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LOW-TEMPERATURE SOLID-STATE SYNTHESIS OF FePO4 AS A HETEROGENEOUS
FENTON-LIKE CATALYST FOR THE DEGRADATION OF METHYL BLUE **
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A potential iron phosphate (FePOy) catalyst was prepared using a low-temperature solid-state method
for the heterogeneous Fenton-like degradation of methyl blue (MB). A variety of parameters affecting the
MB removal rate, including temperature, initial pH, catalyst usage, H>0> and MB concentration, was stud-
ied in detail. The prepared FePOy exhibited a highly efficient catalytic reaction with seven cycle perfor-
mance. In addition, a free radical masking experiment revealed the existence of a hydroxyl radical (*OH)
and indicated that the degradation of MB was mainly due to the oxidation caused by *OH. This work sug-
gests FePQy is an efficient material, which is responsible for the catalytic degradation of the azo dye MB
through a heterogeneous Fenton-like system.

Keywords: heterogeneous Fenton-like, ferric phosphate, hydroxyl radical, low-temperature solid-state
reaction.

HU3KOTEMIEPATYPHBINA TBEPJOTEJbHBIA CUHTE3 FePOs KAK TETEPOTEHHOI'O
OEHTOHOIIOJOBHOI'O KATAJIM3ATOPA PA3JIOKEHUA METHJIEHOBOI'O CUHEI'O

Q. Zhang, X. Li, Q. Wang, S. Wang"
VIIK 546.07:66.097.3

Konneooc xumuu u mamepuanosedenuss @yy3sanbcko2o nedazocudecko2o yYHugepCcumema,
Dyuocoy, Kumaii; e-mail: wangsm@fjnu.edu.cn

(Illocmynuna 11 gpespana 2020)

Tlomenyuanvuwiii kamaauzamop Ha ochose gocpama dnceneza (FePOy) 0ns eemepoecentozo penmono-
n000OHO20 pasznodiceruss memuienosoco cunezo (MC) nonyyen memooom HUKOMEMNEPAMYPHO2O MEEPOO-
menvhoeo cunmesa. H3yyenvl napamempsl, eiusowue Ha ckopocms pasznodicenus MC: memnepamypa,
Hauanehvili pH, nanuuue xamanuzamopa, xonyenmpayuu H>O> u MC. Ilpuecomognennwviti FePOy nokazan
8bICOKOIPPEKMUBHYIO KAMATUMUYECKYIO PEAKYUIO 3d CeMb YUKN08. DKCnepumenm no Mackuposke c0600-
HbIX PAOUKANO08 BbIABUTL CYUWeCmBosanue cuopokcunbo2o paoukana (*OH) u noxasan, umo paznoscenue MC
APOUCXO0UM 8 OCHOBHOM U3-3a OKucaenus, vizgannozo *OH. Ilpednonazaemcs, umo FePOy s¢pghexmusen
Kax xkamanumuszamop pasnodicenus azoxpacumens MC uepe3 ¢penmonono0oonyio 2emepoenyto cCucmemy.

Knrueswle cnosa: cemepozennoe enmononododnoe pasnoxcenue, hocgham dcenesa, 2uOpOKCUTbHYIL
PAOUKAT, HUBKOMEMNEePamypHas MmeepoomenbHas peaxyus.

Introduction. Printing and dyeing wastewater contributes a lot to water pollution [1]. The non-
biodegradable organic matter abundant in it shows a dark color and high chemical oxygen demand and other
peculiarities [2]. Currently, photocatalytic [3], electro-Fenton [4], and Fenton-like processes are widely ap-
plied for its treatment [5—7]. The Fenton process presents significant advantages in the catalytic oxidation of
high-concentration and non-biodegradable organic dyes. Since the traditional homogeneous Fenton process
has some limitations such as difficulty to store and transport hydrogen peroxide (H20.), the heterogeneous
Fenton-like process has received considerable attention for its better catalytic oxidation, ease of reuse, and
absence of secondary pollution [8-10].

