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Abstract Advanced oxidation processes (AOPs) have gained extensive attentions in organic decon-

tamination in past decades. Iron-contained compound is an interesting material due to its adsorp-

tive and catalytic performance, which has been applied widely in AOPs. Thus, graphene oxide

(GO)-Fe3S4 composite was synthesized by a solvothermal process and assessed as an effective

adsorptive and catalytic dual functional material in this work. The composite displayed prominent

adsorptive and heterogeneous Fenton-like catalytic performance, which was affected by prepara-

tion condition and the reactive parameters in catalytic system. Under optimized reactive conditions,

the GO-Fe3S4 composite yielded rapid degradation of vanillic acid, which the corresponding appar-

ent rate constant was 1.81 � 10�1 min�1. Catalytic mechanism analysis revealed that the main oxy-

gen species was hydroxyl radicals bounded on the surface of the composite. And the generation of

�O2
– was contributed to the conversion of H2O2 to �OH. The analysis of degradation intermediates

of vanillic acid and p-hydroxybenzoic showed that these compounds could be mineralized to small

molecules. The prominent enhanced heterogeneous Fenton-like catalytic performance of GO-Fe3S4
was due to a larger specific surface area, plenty of reductive active sites in the composite and a high

mass transfer efficiency of oxidizing radicals in the reactive system.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lignin and its degradation products generated from pulping and

papermaking factories cause severe harm to aquatic life and have

aroused extensive environmental concern. The alkali recovery process

is a traditional technology for removal of lignin from pulping and

papermaking wastewater. However, this method can only remove the

insoluble lignin and there is still a large amount of water-soluble degra-

dation products of lignin existed in the pulping and papermaking

wastewater. In traditional treatment process, the wastewater generally

undergoes primary sedimentation and secondary biochemical treat-

ment. Researchers have found that papermaking effluent discharged

from secondary biochemical treatment contained abundant aromatic

compounds and alkanes which were mainly originated from lignin.

And aromatic compounds were mainly existed in the form of single

benzene ring, which caused severe environmental problems related to

their high COD (Chemical Oxygen Demand) together with deep color

content (as shown in Fig. 1) (Ma Li Hua and Wan Jin Quan 2013). In

addition, they are stable in structure and exhibited stronger biotoxic-

ity, which made them hardly be degraded through biological treat-

ment. With the increasingly stringent environmental protection

policies, it’s urgent to dispose these aromatic compounds with high

degradation and mineralization efficiency.

In last decades, many research studies have been focused on dispos-

ing lignin and its degraded products from pulp mill wastewater. Tradi-

tional physical methods (such as microwave method and ultrasonic

method) can destroy the chemical structure of Ca-Cb in basic structural

unit of phenylpropane in lignin molecules (M.W.I. Schmidt et al.,

1997). However, these methods consume energy and produce noise,
Fig. 1 The main structure of softwood lignin (Laurichesse and Avéro

and their model compounds (vanillic acid and p-hydroxybenzoic acid)
resulting in increased economic cost and an adverse health effect.

The chemical processes (hydrogenation reduction, catalytic oxidation

and electrochemical method) could transform lignin molecules to low

molecule weight products (M.P. Pandey and C.S. Kim 2011, Ha

et al., 2019). Nevertheless, the processes faced the challenges of low

degradation efficiency, limited activity ability, uncertain active cat-

alytic sites and weak selectivity (Parpot et al., 2000). Biological pro-

cesses have also been investigated to degrade lignin by

microorganism, such as white rot fungi (Fernandez-Fueyo et al.,

2012). brown rot fungi, bacillus amyloliquefaciens (Mei et al., 2020),

mixed bacteria (Sen et al., 2020) and mimic enzymes (Zeng et al.,

2015；Schutyser et al., 2018；Cooper et al., 2020). The processes

demand high culture conditions of strain. Except that, the repeatability

of treatment efficiency was obvious poor, which limited the practical

application of this process. Advanced oxidation processes (AOPs), as

a promising technology, are expected to solve the above problems.

The traditional Fenton process can be utilized to remove lignin pollu-

tants (Bentivenga et al., 2003, Torrades et al., 2011). Besides hydroxyl

radicals, sulfate radicals (Fe2+/S2O8
2-–H2O2 system) was also employed

to dispose the aromatic compounds generated from lignin in the efflu-

ent discharged from secondary biochemical treatment process (Ma Li

Hua and Wan Jin Quan 2013). As showed in Table 1, it was found that

the aromatic compounds could be degraded at a certain extent. How-

ever, the degradation efficiency was relatively low (21 %�52 %). This

mainly because the aromatic compounds concentration was fairly low

which induced the long distance between the active species and pollu-

tants. Due to the limited lifetime of oxidative active species

(�OH < 1 ls; SO4�-: 4 s), they may lose their activation before reach

the pollutants. Therefore, the degradation efficiency was poor in the
us 2014), lignin degradation products after biochemical treatment

.



Table 1 Changes of part aromatic compounds in secondary

effluent of papermaking wastewater before and after homoge-

neous Fenton process (Fe2+/S2O8
2-–H2O2 system) (Ma Li Hua

and Wan Jin Quan 2013).

