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a b s t r a c t
Four types of granular activated carbon (GAC), i.e., two coal-based activated carbon (φ = 4 mm, CBAC-4; 
φ = 1.5 mm, CBAC-1.5), coconut shell activated carbon (CSAC), and nut shell activated carbon (NSAC), 
were selected to investigate the effects of their adsorption properties on the degradation of acid red 14 
(AR-14) by using three-dimensional electrode system. The results of Brunauer–Emmett–Teller surface 
area analysis, scanning electron microscopy, and Fourier transform infrared spectroscopy indicated 
that obvious differences in the surface morphologies, textural properties, and surface functional 
groups among them were not observed. Based on the pseudo-second-order and Freundlich model, the 
adsorption velocity and capacity followed the order: NSAC > CSAC ≈ CBAC-4 > CBAC-1.5. According 
to the variation of AR-14, chemical oxygen demand, and total organic carbon concentrations in the 
electro-oxidation processes, the order of the four GACs on AR-14 degradation and removal was 
approximately NSAC > CSAC > CBAC-4 ≈ CBAC-1.5. The increase in hydraulic retention time was 
more beneficial to GACs with higher adsorption property. The GACs with lower adsorption property 
required higher current and energy consumption to obtain the similar efficiency for AR-14 removal. 
Thus, the particle electrodes should be the material with good adsorption capacity toward the target 
pollutants.

Keywords:  Adsorption property; Particle electrode; Granular activated carbon; Electro-chemical 
oxidation; Acid red 14

1. Introduction 

Electro-chemical oxidation is frequently applied in 
biorefractory wastewater treatment due to its prominent 
advantages such as high efficiency, simple operation, and 
environmental friendliness [1]. It is often realized through a 
two-dimensional (2D) electrode system, which is composed 
of couples of anodes and cathodes [2]. The rate of electro-
chemical reaction is dependent on electron transfer rate 
attributed to the heterogeneous electron transfer between 
the solid electrode and the substrate in the solution. Further, 

this rate is directly proportional to the specific surface area of 
the electrode [3]. However, enhancement of the surface area 
cannot be achieved in a conventional 2D electrode system.

The three-dimensional (3D) electrode technology, which 
involves the addition of particle electrodes between the 
anode and cathode, has been attracting significant attention 
due to the extensive specific surface area in comparison with 
2D electrodes [4]. Under the influence of an electric field 
at an appropriate voltage, the particles can be polarized, 
which leads to the formation of charged microelectrodes [5]. 
Therefore, the distance between the substrate and the particle 
electrodes can be shortened, and the mass transfer can be 
increased significantly [3]. The extensive specific surface 
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area of the particle electrodes provides more reactive sites 
to the substrate, resulting in higher electrolytic efficiency [6]. 
Numerous studies have shown that the 3D electrode behaves 
more efficiently for organic degradation compared with the 
2D electrode under the same experimental conditions [4,7–9].

Hitherto, the technology of 3D electrode has been 
successfully applied for the elimination of organic 
pollutants, such as methyl orange [10], C.I. acid orange 
7 [3], polyacrylamide [11], paper mill wastewater [12], 
petroleum refinery wastewater [9], anionic surfactants 
[4], heavy oil refinery wastewater [7], reactive brilliant red 
X-3B [13], phenols [14], rhodamine B [15], and citric acid 
[16]. The studies revealed that the behavior of 3D electrode 
system was affected by the electrode materials (anode, 
cathode, and particle electrode), reactor structure, current/
voltage, pH values, temperature, and initial concentration 
of pollutants [3]. Among these factors, particle electrodes 
play a fundamental role in estimating the performance of the 
entire system. Till now, particle electrodes frequently used 
in electro-chemical oxidation are dominantly carbonaceous 
and metallic (including metal oxide) materials, including 
granular activated carbon (GAC) [3,5,10–12,14], carbon 
aerogel [13], porous ceramsite [7,17], alumina [18], MnOx–
NiOy–PO43– modified kaolin [4], molecule sieve [19], zeolite 
[20], iron particle [9], foam nickel particle [6], and steel slag 
[15]. Selection of appropriate electrode material is a critical 
factor during the design and operation of 3D electro-chemical 
oxidation reactor. However, selection of appropriate particles 
electrodes has not been clearly described in most of the 
studies. Lv et al. [34] compared the removal efficiency of 
phenol from wastewater using GAC, commercial carbon 
particle electrode, and carbon aerogel particles. They found 
that the carbon aerogel achieved the greatest degradation 
efficiency on phenol simulated wastewater and indicated 
that the best performance was attributed to the numerous 
mesopores and micropores and regular structure of the 
carbon aerogel. Although kaolin is a non-conductive material, 
it was also selected to prepare the particle electrodes due to 
its adsorption ability for anionic surfactants. Interestingly, 
they achieved more than 86% removal of surfactant [4]. Li 
et al. [35] employed GAC as particle electrodes for ammonia 
degradation by 3D electrodes, attributed to good ammonia 
adsorption capability of GAC. It is obvious that the most 
particle electrodes can also be used as the adsorbents to 
remove the pollutants present in water or for wastewater 
treatment [21,22]. Adsorption or electro-sorption ability in 
the 3D electro-chemical oxidation is also considered as one of 
the main characteristics of particles electrodes [23]. Till date, 
extensive research efforts have been devoted to the effects of 
particle electrodes on the pollutant removal; however, the 
influences of adsorption properties of particle electrodes on 
the pollutant degradation have rarely been investigated. 

