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H I G H L I G H T S

• Differential capacitance of ACwas eluci-
dated through pH-dependent voltamm-
etry.

• The adsorption of NH4
+ was character-

ized by a multi-layer isotherm.
• Pyrolysis temperature increased the ac-
tivation energy and heat of electro-
sorption.

• Ammonium electrosorption was exo-
thermic and mass transfer limiting.
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An electrodemade of loofah sponge derived activated carbon supported on nickel foam (AC/Ni) was successfully
fabricated and used to remove ammonium ion (NH4

+) from aqueous solution. A multilayer adsorption isotherm
was used to describe ammonium electro-sorption on AC/Ni electrodes at different temperature, initial NH4

+ con-
centration, and electrical field. The cyclic voltammetry (CV) results suggested that the electrical capacitance of
AC/Ni electrodes, with the AC being prepared without preheating (OAC) or with low temperature heating
(i.e., 300 AC),were higher than those prepared at high preheating temperature (i.e., 400 AC and 500 AC). Increas-
ing the electro-sorption temperature from 10 to 50 °C decreased themonolayer NH4

+ adsorption capacity from 5
to ca. 2–3mg-N g−1, respectively. Background electrolyte, namely, sodium sulfate, exhibited significant compet-
itive effect on the adsorption of ammonium ion at sodium ion concentration N 10−2M. The activation energy and
heat of adsorption were 9–23.2 kJ mol−1 and−3.7–−10.7 kJmol−1, respectively, indicating a physisorption and
exothermic adsorption characteristics. Based on the kinetics and thermodynamics analysis, there was slight in-
crease in the activation energy with elevating preheating temperature, which increased the quantity of micro-
pores and surface heterogeneity of the AC materials. Overall, results clearly demonstrated that carbon pyrolysis
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played a role on the capacitive charging behaviors of electrodes and the efficiency of NH4
+ electro-sorption on the

AC/Ni electrodes.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Industrial nitrogenous organic compounds are major sources of am-
monium (NH4

+) and nitrate (NO3
−) in natural waters (Karri et al., 2018;

Wells et al., 2018). NH4
+ is an essential micro-nutrient for eutrophication

in lakes, rivers, estuaries, and reservoirs (Stüeken et al., 2016). High level
of nitrogen compounds in natural waters can be ecological health hazard
(Zhang et al., 2018a). Current methods for the control of ammonium in
waters include struvite precipitation, ion exchange, adsorption, filtration,
osmosis, and biological treatment. Co-precipitation of ammonium and
phosphate driven by the supersaturation of struvite cannot be specific
process for ammonium removal (Zeng et al., 2018). Ion exchange resins
have relatively low surface area and porosity, while the capacity of elec-
trostatic adsorption is dependent on the cation exchange capacity (CEC)
(Park et al., 2011). Adsorption involves the accumulation of solute mole-
cules at an interface, in which, generally, the double-layer capacitance is
pH-depending (Huang et al., 2018). The reverse osmosis membrane has
severe technical challenges including fouling and high energy cost
(Iskander et al., 2018). The well-known Anammox® is effective in
treating wastewaters involving the bacterial phylum Planctomycetes;
whereas biological process needs large land area and long process time
compared to chemicalmethods (Yao et al., 2018). Since NH4

+has the low-
est nitrogen oxidation state, it can be directly oxidized electrochemically
over some active metallic and metal oxide electrodes, such as Pt,
NiOOH, and PbO2 (Ribeiro et al., 2017; Shih et al., 2017, 2018; Kim et al.,
2018); or indirectly mineralized by electrochemically produced chlorine
from the oxidation of chloride ion over Ti/IrO2, RuO2, and boron-dopeddi-
amond (BDD) electrodes, which normally have higher oxygen evolution
potential than that of chlorine production (Kapałka et al., 2010a, 2010b;
Zhang et al., 2018b). However, direct electrochemical oxidation has low
nitrogengas selectivity (Bunce andBejan, 2011), and indirect chlorination
potentially creates toxic chlorinated byproducts (Pérez et al., 2012). Am-
monium has a much lower drinking water limit of 0.5 mg-N L−1 com-
pared to that of nitrate (50 mg-N L−1) (The Council of the European
Union, 1998). Ammonium and nitrate are ubiquitous in surface and
groundwater (The Council of the European Union, 2000). Alternative to
electrochemical oxidation of ammonium is electro-sorption. The adsorp-
tion processes, which normally apply carbon based materials (Moradi,
2016; Mia et al., 2017) and minerals (mainly silicates) (Zhao et al.,
2010; Buragohain et al., 2013), as adsorbents ofNH4

+, required long reten-
tion time and large space to accommodate the treatment column/reactor,
as well as strong acid or base for regeneration of the spent adsorbent. By
contrast, electro-sorption has several merits, such as no secondary pollu-
tion from spent adsorbent, free of acid/base addition, robustness, and easy
regeneration by inversing the electrode polarity (Ahmed and Tewari,
2018). During non-faradaic charging of the double-layer structure at the
electrode surfaces, one can recover ions at a potential lower than that of
standard redox electro-motive force (EMF) (Oladunni et al., 2018;
Zhang et al., 2018c).

