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a b s t r a c t
Orange II was difficult to degrade and it was selected as a target pollutant in the present study. In 
this paper, a granular porous adsorbent (GPA) containing zero-valent iron (ZVI) (GPA-ZVI) was 
produced and applied as a Fenton-like oxidation catalyst to degrade Orange II. Firstly, GPA-ZVI 
was prepared with coke as the reducing agent, Enteromorpha prolifera as the pore-forming agent, 
iron ore tailings as a source of ZVI, fly ash as the skeletal material and bentonite as the binder. 
ZVI was produced through the reduction of iron ore tailings powder by coke at a high tempera-
ture under a reducing atmosphere and embedded in the granular porous-based adsorbent. Secondly, 
the structure and composition of the GPA-ZVI were analyzed by Brunauer–Emmett–Teller method, 
X-ray diffraction, energy dispersive spectroscopy, Fourier transform infrared spectrometry and 
scanning electron microscopy. Thirdly, batch experiments were performed to study the influence of 
some parameters such as GPA-ZVI dosage, H2O2 concentration, pH, and temperature on Orange II 
removal. The removal efficiency of Orange II using a combined GPA-ZVI and Fenton oxidation pro-
cess (GPA-ZVI/H2O2) was 91.24% while the removal efficiency of Orange II by H2O2, GPA-ZVI and 
Fe2+/H2O2 was only 1.48%, 18.94%, and 58.43%, respectively. The degradation kinetics fitted to the 
pseudo-first-order kinetic model. Removal mechanisms of Orange II using GPA-ZVI/H2O2 includ-
ing the adsorption and oxidation were proposed. In a word, GPA-ZVI/H2O2 was highly effective in 
degrading Orange II.
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1. Introduction

Orange II is an azo dye and it is widely implemented 
in different types of industries, which brings about a seri-
ous environmental issue because of its carcinogenesis to 
aquatic animals and humans [1]. Orange II mainly consists 
of a naphthalene ring, a benzene ring and an azo linkage [2]. 

Due to its stability, non-biodegradability, and carcinogene-
sis, researching several new-style and effective techniques 
to remove Orange II is an urgent need.

In recent years, various treatment methods including 
coagulation, flocculation, and adsorption have been resear-
ched to remove Orange II [3]. Recently, zero-valent iron (ZVI) 
has drawn great attention and it is widely employed in the 
water treatment because of high intrinsic reactivity, larger 
surface area, and non-toxicity. However, ZVI has a strong ten-
dency to agglomerate and oxidize, resulting in losing its high 
reactivity, larger surface area, reducing power and catalytic 
ability [4]. To overcome this disadvantage, the utilization of 
supporting porous materials like biochar, reduced graphene 
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oxide, zeolite, and mesoporous carbon is a promising method 
to solve this issue [5,6]. Also, ZVI can serve as a source of 
Fe2+, which can activate H2O2 to generate hydroxyl radicals 
for Fenton-like oxidation of organic contaminants [7].

Fenton process is one of the most effective advanced 
oxidation processes and it can generate hydroxyl radicals 
having a strong oxidation capacity [8,9]. Fe2+ is used as the 
catalyst and hydrogen peroxide is used as the oxidant in the 
Fenton process. However, there are still some disadvantages 
such as the generation of iron sludge, the requirement of 
further treatment and the intermittence of the reaction cycle 
[10]. To address these issues, solid Fe2O3, Fe3O4, FeOOH, and 
ZVI as heterogeneous Fenton-like catalysts are used to treat 
various organic pollutants in water [11,12]. ZVI as a hetero-
geneous catalyst has attracted increasing attention and it is 
used as the source of Fe2+ generated from the corrosion of 
ZVI in acidic solution [13]. ZVI can also promote the electron 
transfer (Fe0 + Fe3+ → Fe2+) on the surface of ZVI, which favors 
the Fenton reaction cycle [14].