Carbon-based particle electrode, in particular, the 
activated carbon, has been most commonly used in the 3D 
electrode technology; therefore, four types of GACs were 
selected as the particle electrodes to investigate the effects of 
adsorption properties on the electro-oxidation. Acid red 14 
(AR-14) was selected as a model azo dye because of its spread 
use in variety of industries and stable characteristics with 
respect to biochemical oxidation. The surface morphology, 
textural properties, and surface functional groups of the 

GACs were characterized. Four simplified models, including 
pseudo-first-order and pseudo-second-order equations, 
and the Langmuir and Freundlich equations were used to 
describe the adsorption kinetics and isotherm. The common 
factors influencing the 3D electro-oxidation, namely 
hydraulic retention time (HRT), current, and initial pH, 
were investigated to understand their effects on GACs with 
different adsorption properties. 

2. Materials and methods

2.1. Dye material

AR-14 (C20H12N2Na2O7S2, ≥99%) was obtained from 
Beijing Qianmen Chemical Raw Material Co., Ltd., China. It 
was used as received without further purification. 

2.2. Granular activated carbon

Four types of GACs were purchased from Beijing 
Kecheng Guanghua Co., Ltd., China, namely two types 
of coal-based activated carbon (φ = 4 mm, CBAC-4 and 
φ = 1.5 mm, CBAC-1.5), coconut shell activated carbon 
(CSAC; φ = 0.8–2 mm), and nut shell activated carbon (NSAC; 
φ = 0.8–2 mm). All the GACs were washed several times 
using distilled water to remove the impurities and dried at 
100°C prior to the experiments. 

2.3. Adsorption kinetics and isotherm

AR-14 solution (200 mg/L) was prepared using distilled 
water without pH adjustment. In the evaluation of adsorption 
kinetics, GAC (1.000 g) was added to AR-14 solution 
(250 mL). The mixture was stirred at 150 rpm at 25°C for 
40 h in a thermostatic shaker. At specified time intervals, the 
AR-14 concentration of the supernatant was measured. In the 
tests of adsorption isotherms, GAC (1.000 g) was mixed with 
AR-14 solution (100 mL) with different concentrations. Then, 
the mixture was also stirred at 150 rpm and 25°C. The AR-14 
concentration of the supernatant was measured after 20 h. 
The AR-14 adsorption capacity at equilibrium was calculated 
by using Eq. (1): 

q
C C V
me

e=
−( )0

 
(1)

where qe is the amount of AR-14 adsorbed at equilibrium 
(mg/g); C0 and Ce are the initial and equilibrium concentrations 
of AR-14 (mg/L), respectively; m is the dry mass of GAC (g); 
and V is the volume of the solution (L).

