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This study reports the preparation of catalyst grains based on oxyhydroxides of iron and zirconium via the coprecipitation method
and their application in the degradation of 4-nitrophenol. The morphology, microstructure, and surface composition of these
catalysts were characterized by scanning electron microscopy, X-ray diffraction, nitrogen physisorption, and Fourier transform
infrared spectroscopy. The catalytic activity of the grains was assessed in the degradation of 4-nitrophenol in a heterogeneous
system at different operating conditions. Degradation rates up to 93% were obtained after 4h of contact time where the
catalytic activity of tested materials was higher at pH 7 than in acidic and basic conditions. Amorphous iron hydroxide with a
ratio of 75% Zr+25%Fe showed the best catalytic properties. These novel materials are an interesting alternative for facing the

water pollution caused by organic compounds.

1. Introduction

The environment has been impacted seriously by a variety
of pollutants generated by both anthropogenic and geo-
genic sources [1]. In particular, the presence of organic
matter from the discharge of untreated industrial wastewa-
ters is an important source of environmental pollution. 4-
Nitrophenol (4-NP) is an organic pollutant commonly
found in wastewaters and contaminated soils [2]. It is used
as a chemical intermediate for the preparation of insecticides
(e.g., methyl parathion), the production of azo and sulfur
dyes, rubber chemicals, lumber preservatives, and other
industrial applications [3]. This phenolic compound is con-
sidered toxic and harmful for human health [4]. Literature
indicates that the chronic exposure to this and other phenolic
compounds can be associated to several health problems

such as impairment of pancreas, liver and kidney and can
also cause the paralysis of the central nervous system [5, 6].
The Environmental Protection Agency of United States
(US-EPA) has classified 4-NP in the first category of danger-
ous products that pollutes the environment through the
improper disposal of industrial and agricultural wastewaters
thus affecting the soils and water sources and generating
the conditions for its accumulation in the food chain [7].
Phenolic compounds in wastewaters can be removed by
various physical and chemical techniques [8, 9]. Therefore,
the complete degradation and/or mineralization of these
chemicals via effective and low-cost processes is a challeng-
ing task [10-14]. The treatment of water polluted by organic
compounds via oxidation processes is an effective and low
cost solution. These oxidation processes utilize catalyst to
improve the degradation performance [15]. In particular,
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heterogeneous catalysts can be employed in the removal of
organic compounds. These materials not only preserve the
activity and selectivity offered by homogeneous catalysts
but also allow their facile recovery and reuse in subsequent
oxidation processes [15].

Several studies showed that a variety of heterogeneous
catalysts can be utilized for the degradation of organic com-
pounds in wastewater treatment. Zirconia and Fe-supported
zirconia have been used as heterogeneous catalysts in photo-
catalytic advanced oxidation processes [16-20]. For
instance, the wet oxidation of phenol via heterogeneous
catalysis using materials based on iron and copper and
hydrogen peroxide was carried out under normal conditions
of temperature and pressure [21]. Results of this study
showed a great stability of tested catalysts in the aqueous
medium. Saeed and Ilyas [6] demonstrated that the nickel
hydroxide was more effective to degrade phenolic com-
pounds. The application of iron-based catalysts (e.g., Fe-
TiO, and Fe-C-TiO,) played an important role to accelerate
the oxidation rate of phenol [6]. Espinosa et al. [22] studied
the wet oxidation of phenol on metallic catalysts (Ru, Pt)
supported on TiO,-CeO, and showed that platinum-based
catalysts were more effective than those based on ruthenium.
Idrissi et al. [23] used a manganese-based catalyst supported
on a bentonite for the oxidation reaction of phenol in a
diluted aqueous solution. Catalytic tests showed that the
solids based on Mn at 5% were more active but they were
unstable in the aqueous solution compared to bentonite
alone. However, the reduction in total organic carbon
remained low for all the studied catalysts. The degradation
of 4-NP was also analyzed by Gaffour and Mokhtari [2]
using the advanced oxidation processes at room temperature
where the mineralization of this compound was effective. On
the other hand, the Fenton process showed that the degrada-
tion and reduction rates increased with the catalyst ratio and
treatment time where the best oxidation process used UV/
H,0,/Fe’* [2]. Sable et al. [4] synthesized heterogeneous
catalysts from 4% Fe impregnated with ZrO,, which were
used in the Fenton-like process for the phenol degradation.
Othman et al. [24] demonstrated the catalytic activity of
copper and nickel in an aqueous medium. These metallic
species were very effective in the oxidation reaction of phe-
nol. Results also showed that phosphate coated CuFe,O,
were competitive Fenton-type catalysts for phenol degrada-
tion [24]. Although significant advances have been achieved
in the preparation of photocatalysts for the degradation of
organic compounds, there are still several challenges to be
resolved with the aim of reducing the operational costs of
this treatment technology for large-scale applications.
Herein, it is convenient to remark that different synthesis
procedures can be utilized and optimized to tailor the prop-
erties of catalytic materials including the application of bio-
polymers to obtain composites with improved properties for
the removal of organic pollutants [25-27]. For instance, var-
ious nanocomposites of TiO2-ZnO, TiO2-ZnO/CS, and
TiO2-ZnO/CS-Gr were synthesized by Patehkhor et al.
[28] using sol-gel and ultrasound-assisted methods. These
materials were utilized to enhance the photocatalytic degra-
dation of tetracycline under UV irradiation where the best
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material showed 97% of efficiency in the degradation of tet-
racycline after 3h. On the other hand, it is also important to
analyze the kinetic and thermodynamic parameters related
to the removal of organic pollutants using catalytic mate-
rials [25].