In this work, ZVI was produced through the reduction 
of iron ore tailings powder by coke at a high temperature 
under a reducing atmosphere and embedded in GPA. ZVI 
and Fe3O4 existed in granular porous adsorbent (GPA) con-
taining zero-valent iron (ZVI) (GPA-ZVI) and could provide 
more Fe2+ ions as the catalyst in the Fenton system. In addi-
tion, GPA-ZVI had various functional groups and a higher 
specific surface area. The removal of Orange II using GPA-
ZVI/H2O2 was investigated. The objective of this paper is to 
study: (i) the preparation and characteristics of GPA-ZVI, 
(ii) the influence of key parameters on Orange II removal 
using GPA-ZVI/H2O2, and (iii) the removal mechanisms 
of Orange II using GPA-ZVI/H2O2 [15].

2. Experimental setup

2.1. Materials and chemicals

Orange II (C16H11N2NaO4S), hydrogen peroxide (H2O2), 
sodium hydroxide (NaOH), potassium permanganate 
(K2Cr2O7), phosphoric acid (H3PO4), ferric chloride hexahy-
drate (FeCl3·6H2O), sulphuric acid (H2SO4), methylene blue 
(C16H18ClN3S), hydrochloric acid (HCl), and sodium diphe-
nylamine sulfonate (C16H18NNaO3S) were obtained from 
Sinopharm Chemical Reagent (Shanghai, China). Bentonite, 
Enteromorpha prolifera, fly ash, coke and iron ore tailings were 
supplied from Qingdao, China. A stock solution of Orange 
II (1,000 mg L–1) was prepared via dissolving Orange II in 
deionized water.

2.2. Preparation of GPA-ZVI

Bentonite, Enteromorpha prolifera, fly ash, coke, and iron 
ore tailings were initially dried at 65°C for 24 h. Subsequently, 
they were ground in an agate mortar for 12 h by a three-
head grinding machine and passed into 200-mesh sieves. 
First, raw materials with an iron ore tailings/coke/fly ash/
bentonite mass ratio of 2:2:2:1 were mixed in a mixer with 
1 wt.% Enteromorpha prolifera and 10 wt.% distilled water. 
Next, the mixtures were formed to the particles by pressing 
with a granulator. Finally, after dried at 105°C for 24 h, the 
materials were heated in a furnace at 900°C with a heating 

rate of 10°C min–1 for 90 min under a reducing atmosphere 
and cooled in a vacuum [16]. Schematic procedure of the 
synthesis of GPA-ZVI is illustrated in Fig. S1.

2.3. Characterization techniques

The morphologies of GPA-ZVI was investigated using a 
scanning electron microscopy (SEM, JSM-6700F), followed 
by an analysis of the chemical composition using energy 
dispersive spectroscopy (EDS, JSM-6700F). The functional 
groups of GPA-ZVI before and after reactions were identi-
fied using Fourier transform infrared spectroscopy (FTIR, 
Bruker Vertex 70, Germany). The Brunauer–Emmett–Teller 
(BET)-N2 adsorption method was used to test the specific 
surface area with a surface analyzer (Micromeritics, ASAP 
2020). X-ray Diffraction spectroscopy patterns of GPA-ZVI 
were performed using a diffractometer (XRD, D/max-γB).

2.4. Removal experiments

To evaluate the degradation performance of H2O2, GPA-
ZVI, Fe2+/H2O2 and GPA-ZVI/H2O2 in Fenton system, the 
removal of Orange II using H2O2, GPA-ZVI, Fe2+/H2O2 and 
GPA-ZVI/H2O2 was carried out by adding Fe2+ (100 mg L–1), 
GPA-ZVI (0.20 g) and H2O2 (50 mM) into 100 mL Orange 
II solution (1,000 mg L–1) at pH 3, temperature 303 K and 
120 rpm for 72 h. The effects of the initial pH (1~7), GPA-ZVI 
dosage (0.01~1.20 g), H2O2 concentration (10~900 mM) and 
temperature (293~323 K) on Orange II removal by GPA-ZVI/
H2O2 were investigated. The determination of the Orange II 
concentration in the solution was obtained at λmax = 484 nm 
in the UV-vis spectrophotometer. The removal capacity and 
efficiency of Orange II were calculated by Eqs. (1) and (2).

q
C C V
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t=

−( )×0  (1)

R
C C
C

t(%) =
−( )

×0

0

100  (2)

Here qt (mg g–1) is the removal capacity of Orange II, 
C0 (mg L–1) is the concentration of Orange II at initial time, V 
(L) is the volume, R (%) is the removal efficiency of Orange 
II, Ct (mg g–1) is the concentration of Orange II at time t, w (g) 
is the weight.