2.4. Experimental setup

The 3D electrode apparatus was composed of a 
tank, a pump, a rectangular cell, an anode electrode, 
a cathode electrode, particle electrodes, and a direct 
current power source (Fig. 1). The specification of cell was 
L × W × H = 60 mm × 50 mm × 120 mm. The cathode and anode 
were titanium mesh (Ti, 50 × 120 mm) and titanium mesh 
coated with ruthenium (IV) oxide (Ti/RuO2, 50 × 120 mm), 
respectively. The distance between the two electrodes 
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was 60 mm. The GAC was filled between the two electrodes 
with the height of 70 mm and volume of ~200 cm3. A support 
layer was attached to the cell and was used to load up with 
active carbon particles near the bottom. 

2.5. Experimental procedure

The simulated wastewater was prepared by dissolving 
AR-14 in sodium sulfate solution (Na2SO4, 0.03 mol/L) at the 
concentration of 200 mg/L without pH adjustment unless 
otherwise stated. The experiments were performed under 
continuous upflow mode without circulation by using 
peristaltic pump. Before electrolysis, the GAC in the reactor 
was pretreated by continuously feeding AR-14 wastewater 
from the influent tank at the flow rate of 10 mL/min for 20 min, 
thus minimizing the effect of the GAC adsorption on the 
AR-14 removal. During electrolysis, the effluent was sampled 
at different intervals to detect the AR-14 concentration, 
chemical oxygen demand (COD), total organic carbon (TOC), 
and ultraviolet–visible (UV–Vis) spectra.

In order to probe the behavior of four types of GACs, the 
current density and HRT were set at a specific value of 0.6 A 
and 20 min, respectively. Different HRT in the 3D electrode 
bed were achieved by adjusting the flow rate, where the 
current was set at 0.1 and 0.6 A, and flow rate was varied 
from 10 to 16 mL/min, i.e., HRT 20–12 min. To explore the 
effects of current, HRT was remained at 20 min; however, the 
current was changed from 0.1 to 0.6 A. The effect of pH was 
studied by adjusting the pH of dye solutions using 0.1 M HCl 
and NaOH solutions.

2.6. Analytical methods

The concentrations of AR-14 were measured using a 
UV–Vis spectrophotometer (T6, Persee Apparatus, China) at 
504 nm. The decolorization rate was calculated according to 
Eq. (2) as follows:

% decolorization
0

=
−C C

C
0

 
(2)

where C0 and C are AR-14 concentrations before and after 
electrolysis, respectively.

The COD and TOC were determined using a COD 
analyzer (CTL-12, Chengde Huatong Environmental 

Protection Apparatus, China) and a TOC analyzer (TOC-V 
CSN, Rigaku, Japan), respectively. The UV–Vis absorption 
spectra were obtained from 190 to 750 nm using a 
spectrophotometer (UV-2600, Techcomp., China). 

The surface properties of GAC were analyzed by 
scanning electron microscopy using a microscope (S-3400N, 
Hitachi, Japan) operated at 5 kV. The functional groups on 
GAC surface were identified by Fourier transform infrared 
spectrometer (VERTEX70, Bruker, Germany) and quantified 
by Boehm titration [24]. Specific surface area and pore 
volume were detected using pore analyzer (ASAP2020, 
Micromeritics, USA) and calculated by using the Brunauer–
Emmett–Teller (BET) equation and Barrett–Joyner–Halenda 
algorithm, respectively. 

3. Results and discussion 

3.1. The surface properties of GAC

Similar surface morphologies of the CBAC-4 and 
CBAC-1.5 were observed in Fig. 2, with rough and uneven 
surface with relatively irregular distribution of holes on the 
surfaces. The surface of CSAC was relatively flat, and the pore 
distribution was more regular. However, a large number of 
circular macropores were distributed on the surface of NSAC. 
Although the four GACs exhibited different morphologies, 
their textural properties were similar as listed in Table 1. 
The BET surface area and pore volume of CSAC and NSAC 
were only slightly higher than those of CBAC-4 and CBAC-
1.5. According to the pore size distribution, the pores of four 
GACs mainly consisted of micropores (<2 nm). The adsorption 
of small molecule compounds on GAC is often attributed 
to the presence of micropores [21]. However, presence of 
mesopores (2–50 nm) not only leads to the adsorption of the 

Tank

Influent

Pump

Particle 
electrode

DC power controller

Effluent

Anode: RuO2/Ti
Cathode: Ti

Fig. 1. Schematic of reaction system used in the experiments.