Number Pollutants Secondary

effluent / %

Tertiary effluent

/ %

1 6.57 3.23

2 13.70 9.56

3 6.89 4.56

4 13.90 10.81

5 4.56 2.15

6 1.45 0.98

7 2.13 1.67

8 1.13 0.67
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above homogeneous Fenton process, especially for the removal of low

concentration pollutants. In addition that, the narrow application pH

range (pH < 3) and iron sludge problem further restricted the practice

application of homogeneous Fenton process. In order to enhance the

degradation efficiency of lignin, ultraviolet light (UV) is introduced

to Fenton reaction. And TiO2 (Ma et al., 2008), ZnO (Yeber, et al.,

2000, Kansal et al., 2008) and other photocatalysts could also remove

lignin molecules with the irradiation of UV or visible light. However,

the deep color of lignin-contained water was adverse to the absorption

and utilization of UV or visible light in reactive system, reducing the

disposal efficiency of lignin. Compared to homogeneous Fenton pro-

cess, heterogeneous Fenton process exhibits expansive application pro-

spect due to the advantages of wide application pH range, avoiding the

generation of iron sludge and recycle of catalysts. Iron contained com-

pounds, e.g. iron oxides (Fe2O3 (Huang et al., 2019), Fe3O4 (Xu and

Wang 2012, Chen et al., 2017)), iron hydroxides (FeOOH (Hou

et al., 2017, Qian et al., 2017)), and iron hypochlorites (FeOCl

(Yang et al., 2013, Sun et al., 2018, Zhang et al., 2020, Han and

Gao 2008)) are widely investigated as catalysts in heterogeneous Fen-

ton system. Unfortunately, the activities of these catalysts are not good

enough to degrade persistent organic pollutants efficiently. Consider-

ing the low concentration of lignin degradation intermediate products

in papermaking effluent, it may be more effective to gather the mole-

cules of these pollutants firstly and then attack them by oxidizing

active species. In this sense, the strategy of adsorption-degradation
process in heterogeneous Fenton system may be more successful to

remove the lignin degradation products with light concentration.

Hence, it is urgent to seek materials with high adsorption and hetero-

geneous Fenton catalytic performance to remove the water-soluble lig-

nin from wastewater.

Iron sulfides, existed extensively in natural world, play an impor-

tant part in the inchoate element cycles of carbon, nitrogen, oxygen

and sulfur (Rickard and Luther 2007, Han and Gao 2008). As a kind

of typical iron sulfide, greigite (Fe3S4) exhibited superior catalytic

reduction activity in the fields of CO2 catalytic reduction (Roldan

and de Leeuw 2016), heavy metal disposal (Kong et al., 2015) and

N2 fixation (Zhao et al., 2018). On account of the plentiful reductive

sites on the surface of Fe3S4, this compound could activate H2O2 for

the degradation of organic contaminant. And the reconstruction of

Fe3S4 surface through the reaction between the discharged Fe and S

species sustained a stable �OH production during the heterogeneous

Fenton process. However, the released species of S and Fe(II) on

Fe3S4 surface can likewise be oxidized by the in-situ generated �OH

to higher valence state, leading to the decrease of the active Fe(II) mat-

ter on the surface of this compound. Thus, the iron redox cycle

becomes weaker, resulting in lower catalytic efficiency. Therefore, it

is critical to consume the superfluous oxidizing radicals on the surface

of Fe3S4 before the over-oxidation of Fe(II) species. In consideration

of the surface reaction in heterogeneous Fenton process, the mass

transfer efficiency of oxidizing radicals generated on the catalyst sur-

face to the pollutants mainly existed in bulk solution is a key role in

the degradation of organic contaminants. And high transfer efficiency

of �OH radicals from Fe3S4 surface to pollutants can also prevent the

oxidation of S and Fe(II) on the surface of the catalyst.

Carbon-based materials, for instance graphite, activate carbon,

carbon nanotubes, carbon nanofibers and graphene, could be utilized

as high-performing catalyst carriers during the process of heteroge-

neous catalytic reaction (Jiang et al., 2010, Thakur et al., 2010,

Jiménez et al., 2011, An et al., 2013). Among them, graphene oxide

(GO) is a typical carbon materials, which exhibit two-dimension cycle

planer structure. By the introducing of GO, many complex catalysts

with particular structure (such as self-assembled GO nanostructures)

were prepared (Guo et al., 2017, Deng et al., 2021, Xu et al., 2021),

which exhibited excellent catalytic performance in fields of organic pol-

lutants degradation and hydrogen production. As an outstanding cat-

alyst support, GO could provide abundant adsorption sites for

pollutants. Differ from graphene, abundant oxygenous groups, for

instance carboxyl groups and hydroxyl groups, are existed on the sur-

face of GO, which exhibit a good affinity to water and are favorable to

be dispersed in water solution. The hydrophilic groups of GO make it

easy to absorb water-soluble pollutants via the formation of chemical

bonds, e.g., such as hydrogen bonds and other physical interaction.

Although the structure of lignin is complex, its molecule is mainly

composed of guaiacyl, syringyl and p-hydroxyphenyl groups. As previ-

ously mentioned, lignin macromolecules are degraded to many kinds

of hydrosoluble aromatic substances after the pulping process and sub-

sequent biochemical treatment, which are basically derived from the

basic structural units of lignin. Therefore, researchers often evaluate

the application value of catalytic system to treat pulping and paper-

making wastewater by studying the degradation of monomer model

compounds of lignin. Fig. 1 exhibited the structure of lignin in conif-

erous wood, the main raw material for papermaking, which is mainly

composed of guaiacyl and a small amount of p-hydroxyphenyl struc-

tural units. Therefore, vanillic acid and p-hydroxybenzoic acid were

selected as the model pollutants of lignin in this study. And GO-

Fe3S4 composites were prepared with solvothermal method, planning

to exploit high performance adsorption and heterogeneous Fenton cat-

alysts. The composites may adsorb these compounds through

hydrogen-interaction and p-p stacking effect, which improved the

transfer efficiency of �OH radicals from catalyst surface to target pol-

lutants. Thus, the over-oxidation of active ferrous species on the cata-

lyst surface can be avoided, leading to the high and stable catalytic

activity in heterogeneous process. The H2O2 consumption efficiency,
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the generated oxidative species and the intermediate products of the

model compounds were probed in detail to explore and evaluate the

possible heterogeneous Fenton catalytic mechanisms and degradation

efficiency of GO-Fe3S4. The GO-Fe3S4-H2O2 catalytic system was fur-

ther applied to dispose effluent discharged from the secondary bio-

chemical process in pulping and papermaking mills to farther

evaluate its potential application value in practical. And the reusability

of GO-Fe3S4 was also investigated for its practical application. This

work not only provide an effective strategy to dispose the degradation

products of lignin in papermaking effluent after settlement and bio-

chemical process, but also possess the potential application prospect

to remove low concentration nonbiodegradable organic pollutants effi-

ciently in wastewater.

