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ABSTRACT

The pollution of phenolic wastewater has aroused the growing attention. Developing an efficient
and inexpensive catalyst to degrade phenol is critical to the wastewater purification technology.
Thus, a novel acid-modified red mud catalyst (RM4) containing abundant functional groups and
pore structures was prepared. The characteristics of catalysts were determined by the X-ray dif-
fractometer, the scanning electron microscopy and the X-ray photoelectron spectroscopy. a-Fe,O,
and {-Fe,O, in RM4 played the crucial roles in the peroxide (H,O,) activation for the degradation
of phenol. The removal efficiency of phenol was 96.8% under the optimization conditions of 0.02 M
of H,0,, 50 mL of 100 mg/L phenol, 0.05 g of RM4 and reaction time 120 min. The degradation of
phenol fit into the pseudo-first-order kinetics model with the control of the inherent chemical
reaction. The removal efficiency of phenol (96.8%) was inconsistent with the removal efficiency
of chemical oxygen demand (88.2%), signifying that carboxylic intermediates probably accumu-
lated in the degradation process. Mechanism analysis indicated that *OH was the predominant
radical and gave the possible degradation pathways. Continuous experiments were carried out
as the preliminary step of future pilot scale tests. This study proposed that RM4 was a low cost,
easily prepared and environmental catalyst as H,O, activator for the phenol degradation in water.

Keywords: Acid-modified red mud; Peroxide; Heterogeneous activation; Degradation of phenol;

Continuous experiments

1. Introduction

Phenol and its derivative chemicals are a group of
highly resistant aromatic chemical compounds of difficult
decomposition in the environment. Phenol is essential in
the synthesis processes of pharmaceuticals, herbicides,
detergents, plastics, flame retardants, epoxies, nylon and
other fine chemicals [1], and phenolic compounds are
main pollutants in petrochemical and coal processing [2].

* Corresponding author.

Phenol is corrosive to eyes, skin and the respiratory tract,
causing dermatitis. Long-term exposure may be associated
to health conditions affecting the central nervous system,
heart, liver and kidneys [3]. Phenolic compounds are sus-
pected carcinogenic compounds. In the meantime, phenol
is identified as one of the top priority pollutants due to
its ecotoxicological effects. The methods of phenolic com-
pounds treatment mainly includes electrocatalytic degrada-
tion [2], filtration [4], adsorption [5], biological treatment
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[6,7], advanced oxidation processes (AOPs), etc. However,
many limitations have been reported for above-mentioned
methods. Complex and expensive designs of electrochem-
ical reactors, high mass transfer limitation, high energy
consumption and difficult maintenance are some of the
disadvantages of conventional electrocatalytic degrada-
tion systems. For filtration, lack of sufficient effectiveness
in eliminating contaminants with high molecular weights,
detecting membrane clogging, and need for careful main-
tenance of membranes are considered as the limitations.
For the adsorption, low efficiency at high concentration of
pollutants and need for regeneration of the adsorbent have
been reported for the adsorption techniques. Inhibitory
effect on the biological activity of microorganisms respon-
sible for wastewater degradation in the presence of high
concentration of pollutants has been identified as the lim-
itation of the biological treatment. AOPs have been used
as an effective option for the wastewater treatment and
are promising systems based on hydroxyl radicals (*OH)
with the higher oxidative potential (2.8 V) for the chemical
oxidation of organic contaminants in volatile organic com-
pounds, groundwater and bitumen post-oxidative effluents
compared with ozone (E;=2.0 V) or H,O, (E,=1.80 V) [8,9].
Fenton-like oxidation, a type of AOPs, has been proven
as the technology with advantages of nonselective oxida-
tion, no secondary pollution and eco-friendliness in the
degradation of phenol, and attracts widespread research
interests for the practical wastewater treatment. In homo-
geneous Fenton process, the generation of ferric hydroxide
sludge is regarded as a secondary pollution and limits its
large-scale application [10]. To minimize negative effects
and overcome the drawbacks of homogeneous Fenton pro-
cess, heterogeneous Fenton-like processes receive more and
more attentions due to its easy separation [9]. This results in
the development of heterogeneous process. Various metal
oxides (such as Fe,0O,, MnO,, ZnO, ALO,, ZrO,, SiO,, TiO,,
etc.) have been reported as suitable catalysts for the oxida-
tion of phenol [8,10,11]. However, the employment of these
metal oxides faces an economic issue regarding scaling up.
Therefore, it is of great significance to develop heteroge-
neous Fenton-like catalysts with high activity and low-cost.