Fig. 2. Scanning electron microscopy images of the granular acti-
vated carbon: (a) coal-based activated carbon (φ = 4 mm, CBAC-4); 
(b) coal-based activated carbon (φ = 1.5 mm, CBAC-1.5); (c) coco-
nut shell activated carbon (CSAC); and (d) Nut shell activated 
carbon (NSAC).
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larger molecules but also increases the performance to act as 
potential candidates in other applications, such as catalytic 
carrier and electric double layer capacitors [25]. 

The functional groups of the four GACs (Fig. 3(a)) 
also exhibit similar infrared spectroscopic features, i.e., a 
very broad band corresponding to hydroxyl and carboxyl 
vibration from 3,600 to 3,200 cm–1, carbonyl vibration at 
1,615–1,710 cm–1, phenolic hydroxyl vibration at 1,000–
1,100 cm–1, and C–H or C–C stretching absorption around 
600 cm–1 [26]. The sharp peak at 1,384 cm–1 shows a very 
strong intensity, and it could be attributed to carboxyl and 
ester groups [26]. Thus, the carboxyl, carbonyl, anhydrides, 
phenol, quinone, and lactone groups were identified on 
carbon surfaces. Further, several major functional groups 
were quantified (Fig. 3(b)). The results revealed that CBAC-4 
and NSAC owned more functional groups than other two 
GACs, and CBAC-4 possessed the most contents of basic 
and carboxyl groups. Conventional GAC is synthesized by 
physical or chemical activation of organic precursors, such as 
coal, wood, fruit shell, or polymers, at elevated temperatures 
[25]. The GAC contains alkaline oxides if it is activated in 
high temperature steam; however, acidic oxides are formed 
on surface with zinc chloride activation [26]. The four GACs 
used in this study were produced in the same manufacturing 
plant; therefore, the same activation process made them have 
the similar textural properties and functional groups.

3.2. Adsorption kinetics and isotherm of GAC

A kinetic study was performed and presented in Fig. 4(a). 
A majority of AR-14 adsorption equilibrium was accomplished 
in 20 h for all the four GACs and remained stable after 24 h. 
This showed that the adsorption of AR-14 on GAC exhibited 
the characteristics involving rapid adsorption but slow 
balancing. The adsorption kinetic data were fitted with two 
kinetic models: pseudo-first-order and pseudo-second-order 
models. The equations are rearranged as Eqs. (3) and (4): 

ln ln
.
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where qe (mg/g) is the amount of AR-14 adsorbed at 
equilibrium; qt (mg/g) is the amount of AR-14 adsorbed 
at time t (h); K1 (h–1); K2 (g/mg·h) are rate constants of 
respective Eqs. (3) and (4). The pseudo-second-order kinetics 

(Table 2) provided the better fitting for all the experimental 
data with R2 > 0.97, indicating that the overall rate of the 
AR-14 adsorption process should be controlled by the pore 
diffusion in accordance with the pseudo-second-order 
reaction mechanism. The plots (Fig. 4(a)) are not linear over 
the entire time range, indicating that more than one process 
affected the AR-14 adsorption. They can be explained in terms 
of a few processes, such as boundary layer diffusion and the 
intraparticle diffusion [27]. The intraparticle diffusion is likely 
to occur in two stages: the adsorbate molecule enters rapidly 
into macropores and wider mesopores, and then penetrates 
more slowly into smaller mesopores [28,29]. The intraparticle 
diffusion of AR-14 molecules into small mesopores is the 
rate-limiting step in the adsorption process. The value of 
qe in pseudo-second-order model was proportional to the 

Table 1 
The textural parameters of the granular activated carbons

BET surface area (m2/g) Vtotal (cm3/g) Vmicropore (cm3/g) Average pore size (nm)

Coal-based activated carbon (φ = 4 mm, CBAC-4) 835.5 0.794 0.619 3.804
Coal-based activated carbon (φ = 1.5 mm, 
CBAC-1.5)

703.5 0.815 0.611 4.632

Coconut shell activated carbon (CSAC) 1,146.5 1.047 0.921 3.652
Nut shell activated carbon (NSAC) 968.9 1.082 0.931 4.468
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Fig. 3. The infrared spectra (a) and contents of functional groups 
(b) of the granular activated carbons.
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adsorption capacity; however, K2 was inversely proportional 
to the adsorption velocity. The NSAC obtained the greatest 
adsorption capacity at equilibrium. Moreover, the adsorption 
velocity roughly followed the order: NSAC > CSAC ≈ 
CBAC-4 > CBAC-1.5. 