2. Experimental

2.1. Chemicals and materials

Iron(III) chloride hexahydrate (FeCl3�6H2O), thiourea, ethy-
lene glycol, absolute ethyl alcohol, potassium iodide, vanillic
acid and p-hydroxybenzoic acid (PHBA) were acquired from

Sinopharm Chemical Reagent Co., ltd. (China). Hydrogen
peroxide, hydrochloric acid, Superoxide dismutase (SOD,
specific activity of � 2500 units mg�1) and Sodium hydroxide

were obtained from Aladdin Chemistry Co., ltd. (China). All
chemicals utilized in this work were of analytic grade.

2.2. Preparation of GO-Fe3S4 composites

The graphene oxide (GO) was prepared in accordance with the
means of Hummers and Offeman (W. Hummers and R.
Offeman 1958), and GO-Fe3S4 composite was obtained with

a solvothermal process. Firstly, stoichiometric ratios of
thiourea and FeCl3�6H2O were dissolved in the solution of
ethylene glycol and deionized water (Vglycol:Vwater = 3:1), fol-

lowed by magnetic agitation. A certain amount of GO (0–8 %)
was added to the aforesaid solution under magnetic agitation.
Then, the resulting dispersion liquid was shifted to a Teflon-
lined stainless steel vessel and was heated at 180 ℃ for 9 h.

Afterwards, the dispersion was cooled down to indoor temper-
ature, and the suspension was centrifuged immediately fol-
lowed by sequential washing with ethanol and deionized

water for at least three times. In the end, the gathered precip-
itate was heated in an oven at 60 ℃ for 6 to 12 h and then
received as the GO-Fe3S4 composite.

2.3. Adsorption experiment

The adsorption process was conducted by dispersing GO-

Fe3S4 composite in the solution of lignin model pollutants
(35 mg/L) at pH 4.0. At opportune time intervals, a certain
amount of the dispersion liquid (about 3 mL) were taken
out, and promptly centrifuged at 14000 rpm with a centrifugal

(EBA-21, Hettich, Germany). The supernatant was further fil-
tered through a 0.22 mm pore size filter for further analysis.

2.4. Degradation experiment

The degradation reaction was carried out in a conical flask at
25℃. Typically, a specified amount of GO-Fe3S4 composite

was immersed to a solution of vanillic acid (50 mL; 35 mg/
L) or p-hydroxybenzoic acid (50 mL; 25 mg/L) by sonicating
for 5 min, followed by adjusting pH value to a certain value.
The suspension was agitated for 2 h to reach the equilibrium

of adsorption/desorption between the catalyst and substrate.
Aliquot of the dispersion was taken out and promptly cen-
trifuged at 14000 rpm. The concentration of substrate in the

supernatant was monitored and taken as its original concen-
tration. Then, H2O2 was added to the dispersion under the
condition of stirring. At given times, quantitative dispersion

liquids (about 3 mL) were transferred to a centrifugal tube
which contained a certain amount of absolute ethyl alcohol
(to quench �OH radicals) and centrifuged. The substrate con-
centration was measured promptly.

2.5. Characterization and analysis of catalysts

Surface morphology of Fe3S4, graphene oxide (GO) and GO-

Fe3S4 composite were detected by a ZEISS Gemini 300 scan-
ning electron microscope (SEM). The crystal structure of cat-
alysts was analyzed through X-ray diffraction (XRD), which

was conducted on a Bruker D8 Advance diffractometer cou-
pled with Cu Ka radiation and a diffracted beam graphite
monochromator. X-ray photoelectron spectroscopy (XPS)

detection was carried out on a VG Multilab 2000 X-ray pho-
toelectron spectrometer. And Mg Ka X-ray was selected as
the excitation source. Brunauer-Emmett-Teller (BET) surface
areas were explored by N2 adsorption–desorption at 77 K with

a MICROMETERS ASAP 2020 apparatus. The chemical
structure was explored on a Fourier transform infrared spec-
troscopy (FT-IR) in the scanning range of 4000 � 400 cm�1.

The magnetic properties (M�H curve) of Fe3S4 and GO-
Fe3S4 composite were detected at 300 K with an ADE 4HF
vibrating sample magnetometer. Raman spectra were mea-

sured by a Thermo Scientific DXR Raman spectrometer at
532 nm excitation wavelength.

The concentrations of vanillic acid and PHBA were

detected with high-performance liquid chromatography
(HPLC) on a HPLC system which composed of Jasco PU-
2089 quaternary gradient pumps with Jasco UV-2075 Intelli-
gent and UV/Visible light (Vis) detector. The system was also

equipped with an automatic sample injector (Rheodyne,
Cotati, CA, USA) with a 20-lL loop. An amethyst C18-P col-
umn (5 lm, 4.6 � 250 mm) was employed as separation col-

umn. In HPLC experiments, a mixture of methanol and 1 %
glacial acetic acid (60:40, v/v) was used as mobile phase for
vanillic acid. And the mobile phase for PHBA was composed

of methanol and 0.2 % phosphoric acid solution (40:60, v/v).
The flow rate of the above mobile phase was both
1.0 mL min�1. It was filtered through 0.2 lm filter prior to
use. The detected UV wavelength was 260 and 254 nm for

vanillic acid and PHBA, respectively. A liquid chromatograph
(LC, Agilent 1100) coupled with a mass spectrometer (MS)
(Agilent 5975, Agilent Technologies, Wilmington, DE) was

used to explore the chemical structure of the degradation prod-
ucts of vanillic acid and PHBA. An amethyst C18-P column
(5 lm, 4.6 � 250 mm) was selected as the separation column.