Capacitive deionization (CDI) has been suggested as a desalination
strategy with respective to conventional ion separation processes such
as reverse osmosis and ion-exchange (Porada et al., 2013; Zornitta and
Ruotolo, 2018). The specific surface area, pore size and distribution, and
electrical double-layer capacitance of the electrode are keys to ion re-
moval efficiency by the CDI process (Ratajczak et al., 2019). Surface mod-
ification of electrodes during non-faradaic charging over ideal polarizable
electrode (IPE) plays a critical role in ion storage capacity (Ortiz-Bustos
et al., 2017). The principle of electro-capillarity states that the differential
capacity is minimum at the electrocapillarity maximum (ECM) of the
electrode (Anderson et al., 2010; Wu et al., 2016), at which the net

electrode surface charge is zero. As the electrode is polarized, the excess
charge so formed enhances the adsorption of counter ions within the
electrical double layer. Carbon-based materials are ideal for CDI applica-
tions mostly due to high specific surface area in addition to the presence
of multi-functional groups on the surface, which contribute to extra elec-
trical capacitance resulted from the potential determining ions (pdi) such
as proton (H+) and hydroxide (OH−) (Hemmatifar et al., 2017).Most hy-
drous solids, includingmetal oxides and hydroxides, exhibit intrinsic sur-
face acidity; i.e., the surface acts as a reversible electrode on which the
predominance of H+ and OH– (potential determining ions) in bulk solu-
tion render the surface positively and negatively charged, respectively
(Stumm et al., 1970; Huang, 1976; Corapcioglu and Huang, 1987). Until
now, the differential capacitance of an electrode-aqueous solution system
has not been fully described. According to Stummet al. (1970) andHuang
(1976), the capacitance of a charging surface can be establishedby change
of the concentration (or activity to be exact) of potential determining ions
(pdi), i.e., a reversible electrode (Stumm et al., 1970; Huang, 1976;
Corapcioglu and Huang, 1987) and the directly applied electrical field
(orDCvoltage), i.e., a polarizable electrode (Zebardast et al., 2014). Recent
studies on capacitive deionization (CDI) tend to focus only on electrode
polarization as the major origin of surface charge, which contributes to
the capacitance. Furthermore, the performance of CDI system is mostly
assessed by the change of conductivity in the system, which provides
no information on the adsorption characteristics of both the cations,
e.g., Na+, Ca2+, and the anions, e.g., Cl− and SO4

2−(Agartan et al., 2019;
Bales et al., 2019). The electro-sorption density of specific ions in the pres-
ence of an electrical field at specific pH is seldom studied. This work stud-
ies the effect of pyrolysis condition on the surface chemistry of hydrous
carbon electrodes and its influence on the adsorption characteristics of
ammonium ion, in terms of polarizable and reversible electrode charging
processes.

Porous carbon materials, including conventional activated carbons
(AC) and contemporary nano-textured carbons such as carbon nanotubes
(CNTs), nanofibers, aerogels, and graphene (Zornitta et al., 2016) have
found applications in the preparation of CDI electrodes. High carbon con-
tent and low mineral matter or residues are ideal attributes for the pro-
duction of ACs; but notably, agricultural byproducts are cheaper than
petrochemicals precursors (Yahya et al., 2015; Elmouwahidi et al.,
2018). A vegetable sponge (dried loofah) was used to synthesize acti-
vated carbon under various pyrolysis conditions as to study the effect of
temperature on the electrochemical properties and its effect on the
electro-sorption of ammonium ions (NH4

+). Our preliminary results indi-
cated that the ash content of dried loofah was b1 wt%, lower than that of
known agricultural wastes, which will yield higher carbon purity
(Ioannidou and Zabaniotou, 2007; Yahya et al., 2015) (Table S1). Note
that the dried loofahwas not used as a precursor for AC electrodes; rather,
it was used to prepare a composite electrode by coating the loofah-
derived AC onto nickel foam (AC/Ni). The surface property of AC, as well
as the differential capacitance in relation to NH4

+ sorption capacity, was
established. The thermodynamics and kinetics of NH4

+ removal by AC/Ni
electrodes were studied thoroughly as to gain insight into the electrical
double layer structure and its effect on the mode and rate of ammonium
removal.

2. Materials and methods

2.1. Chemicals

All reagents were of analytical grade and used without purification.
Zinc chloride (ZnCl2) was purchased from Sigma-Aldrich Co., USA.
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Stock ammonium solution was prepared with ammonium sulfate,
(NH4)2SO4, (J.T. Baker, USA). Sodium sulfate (Na2SO4, Sigma-Aldrich
Co., USA) was used as supporting electrolyte. Solution pH was adjusted
to specific valuewith sodiumhydroxide (NaOH,MerckKGaA,Germany)
and sulfuric acid (H2SO4, 95%, Sigma-Aldrich Co., USA). Chemicals used
for the analysis of ammonium ion were: (1) sodium hypochlorite
(NaClO), (2) sodium phenolate (NaOC6H5•3H2O), and (3) sodium
nitroprusside (Na2[Fe(CN)5NO]). Sodium phenolate and sodium hypo-
chlorite were purchased from Sigma-Aldrich Co., USA. Sodium nitro-
prusside was provided by Riedel-deHaën AG, Germany. Deionized
water, purified with a laboratory-grade RO-ultrapure water system (re-
sistivity N18.18 MΩ cm), was used to prepared all solutions. The loofah
sponge was a dried ripened fruit of Luffa cylindrica. The nickel foam
(sheet thickness = 2 mm, area density ~250 g/m2, mesh number =
94±10 openings per linear inch), purchased from InnovationMaterials
Co., Ltd., Taiwan, was used as the porous substrate to immobilize the AC
samples.