The Langmuir and Freundlich models were used to 
simulate the isotherm data in this study (Fig. 4(b)). The 
Langmuir isotherm assumed that the uptake of ion occurs 
on a homogenous surface by monolayer sorption limiting 
the adsorption due to the surface saturation; however, 
the Freundlich isotherm assumed that the uptake of ion 
occurs on a heterogeneous surface by multilayer adsorption 
[30]. Multilayer adsorption referred to the phenomenon 
of adsorption on the adsorbed molecules, and adsorption 
capacity increased with the size of the adsorption layer from 
inside to outside and gradually decreased [21]. The models 
can be expressed in the forms of Eqs. (5) and (6):

C
q

C
q Kq

e

e

e

m m

= +
1

 
(5)

q K Ce F e
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1
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where Ce (mg/L) is the equilibrium concentration; qe (mg/g) is 
the amount adsorbed at equilibrium; qm (mg/g) and K (L/mg) 
are the Langmuir constants; KF ((mg/g) (g/L)n) and n are the 
Freundlich constants. The parameters listed in Table 2 indicate 
that the uptake of dye molecules by the four GACs initially 
increases sharply with increasing initial concentration and 
slowly approaches saturation. The equilibrium data fitted 
better to the Freundlich model than Langmuir model for all 
the GACs, indicating that the adsorption of AR-14 occurred 
on the heterogeneous surface by multilayer adsorption. The 
values of n and KF in Freundlich model are related to the 
adsorbent–adsorbate affinity and the adsorption capacity, 
respectively [28]. The smaller values of n provide rapid 
adsorption processes. Therefore, the smallest value of n of 
NSAC indicated its best performance on adsorption capacity. 

3.3. Degradation of acid red 14 by four types of GACs

The variation of concentrations of AR-14 in the electro-
oxidation process were presented in Fig. 5(a). When NSAC 
was used as the particle electrode, the concentration of AR-14 
in the effluent decreased from 175.2 to 5.94 mg/L after 20 min, 
which corresponded to nearly 97% decolorization. However, 
for the other three types of GACs, the concentrations of 

AR-14 were maintained at 40–60 mg/L in the effluent, with 
the decolorization of 65%–77%. 

The decolorization is usually considered as the first 
step in the degradation of azo dyes by electro-oxidation 
because of the damage of the chromophoric groups [5]. 
Then the by-products obtained during the decolorization 
are further degraded into inorganic substances, which can 
be expressed in terms of the variation of COD and TOC [1]. 
The similar variation tendency is also observed for the COD 
concentrations (Fig. 5(b)). NSAC still performed the best 
among the four types of GACs toward COD removal. After 
20 min of treatment, the COD concentrations decreased from 
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Fig. 4. Adsorption kinetics (a) and adsorption isotherm (b) pro-
files of the granular activated carbons.

Table 2 
The parameters of adsorption kinetics and isotherms

Pseudo-first order Pseudo-second order Langmuir Freundlich

qe K1 R2 qe K2 R2 qm K1 R2 n KF R2

CBAC-4 18.86 0.17 0.828 4.95 0.18 0.974 58.82 0.0014 0.888 1.33 0.514 0.983
CBAC-1.5 5.71 0.61 0.862 2.90 0.81 0.989 30.20 0.0008 0.361 1.44 0.365 0.951
CSAC 8.56 0.25 0.843 6.90 0.18 0.991 21.28 0.0033 0.966 1.78 0.662 0.982
NSAC 46.84 0.30 0.939 20.83 0.12 0.998 1,000 0.0001 0.258 1.02 0.367 0.997
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135.4 to 22.7 mg/L, and continued to decrease to 2.2 mg/L after 
60 min. Then, the COD concentration stabilized in the range 
2.2–5.1 mg/L, corresponding to more than 96% removal. 
For the two CBACs, the removal efficiency of COD reached 
only the level of 30% after 100 min, the lowest among the 
GACs. After 180 min of treatment, the TOC concentrations 
shown in Fig. 5(c) reflect that the lowest TOC concentration 
of 10.5 mg/L is achieved in NSAC electro-oxidation, realizing 
77% of mineralization. According to the variation of AR-14, 
COD, and TOC concentrations, the order of the four GACs 
for AR-14 degradation and removal was approximately 
NSAC > CSAC > CBAC-4 ≈ CBAC-1.5, which was similar to 
their adsorption property.