The mobile phase was a mixture of water and methanol (85:15,
v/v) with a flow rate of 0.8 mL min�1. The eluent was filtered
through a 0.2 lm filter prior to use. The ratio of m/e was from

50 to 300 and the model was confirmed as negative ion
style�H2O2 was determined with the DPD method (H. Bader
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et al., 1988). The concentration of �OH generation was
detected by employing the coumarin probe method (Guan
et al., 2008).

3. Results and discussion

3.1. Characterization of catalysts

The surface morphology of Fe3S4, GO and GO-Fe3S4 were

investigated with SEM as shown in Fig. 2. Fe3S4 exhibited a
structure of microsphere with many uniform pores, having
particle size ranged from 2 to 8 lm (Fig. 2a and b). GO dis-

tinctly exhibited a sheet structure and its flakes were consisted
of few-layered curly nanosheets (Fig. 2c). The GO-Fe3S4 com-
posite had a hybrid morphology of nanosheets and nanoparti-

cles: the assembling Fe3S4 nanoparticles on GO sheets result in
a multilayer plate-like structure (Fig. 2d), and the nanoparti-
cles on the surface of the plates have particle sizes of 20–
40 nm, which was much smaller than that of Fe3S4 micro-

spheres (Fig. 2a and b). This makes clear that the introduction
of GO in the preparation course of Fe3S4 particles was con-
tribute to the crystallization of Fe3S4 particles with minor

sizes. Except that, it could also found that the dispersion of
GO nanosheets becomes somewhat worse after combination
with Fe3S4 (as showed in Fig. 2d). This may due to the forma-

tion of hydrogen bonds between the hydroxyl groups from
ethylene glycol and GO during the preparation of the compos-
ite. As GO dispersing in the aqueous solution of ethylene gly-

col, they may attract each other, which induce the slight
intercalated agglomeration of GO. The similar phenomenon
was also found in other reports(Suter et al., 2020). However,
this trivial agglomeration has little effect on the specific surface
Fig. 2 SEM analysis of different catalysts
area of the composite, which was further confirmed by the next
BET results.

Fig. 3a, b and c showed the nitrogen sorption isotherms of

Fe3S4, GO and GO-Fe3S4 at 77 K. The BET analysis showed
that the specific surface area of GO-Fe3S4 composite was
7.71 m2/g, which was much larger than that of Fe3S4
(1.94 m2/g). The specific surface area of GO prepared in this
work was 306.02 m2/g. The prominent enhanced BET area
of this composite indicated that GO was a superior carrier to

the fixation of Fe3S4 nanoparticles. The pore-size distribution
of the samples was estimated by employing the Barreet–Juy
ner–Halenda (BJH) method, which was showed in the inset
of Fig. 3a, b and c. By comparison with Fe3S4, the GO-

Fe3S4 composite have more meso-pores at 18.9, 34.3, 37.1
and 40.0 nm, which resulted in its larger specific surface area.

The XRD spectrum of Fe3S4, GO and GO-Fe3S4 were

showed in Fig. 3d. It was found that the characteristic peaks
((001) and (101)) of GO are located at 11.20� and 42.24�,
respectively, which are basically consistent with the standard

characteristic peak of GO. The major characteristic peaks of
Fe3S4 ((311), (222), (400), (511) and (440)) are located at
30.12�, 32.95�, 36.48�, 52.67� and 54.77�, respectively. In addi-

tion, other weak diffraction peaks ((111), (220), (422), (531),
(620) and (444)) were located at 18.04�, 25.64�, 47.27�, 59.54�,
61.37�, 64.13� and 68.74�, respectively. GO-Fe3S4 composite
had the similar characteristic peaks as Fe3S4, but with higher

peak intensity and crystallinity. Except that, the characteristic
peaks of GO ((001) and (101)) were also existed in the XRD
pattern of the composite. This indicated that Fe3S4 nanoparti-

cles were well loaded on the surface of GO. The crystallite sizes
of Fe3S4 and GO-Fe3S4 composite were determined by
(a、b) Fe3S4, (c) GO and (d) GO-Fe3S4.



Fig. 3 Nitrogen sorption isotherms for (a) Fe3S4, (b) GO and (c) GO-Fe3S4. The inset showed the corresponding pore-size distribution.

(d) XRD patterns of Fe3S4, GO and GO-Fe3S4 composite. (e) FT-IR spectra of GO, Fe3S4 and GO-Fe3S4 composite. (f) Raman spectra of

Fe3S4 and GO-Fe3S4 composite.
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employing Scherrer equation (d ¼ kk=ðb cos hÞ), which gave
the crystallites sizes of 26.11 nm and 29.63 nm, respectively.

The FT-IR spectrum of GO, Fe3S4 and GO-Fe3S4 were dis-

played in Fig. 3e. The absorption peaks of GO at 3414, 1727
and 1619 cm�1 may be due to the vibration of –OH, stretching
vibration of –COOH, and the asymmetric and symmetrical

stretching vibration of C‚O, respectively. The absorption
peaks of Fe3S4 at 3425, 1631, 1406 and 1025 cm�1 may be cor-
responding to the stretching vibration of OAH, bending vibra-

tion of OAH, stretching vibration of CAC and stretching
vibration of CAC or CAO. Almost all the adsorption peaks
of GO and Fe3S4 were existed in the spectrum of GO-Fe3S4
composite, indicating that Fe3S4 nanoparticles were dis-
tributed on the surface of GO.