2.2. Experimental procedure

To synthesize the activated carbon (AC), a fibrous cushion of loofah
sponge was cut into pieces of 2 cm × 2 cm in size. Before activation,
the biochar was obtained first by heating (i.e. carbonization at a rate
of 5 °C/min) the dried raw loofah under N2 atmosphere at 300, 400,
and 500 °C, respectively for 2 h. The biochar products, designated as
300C, 400C, and 500C, individually, were ground to b100 mesh (74
μm)before further treatment. To activate the carbon, raworiginal loofah
and biochar 300C, 400C and 500C were thoroughly mixed with ZnCl2 at
a mass ratio of 4:1 (ZnCl2 to C). The mixture became sticky after drying
at 110 °C to remove the water solvent andwas then transferred to a tu-
bular furnace to start the pyrolysis under N2 atmosphere at 800 °C
(heating rate = 5 °C/min, 2 h). The resulted AC samples were denoted
as OAC, 300 AC, 400 AC, and 500 AC, respectively. (Note that OAC was
prepared directly from dried raw loofahwithout preheating to biochar.)
To remove the residual activating agent, i.e. ZnCl2, AC samples were
washed in 0.5 M HCl then deionized water several times until the pH
of the rinse reached around 7.

The AC slurry was prepared by mixing a given amount of AC with
poly(vinylidene fluoride) (PVDF) as binder (~5 wt%), N-Methyl-2-
pyrrolidone (NMP) (Sigma-Aldrich Co., USA) as solvent, and then the
mixture was uniformly spread onto the nickel foam with a painter
brush (Fig. 1a), denoted as AC/Ni. Prior to all experiments, the AC/Ni
electrode was soaked in 0.5 M NaOH overnight to increase the hydro-
philicity. A Ti/IrO2 cylinder, 5 cm in diameter with a working geometric
area of ~80 cm2, was positioned at an average electrode-to-electrode
distance of 0.5 cm and used as the counter electrode. Electrochemical
experiments were carried out using a potentostat (CHI611C, CH Instru-
ments, Inc., USA) equipped with a reference electrode of Hg/HgO/1 M
NaOH (E0 = 0.14 V vs. NHE) (RE-61AP, ALS Co. Ltd., JAPAN).

Thedifferential capacitance of the electrode, C (F),was calculated from
the voltammetry measurements according to the following equation:

C ≡
dσ

dE
¼

Idt

dE
¼

I

v
ð1Þ

whereσ is the surface charge density (Cm−2) and E is the polarizable po-
tential (V). By definition, charge is the product of current (I, A) and time
(t, sec), and v = dE/dt is the voltage scan rate (V s−1). For inert 1:1 elec-
trolyte, the capacitance from positive (Cc) and negative (Ca) sweepswere
ideally symmetric, that is, Cc will be equal but opposite in sign to Ca at
EMC (Epzc), namely,

Ca ¼
dσþ

dE

Cc ¼
dσ−

dE
at E ¼ Epzc;Ca ¼ −Cc

ð2Þ

where σ+ and σ− are the surface excess (or charge) due to the accumu-
lation of the positively and the negatively charged species, respectively.
For a reversible surface, the surface potential,Ψo, is related to pH accord-
ing to the Nernst equation (Stumm et al., 1970; Huang, 1976), i.e.,

Ψ0 ¼ −
2:303RT

nF
pH−pHpzc

� �

¼ −0:05915� pH−pHpzc

� �

� @T ¼ 20∘Cð Þ ð3Þ

200 nm200 nm500 nm

100 m50 m

(b) (c)

(d) (e) (f)

100 m

(a)

Fig. 1. SEM observation of (a) Ni foam, (b) OAC/Ni electrode, (c) the loofah sponge, and (d) biochar heated under 500 °C (500C), (e) OAC, (f) 500 AC.
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where R (8.314 J mol−1 K−1) is the gas law constant and T is the absolute
temperature (K). The differential capacitance of a reversible electrode,
CpH, is:

CpH ¼
dσ

pH
0

dΨ0
¼

dσ
pH
0

dpH

dpH

dΨ0
¼ −16:9

dσ
pH
0

dpH
ð4Þ

The observed total capacitance, C, is resulted from two capacitors in
parallel, one of reversible (CpH) and the other of polarizable (CE). At
pHpzc (σ0

pH is zero) and Epzc, (or electrocapillarity maximum, ECM) the
differential capacitance, C, is at its minimum; so are CE and CpH. With
reference to Eq. (4), the total differential capacitance is: (Supporting
data).