The UV–Vis spectra of the effluents after 180 min 
treatment were exhibited in Fig. 5(d). When AC-14 was 
dissolved in distilled water, three obvious absorption peaks 
could be seen between 200 and 600 nm. One peak, observed at 
325 nm, was attributed to the benzene ring in dye molecules. 
Another peak, at 504 nm, was assigned to the azo structure 
of dye [31]. The peaks at 504 and 325 nm almost disappeared 
in NSAC electro-oxidation; however, they still existed in 
other three types of GACs’ profiles. Further, the peaks 
at 229 nm decreased sharply in NSAC electro-oxidation; 
however, they only dropped slightly in other GACs’ electro-
oxidation processes. The degradation process of azo dyes 
during electro-oxidation often proceeds in three irreversible 

steps: first, azo dyes are oxidized into the form of quinones; 
then quinones are oxidized into aliphatics by open-loop 
reactions; and finally aliphatics are mineralized into CO2 
and H2O [10]. Quinone material as an intermediate product 
exhibits characteristic absorption peaks at 226–230 nm, 
which matches with the peak shown in UV–Vis spectra. The 
disappearance of peak at 229 nm reflects the destruction of 
benzene ring in electro-oxidation processes. Compared with 
other GACs, NSAC can realize the open-loop reactions of 
AR-14 more efficiently, which leads to the highest effects of 
mineralization of the intermediates. 

It is well known that the removal of pollutants in electro-
oxidation processes consists of two aspects: the direct 
oxidation and indirect oxidation [32]. Direct oxidation, also 
called anode oxidation, refers to the direct oxidation of 
pollutants by the acceptance of electrons on the anode surface. 
It often takes place in two steps: (1) diffusion of pollutants 
from the bulk solution to the anode surface and (2) oxidation 
of pollutants at the anode surface [1]. The efficiency of the 
electro-oxidation depends on the relationship between mass 
transfer of the substrate and electron transfer at the electrode 
surface [33]. Although the existence of particle electrodes 
significantly enhances the contact areas between the substrate 
and electrodes, the rate of mass and electron transfer are 
different. The rate of electron transfer is determined by the 
electrode activity and current density; therefore, the rate of 

Influent CBAC-4 CBAC-1.5 CSAC NSAC
0

10

20

30

40

TO
C 

va
lu

e 
(m

g/
L)

(c) 200 300 400 500 600 700 800

0

1

2

3

4

5

SO O
+Na-O

N
N

(E)
S

O

O

O-Na+

Ab
so

rb
an

ce

Wavelength (nm)

 Influent
 CBAC-4
 CBAC-1.5
 CSAC
 NSAC

AR-14

(d)

0 20 40 60 80 100 120 140 160 180
0

30

60

90

120

150

180
  CBAC-4
  CBAC-1.5
  CSAC
  NSAC

Co
nc

en
tra

tio
n 

of
 A

R-
14

 (m
g/

L)

Time (min)(a)

 

0 20 40 60 80 100 120 140 160 180
0

20

40

60

80

100

120

140

160

CO
D 

va
lu

e (
m

g/
L)

Time (min)

 CBAC-4
 CBAC-1.5
 CSAC
 NSAC

(b)
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three-dimensional electro-oxidation processes (current = 0.6 A; hydraulic retention time (HRT) = 20 min).
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entire electro-oxidation process depends on the mass transfer 
if current density is high enough. The particles, which possess 
higher adsorption velocity and adsorption capacity, lead 
to rapid movement of the pollutant to the particle surface, 
which finally results in the accumulation of more amount 
of pollutants on the surface. Thus, NSAC behaved the best 
among the four GACs, even though the four GACs had the 
similar BET surface area. 