Industrial solid wastes, including steel slag, tailings, fly
ash, red mud, electrolytic manganese residue, waste tires,
rubber, etc, have become the most serious concerns fronting
society due to a significant amount of stock, masses of heavy
metals and other harmful substances [12,13]. Stockpiling of
these industrial solid wastes occupies a large amount of land
resources and seriously affects the ecological environment.
The industrial solid wastes contain metal-contained oxides,
porous structure and high specific surface area, which can
offer a large number of active sites for the catalytic reaction,
reduce the possibility of deactivation, and increase the ser-
vice life of the catalyst [14-17]. These wastes have attracted
wide attentions for the degradation of refractory organics
from wastewater in the light of easy acquisition, low cost
and the strategy of “treat waste by waste”. Nasuha et al.
[15] investigated the degradation performance of meth-
ylene blue and acid blue 29 dyes by electric arc furnace
steel slag activated via sulfuric acid under the dark-Fenton
process conditions, and discovered that the degradation
of the dyes realized 95% and 82%, respectively. Xu et al.

[16] reported that the efficient degradation of Rhodamine B
by bimetallic CoMn oxides loaded on coal fly ash-derived
SBA-15 activating peroxymonosulfate, and found the
dominant reactive oxygen species was 'O,. Lan et al. [14]
discovered that 99% of azo dyes were degraded in the
Fenton-like process by the modified electrolytic manganese
residue with a nanosheet structure. Based on the review of
literatures, before the catalysis degradation of refractory
organics, the structures and properties of industrial solid
wastes need adjusting and modifying by metal-doping,
metal oxides loading, ultrasonic etching, pyrolysis or acid
activation to enhance the catalytic capacity and releasing
more active sites [12,13]. Red mud (RM) is a solid waste
generated during the bauxite refining of alumina. Bayer
process discharges 0.8-1.5 tons of RM for producing per
ton of alumina [18]. About 120 million tons of RM is pro-
duced around the world, of which China produces about
30 million tons per year [19]. Various applications of RM
in environmental fields have been reported. There are
three general categories for the environmental remedia-
tion materials: including waste water purification, waste
gas purification and soil remediation [20,21]. In addition,
modified RM has been used in the bio-oil preparation from
the corn stover [18,22], biomass gasification tar cracking
[18], adsorption of inorganic anions and organic pollutants
[20], etc. There are plenty of SiO,, ALO,, CaO, Fe O,, TiO,,
and a small quantity of MnO, ZrO,, SrO, NiO, NbO, etc in
red mud [23]. These compounds are advantageous for the
application during the degradation of refractory organics
from wastewater, while realizing the utilization of waste
products. Recently, some studies have been reported using
RM as catalysts, such as the preparation of a new Fenton-
like catalyst for the degradation of sulfamethoxazole,
and co-carbonization of red mud and waste sawdust as a
Fenton catalyst for Rhodamine B oxidation [24,25]. Thus,
RM could serve as an inexpensive and sacrificial catalyst
that could be effectively applied to the phenol degradation.
Nevertheless, raw RM has limited functional groups and
underdeveloped pore structures. Thus, efforts are ongoing
to enhance the catalytic performance of RM, and the use of
various acids, such as HCI, HNO, and H,SO,, induced an
increase in the number of functional groups under appro-
priate conditions [15,26].

In this study, RM was used as the targeted feedstock to
produce the catalysts. The physicochemical characteristics
were systematically determined during the process of acid
modifying RM. The catalytic capacity of the modified RM
was determined in batch and continuous experiments by
using phenol as a model pollutant. The effect of inorganic
anions on the degradation of phenol, leaching of metal ions,
the change of chemical oxygen demand (COD) during the
degradation of phenol and the reusability of catalysts were
examined. The phenol degradation fitting into the kinetics
model was investigated. To identify highly active radicals
(HARs) and suggest a catalytic mechanism for the catalyst
of the best catalytic performance, quenching experiments
and the electron spin resonance (ESR) experiments were
conducted. Continuous experiments were carried out as the
preliminary step of future pilot scale tests. Research nov-
elty was the application of RM waste to the degradation of
refractory organics via the simple processing.
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2. Materials and methods
2.1. Materials and chemicals

Red mud was collected from an alumina refinery plant
in Anshun City, Guizhou Province, China, and mainly con-
tained 19.78% SiO,, 19.78% ALO,, 18.8% CaO, 11.09% Fe,0,,
7.0% Na,0O, 6.5% TiO,, 2.49% SO,, 1.85% K,0 and 0.2% MnO,
etc by an X-ray fluorescence (XRF) spectrometer (XRF-1800,
Shimadzu, Japan) analysis. Phenol (C,H.O), hydrochloric
acid (HCI), ammonia solution (NH,), peroxide (H,O,), meth-
anol (CH,0) and tert-butanol (C,H, O) were purchased from
Shanghai Macklin Biochemical Co., Ltd., China. Ferric ses-
quioxide (Fe,O,) was obtained from Guangdong Guanghua
Sci-Tech Co., Ltd., China. All used chemicals were without
further purification.