C ¼
dσ0

dE
¼

dσE
0

dE
þ
dσpH

0

dE
¼

dσE
0

dE
−16:9

dσpH
0

dpH
¼ CE þ CpH ð5Þ

The main idea of integration of capacitances from a polarizable and
reversible surface is depicted in Fig. S1.

Cyclic voltammetry experiments were conducted by scanning the
potential at specific pH value, starting initially from 0 and in the range
of −0.4 V to +0.6 V, where no faradic reduction occurred. The current
profile was taken after the 4th to 5th runs of CV scanning, when signals
became reproducible (Fig. S2).

Batch ammonium electro-sorption experiments were conducted at
an initial ammonium concentration of 50 mg-N L−1 (or 3.57 × 10−3

M) at−1.0 V (vs. Hg/HgO) for 80min and then turning theworking po-
tential to +0.1 V for 40 min for desorption, both at temperature of
10–50 °C. Note that the initial pH of the (NH4)2SO4 solution, in the
range of 20–500 mg-N L−1 (or 3.5 × 10−3

–3.57 × 10−2 M) was ca.
6.12–5.42, which remained relatively constant throughout the entire
ammonium electro-sorption run. That is, loss of ammonium nitrogen
through ammonia volatilization was highly unlikely.

2.3. Chemical analyses

A flow injection analyzer (FIA, Lachat's Quik Chem 8500 Series 2,
USA) based on the Berthelot reaction was used to analyze the concen-
tration of aqueous NH4

+. The indophenolmethod (at 630 nm)was a cat-
alytic reaction among phenolate, hypochlorite, and ammonia, with
nitroprusside as the catalyst; the detection limit was 0.2 μg L−1 for
NH4

+-N.

2.4. Surface characterization

A scanning electron microscopy (SEM, JSM-6700F, JEOL Ltd., Japan)
was used to characterize the micro-morphology of the electrodes. X-
ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Physical
Electronics, Inc., USA) with a monochromatic Al Kα X-ray source
(1487 eV)was used to characterize the chemical state of AC. A zetasizer
(Malvern Nano ZS MRK 791-02, UK) was used to determine the surface
potential of AC as a function of pH.

3. Results and discussion

3.1. Property of activated carbon

The nickel substrate is a metallic foamwith 3D open pores mainly of
pentagonal shape and 250 μm in size, which is well intercalatedwith AC
particles (Fig. 1a and b). The carbonized char of dried loofah sponge has
a fiber texture of ~100 μm in diameter (Fig. 1c). In order to ensurework-
ability of carbon slurry (which was made of char/AC, PVDF, and solvent
NMP) in uniformly filling the pores of the nickel substrate, the pyro-
lyzed ACwas finely ground and sieved to under 100 μmbefore being in-
corporated onto theNi foam. After activationwith ZnCl2, a large number
of macro-size cavities were created over the smooth surface of

carbonized char (500C, Fig. 1d); whereas increasing the carbonization
temperature decreased the size of micropores as indicated by the mor-
phological change between OAC (Fig. 1e) and 500AC (Fig. 1f).

Fig. 2 presents the XPS spectra of pyrolyzed char and activated car-
bon in terms of C 1 s and O 1 s atomic orbitals. Table 1 lists the corre-
sponding band position and the percentage of surface functional
groups. A general carbon based material has C 1 s peak deconvoluted
into four peaks representing aromatic C\\C/C\\H (284.81–285.03 eV,
C1), aromatic C\\O (286.42–286.73 eV, C2), ketone C_O
(287.81–288.03 eV, C3) and carboxylic COO (288.60–289.55 eV, C4)
(Singh et al., 2014). For carbonized loofah samples, aromatic com-
pounds were the major C groups, which were similar to that of carbon
black (Cheng et al., 2006). Meanwhile, the intensified signal of aromatic
ring with increasing carbonization temperature suggested that the pre-
cursor, treated at high temperature (as biochar) to form into AC, pro-
nounced crystallized graphitic structure after activation. In the O 1 s
region, the peaks were corresponding to binding energy of 533.2,
531.5, 529.8, 532.4, and 534.5 eV for carbonyl groups in ether (O1), am-
ides and anhydrides (O2), hydroxyl oxygen (O3), esters (O4), and
chemisorbed water (O5), respectively (Chiang et al., 2011). Compared
to carbonized char (300C\\500C), the appearance of C_O (C3) and
COO (C4) groups of C 1 s bands after activation (OAC-500AC, Table 1)
wasmainly contributed to the formation of oxygen-containing aromatic
functionalities. Further, the increase in O_C (O2) and O_C\\O (O4)
bands is evident of the presence of quinone and carboxyl groups,
respectively, which implied oxidized AC surface upon increasing activa-
tion temperature. Also, the reversible transition of quinone-
hydroquinone (Q + 2e− + 2H+ = QH2) has been suggested to give
rise of the pseudo-capacitance during the charging/discharging cycle
(Golub et al., 1987). In other words, AC prepared at higher temperature
exhibited greater charging current, possibly originated from the faradaic
reaction of Q/QH2 redox (Pandi et al., 2016). Furthermore, for AC pre-
pared under higher temperature a greater portion of charging current
may originate from the faradaic reaction of Q/QH2 redox (Pandi et al.,
2016).