The Raman spectra of GO and GO-Fe3S4 were compared
in Fig. 3f. In the Raman spectra of GO, the G (corresponding
to the first-order scattering of the E2g mode) and D bands (as a
breathing mode of j-point phonons of A1g symmetry) (A.C.
Ferrari and J. Robertson 2000) were seen at 1588 cm�1 and

1348 cm�1, respectively. After loading Fe3S4 on the surface
of GO, the G and D bands were shifted to 1593 and
1352 cm�1, respectively. And the corresponding intensities of

the two bands were obviously increasing. It was likewise
observed that the peak intensity ratio of ID/IG was decreased
from 1.63 to 0.98, indicating an increase in the mean size of

the sp2 domains after the hydrothermal treatment. It may attri-
bute to the introducing of the oxygen-containing groups, such
as –OH, during the process of hydrothermal treatment. Other-

wise, the 2D peak around 2680 cm�1 resulting from the second
order of zone-boundary phonons (Ferrari et al., 2006) and the
S3 peak near 2930 cm�1 rooting in the lattice disorders refer-
ring to the combination of the G and D bands (Tung et al.,
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2009, Cuong et al., 2010) were also found in the Raman spec-
tra of GO and GO-Fe3S4. As reported in previous studies, the
shape and location of 2D peak are concerned with the forma-

tion and the layer number of GO (I. Calizo et al., 2007, ,
Cooper et al., 2020). The 2D peak location of single-layer gra-
phene sheets was observed at 2679 cm�1 and its location trans-

ferred to higher frequencies by 19 cm�1 with the multilayer
increasing from 2 to 4 (Graf, et al., 2007). In the Raman spec-
trum of GO-Fe3S4 composite, the 2D peak was detected at

about 2695 cm�1, showing the formation of 2 to 4-layers GO
sheets.

XPS analysis was conducted to explored chemical composi-
tion of GO-Fe3S4 composite and to analyze the interaction
Fig. 4 XPS spectra for GO, Fe3S4 and GO-Fe3S4 composite. (a) C1s

Magnetic properties (M�H curve) of (e) Fe3S4 and (f) GO-Fe3S4 com
between GO and Fe3S4. The C1s, O1s, Fe2p and S2p envelops
of GO, Fe3S4 and GO-Fe3S4 composite were displayed in
Fig. 4a-d and their deconvolution was carried out via employ-

ing a Gaussian-Lorentzian peak shape after conducting a Shir-
ley background correction. The C1s peak in the spectrum of
Fe3S4 was very weak, which was assigned to the residual car-

bon in the organic reagents (such as ethylene glycol) after
the solvothermal process during Fe3S4 preparation, yet the
much enhanced C1s signals in the spectrum of GO-Fe3S4 com-

posite ascribed to the introduction of GO. The C1s deconvolu-
tion of the GO-Fe3S4 composite associated with the existence
of the CAO, O-C‚O and CAC bonding at binding energies
of 285.4, 288.4 and 285.05 eV, respectively. The O1s envelopes
envelop, (b) O1s envelop, (c) Fe2p envelops and (d) S2p envelop.

posite.
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of GO and GO-Fe3S4 composite were compared as shown in
Fig. 4b. It was observed that O in GO samples mainly exists
in the form of CAO, OAH, C‚O, and C(O)OH. The O in

GO-Fe3S4 samples was primary in the form of O2– groups
(OH–, SO3

2- and SO4
2-) and H2O. The corresponding binding

energy of O in GO-Fe3S4 was lower than that in GO. The

Fe2p XPS spectra of Fe3S4 and GO-Fe3S4 composite was dis-
played in Fig. 4c. No remarkable difference was found in Fe2p
XPS spectra of Fe3S4 and GO-Fe3S4. The S2p spectra of Fe3S4
and GO-Fe3S4 were also compared (Fig. 4d). It was found that
S element in Fe3S4 exists in multiple valence states, including
SO3

2-, SO4
2- and S-Fe at binding energies of 166.5, 168.1 and

164.59 eV, respectively. By comparison with Fe3S4, the elemen-

tal binding energy of S-Fe and SAO in GO-Fe3S4 was shifted
from 164.59 and 168.1 to 164.69 and 168.37 eV, respectively.
The change of elemental binding energy (the chemical shift)

ascribe to the distinction in the chemical potential and polariz-
ability of S ion. Therefore, it is speculated that the CASAC
bond is formed in the time of the composite preparation.

The M�H curve of Fe3S4 certified that its saturation mag-
netization. The saturation moment per unit mass (Ms) was
approximately 25.30 emu g�1 (Fig. 4e), which was agreed well

with previous report (Zhang and Chen 2009). The saturation
magnetization of GO-Fe3S4 composite was 25.03 emu g�1

(Fig. 4f), indicating that the introduction of GO have no
remarkable effect on the magnetic property of Fe3S4. The

superparamagnetic property of GO-Fe3S4 composite makes it
easy to separate from the wastewater and reutilize fatherly.

3.2. Heterogeneous Fenton like catalytic degradation of water-
soluble lignin model compounds by GO-Fe3S4 composite
3.2.1. Degradation of vanillic acid in various systems

Considering the chemical structure of water-soluble lignin,
vanillic acid and PHBA were selected as model compounds.
Fig. 5a compared the degradation of vanillic acid in different
reactive systems. The vanillic acid was observed to undergo lit-

tle degradation in the systems of Fe3S4-pollutant and GO-
Fe3S4-pollutant. However, the degradation of vanillic acid
was greatly enhanced by the introduction of oxidizing agent

(H2O2). Compared to the reactive systems containing Fe3S4
as the catalyst, the presence of H2O2 in the GO-Fe3S4 system
showed a much faster degradation rate of vanillic acid. About

94 % of vanillic acid was removed in 15 min in the GO-Fe3S4-
H2O2-pollutant system. The degradation of vanillic acid prob-
ably followed a pseudo first order reaction in kinetics