“Full text is published in JAS V. 89, No. 1 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 89, No. 1 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Ideally, the development of a Fenton-like environment friendly, high effective catalyst with low energy
consumption is the key to the environmental organic pollution control technology. Most of the metal phos-
phates have a robust skeleton structure and excellent stability, which shows an extensive application pro-
spect in the field of catalysis and adsorption. As a member of the metal phosphate group, FePO4 is widely
used in the field of catalytic wastewater purification [11-13]. Zhou et al. prepared graphene oxide-FePO4
nanocomposites that can act as Fenton-like catalysts and display improved catalytic activities in the degrada-
tion of methyl blue (MB) [14]. In addition, the low-temperature solid-state reaction belongs to “green chem-
istry” because its strength lies in simple operation, absence of solvent, less pollution, and high yield [15-17].

Herein, combining the environmental friendliness characteristics of the low-temperature solid-phase
method and the favorable physicochemical properties of the FePOjs catalyst, in our work the FePO4 sample
was prepared by the low-temperature solid-phase method as a heterogeneous Fenton catalyst. Meanwhile,
various factors influencing the degradation of MB were studied in detail, covering the catalytic reaction
mechanism and cyclicity of MB.

Experimental methods. FePO4 was synthesized by the low-temperature solid-state reaction. In brief,
ferric chloride (FeCl3-6H,O, AR) and sodium phosphate (Na3PO4-12H,0, AR) were mixed at a molar ratio
1:1 and then ground at room temperature for 40—60 min. The color of the mixture gradually became shallow,
and then (after the reaction) the mixture appeared as a pale-yellow solid. After that we washed the sample
several times with deionized water and dried it at 90°C for 6 h to obtain a linen-colored powder.

The crystal structure of FePO4 was characterized by X-ray diffraction (XRD, PHLIPS X’ Pert MPD);
CuKy (40 kV, 40 mA, L = 0.1541 nm) was the radiation source, with scan rate 2°/min, 20 = 10-80°. The sur-
face microscopic structure was observed by field-emission scanning electron microscopy (FESEM, S4800,
Hitachi, Japan); the elemental composition and content were detected by energy disperse spectroscopy (EDS,
S4800, Hitachi, Japan). We used X-Ray photoelectron spectroscopy to analyze the elemental composition
and chemical valence of each element (XPS, Kratos AXIS Ultra DLD, KRATOS, Japan), and Fourier-
transform infrared spectroscopy to analyze the function group (FT-IR, NEXUS 670, Nicolet, USA) by the
KBr tablet method. The scanning range was 4000400 cm ™.

The catalytic activity of FePO4 was evaluated by MB degradation. An amount of the MB solution was
added to the Erlenmeyer flask. After adding the catalyst, the pH of the solution was adjusted with the H>SO4
or NaOH solution. The solution was stirred for 20 min to reach the adsorption-separation equilibrium. The
data point was collected from the absorbance of the 4 mL centrifuged supernatant at 664 nm with a UV-vis
spectrophotometer. The sample concentration was expressed in Cp. Then, a certain concentration of H,O»
(30%, AR) was added to the solution for reaction. The samples were measured every 10 min in the same
way as before. The sample concentration was expressed by C, and the decolorization rate: D = (Co —
— C)/Cox100%.

Results and discussion. The XRD patterns of FePO4 are shown in Fig. 1a. Compared to the amorphous
form before calcination, the diffraction peaks of the sample after calcination correspond to the FePO4 crystal
planes (JCPDS #50-1635). The impurity phase is not seen in the pattern, indicating that FePOy is successful-
ly synthesized through a low-temperature solid-phase reaction. The FT-IR spectra of FePO4and NazPOj4 are
shown in Fig. 1b. KBr is chosen as a diluent. The strong absorption peaks at 36503100 and 1600 cm™' be-
long to the stretching and bending vibration of -OH [18]. The absorption peaks at 1050 and 540 cm ™ as-
signed to PO4> [19]. They show that both FePO, and Na;PO4 have strong absorption to PO4>~ and -OH. The
absorption peaks of Na;POy at 1013 and 542 cm™! correspond to the stretching and bending vibration of P-O.
The peaks of FePO4 at 1042 and 550 cm™! attributed to the stretching vibration of P-O and Fe-O, respectively.
The bending vibration of P-O is not obvious due to the overlap of Fe-O and tensile vibration. The absorption
peak at 738 cm™! belongs to the tensile vibration of Na-O that exists in NazPOj rather than FePOs. It shows
that Na3POy is thoroughly converted to form the structure of FePO..