3.2. Electrochemical analysis of AC/Ni electrodes

Cyclic voltammetry (CV) was used to assess the electrochemical be-
havior of theNi foam-based carbon electrodeswithin the potential win-
dow of −0.4 and + 0.6 V (pH 2–10, 0.1 M Na2SO4) as shown in Fig. 3.
The symmetrical voltage-current profile, with respect to voltage sweep-
ing in the anodic and cathodic direction, was brought by the capacitive
charging of sulfate and sodium ions, respectively. In other words, the
magnitude of current response from the non-faradaic charging was de-
pendent on the capacitance of the electrode. Compared to AC (Fig. 3a
and b), the carbonized char of loofah (500C/Ni, Fig. 3c) had a much
lower capacitive current. Note that faradaic peaks appeared only for car-
bonized samples, i.e. biochar, at low pH. A reversible couple such as car-
boxylic or hydroquinone groupsmight emerge on the biochar surface at
acidic pH. Redox reaction occurred on the surface functional groups
could give rise to the pseudocapacitance of the carbon electrode. Chen
et al. (2013) and Xu et al. (2015) also reported that under acidic condi-
tion, the functional groups, such as carboxylic or quinone, were respon-
sible for the pseudocapacitance, which became pronounced on the
carbon surface without the interference of electrical-double-layer
charging current.

According to Eq. (1), the differential capacitance can be obtained by
plotting the anodic (Ia) and cathodic (Ic) current versus scan rate (note
that the current was extracted from Fig. 3) at given E. As mentioned
above, the surface charge of ametal oxide/AC electrode in aqueous solu-
tion has two origins: (a) changing the electrodepotential (polarization),
and (2) changing the pH of the aqueous solution, i.e., reversible hydrous
surface (Stumm et al., 1970; Huang, 1976; McCafferty, 2010). The iso-
electric point or point of zero charge (pHpzc) is the pH at which the
sum of surface proton excess is equal to that of the surface proton
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deficient. The potential of zero charge (Epzc) is the electrocapillarymax-
imumatwhich the surface excess of cations is equal to that of the anions
(Stumm et al., 1970; Huang, 1976). Fig.S3 shows the zeta-potential of
biochar andAC samples as a function of pH in the presence of KCl at con-
centration 10−3

–10−1 M. Result showed a pHpzc of around pH 2–3 for
500 AC (Fig. S3a). The low pHpzc is indicative of abundant oxygen-
containing groups on biochar and AC surfaces as revealed by XPS analy-
sis (a typical L-type AC, Yahya et al., 2015). Carbonization (500C) and
activation without and with preheating (OAC and 500AC) did not alter
the zeta potential as a function of pH (Fig. S3b).

The Ca and -Cc valuewere obtained from the C-V curve at various pH
values (exemplified by OAC/Ni electrode in Fig. 4a which shows the dif-
ferential capacity as a function of applied voltage at different pH values).
It is clear that the minimum differential capacitance, Cpzc, occurred at
Epzc. Table S2 lists the minimum differential capacitance as a function
of pH. The Cpzc for charging in 0.1 M Na2SO4 electrolyte, followed the
order 300 AC (118–133 F g−1) N OAC (102–128 F g−1) N 400 AC
(78–91F g−1) N 500 AC (70–85 F g−1) ≫ 500C (3.7–4.0 F g−1). Fig. 4b
is a plot of the minimum differential capacitance, Cpzc, as a function of
pH for all carbon electrodes studied, indicated that the pHpzc was

around 4.0; whereas the pHpzc of biochar (500C) and activated carbon
(OAC and 500AC) were in the range of 2–3 from zeta-potential mea-
surements in the absence externally applied voltage (Fig. S3). Intuitively
an externally applied voltage will alter the pHpzc of the electrode. Shih
et al. (2015, 2017) reported minimum Czpc at pHpzc 5 and 9 for the Pt/
graphite and the PbO2 electrodes, respectively. Since results of zeta-
potential measurements indicated that the carbon surface was nega-
tively charged over a wide pH range, the Cpzc value remained relatively
constant.

3.3. Batch electro-sorption of ammonium ions

Fig. 5a shows the effect of supporting electrolyte (Na2SO4) on NH4
+

removal by the 500AC/Ni electrode as a function of time. Results show
that NH4

+ concentration decreased continuously during electrode
charging at−1.0 V (vs. Hg/HgO) and approached the steady state con-
dition in 80 min. High percentage of NH4

+ uptake onto OAC/Ni was re-
leased to the solution when reversing the potential to +0.1 V (vs. Hg/
HgO). The extent of desorption reached N90% quickly in 40min. The ad-
sorption/desorption profile at an initial ammonium concentration of
50mg-N L−1 (~3.5mM) suggested an obvious competitive charging be-
tween NH4

+ and Na+ when Na2SO4 concentration was up to 10−2 M
(Fig. 5a).