2.2. Preparation of catalysts

Red mud was washed with deionized water until a
constant pH. Subsequently, the mixture was vacuum-fil-
trated. The obtained sample was dried in an oven and
marked as WRM. 50 g of WRM was added to a 1 L beaker
(Shuniu, China) with 500 mL of 2 M HCI and brought to
the boil on an electric furnace (DN-DL-1, SUNNE, China)
for 30 min. After cooling, the mixture stood at room tem-
perature for 24 h and ammonia solution was added into the
mixture to adjust pH to 3.0, 4.0, 5.0 and 6.0, respectively.
These mixtures were vacuum-filtrated and the filtered
solids were dried about 6 h in an oven at 105°C for tests.
The obtained filtered solids under pH = 3.0, 4.0, 5.0 and 6.0
were marked as RM3, RM4, RM5 and RMS6, respectively.
Modified Fe,O, (MFO) as a comparison was also prepared
by the same method as RM4 preparation using commercial
Fe,O, (FO). Active components (Fe,0O,, MnO,, etc.) were
dissolved out from the intra particle of RM by HCI under
boiling. Ammonia solution was added into the mixture to
adjust expectant pH in order to uniformly precipitate active
components on the surface of RM.

2.2.1. Characterizations of catalysts

Phase compositions of modified red mud samples were
characterized by an X-ray diffractometer (XRD) (X'Pert
PRO, PANalytical, Holland). Images and components of
the samples were recorded by a scanning electron micros-
copy (MIRA4-LMH, TESCAN, Czech Republic) equipped
with an energy-dispersive X-ray spectroscopy (EDS) (One
Max 50, Oxford, UK). Surface elemental compositions and
valence status of samples were further analysed using
an X-ray photoelectron spectroscopy apparatus (XPS)
(ESCALAB 250XI, Thermo, USA). HARs were monitored
by an electron spin resonance spectroscopy (ESR) (A300,
BRUKER, Germany).

2.3. Reaction procedures

In phenol degradation processes, a temperature-con-
trolled shaker (SHZ-82A, Sanpu, China) was used at
100 rpm. For batch experiments, 50 mL of 100 mg/L phenol
was placed into a 250 mL conical flask (Shuniu, China), after
which 0.05 g catalyst and a certain concentration of H,O,

were added into the conical flask. Once H,O, was added into
the phenol solution, the degradation reaction was triggered.
Three runs of each trial were conducted, and the average
values and error bars were reported. During phenol degra-
dation, the catalytic performance of different samples and
influencing factors, such as H,O, concentration, initial con-
centration of phenol, initial pH and catalyst dosage, were
investigated. The catalytic performance of different samples
on the phenol degradation were conducted under 0.05 g of
catalyst, 0.02 M H,O,, 100 mg/L of phenol within 120 min
at room temperature (25°C = 1°C). The influences of H,O,
concentration, initial concentration of phenol, initial pH and
catalyst dosage were as follows: the effect of H,O, concen-
tration (0-0.1 M) was investigated with 0.05 g of catalyst,
50 mL of 100 mg/L phenol, initial pH 5.6 and 120 min of
reaction time for RM4; The effect of initial concentration
(50-200 mg/L) of phenol was explored under 0.05 g of cata-
lyst, 0.02 M H,O,, initial pH 5.6 and 120 min of reaction time
for RM4; When the experiment conditions were 0.05g of cat-
alyst, 50 mL of 100 mg/L phenol, 0.02 M H,0, and 120 min
of reaction time, the effect of initial pH 3-8 on the degrada-
tion of phenol was probed using RM4; The effect of added
catalyst dosage (0.01-0.1 g) was surveyed with 0.02 M H,0O,
concentration, initial pH 5.6 and 120 min of reaction time.
The degradation of phenol fitting into the kinetics model
was investigated at 25°C-50°C via 100 and 150 mg/L of
phenol. Intermediates of phenol degradation were identi-
fied by a liquid chromatograph-mass spectrometer (LCMS)
(Agilent 1100-AB 400, USA). Quenching experiments were
conducted to confirm HARs in catalyst/H,O, system during
the phenol degradation using methanol and tert-butanol.
HARs were also monitored by ESR experiments via the
formation of DMPO-OH adduct. Continuous experiments
were carried out in a self-made device using the upper-
most performance catalyst with 50, 100 and 200 mg/L phe-
nol, respectively. The removal efficiency of phenol were
measured with definite concentration of phenol under
different flows (0.2-2.5 mL/min). After expected time, the
solution samples were taken out and then measured after
being filtered with a 0.45-mm membrane. The concentration
of phenol was measured by an Agilent1260 HPLC using
a UV detector set at 280 nm and the mobile phase was a
mixture of 40% CH,CN and 60% ultrapure water.

The phenol removal efficiency (¢) is calculated using

Eq. (1):

(p(%)leOw (1)

0

where C (mg/L) and C (mg/L) are the initial and time-depen-
dent concentration of phenol, respectively.