3. Results and discussion

3.1. Characterization of GPA-ZVI

The surface morphology structures of GPA-ZVI was 
investigated by SEM and EDS analysis as presented in 
Figs. S2a and b. As shown in Fig. S2a, it is clear that many 
pores existed in GPA-ZVI, which was ascribed to the pyrol-
ysis of the pore-forming agent (Enteromorpha prolifera) 
and the reducing agent (coke) [17]. Moreover, the size of 
the iron ore tailings powder diminished during sintering, 
which resulted in forming a number of pores in GPA-ZVI. 
This also proved that GPA-ZVI was a porous adsorbent. 
In addition, the SEM image of GPA-ZVI displays spherical 
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iron particles with a size ranged from several nanometers to 
several microns. The EDS image shows that Fe, Al, Si, O, and 
C were the main elements in GPA-ZVI (Fig. S2b).

The XRD pattern of GPA-ZVI demonstrates the pres-
ence of ZVI (2θ = 44.64°) (Fig. S2c) [18]. Meanwhile, this 
also confirmed that iron oxide was reduced to ZVI by coke. 
In addition, ZVI was embedded and evenly dispersed in 
the porous adsorbent. The content of ZVI in GPA-ZVI was 
measured to be 41.94 mg g–1.

The FTIR spectra for GPA-ZVI before and after reac-
tions were recorded and the results are shown in Fig. S2d. 
The characteristic band was observed at 3,400 cm−1 that 
was attributed to OH. The broad absorption bands at 1,620 
and 1,420 cm−1 were attributed to COOH. The peaks were 
observed at 561 and 469 cm−1 that were attributed to Fe–O 
of Fe2O3 and Fe3O4. The changes of the peaks at 561 and 
469 cm−1 were observed, indicating that Fe0 was oxidized to 
Fe2+ or Fe3+ after the Orange II removal experiment [19].

To investigate the pore size distribution and specific sur-
face area, BET analysis was used as shown in Figs. S2e and f. 
The nitrogen adsorption–desorption isotherms for GPA-ZVI 
are of a typical type IV with a type H1 hysteresis loop caused 
by the mesoporous pores of GPA-ZVI, which was according 
to the International Union of Pure and Applied Chemistry 
(IUPAC) classification. The Barrett–Joyner–Halenda (BJH) 
pore size distribution carve indicates that GPA-ZVI had a 
mesoporous structure. According to the results, the average 
pore size and BET surface area were measured to be 6.26 nm 
and 14.09 m2 g–1, respectively, which indicated that GPA-ZVI 
had a relatively higher porosity.

3.2. Comparison of various processes for removing Orange II

The removal of Orange II by H2O2 alone, GPA-ZVI alone, 
Fe2+/H2O2 and GPA-ZVI/H2O2 were investigated as pre-
sented in Fig. 1. When using H2O2, GPA-ZVI, Fe2+/H2O2 and 
GPA-ZVI/H2O2 for removing Orange II, the removal efficiency 
by H2O2 alone, GPA-ZVI alone, Fe2+/H2O2 and GPA-ZVI/
H2O2 was 1.48%, 18.94%, 58.43%, and 91.24%, respectively. 