In order to establish the electro-ammonium adsorption isotherms, a
series of adsorption experiments were run at different initial NH4

+ con-
centrations, e.g., 20–500mg-N L−1 (Fig. 5b). The adsorption capacity as
a function of equilibrium ammonium concentration was analyzed with
variousmodels, includingmonolayer Langmuir, multilayered Langmuir,
and the Fruendlich adsorption isotherms (Fig. S4 and Table S3). Results
showed either the monolayer or the multilayer Langmuir adsorption
isotherms fitted the adsorption data better than that of the Fruendlich
as evidenced of larger R2 value (Table S3). It is no surprising that
multi-layer adsorptionwill play a role in ammonium adsorption consid-
ering the heterogeneity nature of the biochar surface (Sing et al., 1985;
Chakraborty and Sun, 2014; Muttakin et al., 2018). The type II adsorp-
tion curve better describes NH4

+ adsorption than that of type I as the
concentration of supporting electrolyte (Na2SO4) increases. (Note: Ac-
cording to IUPAC, adsorption isotherm has four major classifications in-
cluding type I, [Monolayer Langmuir], type II [multilayer Langmuir],
type III [high affinity], and type IV [capillary condensation] classes
(Sing et al., 1985; Chakraborty and Sun, 2014; Muttakin et al., 2018)).

Furthermore, electrical charging of the carbon surface can create
sites of different adsorption energy. Since electro-sorption is typically
diffusion-controlled (Garland et al., 2002), NH4

+
fills up the external sur-

face andmeso-pore first, and then penetrates deeper intomicro-pore at
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Fig. 2. XPS analysis of pyrolyzed biochar (300C, 400C, 500C), and activated carbon (OAC, 300 AC, 400 AC, 500 AC) in terms of C 1 s and O 1 s (C 1 s contains groups of C\\C/C\\H (C1),
aromatic C\\O (C2), ketone C_O (C3) and carboxylic COO (C4), respectively; O 1 s present as oxygen in carbonyl groups of ether (O1), amides and anhydrides (O2), hydroxyl oxygen
(O3), esters (O4), and chemisorbed water (O5), respectively).

Table 1

XPS analysis of biochars and ACs/Ni electrodes.

Band C 1 s

C1 C2 C3 C4

eV 284.5 286.3 287.5 289
Samples C\\C, C\\H C\\O C_O COO
300C (%) 42 57 – –

400C (%) 76 23 – –

500C (%) 85 14 – –

OAC (%) 39 38 13 8
300AC (%) 49 21 14 14
400AC (%) 67 8 18 7
500AC (%) 75 12 6 6

Band O 1 s

O1 O2 O3 O4 O5

eV 533.2 531.5 529.8 532.4 534.5
Samples O\\C O_C \\OH O_C\\O H2O
300C (%) 100 – – – –

400C (%) 39 60 – – –

500C (%) 38 61 – – –

OAC (%) 49 7 – 23 18
300AC (%) 24 16 – 26 33
400AC (%) 25 23 5 45 –

500AC (%) 33 24 6 36 –
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higher concentrations. Considering a multilayer adsorption, the cover-
age of total adsorbate (θ) in subsequent layers should be (Wang et al.,
1998):

θ ¼
K1Ce

1−K2Ceð Þ 1þ K1−K2ð ÞCe½ �
ð6aÞ

or in terms of adsorption capacity, Qe,

Q e ¼
K1CeQ1

1−K2Ceð Þ 1þ K1−K2ð ÞCe½ �
ð6bÞ

where Ce = equilibrium NH4
+-N concentration (mg L−1), Qe = equilib-

rium NH4
+ adsorption density (mg-N g−1), K1 = equilibrium constant

for the first layer adsorption (L mg−1), K2 = equilibrium constant for
multilayer adsorption (Lmg−1), and Q1=surface site density of mono-
layer adsorption (mg-N g−1) for NH4

+-N. When the first layer adsorp-
tion is more predominated, i.e. K2 being negligible and Eq. (6a) and
(6b) resumes the conventional (monolayer) Langmuir equation
(i.e., K1 = KL and Q1 = Qm, monolayer capacity). Table S3 summarizes
the parameters obtained from fitting the Qe versus Ce data (Fig. 5b)

according to Eq. (6a) and (6b). Both K1 and K2 increasedwith increasing
Na2SO4 concentration; whereas the monolayer capacity (Q1) decreased
significantly (from 4.5 mg-N g−1 to 0.83 mg-N g−1 when Na2SO4 con-
centration increased from 10−3 M to 10−1 M Na2SO4). Results showed
that the electrical double layer was compressed at high supporting elec-
trolyte concentration as expected, which facilitated NH4

+ and Na+ ad-
sorption onto the negatively charged AC electrode, hereby increased
the adsorption constant (or energy) (Sun et al., 2018). However, Na+

competition decreased NH4
+ adsorption capacity. In a CDI system, the

valence and hydrated radii of ions determine not only the removal effi-
ciency (selectivity), but also the electrical double layer structure (specif-
ically, the thickness of diffuse layer), the specific chemical adsorption of
ions (surface complexation), and the capacity for different potential-
determining species (Choi et al., 2019). In addition to the effect of
supporting electrolyte concentration on the removal of NH4

+, because
electro-sorption is performed with a potential drop between the pair
of electrodes, the selectivity of NH4

+ shall be thoroughly studied to
gain insight into the effect of co-ions and themolar ratio of anion to cat-
ion species in future investigation.