3. Results and discussion
3.1. Material characterization

Phase compositions of acid-modified red mud were
characterized by XRD technology, which is shown in Fig. 1.
The XRD patterns of RM4 and RM5 (Fig. 1a) were similar
and manifested the existence of a-Fe,O,, b-Fe,O,, AI(OH),,

MnO,, Ca,Si0,, NiTiO, and CaTiO,. a-Fe,O,, b-Fe,O, and

27
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Table 1
Comparison of relevant studies of phenol degradation

Removal efficiency

Catalysts Oxidisers Experiment conditions References
of phenol
0.02 M of H,0,; 100 mg/L of
96.8% RM4 H,O, phenol; 0.05 g RM4; 120 min at This paper
25°C
50 henol; 6 I/LHO.,;
90% Dendritic Fe? H,O mg/L phenol; 6 mmol/LH,0; o)
2 0.1 g/L catalyst; 16 min
0.2 mmol/L phenol; initial pH = 3.5;
80.6% Fe0_7Zn0_JS H,0, 3.0 mmol/L H,O,; 0.1 g/L catalyst; [10]
2 min; ambient temperature
35 mg/L phenol; 0.5 g/L PMS;
97.69 -Fe,O o P Ifat 11
& V-Fe,0/MnO, eroxymonosutiate 0.3 g/L catalyst; pH 6.4; 30°C (1]
30 henol; 0.4 g/L; catalyst
100% Co/RM Oxone ppm phenol; 0.4 /L; catalys (34]

2 g/L oxone; 25°C; 90 min

AI(OH), in RM4 and RM5 were probably from the con-
version of Ca,Al(SiO,)(OH), Ca,AlFe(SiO,)(OH), and
Na,(AlSiO,) (CO,)(H,0), in WRM under acidic conditions.
Fig. 1b showed that a part of a-Fe,O, from commercial
FO was translated into b-Fe,O, under the same conditions
as RM4 was prepared, which supported the formation
of b-Fe,O, in RM4 and RM5. Habibi et al. [27] discovered
that hematite, chamosite and poorly crystalline goethite
presented in the red mud matrix were converted into
Fe,O, under acidic conditions. a-Fe,O,, b-Fe,O, and MnO,
were probably main compositions of activator for oxidants
removing phenol [11], and had a stronger characteristic peak
in RM4 compared with RM5. Zhang et al. [28] employed
cubic b-Fe,O, as an excellent catalyst for photo-Fenton deg-
radation of Rhodamine B and phenol, and acquired the
higher degradation removal rates. Like bread peak of RM3
indicated the formation of amorphous structure of some
a-Fe,O, and Al(OH), during preparing RM3, which prob-
ably brought about an insufficient catalytic performance
for phenol degradation. The characteristic XRD peaks of
Ca,AlL(Si0,)(OH),, Ca,AlFe(SiO,)(OH),, MnO,, CaSiO,,
NiTiO,, CaTiO,, Fe,0O, and Al(OH), were identified in RMS6,
suggesting that a mass of substances similar to the composi-
tions of WRM formed when the pH was increased to 6.

Morphology and microstructure of WRM, RM3, RM4,
RM5, RM6 and MFO were examined by scanning electron
microscopy (SEM). The images for the studied samples are
presented in Fig. 2. WRM had rough and uneven particles,
and consisted of a submicron size with globular struc-
tures. Fig. 2b—e show that there were highly porous par-
ticles in smaller diameter compared with WRM after RM
was treated using HCl. By comparison among RM3, RM4,
RM5 and RM6, RM4 had the smallest particle diameter and
bore diameter of apertures (Fig. 2c—,), and formed advan-
tageously an even distribution of Fe,O,, as shown in Fig. 2c,.
It was reported that the distribution of Fe,O,, smallest parti-
cles and more apertures, supported and raised the catalytic
performance of materials [8,11]. The surface particles of
MFO (shown in Fig. 2f) had the smaller diameter compared
with WRM.

Surface elemental composition and valence status of
WRM and RM4 were characterized by XPS spectra. The total
XPS survey spectrum in Fig. 3a reveals that Fe, Mn, O, C,
etc existed on the surface of RM4. Fe had the higher con-
tent on the surface of RM4 compared with Mn. There was
an encouraging sign that the low content of Mn formed on
the surface of RM4 which supplementary promoted H,O,
activation [29]. XPS spectrum of O 1s in Fig. 3c was divided
into two peaks. The peak at 530.3 eV belonged to O-metal
bond, and the peak of 531.5 eV was corresponded to the
adsorbed hydroxyl groups on the surface of RM4. Similar
results were found by Wang et al. [11]. The high-resolution
XPS spectrum of Fe 2p of RM4 in Fig. 3d presented two
obvious peaks. The binding energies at 712.2 and 725.5 eV
were ascribed to Fe® 2p3/2, Fe* 2p1/2, respectively, which
agreed with the results of the report by Wang et al. [30].

According to the characterizations of XRD, SEM and XPS,
it could be concluded that a-Fe,O, and b-Fe,O, formed obvi-
ously on the surface of RM4. These oxides could promote
H,0O, activation and then accelerate phenol degradation [20].