Considering this background, the main objective of this
study was to synthesize catalysts in the form of grains based
on a mixture of iron(oxy)hydroxides, especially amorphous
iron hydroxide (HFO) and goethite, and zirconium for the
catalytic oxidation of 4-NP under the presence of hydrogen
peroxide. Degradation tests are reported in this paper
including the physicochemical characterization of tested cat-
alyst. The novelty of this study relied on the preparation of
hybrid catalytic materials using iron (oxy)hydroxides sup-
ported by zirconium where their powders were shaped into
grains of different sizes using the wet granulation method.
Results reported in this study showed that this catalyst was
effective for the 4-NP degradation from aqueous solution.

2. Materials and Methods

2.1. Preparation of Catalysts. Two (oxy)hydroxides iron
solids (i.e., goethite and HFO) were used in this study. The
catalysts were obtained via the coprecipitation method with
different Fe/Zr ratios. Specifically, these materials were pre-
pared following the next protocol. First, the synthesis of
HFO was carried out according to the method reported by
Jiang et al. [29]. This protocol consisted of dissolving slowly,
with stirring and bubbling N,, 60g of NaOH pellets in
500 mL of a solution of Fe(NO,);.9H,0 (0.5 M) (>98%, Pro-
labo) and ZrO(NO,),.H,0 (>99%). This mixture reacted to
form a solid product. After removing the supernatant, the
solid was separated by centrifugation, washed twice with
double-distilled water, and dried in an oven at 25°C. After
grinding, the powder (goethite-Zr) was recovered in a dark
bottle and protected against possible pollution by organic
products.

The preparation of goethite-based catalyst was per-
formed as follows. Goethite, a-FeO(OH), was synthesized
according to the protocol of Wu et al. [30]. It implied the
rapid mixing of 100mL of Fe(NO,);.9H,0 (1M) (>98%,
Prolabo) and ZrO(NO,),.H,0 (>99%) with 180mL of
NaOH (5M) (>98%, Prolabo) under stirring and bubbling
N, to avoid carbonation with atmospheric CO,. The mixture
was then diluted to 2L with double-distilled water and
placed in an oven at 70°C for 60h. The final precipitate
was washed several times with 500 mL of double-distilled
water to remove the excess of nitrates. After drying at 60°C
for 24h, the solid was grounded until a homogeneous pow-
der was obtained and the final product was stored in a dark
bottle.