The indirect oxidation is considered to be more important 
than the direct oxidation in the electro-chemical oxidation 
process. During the indirect oxidation, the pollutants are 
oxidized by the electro-generated oxidants such as hydroxyl 
radicals, active chlorine, hydrogen peroxide, ozone, and 
peroxodisulfuric acid [32]. The 3D electrode can generate 
more hydroxyl radicals than 2D electrode system due to the 
formation of microelectrodes under applied high potential 
[3,34]. The hydroxyl radicals electro-generated by the water 
electrolysis (Eq. (7)) are adsorbed on the surface of particle 
electrodes or diffuse near the particle electrodes, leading to 
the oxidation of organics and removal of COD (Eq. (8)) [17]. 
Thus, adsorption of more organics on the particle surface 
provides them with more chance to be oxidized. The particles 
that have significant adsorption of target pollutants, also 
behave well in indirect oxidation, which is another reason 
of NSAC’s best performance. It reveals that the BET surface 
area of particle electrodes is not the decisive factor in the 3D 
electrode system; however, the adsorption character of the 
particle electrodes is more important in their degradation.

H O OH H e2
+→⋅ + + −

 (7)

Organics OH product+ ⋅ →  (8)

3.4. Effects of hydraulic retention time

HRT is an important factor in bed column adsorption 
studies due to its intensive influence on the contact time 
between adsorbent and adsorbate [28,29]. In order to 
investigate the effects of HRT on particle electrodes with 
different adsorption capacity, NSAC and CBAC-4 were 
selected, and the results are presented in Fig. 6. 

In the test groups of current 0.1 A (Fig. 6(a)), there was 
no difference between NSAC and CBAC-4 at the HRT of 
12 min, in which the AR-14 concentrations decreased to 
138.1–139.9 mg/L in the effluent. When the HRT increased 
to 20 min, both the GACs had an obvious increment of 
degradation efficiency. However, the NSAC could reduce 
the AR-14 concentrations to 63.2 mg/L, much lower than 
119.3 mg/L in CBAC-4 electro-oxidation. Further, the 
improvement in decolorization efficiency was also observed 
with the increase in HRT at current 0.6 A (Fig. 6(b)) similar to 
that of 0.1 A. It was obvious that the higher HRT favored the 
degradation of AR-14, regardless of the type of GAC and the 
magnitude of current. However, higher HRT could improve 
the effects of GACs with greater adsorption capacity more 
efficiently. 

In general adsorption bed, the high HRT is conducive to 
the adsorption, and the low HRT is unfavorable [28,29]. In 
the 3D electrode system, the HRT also affects the contact time 

between pollutants and particle electrodes, and then aids in 
determining the retention time of the pollutants adsorbed on 
the particle electrodes. The effects of electro-oxidation process 
depend on the rate of adsorption because the oxidation 
usually occurs rapidly [32]. When the HRT increased from 
12 to 20 min, NSAC could adsorb more amount of AR-14 than 
CBAC-4 due to better adsorption properties of NSAC, which 
resulted in the greater removal efficiency. Similar results 
were also observed during ammonia removal using zeolite 
as particle electrodes [35]. The effects of HRT also reveal that 
the adsorption properties of particle electrode play a critical 
role in 3D electrode system. Moreover, HRT exhibits greater 
impact on materials with higher adsorption capability than 
those with lower adsorption.

3.5. Effects of current 

In order to study the effects of current on particle electrodes 
with different adsorption capacity, NSAC and CBAC-4 were 
also selected, and the results are presented in Fig. 7. When 
the current is increased from 0.1 to 0.6 A, the concentration 
of AR-14 in the effluent decreases from 138.1 to 64.4 mg/L 
in NASC electro-oxidation, and from 60.2 to 1.9 mg/L in 
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Fig. 6. The effects of HRT on the degradation of AR-14 at the 
current 0.1 A (a) and 0.6 A (b).
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CBAC-4 electro-oxidation. The degradation of AR-14 was 
better as the current increased either in NSAC or in CBAC-4 
electro-oxidation process. In most researches, the current 
exhibits obvious positive relationship with pollutant removal 
efficiency because it influences not only the electro-chemical 
oxidation but also the polarization behavior of particle 
electrodes [1,36]. The increase in current density was found 
to enhance the oxidant production, leading to high rate of 
pollutant removal through direct oxidation [1]. Furthermore, 
the increase in the applied current can improve the production 
of more electro-generated oxidants [10]. Thus, the number of 
electrons on particle electrodes that increases along with the 
current are essential for the oxidation processes and might 
lead to a superior performance [32]. Although NASC and 
CBAC-4 exhibited different adsorption capacity toward 
AR-14, they were able to achieve better operation at elevated 
current.