3.2. Catalytic activity

In order to investigate the influences of different cat-
alysts on the degradation process of phenol, the removal
efficiency of phenol was compared via the catalytic action
of RM3, RM4, RM5, RM6, WRM, MFO and FO. As shown in
Fig. 4a, RM3, RM4, RM5, RM6 and WRM provided respec-
tively about 7.2%, 96.8%, 80.4%, 16.2% and 17.1% of phenol
removal in the catalyst/H,O, system within 120 min. RM4
showed the most efficient catalytic capacity. It could be
that a higher content of a-Fe,O, and b-Fe, O, was dispersed
on the surface of particles. It was found that 25.22% ALQO,,
22.35% SiO,, 18.46% Fe,O,, 8.51% TiO,, 0.43% NiO, 0.33%
MnO, etc were in RM4 by the analysis of XRF. Fe,O, had
the higher content in RM4 compared with WRM (described
in section 2.1). The catalytic capacity of MFO was far bet-
ter than FO due to the formation of b-Fe,O, under the
acidic condition. Catalytic degradation capacity of RM4
was higher than MFO which was treated under the same
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Fig. 2. SEM patterns of WRM (a), RM3 (b), RM4 (c—c,), RM5 (d), RM6 (e) and MFO (f).
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Fig. 3. XPS spectra (the total XPS survey of RM4 (a) and WRM (b), O 1s scan (c) and Fe 2p scan (d) of RM4).

conditions as the RM4 preparation. This suggesting that
some trace metal oxides (MnO,) possibly promoted the
catalytic capacity of Fe,O, in RM4 for the phenol degrada-
tion [11]. Therefore, the RM4/H,O, system was chosen for
the tests of phenol degradation in the following sections.
The pH values of solution dropped below 3.5 as for RM4,
RM5 and MFO whose catalytic degradation efficiency
for phenol were higher than other samples, related to the
consumption of H O, to generate H".

The influences of reaction conditions, such as H,O,
concentration, initial concentration of phenol, initial pH
and catalyst dosage, on the phenol degradation efficiency
were investigated, and the results are shown in Fig. 4b
and e. The removal efficiency of phenol under differ-
ent H O,concentration is presented in Fig. 4b. Increasing
H,O, concentration from 0 to 0.02 M caused a significant
removal efficiency improvement from 0.36% to 96.8%,
probably due to more HARs production. However, with
further increase of H,O, to 0.1 M, the removal efficiency

of phenol had almost no increase, probably ascribed to the
quenching impact of excessive H,O, towards HARs [31].
Only 0.36% of phenol removal was observed when RM4
was added into the phenol solution without H,O,, which
was caused by phenol adsorption on RM4. The pH of
point of zero charge (pH ) of RM4 was determined by
the reported method [32] and the obtained value was 5.74.
When solution pH is lower than 5.74, the surface of RM4
could adsorb hydronium ions in solutions. Consequently,
the net surface charge of the surfaces of RM4 at pH below
the pH  is positive after adsorption of hydronium ions.
This led to the poor adsorption performance of RM4 under
the acidic conditions, which also was confirmed by Fig. 4b.
Therefore, the phenol was removed hardly only by the
adsorption. 0.02 M of H,0O, was selected for the other exper-
iments. The impact of initial concentration of phenol on its
degradation is shown in Fig. 4c. The removal efficiency
of phenol declined as the initial concentration of phenol
increased. The possible cause might be that the excessive



215

H. Chen et al. | Desalination and Water Treatment 283 (2023) 209-221

*(1) uoneperdap [ouayd SurzArered FIARY Jo 101d sniusyrry pue (y pue 3) Y £q [ousyd /3w 6T 10 QT JO uonepeI3ap Y} JO [POW SOHAULY
1opi0-3siy-opnasd jo sanjea y ay[, (3) saanjeradwa) JuarayyIp 1Rpun FIAY Aq swn uonoear Yim uonepeidap jouayd jo adueypd ayy ‘ousyd jo uorepeiSap ayp uo (3) a8esop
1s4e3ed pue (p) gd renur /(0) [ousyd jo UOIFEIUSIUOD [BHIUL /(q) UOHRIFURIU0D ‘0L a3 Jo saouan(yur /(e) arnjeradwa) wooi ye sajdures jusaiayyip Aq uoneperdap ouayd ¥ “Siq

Ll () dwur (urur) awiny,
PEO00 6000 z£00°0 1£00°0 0zt ool 08 09 Ov 0T O oL 96 9 % % 9
e 0
0P
o L6 (LADe68 9E6E =N E
) G ! -gge .
i i
. T 5 =,
Loe- Z 0 - 2
THT1 + (L) ET LORE =01 F§2- ® ®
B gg] _ 850°0=Y « 550°0=1 _ S
TRwgn] o -0'T- (1) 6r00=3 Xt w L FO1I0=A Dot W
' /A I = /dw
() swr ] /AW s Ja §T (y) |71/°w o001 25T = " (3)
0zl 001 08 09 or 0z 0 (3) aTesop 1s{jme)y
. : : = : : Lo 10 0 S0°0 £0°0 100
= e -0
e, o g
o .q W-
o) ] F0Z
N %\ == = =
\i\ [0S 8 § ¢ [ 8
\ 3 @ 2 [OF 2 E
D,/ y m - = 8,
0,08 “1/8mps| N L 3 £ 5 Fos &
DuSt 1AmpS|—o r.x.r_.,,...u £ Fre9 =B pr / =
.0t 1AW - % ool S - o g
o Meau IL S| — | . 8 o I
208 “1/BuI00 ]| —v— % 1 aw 08 = ol e
J-5F 1ELO0] e r ¥ = 5 - &
Du0b T1/AW00 ] —— : = k001 |
.57 /w00 —a— f Lot @) () Hd [pury —e— ©hp)
o 9
(71/3w) jouayd yo uonenuaduod [ENIU| (/]0W) HonEHUIUOD (O H B
00z 051 001 0s 1o 900 00 o 100 0 Sajcues juatapid
-0 -0 04 04N WaM 9N SN P £
0T - 0T ] B
Lor 2 For 2 2
= o 3 o
I m =]
Z a e
-og < 08 2 ' : 3
= = =
=001 - 001 1S 001
(2) q) (®)