The removal capacity of Orange II was 456.19 mg g–1 for 
GPA-ZVI/H2O2 and 94.70 mg g–1 for GPA-ZVI. By compari-
son of the removal efficiency of Orange II by H2O2, GPA-ZVI 
and Fe2+/H2O2, the removal efficiency of Orange II by GPA-
ZVI/H2O2 was higher than that by three other processes, con-
firming that the removal of Orange II by GPA-ZVI/H2O2 was 
more effective than that by H2O2, GPA-ZVI and Fe2+/H2O2. 
This was because that (i) the oxidizability of H2O2 without 
Fe2+

 as a catalyst for Orange II degradation was too weak [15], 
(ii) Orange II could be removed by GPA-ZVI but the removal 
efficiency was lower, and (iii) the removal of Orange II using 
GPA-ZVI/H2O2 was effective [20,21]. In addition, by compar-
ison of the removal of Orange II in various Fenton processes 
according to the previous literature (Table 1), GPA-ZVI/H2O2 
showed highly efficient for Orange II removal. Furthermore, 
Fe ions concentration increased in GPA-ZVI/H2O2 system 
with the increase of reaction times (Fig. 1). However, Fe 
ions concentration was lower at equilibrium time, which 
may be ascribed to the fact that Fe3+ was absorbed in the 
inner pores or onto the surface of GPA-ZVI.

3.3. Effect of experimental parameters on the removal 
of Orange II by GPA-ZVI/H2O2

The pH plays a vital role in the removal process of 
Orange II, which affects the solubility of Fe2+/Fe3+ and the 
production of hydroxyl radicals [28]. The influence of pH 
on Orange II removal by GPA-ZVI/H2O2 was investigated by 
varying pH from 1.0 to 7.0 as shown in Fig. 2. The removal 
efficiency of Orange II by GPA-ZVI/H2O2 increased with 
the pH value decreased, indicating that GPA-ZVI coupled 
with H2O2 was more effective in the removal of Orange II 
at lower pH [29]. This was because the acidic condition was 
favorable to the corrosion of Fe0, which produced more 
Fe2+. Moreover, the reaction between Orange II and GPA-
ZVI/H2O2 occurred easily and the removal rate was rapid 
at lower pH value. A low pH value was conducive to recon-
vert Fe3+ to Fe2+, which made the reaction recyclable [30]. 
Furthermore, at lower pH, the negatively charged Orange II 
was easily absorbed onto the positively charged surface of 
GPA-ZVI whose functional groups such as OH and COOH 
were easily protonated by H+ under acidic conditions. 
In addition, Fe3+ formed the precipitation of Fe(OH)3 and 
H2O2 was decomposed to O2 at higher pH value, leading to 
the deactivation of catalyst and the decrease in Orange II 
removal [31]. As shown in Fig. 2, the leaching Fe ions con-
centration increased as initial pH decreased. In addition, 
the final pH of the solutions slightly increased, which was 
attributed to the consumption of H+.

The availability of Fe2+ plays a major role in the produc-
tion of hydroxyl radicals, determining the degradation per-
formance of GPA-ZVI/H2O2. The effect of the GPA-ZVI dose 
in the range of 0.01~1.20 g on Orange II removal by GPA-
ZVI/H2O2 was analyzed as indicated in Fig. 3. It shows that 
the removal efficiency of Orange II increased with increasing 
the dose of GPA-ZVI ranged from 0.01 to 0.20 g. This was 
becuase increasing the GPA-ZVI dose increased the surface 
sites, specific surface area and the amount of released Fe2+ 
catalyst, which enhanced the removal efficiency of Orange 
II. In addition, Fig. 3 shows that the removal efficiency 
decreased with the increase in the dose of GPA-ZVI from 
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Fig. 1. Removal of Orange II using H2O2, GPA-ZVI, Fe2+/H2O2 
and GPA-ZVI/H2O2 (Initial Orange II concentration 1,000 mg L–1, 
H2O2 concentration 50 mM, GPA-ZVI dosage 2 g L–1, Fe2+ concen-
tration 100 mg L–1, pH 3, temperature 303 K).
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0.20~1.20 g. This could be attributed to the fact that the excess 
Fe0 could produce excess Fe2+, which reacted with hydroxyl 
radicals as a radical scavenger (Eq. (3)) [32].