HFO-Zr and goethite-Zr catalysts with different compo-
sitions were prepared where Table 1 provides the sample
labels and their characteristics. On the other hand, the prep-
aration of uniform catalyst grains was carried out using a
granulator with a high shear rate, see Figure 1. Table 2 pro-
vides the operating conditions of the granulation process,
which were optimized by Cheknane [31]. First, 20 g of pow-
der catalyst were introduced into the high shear mixer with a



Adsorption Science & Technology

rotation speed of 600rpm to homogenize at the dry state.
This step was followed by wet granulation that consisted of
spraying the binder solution (industrial grade silicone) on
the powder bed by varying the mixer speed from 100 to
1000 rpm for 6 min. At the end of granulation, the grains
were collected carefully and placed on a plate and dried in
a tray oven at 60°C. This temperature was chosen to allow
the evaporation of wetting agent (water), while the main
characteristics of the binding agent (industrial grade sili-
cone) and catalyst were retained [29]. The final product
was then calcined at 500°C for 3h with a heating rate of
5°C/min.

2.2. Physicochemical Characterization of Catalysts. Different
characterization techniques were used to analyze the mor-
phology and surface properties of catalysts where the results
were used to explain their performance and selectivity. In
particular, XRD analysis was carried out with a X-ray dif-
fractometer (Model Rigaku) with scanning rate of 5°/min
from 5° to 80°, ceramic tube with copper and generator
power at RX: 40 mA, 40kV. XRD results were obtained with
an angular step of 0.05° at 2s per step and sample rotation
with 0.02°. These results were utilized to identify the crystal-
line phases and the presence of (oxy)hydroxides. Fourier
transform infrared spectroscopy (Perkin-Elmer FTIR spec-
trometer 310) was used to analyze the functional groups
present on the catalyst surface. FTIR spectra were recorded
at 400-4000cm™ with resolution of 2cm™. The measure-
ments were made via diffuse reflection. Catalyst samples
were analyzed in the form of fine pellets using KBr. BET
areas of tested samples were measured by a model Quanta-
chrome NOVA WIN 2 automated gas sorption system. Sur-
face morphology of samples were analyzed with a scanning
electron microscopy (SEM) Quanta 650 (FEI). The pH of
point of zero charge (PZC) was determined for catalyst sam-
ples. First, 0.03 g of catalyst were added to 30 mL Erlenmeyer
flasks containing a solution of potassium nitrate (0.1 M)
adjusted to different pH values (from 2 to 12). The initial
pH of solution (pHi) was adjusted by 0.1M KOH and
0.1 M HNO;. This solution was stirred at 225rpm for 24h
at 24°C, and the final pH of supernatant liquid (pHf) was
measured after filtration with a 0.45um filter paper. PZC
was associated to the value of initial pH when the ApH
equals to zero.

Finally, some mechanical properties of the catalyst grains
were also analyzed. First, the friability is a property that
describes the mechanical resistance of grains subjected to
impact and/or abrasion. Therefore, the friability measure-
ments of catalyst samples were carried out by introducing 1 g
of sample (P1) in a friabilimeter (Roche ERWEKA TA3R,
Germany) for 10min at a speed of 25rpm. After a rotation
of 250 turns, the grains were weighed (P2), and the friability
index (F%) was calculated with the following equation:

P1-P2

F(%) = 100. (1)

The settlement of powders reflects the ability of particles to
rearrange spontaneously (under the effect of gravity) and then

TaBLE 1: Composition of catalysts prepared for the degradation of
4-nitrophenol in water.

Catalyst composition Precursor Sample

75%Fe + 25%Zr Goethite 75GFe25Zr
50%Fe + 50%Zr Goethite 50GFe50Zr
25%Fe + 75%Zr Goethite 25GFe75Zr
75%Fe + 25%Zr HFO 75HFe25Zr
50%Fe + 50%Zr HFO 50HFe50Zr
25%Fe + 75%Zr HFO 25HFe75Zr

under the effect of mechanical stresses (under the effect of suc-
cessive falls). Therefore, the test described in the European
Pharmacopoeia was used to study the behavior of powders,
placed in a test tube, and subjected to successive and standard-
ized falls. In a 250 mL graduated cylinder, a sufficient amount
of grain, not more than 100 g, was introduced without packing
and the apparent volume (V,) was recorded. Then, the sample
was submitted to 50 and 100 strokes and the apparent volumes
corresponding to Vsgp,oy and Vg4, were also recorded. The

compaction capacity (V') was calculated as follows:
V = V50 — V100. (2)

The settling ability was associated to the Carr index (IC)
by the following expressions:

V50 - V100 settlement
= 100 = .100. (3)

V50 V50

IC

Catalytic studies for the degradation of 4-nitrophenol.