However, the degradation of AR-14 in CBAC-4 electro-
oxidation is far behind its degradation in NASC electro-
oxidation (Fig. 7). The AR-14 in effluent was 64.4 mg/L at 
current of 0.6 A in CBAC-4 electro-oxidation, only slightly 
higher than 60.2 mg/L at current of 0.1 A in NSAC electro-
oxidation; however, significantly higher than 17.2 mg/L at 
current of 0.3 A in NSAC electro-oxidation. This indicates 
that the CBAC-4 consumes more amount of electricity than 
NSAC to obtain the same efficiency. Thus, for the particle 
electrodes with weak adsorption capacity, the higher current 
can remedy a defect of their lower efficiency. If the current 
is high enough, the gap between the particles with different 
adsorption capacity is shortened.

3.6. Effects of initial pH

We also investigated the influence of initial pH on the 
degradation of AR-14 using NSAC and CBAC-4 particle 
electrodes (Fig. 8). The initial pH does not influence the 
degradation of AR-14, irrespective of the type of GACs used. 
The major difference between the two GACs was that the 
overall effects of NSAC were higher than those of CBAC-4. 
This phenomenon was different from that mentioned in most 
of other studies related to 3D electrode system, in which 
the acidic environment is more beneficial to remove the 
pollutants than neutral or basic environment [4,11]. The pH 
of AR-14 influent was not buffered in this study; therefore, 
it could be changed during the treatment. No matter how 
the initial pH values changed, the pH of the effluents was 
kept stable in neutral condition, i.e., 7.1–7.3, even after 10 min 
treatment. This is another phenomenon that was observed to 
be different compared with other studies, in which the pH 
of effluent is often acidic [17]. When the influent gushed 
into the electrode bed, the water electrolysis resulted in the 
production of H+ and OH– ions that might neutralize the 
alkalinity or acidity of influent. This made the pH of AR-14 
solution to be neutral in the electrode bed, and thus the initial 
pH did not affect the degradation of AR-14.

The initial pH is a crucial parameter that plays an 
important role in the electro-oxidation treatment, because 
it influences the form of the electro-generated active species 
and its oxidation potential [11,12]. The acidic environment 
is more beneficial to produce free radical such as •OH [11]. 
Therefore, a significant COD reduction can be obtained at a 

relatively low initial pH; however, a less COD reduction is 
observed in basic solution [9,11]. Even if the modified kaolin, 
which was not an electric conductive material, was used 
as 3D electrode, the optimal pH was 3, and 3D electrodes 
worked more efficiently at a lower pH [4]. At higher pH, more 
hardness would be removed, largely via CaCO3 or CaMgCO3 
precipitation [16]. However, the carbonate and bicarbonate, 
the final oxidized products of organics at high pH, are two 
well-known •OH radical scavengers [14]. The effects of initial 
pH on particle electrodes with different adsorption property 
were not obvious due to the neutral environment of electrode 
bed in this study.

4. Conclusions

The present study showed that the adsorption properties 
of particle electrodes significantly influenced the effects of 
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3D electrode system. The particle electrodes with higher 
adsorption capacity and velocity were favorable to the 
degradation, removal, and mineralization of organic 
pollutants. NSAC exhibited the best performance toward the 
degradation of AR-14 due to the best adsorption property 
among the four types of GACs used in this study. The HRT 
had greater impact on GAC with higher adsorption capacity 
than those with lower adsorption capacity. The increase in 
the applied current could improve the removal efficiency of 
AR-14, irrespective of the type of GACs applied; however, 
the GACs with lower adsorption capacity consumed more 
energy to obtain the same removal efficiency. The initial pH 
did not influence the GACs with different adsorption capacity 
in this study. The results indicated that the material with 
good adsorption properties for the target pollutants should 
be selected as particle electrode in 3D electrode system.
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