216 H. Chen et al. / Desalination and Water Treatment 283 (2023) 209-221

phenol adsorbed on active sites. The limited active sites for
HARs production were responsible for the decreased deg-
radation efficiency [10]. The impact of initial pH on phe-
nol degradation is shown in Fig. 4d with initial pH 3-8.
Phenol degradation results were similar between pH 3-6
and had a great increase, suggesting RM4 exhibited pH-in-
dependent catalytic activity between pH 3-6. The final
pH was <4 after the phenol degradation under different
initial pH, probably duo to the production and accumu-
lation of carboxylic intermediates in the process of phenol
degradation. However, the removal efficiency was tremen-
dously inhibited when pH exceeded 7. This might be due
to deprotonation of H,0, and convert it to less oxidizing
*OH [33]. In addition, OH~ under alkaline condition would
be adsorbed on the catalyst surface, tend to repulse *OH
and slow down the HARs formation [33]. Fig. 4e showed
that the phenol removal efficiency was gradually improved
with the increase of catalyst dosage, since more active sites
were provided for H,O, activation to generate more HARs.
However, the increased removal efficiency was little when
the added catalyst dosage was greater than 0.05 g. Thus,
0.05 g of RM4 catalyst was selected for the following study.
According to the above analysis, the optimized conditions of
phenol degradation were 0.02 M H,0,, 0.05 g RM4, 120 min
of reaction time at 25°C, and had an advantage compared
with experiment conditions of relevant studies of phenol
degradation (shown in Table 1). The cost of phenol degra-
dation was about $5.58 per ton of phenol solution under
the optimized degradation conditions shown in Table 2.

Fig. 4f presents the concentration decrease of 100 and
150 mg/L of phenol with reaction time at different tem-
peratures. The removal efficiency of 100 mg/L phenol was
superior to that of 150 mg/L phenol at the same tempera-
ture. Inferior degradation capacity of 150 mg/L phenol
was ascribed to the relatively insufficient oxidant and the
limited active sites. In addition, higher temperature pro-
moted phenol degradation. The removal efficiency of 100
or 150 mg/L of phenol gradually increased as reaction tem-
perature rising from 25°C to 50°C at certain time, indicat-
ing that H,0,-mediated oxidation of phenol was usually
related with the temperature. This was ascribed to the fact
that heating promoted H,O, activation [35]. Considering
the energy consumption, 25°C was selected as the experi-
ment temperature when the influences of experiment con-
ditions were investigated. As is shown in Fig. 4g and h and
Table 3, the degradation reaction of 100 or 150 mg/L of phe-
nol fit into pseudo-first-order kinetics model [Eq. (2)]. the
rate constants (k) of 100 mg/L phenol degradation by RM4
at 25°C, 40°C, 45°C and 50°C were 0.028, 0.056, 0.073 and
0.104 min™, respectively. Likewise, the k values of 25°C,
40°C, 45°C and 50°C for 150 mg/L phenol degradation
were 0.021, 0.035, 0.049 and 0.058 min™, respectively. The
rate constants of 100 mg/L phenol degradation outweighed
those of 150 mg/L phenol degradation with reference to
25°C, 40°C, 45°C and 50°C, implying the lower concentra-
tion of phenol had more excellent removal efficiency.

Fig. 4i shows Arrhenius plots of RM4 catalyzing phe-
nol degradation about 100 and 150 mg/L of phenol. The
apparent activation energy (E ) was calculated from the log-
arithmic form of Arrhenius equation of the Eq. (3). Where
k is the apparent rate constant of phenol degradation, A is

the pre-exponential factor, T is the absolute temperature
and R is the general gas constant. By calculation, E, values
of 100 and 150 mg/L of phenol were 40.7 and 32.7 kJ/mol,
respectively, which were lower than that of other catalysts
(48-87 kJ/mol) [5,36]. E, values were much higher than the
diffusion-controlled reaction (10-13 kJ/mol), indicating that
the phenol degradation process was mainly controlled by
the inherent chemical reaction occurring on the RM4 sur-
face [35]. In addition, The E, value of 100 mg/L phenol was
greater than that of 150 mg/L phenol, indicating the deg-
radation of 100 mg/L phenol had more sensitiveness to
temperature.