(lnðc0=cÞ ¼ kt). By fitting ln(c0/c) as a function of the reaction
time t, linear relationships were obtained as shown in Fig. 5b.
The apparent rate constant was increased with an addition of
GO and H2O2 into the reaction system. The apparent rate con-

stant is in the order of Fe3S4-pollutant (1.14 � 10�4 min�1) <-
GO-Fe3S4-pollutant (1.31 � 10�3 min�1) < Fe3S4-H2O2-
pollutant (6.22 � 10�2 min�1) < GO-Fe3S4-H2O2-pollutant

(1.81 � 10�1 min�1). Therefore, GO-Fe3S4 composite is an
effective heterogeneous Fenton-like catalyst for the degrada-
tion of vanillic acid. In Fenton reaction, the dosage of H2O2

as a major oxidant plays an important part (Vilar et al.,
2009, Rocha et al., 2011). The concentration of H2O2 in vari-
ous systems with the absence of vanillic acid was monitored

(Fig. 5d). It was found that the decomposition rate of H2O2
was 78 % and 66 % after 90 min in the systems of GO-
Fe3S4-H2O2-pollutant (curve 2 in Fig. 5d) and Fe3S4-H2O2-
pollutant (curve 1 in Fig. 5d), respectively. The kinetics of

H2O2 decomposition in the aforesaid systems followed a
pseudo first order reaction (Fig. 5e). The H2O2 decomposition
rate, k, in GO-Fe3S4-H2O2-pollutant system is 1.42 � 10-2,

which was higher than that (k = 8.90 � 10-3) in Fe3S4-
H2O2-pollutant system. The hydroxyl radicals generated in
the systems were also monitored (Fig. 5f). The generation of

�OH radicals in various systems likewise abided by the identi-
cal sequence as H2O2 decomposition. In consequence, it can be
concluded that the GO-Fe3S4 composite owns stronger cataly-
sis ability than Fe3S4.

3.2.2. Effects of catalyst preparation condition

By studying the degradation of vanillic acid in the GO-Fe3S4-

H2O2 system, the influence of catalyst preparation parameters
on the heterogeneous Fenton-like catalytic performance of the
composite were explored. Fig. S1a and Fig. 6a showed the
effect of catalyst preparation temperature on the degradation

rate constant of vanillic acid. Below 180 �C, the degradation
rate of vanillic acid was increased with the enhancement of
temperature. This may ascribe the enhanced crystallinity of

this composite at a high temperature. With the increasing of
calcination temperature (over 180 �C), the degradation con-
stant was decreased with increased temperature, which may

be related to the destruction of the crystalline structure of
the composite at temperatures higher than 180 �C. Therefore,
the optimal preparation temperature was selected as 180 �C.

The GO content in the composite likewise affects the degra-
dation of vanillic acid (Fig. S1b and Fig. 6b). It was observed
that the degradation rate of vanillic acid was firstly increased
with the increased content of GO, reaching the maximum

value, and then decreased promptly. The optimal GO content
was 4 %. When the GO content was below 4 %, increasing the
GO content, means more and more Fe3S4 nanoparticles dis-

persed on the surface of GO, avoiding the agglomeration of
the catalyst particles and enhancing the contact area of cata-
lyst, oxidizing agent and pollutants. Thus the adsorption and

catalytic performance of the composite were improved, result-
ing in the high degradation efficiency of the pollutant. When
the GO content was higher than 4 %, the dispersion of
Fe3S4 nanoparticles on GO surface was enough. While super-

abundant GO could not activated H2O2 which reduce the pro-
ducing of high oxidizing active species. Therefore, the optimal
GO content was 4 %.

3.2.3. Effects of catalyst load and H2O2 concentration

In addition to the preparation condition of the composite, the
reaction conditions in the catalytic system were also important

influence factors to the degradation of vanillic acid. With the
increasing of catalyst load, the degradation rate of vanillic acid
was firstly increased and then declined after reaching a maxi-

mum value (Fig. S1c and Fig. 6c). The maximum degradation
rate constant of vanillic acid was 0.181 min�1 with catalyst
load of 0.4 g/L. The concentration of H2O2 has a similar effect

on the degradation of vanillic acid: k value was primarily
enhanced with the enhancement of H2O2 concentration and
then declined as its concentrations beyond 12 mmol/L

(Fig. 6d and Fig. S1d). This may probably be related to that
the superfluous of H2O2 can lead to the scavenging effect of



Fig. 5 (a) Degradation of vanillic acid and (b) its kinetics and (c) rate constants in different systems of (1) Fe3S4-pollutant, (2) GO-

Fe3S4-pollutant, (3) Fe3S4-H2O2-pollutant and (4) GO-Fe3S4-H2O2-pollutant. Reaction time dependences of (d, e) the H2O2 consumption

and (f) the fluorescence intensity in the systems of (1) Fe3S4-H2O2 and (2) GO-Fe3S4-H2O2 (without vanillic acid). Reaction conditions:

catalyst load 0.4 g/L, vanillic acid concentration 35 mg/L, solution pH 4, and initial H2O2 concentration 12 mmol/L.
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�OH radicals. Hence, the optimal concentration of H2O2 was
12 mmol/L.

