the cathode chamber containing negatively charged AC electrodes. The
functional groups (—COO~, —OH, C=O0) on nanopore AC surfaces
enhance NH} adsorption by facilitating electrostatic interactions. In
addition, smaller AC electrodes can provide a high flowability and
interconnectivity for superior NHJ transfer to AC surface [25]. When the
size of AC electrodes reduces to nano dimensions at 600 nm and 200 nm
(ACgoo and ACyqp) from micro diameter at 1800 nm (AC;gg0), the nano-
sized AC electrodes induce faster NH7 transfer to the surface of AC and
then diffuse to larger external pore areas available for NH} adsorption.
For this study, the characterization of AC electrodes at different sizes in
the AC-based FCDI has indicated that external ion transfer is dominated
by particle size, whereas pore architecture regulates intraparticle
diffusion and adsorption into internal pore regions. As a result, the
larger external surface area and higher mesopore availability of nano-
sized AC (ACa00 and ACgno) dominantly promote rapid NHJ diffusion
and adsorption by FCDI, as evidenced in Fig. 2 and Fig. 4. In summary,

10

the use of micro-size AC electrodes does affect external ion transfer and
NH{ adsorption aside from pore size effect, while the dominant effect of
external pore size on NHJ adsorption occurs in the use of nano-sized AC
electrodes regardless of AC diameter (ACgop and ACgqo)-

As graphite is added in micro-size AC electrode slurry, it can
significantly improve energy input efficiency, as reported previously
[26]. In this study, ACg0o has the lowest specific energy consumption
along with highest NH} adsorption, indicating nano-sized AC electrodes
(ACgpp and ACyqp) favor more effective interconnectivity between each
other along with less power input, as evidenced in Table S3. Theoreti-
cally, the addition of sheet-like graphene could further improve charge
mobility and reduce charge-transfer resistance mostly in the use of ACygo
electrodes compared to larger ones. Based on the findings of NHJ re-
covery capacitance and energy input in the combination of AC and
graphene, as indicated in Fig. 8, it has been proven that the proper AC-
graphene ratio can minimize the energy input for the maximization of
NHj adsorption by FCDI. Thus, the synergistic effect of nano-sized AC
electrodes mixed with graphene at a proper ratio for energy-efficient
NHj recovery is technically feasible in the combination of superior
pore adsorption and stronger charge transfer at high percolation
network between nano-sized AC electrodes and sheet-like graphene, as
illustrated by SEM survey in Fig. S2e. While real wastewater treatment
involves challenges such as co-ion competition, fluctuating adsorption,
and organic interference, as shown in Fig. 9, this study has established a
clear material design strategy by adjusting the ratio of mixed AC and
graphene for NHj recovery. It concludes that the FCDI with AC-
graphene is scalable and has potential to reach the energy-efficient re-
covery of NHJ at cost-effective operation for wastewater treatment.

4. Conclusions

The FCDI system with graphene-AC electrodes demonstrates effec-
tive NH4 recovery in high energy efficiency at optimized graphene/
nano-sized AC ratio. The addition of graphene to AC electrode en-
hances electrical conductivity and facilitates rapid NH4 ion transport.
With 1.5 % graphene, increasing the ACyop amount to 10 % further
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improves NHZ adsorption rate and specific capacitance mostly. At such a
condition, more active sites from external surface area are available for
stable and efficient NHj adsorption. The optimal AC-graphene ratio
achieves an ammonium concentrating factor exceeding 10x within 5 h
(i.e., recycled NH} concentration is around 1023 mg-NHj /L) and min-
imizes resistive losses and improves ion transfer, with low energy de-
mand for approximately 1.87 kWh/kg-NHj. In addition, energy-
efficient NHJ recovery from low-concentration wastewater by FCDI
using graphene/nano-sized AC electrode is feasible for practical appli-
cations. It is concluded that the energy-efficient manipulation of FCDI
can be achieved by controlling optimized AC-to-graphene ratio of
electrodes to concentrate NH from the effluent of municipal WWTP.
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