Adsorption/desorption experiments were investigated at different
temperature to demonstrate the kinetics of NH4

+ electro-sorption. As
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shown in Fig. S5, the NH4
+ adsorption capacity as a function of time over

four Ni foam-based electrodes: OAC, 300 AC, 400 AC, and 500 AC. NH4
+

adsorption capacity (mg-N g−1) increased at −1.0 V (vs. Hg/HgO) in
80min, and at least N80% NH4

+ adsorbed on the electrodewas desorbed
to the solution by reversing the polarity to +0.1 V (vs. Hg/HgO) in
40 min. Both electro-sorption and desorption were modeled according
to the following general rate law (Eq. (7)),

dQ t

dt
¼ k1 Q e−Q tð Þn ð7Þ

where Qt and Ct denote the adsorption capacity (mg-N g−1) and con-
centration (mg L−1) of NH4

+-N at time t, respectively. The adsorption ca-
pacity was calculated by the following equation:

Q t ¼
C0−Ctð Þ � V

m
ð8Þ

where V is reaction volume (L) andm is mass of AC on the Ni foam sup-
port (g). Results of preliminary runs showed high degree of reproduc-
ibility (Fig. S6). Unless otherwise mentioned, all ammonium sorption
data were averages of triplicate. For n = 1, the adsorption kinetics fol-
lows the pseudo-first-order rate expression, which has been generally
applied in the study of adsorption and CDI processes (Gaikwad and
Balomajumder, 2017; Bharath et al., 2017; Li et al., 2018; Zornitta and
Ruotolo, 2018), and the capacity profile is a time function, i.e.,

Q t ¼ Q e 1−e−k1t
� �

ð9Þ

For desorption:

Q t ¼ Q e þ Qe;des−Q e

� �

e−k1;dest ð10Þ

where k1 and k1,des are the adsorption and desorption rate constants, re-
spectively; Qe,des is the equilibrium capacity of NH4

+ at desorption. The
rate constants derived from fitting electro-sorption date with Eq. (9)
and Eq. (10) are shown in Fig. 6a and b, respectively. A linear regression
of ln k versus 1/T generates the slope (−Ea/R) and intercept (lnA), from
which the activation energy, Ea (J mol−1) (gas constant R =
8.314 J K−1mol−1) and the collision frequency, A (min−1), respectively,
can be calculated according to the Arrhenius equation:

lnk1 ¼ lnA−
Ea
R

1
T

� �

ð11Þ

Results showed that the sorption/desorption rate was higher at
higher temperature due to the mass transfer-limiting nature of the am-
monium electro-sorption process. The diffusion coefficient of ions in-
creases with increase in temperature (Sharma et al., 2013). The
magnitude of activation energy determines the rate-limiting step of ad-
sorption as physical (or mass transport) or surface (or chemical) reac-
tion. High activation energy implies temperature-sensitive reaction
(Sandeep et al., 2017; Mowla et al., 2019). If the activation energy is rel-
atively low, e.g., between 5 and 40 kJ mol−1, mass transport step would
control the adsorption process. An increase in Ea value with increasing
preheating temperature (as shown in Fig. 6c) implies that the mecha-
nism of NH4

+ sorption among all AC electrodes, Ea being in the range
of 9 to 23.2 kJmol−1 for adsorption and 10.8 to 19.8 kJmol−1 for desorp-
tion, belonged to physisorption and mass transport controlled reaction.
(Collision frequenciesA are provided in Table S4.) Our resultswere close
to that of NaCl removal using typical desalination system reported in the
literature. For example, Mossad and Zou (2013) and Wimalasiri et al.
(2015) reported an activation energy of 6.67 and 12.36 kJ mol−1 on
AC and graphene electrode, respectively. For a capacitive deionization
process, the rate of ion capture was strongly dependent on the effective
diffusion of counter ions toward the charged porous structures. The low
activation energy might be attributed to the greater mesoporosity that
resulted in higher capacitance for OAC and 300 AC according to C-V re-
sults (Fig. 4). (Note: The BET specific surface area of OAC and 300AC
were around 1500 m2 g−1 versus b 1000 m2 g−1 of 500AC.) Moreover,
at the initial NH4

+-N concentration of 50mg L−1, the adsorption capacity
(Qe) decreased with increase in temperature for all electrodes, which
suggested that the carbon surface became less accessible to NH4

+ for
sorption at higher temperature (Fig. 6d). Temperature can influence
the sorption capacity of a carbon electrode through its electrical double
layer structure. The diffuse layer thickness (Debye length, κ−1), accord-

ing to the Debye-Huckel approximation is:κ−1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðεwkBTÞ=ðΣn0
i zie

2Þ
q

,

in which n is number of ion per unit volume, z is charge, εw is relative
dielectric constant of water, kB is Boltzmann constant, and T is temper-
ature (AlMarzooqi et al., 2014). Increase in T increases the thickness of
diffuse layer (κ−1), which in turn decreases differential capacitance ac-
cording to the following temperature dependent integral capacitance:

Cint ¼ −σd=ψd ¼ κε ð12Þ

Fig. S7 shows the effect of temperature on electro-sorption iso-
therms of NH4

+ over four electrodes tested. It appeared that higher tem-
perature exhibited multilayer adsorption isotherms. Fig. S8 shows K1

and K2 as a function of temperature fitted the adsorption datawithmul-
tilayer Langmuir adsorption model (Eq. (6a) and (6b)). Results showed
an increase in K2with increasing temperature for all electrodes, indicat-
ing multi-layer adsorption. As temperature decreased, adsorption be-
came monolayer type (i.e., Eq. (6a) and (6b) became a monolayer
Langmuir adsorption isotherm) and K2 became relatively insignificant
with respect to K1. In other words, the accumulation of ammonium
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became multilayer as temperature elevated. This has prompted the hy-
pothesis that the second layer accumulation is resulted from surface
heterogeneity in equilibrium with high concentration of NH4

+. That is,
the difference in charging rate between meso- and micro-pores be-
comes significant with elevating temperature. The monolayer capacity,
Qm (according to the multilayer adsorption model, Eq. (6a) and (6b))
was adversely proportional to temperature (Fig. 7a). From 10 to 50 °C,
the monolayer NH4

+ adsorption capacity decreased from 5 to ca.
2–3 mg-N g−1. The adsorption of NH4

+ on carbon-based materials was
exothermic, that is, increase in temperature did promote adsorption.

Generally, since K1 is one-order of magnitude larger than K2, there-
fore, theGibbs free energy of adsorption (ΔG0) for thefirst layer (mono-
layer) only was calculated.

ΔG0 ¼ −RT lnK1 ð13aÞ

and

−
ΔG0

RT
¼ lnK1 ¼ −

ΔHads

RT
þ
ΔSads
R

ð13bÞ

According to the van't Hoff equation, the Gibbs free energy change is
a function of the enthalpy (ΔHads) and entropy change (ΔSads) of ad-
sorption (Saffarionpour et al., 2019), i.e.,

∂ lnK1

∂ 1=Tð Þ
¼ −

ΔHads

R
ð14Þ

The thermodynamic parameter, ΔHads, can be calculated from the
slope and intercept of the van't Hoff plot (lnK1 versus 1/T, Fig. 7b). The
ΔHads of ammonium adsorption slightly increased with increasing
preheating temperature, but was b20 kJ mol−1 for all AC/Ni electrodes
as shown in Fig. 7c.The typical ΔH0

ads for physio-sorption was in the
range of 2.1–20.9 kJ mol−1, and that of chemisorption was between
80 and 200 kJ mol−1 (Liu and Liu, 2008; Agarry et al., 2015). According

to the results of voltammetry study, the differential capacitancemay de-
crease at higher pyrolysis temperature because of decrease in specific
surface area. Results again clearly indicated the physical nature of am-
monium adsorption, i.e. maximum capacity, did not substantially differ
among OAC and ACs;whereas the activation energy and heat of adsorp-
tion increased. Overall, from the point view of kinetics and thermody-
namics, low activation energy and heat of adsorption favor fast
removal of ammonium ions and subsequent electrode regeneration in
a CDI system. Since the chemical bonding between NH4

+ and AC elec-
trode wasweak, the cationic ammoniumwas able to adsorb and desorb
readily under low electric field (thus low electricity energy) in cathodic
and anodic mode of polarizability, respectively.

4. Conclusion

We have successfully synthesized several carbon materials form an
agricultural byproduct of dried loofah sponge, with and without activa-
tion under different temperature in nitrogen gas. The carbon materials
were supported on metallic Ni foam to prepare electrodes for studying
the capacitive properties during the electrosorption of ammonium in di-
lute aqueous solutions. Cyclic voltammetry was used to analyze the
electrochemical properties of the AC/Ni electrodes in terms of electrical
double layer which charging mechanisms was derived from polariza-
tion (electrocapillarity) and reversible potential determining ions,
namely H+ and OH−. The reversible hydrous carbon surface in addition
to electrode polarization, together, contributed to the total differential
capacitance of the electrode-electrolyte systems. The minimal differen-
tial capacitance of AC/Ni, Cpzc, varied slightly with pH and was around
pH 4, which was close to the pHpzc (=2–3). Since the AC surface was
negatively charged over a wide pH range, the electrical capacitance
was not pH-dependent and remained relatively constant with respect
to pH. Results showed thatwithout preheating orwith low temperature
(300 °C) heating, the AC/Ni electrode exhibited greater differential ca-
pacitance than that heated at higher temperature (400 °C and 500 °C).
Nevertheless, results of batch NH4

+ adsorption did not show significant
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difference among AC materials studied. The activation energy and heat
of NH4

+ adsorption decreased with increasing pyrolytic temperature.
The activation energy (Ea = 9–23.2 kJ mol−1) and heat of adsorption
(-ΔHads = 3.7–10.7 kJ mol−1) of AC, nonetheless, were low, which en-
abled fast adsorption/desorption. Electro-sorption of NH4

+, has several
merits over conventional AC adsorption process. Electro-ammonium,
operated under low gas evolution overpotential, is of low cost and free
of strong acid/base chemicals use during the desorption/regeneration
cycle in conventional adsorption, and has relatively short process
time. Overall, electro-sorption is a promising alternative to conventional
carbon adsorption processes.
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