Fe OH Fe OH2 3+ • + −+ → +  (3)

The effect of H2O2 concentration in the range from 10 to 
900 mM was investigated. Fig. 4 indicates that the removal 
efficiency of Orange II increased as a result of the increase 
in H2O2 concentration from 10 to 100 mM while the 
increase in H2O2 concentration from 300 to 900 mM had an 
adverse effect on the removal of Orange II. More hydroxyl 
radicals were generated in the GPA-ZVI/H2O2 system via 
H2O2 reacting with Fe2+ as the H2O2 concentration increased, 
resulting in increasing the removal efficiency of Orange 
II. However, an excess H2O2 concentration had an adverse 
influence on Orange II removal. The reason for this was that 
hydroxyl radicals could be depleted through the scavenging 
of hydroxyl radicals by excess H2O2 when H2O2 concentra-
tion exceeded a critical concentration in the GPA-ZVI/H2O2 
system (Eqs. (4) and (5)) [33].

H O OH H O HO2 2 2 2+ → +•  (4)

OH   HO  H O  O• •+ → +2 2 2  (5)

The effect of temperature in the range from 293 to 313 K 
on Orange II removal was studied. Fig. 5 shows that the 
removal efficiency of Orange II increased from 85.35% to 
99.93% with an increase in the temperature from 293 to 313 K. 
This could be explained by the acceleration of the corrosion 
of Fe0 into Fe2+ and the decomposition of H2O2 into hydroxyl 
radicals at higher temperature, which led to the increase in 
the removal of Orange II. Furthermore, a higher tempera-
ture enhanced the collision frequency between Orange II and 
hydroxyl radicals, leading to a rapid removal rate. However, 
the removal efficiency decreased from 99.93% to 93.37% as the 
temperature rose from 313 to 323 K. This could be attributed 
to the acceleration in the thermal decomposition of H2O2 into 
oxygen and water, which leads to a scavenging effect [34].

Although the Fenton process could efficiently remove 
Orange II, excess H2O2 and GPA-ZVI dosage would reduce 
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Fig. 2. Effect of pH on the removal efficiency of Orange II (Initial 
Orange II concentration 1,000 mg L–1, H2O2 concentration 50 mM, 
catalyst dosage 2 g L–1, pH 1~7, temperature 303 K).

Table 1
Removal of Orange II in various Fenton processes

Catalyst Conditions R (%) qm (mg g–1) References
GPA-ZVI Dosage: 2 g L–1; H2O2: 50 mM; pH: 3; Orange II: 1,000 mg L–1 (100 mL); 30°C 91 456.19 This work
Nanoscale zero- 
valent iron

Dosage: 20 mg L–1; H2O2: 200 mg L–1; pH: 3; Orange II: 105 mg L–1 (1 L); 25°C
100 52.50 [22]

Fe2(MoO4)3 Dosage: 1.4 g L–1; H2O2: 18 mM; pH: 3; Orange II: 100 mg L–1 (60 mL); 30°C 96 68.64 [23]
Carbon/Fe Dosage: 0.1 g L–1; H2O2: 6 mM; pH: 3; Orange II: 0.1 mM (1 L); 30°C 100 350.32 [24]
Vanadium-titanium 
magnetite

Dosage: 1.0 g L–1; H2O2: 10 mM; pH: 3; Orange II: 02 mM (200 mL); 30°C 100 70.00 [25]

Al-pillared 
Fe-smectite

Dosage: 0.5 g L–1; H2O2: 13.5 mM; pH: 3; Orange II: 80 mg L–1 (100 mL); 
25°C

88 160.00 [26]

Fe3O4@g-Fe2O3 Dosage: 1.0 g L–1; H2O2: 10 mM; pH: 3; Orange II: 70 mg L–1 (354 mL); 25°C 100 70.00 [27]
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the removal efficiency, leading to the high cost of wastewater 
treatment. Therefore, it was necessary to optimize the add-
ing amount of H2O2 and GPA-ZVI according to the initial 
concentration of Orange II. When the initial concentration of 
Orange II was 1,000 mg L–1, the pH of 3, GPA-ZVI dosage 
of 0.2 g, H2O2 concentration of 50 mM and temperature of 
313 K were the best choice.

3.4. Degradation kinetics

The pseudo-first-order reaction model and the pseu-
do-second-order reaction model were utilized to study the 
removal mechanism of Orange II by GPA-ZVI/H2O2.