The activity of catalysts was tested in the oxidation
reaction of 4-NP under the presence of H,O,. 4-NP oxida-
tion reaction was performed in a discontinuous system
using 0.2g of catalyst, 200mL of 11 mg/L solution of 4-
NP and 10mL of hydrogen peroxide. This 4-NP concen-
tration was selected considering that some discharges in
Algeria showed concentrations lower than 20 mg/L. Degra-
dation experiments were performed under the bubbling of
N, and proper agitation at room temperature. Liquid sam-
ples were taken regularly in order to follow the evolution
of 4-NP oxidation. The oxidation products were analyzed
by high-performance liquid chromatography (HPLC) with
a Cl18 column.

The conversion of 4-NP during the catalytic degradation
was estimated and calculated using the next equation:

C
Conversion = 100 (1 - — , (4)
Co

where CO and Cr are the initial and final concentrations of
4-NP in the corresponding degradation study.

3. Results and Discussion

3.1. Characterization of Catalysts. X-ray diffraction patterns
of analyzed samples are given in Figure 2. They showed
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Figure 1: Configuration of mixer granulator used in the preparation of catalyst for the degradation of 4-nitrophenol. (1) Support, (2)
mechanical stirrer, (3) sprayer, (4) plug, (5) Erlenmeyer flask, and (6) magnetic stirrer.

TaBLE 2: Operating conditions used in the granulation process of
catalyst.

Mass of the powder, g 20
Rotation speed of the studied mixer, rpm 100 to 1000
Concentration of the binder solution, % 40
Duration of the process, min 6

peaks located at 20 >20° attributed to the different iron
(oxy)hydroxides. These iron species were present with per-
centages varying from 8 to 11% mainly for a-FeOOH and
HFO. Note that these findings agreed with results reported
by other authors [32]. All XRD patterns exhibited two peaks
at 20 ranges of 15°-40° and 40°-70°, thus indicating the amor-
phous nature of solids [33]. It was found that zirconia
existed mainly in the monoclinic phase and only a very small
peak was associated to the tetragonal phase according to
JCPDS No. 42-1164. XRD results also showed the disappear-
ance of the peaks in the diffraction pattern of HFO and a-
FeOOH-based materials that were initially present in the
raw feedstock, and it was also identified the intensification
of certain peaks located at 20 = 22, 34, and 37" related to goe-
thite. XRD pattern of the former catalyst showed peaks at
20 =28.5 and 31.8, thus indicating the retention of mono-
clinic phase of zirconium. However, the monoclinic phase
of zirconia was lost in the catalyst, which was probably due
to the presence of water. Debye-Scherrer equation was uti-
lized to estimate the size of iron oxide aggregates, which
ranged from 25 to 34 nm.

FTIR spectra of tested catalysts are reported in
Figure 3. The coexistence between zirconium and ferric
(oxy)hydroxides was associated to the intense absorption
bands at 4000-3500cm™ as well as those located at
1500cm™ that were characteristic of (oxy) iron hydrox-
ides, i.e., the bands located at 4000 and 3630cm™ (wide)
and 1630 up to 1480cm™ (small). The (oxy)hydroxides
were related to the absorption band at 1635cm™ that
was attributed to the deformation vibrations of H,O mole-
cules. The band located at 3625 cm™ of the goethite spectrum

corresponded to the vibration of OH bond. The absorption
bands identified at 3320 and 1640 cm™' were assigned to the
asymmetric stretching and bending modes of OH groups
while the weak absorption band at 837 cm™ was attributed
to Zr-O stretching mode.