h{g] =kt @)

Ink=- E, +InA 3)
RT

To determine the effect of inorganic anions, the
removal efficiency of phenol was investigated after add-
ing different concentration of CI5, NO; or SO into the
reaction system. Fig. 5a shows that the sequence of the
removal efficiency of phenol under CI;, NO; and SO
was CI" > NO; > SOZ~. However, the difference of removal
efficiency of phenol was not tremendous among CI-, NO;
and SOZ. The degradation of phenol was not inhibited
evidently by CI-, NO; or SO}~ as the added concentration
increased. This signified that the degradation of phenol
was not basically attenuated by common ingredients in
the simulated wastewater. Fig. 5b presents that the con-
centration of Fe** and Na* was 6.8 and 38.4 mg/L, respec-
tively, in the RM4/H,O, system after 120 min of reaction
time. Therefore, the effect of the RM4/H,O, system on
environment was negligible in the degradation process of
phenol. Fig. 5c shows that the removal efficiency of COD
increased with the reaction time under the optimized deg-
radation conditions. When the removal efficiency of phe-
nol increased to 96.8% within 120 min at 25°C, the removal
efficiency of COD reached 88.2% and the value of COD fell
to 32 mg/L correspondingly, whose inconsistency signified
that carboxylic intermediates probably accumulated in the
degradation process. To evaluate the reusability of RM4,
the used RM4 was separated by filtration and then carried
out naturally air-dried for the next phenol degradation
test. The cycle tests (shown in Fig. 5d) indicated that the
attenuation of the removal efficiency of phenol increased

Table 2
Economic analysis of phenol degradation under the optimized
conditions

Items Market price Treated m-cresol solution
HCl $2.55/kg 1.7 kg/t $4.34/t
H,0, $1.20/kg 1.02 kg/t $1.22/t
NH, $0.33/kg 0.06 kg/t $0.02/t
Total - - $5.58

“"_a

means that there is no value.
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gradually with the increase in cycle number, probably
due to the dissolution of iron ions. After four runs, 74.2%
removal efficiency of phenol suggested that RM4 pos-
sessed an excellent reusability for the phenol degradation
in the RM4/H,O, system. The percentage of iron lixivia-
tion was estimated 5.3% in Fe O, content of the catalyst.
After four runs in cycle numbers, the percentage of iron
lixiviation reached 23.9%, which was the main cause of
the gradual attenuation of phenol removal along with the
cycle numbers.
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3.3. Mechanism

Quenching experiments were conducted to confirm
HARs in the RM4/H,O, system during the degradation of
phenol. In general, both methanol and tert-butanol could
be served as the scavengers of *OH due to their high reac-
tion rate constants with *OH, and the k constants were
3.2 x 10° and 7.6 x 10® M/s, respectively [37]. The results,
as shown in Fig. 6a, indicated that after addition of metha-
nol or tert-butanol, the removal efficiency of phenol in the
bulk solution decreased seriously compared with that of
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Fig. 5. Influences of different anions on phenol degradation in the RM4/H,O, system (a); the change of concentration of Fe’ and Na*
ions with reaction time (b); the change of removal efficiency of COD with reaction time (c) and removal efficiency of phenol in cycle

tests (d).

Table 3
Correlation coefficients of kinetics model

Concentration (mg/L) Temperature (°C) R? Concentration (mg/L) Temperature (°C) R?
25 0.9863 25 0.9907
40 0.9901 40 0.9861
100 45 0.9782 150 45 0.9983
50 0.9870 50 0.9694

Arrhenius equation 0.9805

Arrhenius equation 0.9698
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the same conditions without the scavengers, which meant
that *OH played the dominant role in the RM4/H,O, sys-
tem. ESR experiments were also executed using DMPO as a
*OH spin-trapping probe. The quartet peaks with an inten-
sity ratio of 1:2:2:1 were the signals of DMPO-OH adduct
(observed in Fig. 6b). This result further confirmed the
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0.2 mL
S 80
-
2
5
2 60
=
5
T 40+
(=]
=
"
& 20+
0

Tert-butyl alcohol
Scavenger

Methanol Without scavengers

(b)

DMPO-OH adduct

RM4/H,0, system

Intensity (a.u.)

Without catalyst

35|00 35l50
Magnetic field (G)

3450 3600

Fig. 6. Influences of methanol and tert-butanol on the phenol
degradation (a) and DMPO-OH adduct of trapping *OH (b).