3.2.4. Effects of initial solution pH and reactive temperature

Initial solution pH affects the adsorption of vanillic acid on
GO-Fe3S4 composite and the degradation of the substrate
(Fig. S1e). Fig. 6e showed that the degradation rate constant

of vanillic acid was enhanced with the increasing of pH value
from 2 to 4. The degradation of vanillic acid was influenced by
the adsorption of vanillic acid on the catalyst. This is primary
due to the charges on the surface of the catalyst. The adsorp-
tion of vanillic acid on composite was firstly increased as pH

value was increased from 2 to 4, reaching the maximum value,
and then decreased while pH greater than 4 (Fig. 6e). By mon-
itoring the zeta potential of GO-Fe3S4 composite at various

pH value (Fig. S2), it was observed that the composite carried
positive charges at the pH range of 2–6. The positive charges
were decreased with increasing pH value. Vanillic acid has a



Fig. 6 Effects of (a) preparation temperature and (b) GO content of GO-Fe3S4 composite on the rate constant of vanillic acid

degradation. The GO content was 4 % in (a), and the preparation temperature of the composite was 180 �C in (b). Dependence of vanillic

acid degradation rate constant on (c) catalyst load, (d) initial H2O2 concentration, (e) solution pH value and (f) reactive temperature for

GO-Fe3S4 composite. Other reaction conditions: vanillic acid concentration 35 mg/L, GO-Fe3S4 composite load 0.4 g/L(a, b, d, e, f), initial

H2O2 concentration 12 mmol/L(a, b, c, e, f), solution pH 4 (a, b, c, d, f), and reactive temperature 35 �C (a, b, c, d, e).
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pKa value of 4.53. When the pH was increased from 2 to 4,

vanillic acid was gradually dissociated and existed in the form
of negative ions. Therefore, the electrostatic attraction between
GO-Fe3S4 composites and vanillic acid become stronger,

enhancing the adsorption of vanillic acid to the composite.
The better adsorption always induces a higher catalytic effect
and degradation efficiency. When the pH value was above 4,

the positive charges of GO-Fe3S4 composites were continu-
ously decreased. Meanwhile, the vanillic acid was almost com-
pletely dissociated. These reduce the electrostatic attraction

between GO-Fe3S4 composites and vanillic acid, weakening
the adsorption of the pollutants to the composite (Fig. S3).
Furthermore, the inherent H2O2-activation ability of Fe3S4
was declined with increasing pH in the range of 4–6. Hence,
the catalytic activity of the GO-Fe3S4 composite was reduced
further with the increasing of pH value from 4 to 6. It ought

to be pointed out that the solution pH value may affect the
particle sizes and further impact the catalytic performance of
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catalysts. Nevertheless, it was found in our study that the
hydromechanic particle size of GO-Fe3S4 composite was chan-
ged slightly from 2588 to 3742 nm with the enhancement of pH

value from 2 to 6. As a result, the influence of solution pH
value to the adsorption and degradation performance of vanil-
lic acid was not caused by the hydromechanic particle size of

GO-Fe3S4 composite.
Reaction temperature plays important roles in the heteroge-

neous Fenton like process. It was observed that the degrada-

tion k value of vanillic acid was firstly increased from
1.23 � 10-1 to 2.29 � 10-1 min�1 with the enhancement of tem-
perature from 25 �C to 45 �C. This may due to the fact that the
high temperature accelerated the mass transfer efficiency in the

reactive system, which increased the contact chance between
reactive oxygen species and pollutants. As the temperature
increased further, H2O2 may be decomposed into O2 and

H2O, reducing the generation of highly reactive species. As a
consequence, the degradation rate constant was reduced. Con-
sidering temperature effect as well as the energy cost, the opti-

mal reaction temperature could be 35 �C.

3.2.5. Optimization of the vanillic acid degradation over GO-

Fe3S4 composite

For purpose of farther optimizing the vanillic acid degradation
conditions in system of GO-Fe3S4-H2O2, the response surface
methodology (RSM) based on the central composite design

(CCD) was employed to assess and optimize the effect of the
independent variables (GO-Fe3S4 load, H2O2 concentration
and initial pH value) on the response variable (degradation

efficiency of vanillic acid). The three independent variables
were transformed into dimensionless (A, B, C), which was
respectively studied at five levels (–alpha, low, center, high
and + alpha coding as 1.68, �1, 0, +1, +1.68, respectively).

On account of our elementary experiments, the selected values
of the variables were showed in Table 2. The experimental and
predicted values of vanillic acid degradation efficiency under

different reaction conditions gained from RSM-CCD were
listed in Table 3. It was found that the predicted degradation
rates of vanillic acid generated from this model were in accord

with the experimental dates. And it could be farther proved by
plotting the predicted degradation rate versus experimental
dates (Fig. 7), in which the slope about the line of the best
fit was 0.9966 and R2 was observed to be 0.9967. The suitable

model equation incorporated 10 statistically significant coeffi-
cients was obtained according to coded factors and displayed
in Eq. (1) as follows:

D ¼ 92:92þ 11:89Aþ 8:14B� 4:35C� 4:56AB

� 2:82AC� 1:56BC� 16:53A2 � 17:11B2 � 18:32C2 ð1Þ
Table 2 Experimental range and levels of the independent variable

Independent variables Coded levels

-alpha (-1.68179) Low (-1)

GO-Fe3S4 (g/L): A 0.06 0.2

H2O2(mM): B 1.9 6

Solution pH: C 0.6 2
Where, D represents the degradation rate of vanillic acid.
And A, B and C is on behalf of the corresponding independent
variables. And the positive and negative coefficients exhibited

the active and passive effect to the degradation efficiency of
vanillic acid (Hazime et al., 2013).

In addition to correlation coefficients, the discrepancy

between laboratory and predicted dates (residuals) could like-
wise be employed to assessing the conformity of this model
(Chen et al., 2012). As shown in Fig. S4, all residuals were

good accord with the line which made clear that no distinct
non-normality was found. Furthermore, it displayed in
Fig. S5 that the residuals were stochastically distributed
around zero with a variation of ± 3.15. From the above

results, it could be revealed that the acquired model is employ-
able to reveal the relation between the independent variables
and vanillic acid degradation rate. The analysis of variance

was exhibited in Table S1. It could be found that the model
was remarkable for vanillic acid degradation thanks to the
F-value of 331.34 and p-value below 0.0001. The coefficients

and adjusted coefficients of vanillic acid degradation were
0.9967 and 0.9936, respectively, indicating that the response
of this model was well consistent to the experimental dates

(Wang et al., 2018). The co-efficient of variance of vanillic acid
degradation rate was 3.80, displaying a high precision and
good reliability of this model (Sulaiman et al., 2019).