BET surface areas of all the materials are reported in
Table 3. Overall, the HFO-based catalysts showed higher
specific surface areas than goethite. Note that this textural
parameter partially explained the results of oxidation reac-
tion for the catalysts prepared with HFO and zirconium.
For illustration, Figure 4 shows the N, adsorption-
desorption isotherm at 77 K of the catalyst 25HFe75Zr. This
isotherm can be considered as type IV according to the
IUPAC classification, which is characterized of a monolayer
adsorption with the presence of mesopores. Calculated BET
surface area of this sample was 267.66 m*/g with a pore vol-
ume of 0.262cm’/g.

SEM images were used to examine the morphology of
supports, the presence of grains, and porosity in the goethite
and HFO-based catalysts. SEM images of goethite and HFO
showed rather opaque and nonregular structures, thus
reflecting the existence of these (oxy)hydroxides in the form
of a precipitate, see Figure 5(a). Catalyst samples with differ-
ent compositions also presented a regular and orderly mor-
phology where spherical-like forms were observed. The
results of elemental analysis of tested samples confirmed
the presence of iron, zirconium, and some traces of silica
and aluminum, see Figure 5(b).

Table 4 reports the PZC values for different materials
studied, which ranged from 4.1 to 10.42 in powder form
and from 6.07 to 11.12 in grain form. As stated, PZC corre-
sponds to the pH value where the net surface charge of a
solid surface is zero. Surface charge of solids can be positive,
negative, or zero depending on the solution pH. At pH <
PZC, the surface charge of the material is positive and other-
wise is negative if pH > PZC. Therefore, this property con-
tributes to understand the phenomena that can occur
during the catalytic process and helps to interpret the influ-
ence of solution pH on the pollutant degradation. Finally,
Table 5 shows the results for the mechanical tests performed
on the grains. The compaction capacity of all the grains
ranged from 5 to 17 mL, which was consistent with standard
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F1GURE 3: FTIR spectra of catalyst samples used in the degradation of 4-nitrophenol.

TABLE 3: Main textural parameters of catalysts prepared in this study.

Sample BET surface area, m’/g Pore volume, cc/g
75HFe25Zr 213911 0.159
50HFe50Zr 236.418 0.2567
25HFe75Zr 267.661 0.261
50GFe50Zr 232.551 0.1682
75GFe25Zr 114.809 0.12
25GFe75Zr 188.496 0.1464

values (European pharmacy). The friability of catalyst grains
was lower than 1%.

3.2. Impact of Operating Conditions on the 4-NP
Degradation. The results of the effect of contact time on
the conversion rate of 4-NP are given in Figure 6(a). A rapid
degradation rate of 4-NP was observed at <30 minutes
followed by a significant slower 4-NP degradation between
50 to 90min. 4-NP removal rates were stabilized at
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FIGURE 5: (a) SEM images and (b) EDX results of catalyst samples in grain form. Samples: (I) 25GFe75Zr, (II) 75GFe25Zr, (I1I) 25HFe75Zr,

(IV) 75HFe25Zr.

TaBLE 4: pH of point of zero charge (PZC) of catalysts used in the
degradation of 4-nitrophenol.

TaBLE 5: Mechanical properties of the catalysts used in the
degradation of 4-nitrophenol.

PZC
Sample Grain
F Powder 0.4mm<d<1mm
25GFe75Zr 7.13 9.17
75GFe25Zr 7.18 11.12
50GFe50Zr 7.01 9.40
Goethite 6.1 9.07
25HFe75Zr 4.11 6.07
75HFe25Zr 8.14 11.20
50HFe50Zr 8.19 8.67
HFO 10.42 8.31

>90 min. These degradation rates can be explained by the
effect of the external diffusion associated to the concentra-
tion gradient at the beginning of the reaction.