XPS characterization of the heat-treated FePOs is tested to analyze the elemental composition and va-
lence of FePO4. The presence of elemental Fe, P, and O in the prepared sample was confirmed by the full
spectrum in Fig. 2a. The spectrum of Fe 2p is shown in Fig. 2b; the peaks located at 724.7 and 713.9 eV are
attributed to Fe 2p1» and Fe 2psp, respectively. The differences of Fe in Fe;O3; and FePOj4 lead to incon-
sistent binding energy [20, 21]. The corresponding binding energy of the P spectrum (Fig. 2¢) is at 132.9 eV,
indicating that the valence of P in the samples is +5 [22]. There are different kinds of O chemical bonds of
FePOs, including P-O, Fe-O, H-O (Fig. 2d). The characteristic peaks at 532.6 eV correspond to P-O and Fe-
O, and the peak at 531.2 eV corresponds to -OH [23, 14].
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Fig. 1. a) XRD; b) FTIR patterns of samples.
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Fig. 2. XPS spectrum of FePOs.

In order to determine the morphology of the FePO4 microscopic surface, SEM characterization was

carried out. Figure 3a reveals the loose layer structure of the FePO4 sample, where most agglomerated parti-
cles are bigger than 2 pm. Generally, the structure may provide a large specific surface area. EDS is used to
determine the elemental composition and content on the surface of the FePO4 sample (Fig. 3b). The EDS re-
sults confirm the presence of elemental Fe, O, P in the sample and the approximate atomic ratio of 1:1 for el-
emental Fe and P, which is in line with the stoichiometric ratio of FePO4 [24]. This demonstrates the suc-

cessful formation of the Fe-P alloy in the FePOj4 catalyst.
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Fig. 3. a) SEM; b) EDS images of the samples.
The experimentations on the FePOy catalytic degradation of MB under various conditions were per-

formed (Scheme 1). Under the experimental conditions (pH 3.0, 7= 50°C, 5 mmol/L H>O, 0.50 g/L catalyst,
100 mg/L MB), the influence of each factor was investigated by the controlled variable method.

Scheme 1. Schematic presentation of FePO4 sample degrading MB.

The comparison results of the three systems (FePO4, H,O, FePO4 + H20,) are presented in Fig. 4a.
The degradation rate of the MB solution reaches 99% within 20 min in the FePO4 + H>O, system, while the
degradation rates in the FePO4 or H2O; system are just 6 and 18% after 60 min of reaction. This proves that
FePOj has efficient catalytic activity for the H»O, oxidation degraded MB solution. pH is one of the signifi-
cant parameters in the Fenton-like process, since pH greatly affects the production of *OH [18]. Figure 4b
exhibits the experimental results for different initial pH conditions. The results show that the optimal pH
value is 3.0. The results comply with the law of the Fenton process, which means that the concentration of
*OH is higher under acidic conditions. Actually, high-valence iron ions (Fe*") have replaced *OH in alkaline
conditions, and the oxidation of Fe*" is weaker than «OH [25]. It shows that the degradation rate of MB de-
creases with increasing pH value. To observe the effect of temperature on the degradation performance, ex-
periments were carried out at 28, 40, and 50°C. As shown in Fig. 4c, the degradation rate of MB reaches
99% within 30 min when the reaction temperature rises to 50°C. The generation rate of *OH and the degra-
dation rate of organic pollutants can be significantly improved at an appropriate high temperature. More no-
tably, the rate of the H,O; solution decomposed into oxygen increases with temperature, so excessive tem-
perature is not conducive to the degradation of organic pollutants [26]. Further investigations were imple-
mented to clarify the effects of the H,O, concentration on the Fenton-like degradation. Figure 4d clearly
shows that the degradation rate of MB is promoted with increase in H,O, concentration (within 5 mmol/L).
The hydroxyl radical only derives from H,O, in the experiment, so the concentration of H,O; should be pro-
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portional to the degradation rate [21]. When the concentration [H>O2] > 5 mmol/L, the degradation rate hard-
ly continues to rise. In contrast, the degradation rate of MB shows a downward trend when the H,O; concen-
tration reaches 20 mmol/L. This can be ascribed to the scavenging of *OH radicals by the excess presence of
H0», resulting in a decrease in the *OH content in the system [23]. Furthermore, the effect of the catalyst
dosage is illustrated in Fig. 4e. It seems that the dosages of the catalyst within 0.50 g/L are fairly stable for
the degradation operation. However, the degradation rate of MB increased by 1.00 g/L, which means that
the overfull active sites on the catalyst surface can remove *OH partly. Moreover, the excessive catalyst re-
duces the density of *OH on the catalyst surface, which ultimately leads to a decrease in the degradation rate
[26, 27]. Based on the above experimental results, the degradation of different concentrations of MB was
further investigated. As presented in Fig. 4f, the initial MB concentrations were 150 and 200 mg/L, and the
degradation rates reach 82 and 71%, respectively. Although increasing the concentration of MB slowed
down the degradation rate, the total amount of degradation increases. As the concentration of pollutants in-
creases, many organic pollutants are prone to occupy active sites on the catalyst surface. Hydrogen peroxide
cannot contact the active site, and the system only generates insufficient *OH, thereby leading to a reduction
in the MB degradation rate [28].
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Fig. 4. Effect of the different (a) systems, (b) initial pH values, (c) temperatures, (d) H>O> concentrations,
(e) catalyst dosages, and (f) MB concentrations on the degradation of MB.