The pseudo-first-order equation was described as 
below [5]:

ln t

0
obs

C
C

k t= − 1  (6)

where C0 (mg L–1) is the initial concentration, kobs1 (h–1) is the 
pseudo-first-order rate constant, Ct (mg L–1) is the concen-
tration at time t.

The Arrhenius equation was described as below [35]:

ln  ln obsk
E
RT

Aa
1 0= − +  (7)

where Ea (kJ mol–1) is the Arrhenius activation energy, R is 
the ideal gas constant, A0 is the pre-exponential factor, T (K) 
is the temperature.

The pseudo-second-order model equation was presented 
as below [36]:

ln obs
1 1

0
2C C

k t
t

−








 =  (8)

where kobs2 (h–1) is the pseudo-second-order reaction rate 
constant.

The removal of Orange II by GPA-ZVI/H2O2 at differ-
ent temperatures and Orange II concentration was studied 
and the results of the kinetics analysis are listed in Table 2. 
The degradation of Orange II could be fitted with the pseu-
do-first-order kinetic model according to the value of R2. The 
removal rate constant decreased from 0.0377 to 0.0183 h–1 
with an increase in the Orange II concentration ranged from 
200 to 1,000 mg L–1, which indicated that the removal rate 
was related to adsorption sites on the surface of GPA-ZVI 

 
0 12 24 36 48 60 72

0

20

40

60

80

100 d

Re
m

ov
al

 ef
fic

ien
cy

 (%
)

Time (h)

 293 K
 303 K
 313 K
 323 K

Fig. 5. Reaction temperature on the removal efficiency of Orange 
II (Initial Orange II concentration 1,000 mg L–1, H2O2 concentra-
tion 50 mM, catalyst dosage 2 g L–1, pH 3, temperature 293~323 K).

 

0 100 200 300 400 500 600 700 800 900
30

40

50

60

70

80

90

100 c

Re
m

ov
al

 ef
fic

ien
cy

 (%
)

H2O2 concentration (mM)

Fig. 4. H2O2 concentration on the removal efficiency of Orange II 
(Initial Orange II concentration 1,000 mg L–1, H2O2 concentration 
10~900 mM, catalyst dosage 2 g L–1, pH 3, temperature 303 K).

Table 2
Degradation kinetics parameters of Orange II by GPA-ZVI/H2O2

T (K) C (mg L–1) Pseudo-first-order model Pseudo-second-order model

R2 kobs1 (h–1) R2 kobs2 (h–1)

303 200 0.9972 0.0377 0.9005 0.2917
303 600 0.9631 0.0228 0.9202 0.2956
303 1,000 0.9579 0.0183 0.8908 0.2865
293 1,000 0.9582 0.0177 0.8760 0.3576
303 1,000 0.9579 0.0183 0.8908 0.2865
313 1,000 0.9501 0.0215 0.8557 0.2715



J. Liu et al. / Desalination and Water Treatment 175 (2020) 273–281278

and the Orange II concentration [37]. On the other hand, the 
removal rate increased from 0.0177 to 0.0215 h–1 as the tem-
perature increased from 293 to 313 K, which demonstrated 
that a higher temperature enhanced the reactivity and the 
removal process of Orange II by GPA-ZVI/H2O2 was endo-
thermic [38]. The Arrhenius activation energy of Orange II 
removal by GPA-ZVI/H2O2 was 7.36 kJ mol–1 [39].

3.5. Possible removal mechanism in Fenton-like system

Based on the previous literature, the removal mechanism 
of Orange II by GPA-ZVI/H2O2 included the dominating oxi-
dization of Orange II by hydroxyl radicals and the adsorption 
of Orange II onto GPA-ZVI [40–42]. The steps of Orange II 
removal by GPA-ZVI/H2O2 were as follows (Fig. 6): (i) Firstly, 
the Orange II molecules were adsorbed onto GPA-ZVI, (ii) 
ZVI on the surface of GPA-ZVI was converted to Fe2+ under 
an acidic condition for activating H2O2 to produce hydroxyl 
radicals, and (iii) Subsequently, the Orange II molecules were 
oxidized to the products by hydroxyl radicals generated in 
the existence of H2O2 and Fe2+ from the corrosion of ZVI [15].