Sample Friability, % Settlement, mL
HFO 0.1 5
75HFe25Zr 0.1 14.29
25HFe75Zr 0.2 11.11
Goethite 0.2 14.28
75GFe25Zr 0.1 15
25GFe75Zr 0.3 16.66
Standards <1% <20

Catalytic tests were also carried out with different cata-
lyst amounts using an initial 4-NP concentration of 11 mg/
L at pH7 and 27°C, see Figure 6(b). Results showed that
the best catalyst mass was 0.2 g to obtain a conversion rate
of 81%. On the other hand, the effect of 4-NP concentration
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FiGUre 6: Effect of contact time, catalyst mass, and 4-nitrophenol concentration on the degradation yield via catalytic oxidation.
Experimental conditions: (a) 0.2g of catalyst, 11 mg/L of 4-nitrophenol concentration, pH7, and 27°C, (b) 11 mg/L of 4-nitrophenol
concentration, pH 7, and 27°C, (c) 0.2 g of catalyst, pH7, and 27°C.
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on the degradation efficiency was tested, and results are
reported in Figure 6(c) for concentrations of 810°-1-10"
*M. An increment in the pollutant concentration implied a
reduction of the degradation yield. In particular, the 4-NP
degradation decreased from 89% at 810°M to 84% at
3.10° M, and 80% at 1.10*M. According to recent studies
[13, 34], high degradation yields at trace pollutant concentra-
tions could be mainly due to the role of pollutant-catalyst
surface attraction forces and the significant number of free
active sites. On the other hand, the number of occupied active
sites played a relevant role for degradation process at high

pollutant concentrations because their saturation reduced
the catalytic activity.

The effect of pH on the 4-NP degradation rates is illus-
trated in Figure 7. The reduction of solution pH decreased
the degradation yield of 4-NP from 89% (pH7) to 58%
(pH 3) depending on the grain size. Note that pH reduction
contributed to increase the attractive interactions between
the pollutant molecule and the charged catalyst surface. At
basic pH, these electrostatic interactions were limited due
to there was a repulsion between the phenates (the molecu-
lar form of 4-NP at basic pH) and the catalyst. Figure 7 also
showed that the 4-NP degradation by the catalytic oxidation
process was higher than 80% at pH > 7 irrespective of the
catalyst grain diameter.

Figure 8 shows a comparative of the 4-NP degradation
for tested catalysts using an operating time of 4h at pH7.
The best degradation performance was obtained with the
catalysts based on HFO with a ratio of 75% Zr+25%Fe,
which showed a conversion rate of 93%. Surface area of
this catalyst was higher than 200 m?®/g. Overall, it can be
expected that the textural parameters of heterogeneous
catalysis played a relevant role for 4-NP degradation, thus
contributing to increase its conversion rates.

Finally, assuming an ideal performance of tested catalyst,
the following mechanism (Figure 9) has been proposed for
the oxidation of 4-NP [24]:

H,0, + Catalyst (25HFe75Zr) — 20H", (5)

20H" + 4 - NPhOH — PhO* + H,0 + NO,,  (6)

H,0, + PhO* — intermediate products — CO, + H, 0.

(7)
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FiGure 9: Illustration of degradation mechanism of 4-nitrophenol using the best catalyst obtained in this study.

Note that an adsorption interaction could occur during
the oxidation according to the following equation:

4 — NPhOH + catalyst (grains) — adsorption.  (8)

Finally, it is convenient to indicate that HPLC analysis of
samples obtained at different times of experiments con-
firmed the degradation of this pollutant where intermediate
products were not found with the implemented analytical
method. Therefore, further studies are required to determine
if some intermediate products could be generated during
this degradation process. These studies will imply the appli-
cation of other analytical techniques, and their results will
complement the analysis of catalyst performance in this
application.

4. Conclusions

This study reports the synthesis and characterization of cat-
alysts obtained from iron oxyhydroxide type supported on
zirconium and their application in 4-NP degradation. This
catalyst showed a BET surface area up to 267.66 m*/g with
the predominance of mesoporous. Textural characteristics
of this type of materials contributed to enhance their effi-
ciency for 4-NP degradation. Overall, the degradation per-
formance of these catalysts were depended on their
composition. Results showed that a 4-NP degradation effi-
ciency up to 93% were obtained with the best catalyst (par-

ticle size of 0.4-1mm) at pH 7, 27°C, and 4h. This result
showed that the hybrid HFO/Zr was an attractive catalytic
precursor. Catalytic tests showed that the grains synthesized
on the basis of HFO supported on zirconium were active in
the neutral medium for 4-NP degradation. HFO-based cata-
lysts are promising materials for the oxidation of organic
compounds in water treatment.
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