Traditionally, the Fenton-like reaction mechanism is the mechanism of hydroxyl radicals that removes
organic pollutants in wastewater owing to the strong oxidation function of *OH. To identify the hydroxyl
radicals as a major active oxygen species involved in the FePO4 + H,0, system, isopropanol (C3HsO) was
chosen as the radical quencher due to its high reactivity toward *OH. We compared the two systems FePO,4 +
H>0, and FePO4 + H>0; + C3HgO under the same experimental conditions. Obviously, the MB degradation
rate is sharply reduced in systems containing isopropanol, as evident from Fig. 5a. It shows a large amount
of *OH radicals generated in the FePO4 + H,O; system and proves that the degradation of organic pollutants
in this experiment complies with the hydroxyl radical mechanism of the Fenton-like reaction. The *OH radi-
cal has the ability to degrade organic pollutants due to its strong oxidation and accelerated generation in the
acidic environment. As seen in Fig. 5b, FePO4 can indeed effectively degrade MO, X-3B, and K-nr under the
same experimental conditions. The results further verify that the degradation of organic pollutants in this ex-
periment is based on the hydroxyl radical mechanism. The UV-Vis spectrum is displayed in Fig. 5c. The
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characteristic peaks of 664, 245, and 293 nm decrease rapidly with the extension of the reaction time. It
shows that the large molecules in the MB solution are broken down into small molecules, leaving benzene or
other small molecules. The results demonstrate that FePO, catalyzes the generation of *OH from hydrogen
peroxide to promote the decomposition of MB. According to Fig. 5d, the stability and recyclability of FePO4
catalysts were evaluated under optimal conditions. The MB degradation declined in the 7th cycle. However,
a removal efficiency of 96.8% is still maintained. This may be attributed to the adsorption of intermediates
and the coverage of active surface sites by organics.
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Fig. 5. a) Effect of isopropanol on the discoloration of X-3B; b) degradation curves of different dyes;
¢) UV-Vis spectra at different reaction times; d) the recycling of FePO4; pH 3.0, 50°C, 5 mmol/L H>O»,
0.50 g/L catalyst, 100 mg/L MB.

Conclusions. A green energy-saving route of low-temperature solid-state reaction to synthesize the
FePOy catalyst is proposed. The kinetic studies indicate that FePOs effectively degrades organic wastewater
simulated by the MB dye with the appropriate catalyst dosage, H>O> concentration, reaction temperature,
and pH value. In addition, *OH is believed to be the primary radical in the Fenton-like process. The efficien-
cy of the catalyst cycle degradation remains stable. Comprehensively, FePOys is a highly efficient heteroge-
neous Fenton-like catalyst with broad prospects in the field of wastewater treatment.
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