To further study the possible removal process, the UV-vis 
spectra of the Orange II were recorded in the range from 
190 to 1,100 nm at different reaction times in the presence of 

GPA-ZVI/H2O2 or GAP-ZVI alone as depicted in Figs. 7a and 
b. The characteristic peaks of Orange II were 484, 310, and 
230 nm, which were ascribed to azo bond, a naphthalene ring 
and a benzene ring. Fig. 7a shows that the absorbance band 
at 230, 310, and 484 nm decreased with reaction times, indi-
cating the destruction of the naphthyl, benzene rings, and the 
cleavage of the azo bonds. It was also observed that the color 
of the solution changed from orange to dark to brown [43,44]. 
Based on the previous literature, the removal of Orange II 
by hydroxyl radicals firstly occurred via the cleavage of the 
azo bond to sulfanilic acid and 1-amino-2-naphthol [4,45]. 
Finally, Orange II was degraded to CO2, H2O, and some other 
products (Fig. 8). Fig. 7a shows that the peak at about 210 nm 
in the UV-vis spectra of the Orange II in the presence of 
GPA-ZVI/H2O2 became stronger and afterward disappeared 
after the reaction, demonstrating that the new products were 
formed and afterward they were degraded. Also, it is seen 
from Fig. 7b that the absorbance band in the UV-vis spectra 
of the Orange II in the presence of GPA-ZVI decreased with 
reaction time, meaning that Orange II could be removed by 
GPA-ZVI and adsorbed onto GPA-ZVI. It indicated that the 
adsorption was one of the removal mechanisms of Orange II 
by GPA-ZVI/H2O2.

To further probe the degradation mechanisms of Orange 
II by GPA-ZVI/H2O2, the chemical structure of GPA-ZVI 
before and after the experiment was investigated via XRD 
analysis. As can be seen from Fig. 9, the characteristic peak 
of ZVI at 44.9° is found to be weakened for GPA-ZVI after 
the reaction, which indicated that ZVI was converted to Fe2+ 
and Fe3+ ions in the Fenton oxidation process. Subsequently, 
Fe2+ and Fe3+ ions were adsorbed onto the surface of GPA-
ZVI. Furthermore, the intensities of the peaks of Fe2O3, Fe3O4 
slightly strengthened, demonstrating that Fe2+ and Fe3+ ions 
formed Fe2O3, Fe3O4, and Fe(OH)3 precipitates on the surface 
of GPA-ZVI [46].

4. Conclusions

In this paper, GPA-ZVI was prepared and the application 
of GPA-ZVI as a Fenton-like catalyst for removing Orange II 
was investigated at various conditions. The characterization 

 

a

Fig. 6. Schematic diagram of Orange II removal processes by 
GPA-ZVI/H2O2.

 

a b

Fig. 7. UV-vis spectra of Orange II at various times in the presence of (a) GPA-ZVI/H2O2 and (b) GPA-ZVI.
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of GPA-ZVI by SEM, EDS, XRD, FTIR, and BET revealed that 
GPA-ZVI was a porous adsorbent owning various functional 
groups and ZVI was evenly distributed in GPA-ZVI as a 
support material. The initial pH value of the solution, H2O2 
concentration, GPA-ZVI dosage and temperature greatly 
affected the removal efficiency of Orange II. The results 
showed 91.24% degradation of 1,000 mg L–1 Orange II using 
GPA-ZVI/H2O2. The removal of Orange II by GPA-ZVI/H2O2 
followed the pseudo-first-order kinetic model. The removal 
mechanism of Orange II by GPA-ZVI/H2O2 included the 
dominating oxidization of Orange II by hydroxyl radicals 
and the adsorption of Orange II onto the surface of GPA-ZVI. 
In a word, GPA-ZVI/H2O2 demonstrated a high-efficiency 
method for the degradation of Orange II.
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