Table 4
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existence of *OH in the RM4/H,0, system. On the contrary,
there were not the signals of DMPO-OH adduct in the sys-
tem without the catalyst. Thus, *OH was generated during
H,O, activation by RM4. The possible degradation mech-
anism was proposed as follows: The surface bonded °Fe*
species (a-Fe,O, and b-Fe,0,) reacted with the adsorbed
H,O, and HOO* generated by Eq. (4) to form °Fe* [Eqs. (4)
and (5)] [38]. °Fe** would activate H,O, to generate *“OH by
Eq. (6). During the reaction, a bit of ®Mn*" species (MnO,)
of RM4 was reduced to®Mn* by H,O, [Eq. (7)] [39]. In addi-
tion, °Mn*" prompted °Fe** to convert to °Fe* [Eq. (8)] [31],
which was why the catalytic capacity of RM4 for phenol
degradation was higher than MFO. Then the produced *OH
rapidly attacked the phenol to generate intermediates and
further mineralized them into CO, and H,O [Eq. (9)]. The
intermediates were analyzed by using LCMS during the
degradation of phenol in the RM4/H,O, system, as shown
in Table 4. The possible intermediates mainly included
1,2-benzenediol, benzoquinone, muconic acid, maleic acid,
oxalic acid, acetic acid, etc. Fig. 7 illustrated a possible reac-
tion process and mechanism during the degradation of
phenol in the RM4/H,O, system.

=Fe’ +H,0, »=Fe* + HOO +H’ @
=Fe’ + HOO »=Fe” +0, +H* ®)
=Fe’ +H,0, »>=Fe” + OH+OH" (6)
=Mn*" +H,0, »=Mn* + HOO + H" 7)
=Mn® + = Fe* —»=Mn** + Fe* (8)
CH, + OH — intermediates — CO, + H,O )

3.4. Continuous phenol degradation

Continuous experiments were carried out using RM4
catalyst with the best catalytic performance via a self-made
device (Fig. 8a). The synthetic solutions of phenol with
50-200 mg/L under different flows (0.2-2.5 mL/min) were
applied to such experiments. The dosage of catalyst load-
ing in the column was 2 g and the range of residence time

Possible intermediates by LCMS during the phenol degradation in the RM4/H,O, system

No. m/z Molecular formula Chemical name
1 110 CH.O, 1,2-Benzenediol
2 94 CH.O Phenol

3 108 CH,0O, Benzoquinone
4 142 CH,O, Muconic acid

5 115 CHO, Maleic acid

6 90 CH,0, Oxalic acid

7 60 CHO, Acetic acid
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Fig. 7. Schematic diagrams of the change of Fe components during RM4 preparation and the mechanism of phenol degradation by

RM4.
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was about 17-215 min consistent with 0.2-2.5 mL/min of
flows. The phenol concentration of solution from the exit
of the experiment setup was analyzed at expected time.
Fig. 8b—d shows that the greater the flow was, the earlier the
high concentration of phenol came as for different concen-
tration of phenol. As for 50 mg/L of phenol, when the flow
was lower than 1.5 mL/min, the phenol was thoroughly
removed during experiments. The concentration of phenol
increased significantly since 150 min at 2.5 mL/min of the
flow. The concentration of phenol increased significantly
from 150 min as the flow was 1.1 mL/min for 100 mg/L of
phenol. The high concentration of phenol arrived earlier at
2.5 mL/min of the flow. The degradation effect of phenol
was poorer for 200 mg/L of phenol when the flow exceeded
1.5 mL/min. These finding indicated the low concentration
of phenol was easily degraded by H,O, using the RM4 cat-
alyst under a relative low flow. The results indicated that
phenol could be removed via continuous experiments in the
column and offered a reference for further pilot scale tests.

4. Conclusions

Phenol is universally recognized as the most toxic,
widely distributed and serious health hazard component
among various phenolic pollutants. RM, a solid waste gen-
erated during the bauxite refining of alumina, contains
plenty of SiO,, ALO,, Ca0, Fe,O,, TiO,, and a small quantity
of MnO, ZrO,, SrO, NiO, NbO, etc and has the potential of
catalyzing phenol degradation.

In this study, a novel and inexpensive acid-modified
RM containing abundant functional groups (a-Fe,O,,
p-Fe,0,) and pore structures was prepared. RM4 activat-
ing H,O, process was firstly applied to the degradation
of phenol. 96.8% of the phenol degradation was achieved
within 120 min under the conditions of 0.02 M of H,0,,
100 mg/L of phenol, 0.05 g of RM4. In addition, RM4 exhib-
ited the pH-independent catalytic activity within pH 3-6.
The degradation reaction of 100 and 150 mg/L of phenol fit
into pseudo-first-order kinetics model at 25°C-50°C under
the optimum conditions. E, value of 100 mg/L phenol was
greater than that of 150 mg/L phenol, indicating the deg-
radation of 100 mg/L phenol had more sensitiveness to
temperature. The degradation of phenol was not inhibited
evidently by CI, NO; or SO} as the added concentration
increased. When the removal efficiency of phenol increased
to 96.8%, the removal efficiency of COD reached 88.2%,
whose inconsistency signified that carboxylic intermediates
probably accumulated in the degradation process.

Quenching and ESR experiments confirmed that *‘OH
was the predominant radical and responsible for the for-
mation of DMPO-OH adduct. a-Fe,O, and B-Fe,O, in RM4
played crucial roles in the H,O, activation for *OH produc-
tion. The results of the continuous experiments offered a ref-
erence to further pilot scale tests.
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