Moreover, the two-dimensional contour plots and three

dimensional surface plots were carried out to explore the indi-
vidual and combined influence of independent variables on
vanillic acid degradation. It was observed that all two-

dimensional contour plots displayed elliptical contour, indicat-
ing that the interplay between independent variables were
prominent (Song et al., 2020). It was found in Fig. 8(a) that

the degradation rate of vanillic acid was improved with the
enhancement of GO-Fe3S4 load and H2O2 concentration (solu-
tion pH value: 4) until it reached the maximum value. As the

GO-Fe3S4 load and H2O2 concentration are exceeded their
optimum value, the degradation efficiency of vanillic acid
was declined due to the unfavorable consumption of active
radicals. Fig. 8b showed the combined effects of GO-Fe3S4
loads and solution pH in the time of H2O2 concentration
was kept at 12 mM. As proved, the degradation rate of vanillic
acid was increased with the enhancement of solution pH value

and GO-Fe3S4 loads. The maximum degradation efficiency
was observed in a solution around pH = 4. The effect of
H2O2 concentration and solution pH, in which the GO-Fe3S4
load was fixed at 0.4 g/L, on vanillic acid degradation was dis-
played in three dimensional surface and two-dimensional con-
tour plot (Fig. 8c). It was observed that the degradation rate of
vanillic acid reached the maximum value of 94.3 % at 12 mM

of H2O2 and pH 4. The solution pH value had no remarkable
s for the degradation of vanillic acid.

Center(0) High(1) (+1) +alpha (+1.68179)

0.4 0.6 0.7

12 18 22. 1

4 6 7.4



Table 3 Experimental data of CCD.

Run Independent variables Degradation Rate (%)

A B C Experimental Predicted

1 0.7 12 4 68.24 66.18

2 0.4 12 7.4 35.87 33.77

3 0.6 6 2 54.36 54.89

4 0.4 22.1 4 61.35 58.22

5 0.6 6 6 42.41 43.67

6 0.4 1.9 4 31.52 30.85

7 0.06 12 4 27.92 26.19

8 0.4 12 4 94.31 92.92

9 0.4 12 4 92.45 92.92

10 0.2 6 2 15.39 16.34

11 0.4 12 0.6 50.12 48.42

12 0.2 18 6 36.53 38.68

13 0.6 18 2 63.04 65.17

14 0.4 12 4 93.24 92.92

15 0.4 12 4 91.58 92.92

16 0.2 6 6 15.85 16.41

17 0.6 18 6 45.96 47.69

18 0.4 12 4 93.46 92.92

19 0.4 12 4 91.84 92.92

20 0.2 18 2 43.45 44.88

Fig. 7 Correlation of predicted and experimental values of

response for vanillic acid degradation.

Table 4 Intermediate products of vanillic acid degradation.

Serial

number

material m/z Molecular

formula

1 vanillic acid 168.15 C8H8O4

2 2-methoxy-1,4-

dihydroxyphenol

140 C7H8O3

3 hydroxyquinone 124 C6H4O3

4 1,2,4-dihydroxyphenol 126 C6H6O3

5 3-hydroxyglutaric acid 148 C5H7O5

6 3, 4-Dihydroxybutyric

acid

120 C4H7O4

7 malonic acid 104 C3H4O4

8 malic acid 134 C4H6O5

9 propylene glycol 120 C3H4O5

10 guaiacol 124 C7H8O2

11 Catechol 110 C6H6O2

12 cis,cis-muconic acid 142 C6H6O4

13 Maleic acid 116 C4H4O4

14 glycolic acid 76 C2H4O3

15 oxalic acid 90 C2H2O4
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influence on the vanillic acid degradation and the optimal pH
was at the scope of 3.0–5.0 at the optimal H2O2 concentration
and GO-Fe3S4 load. Hence, it could be deduced that the solu-

tion pH value was the least impact factor attribute to the lower
F value (54.40), followed by H2O2 concentration (190.08) and
GO-Fe3S4 loads (405.66) (Table S1). According to the model,
the degradation rate of vanillic acid was able to achieve the

maximum value (92.92 %) at the optimal reactive conditions
(GO-Fe3S4 load: 0.4 g/L, H2O2 concentration: 12 mM and
solution pH value: 4) with the desirability of 0.954. Three addi-

tional experiments at the optimal conditions were conducted to
verify the predictive ability of the model. It was found that the
degradation rates of vanillic acid in above experiments were
92.5 %, 91.6 % and 93.5 %, respectively, which manifested
that the model had a good predictive ability under the optimal

reactive conditions.
The adsorption is important to the degradation efficiency in

heterogeneous Fenton like reaction. Strong adsorption affinity

of pollutants on catalysts increases the reaction probability of
pollutants with the active spices, enhancing the degradation of
pollutants. The adsorption of vanillic acid on Fe3S4, GO-Fe3S4
composite and the mixture of Fe3S4 and GO were studied
under the optimized conditions. As shown in Fig. 9a, the
adsorption capacity of vanillic acid on Fe3S4, GO-Fe3S4 com-
posite and the mixture of Fe3S4 and GO were 2.437, 21.87 and



Fig. 8 2D contour plots and 3D surface plots of vanillic acid degradation over GO-Fe3S4 catalyst as a function of (a) catalyst loads and

H2O2 concentrations, (b) catalyst loads and solution pH and (c) H2O2 concentrations and solution pH.
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2.971 mg g�1, respectively. The composite showed a higher
adsorption affinity and this is due to its larger surface area

measured by BET (7.71 m2/g for GO-Fe3S4 composite and
1.94 m2/g for Fe3S4). It can be concluded that the larger sur-
face area of the composite strengthened its adsorption perfor-

mance, resulting in a stronger catalytic ability. Except for the
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surface area, the hydrogen-bonding interaction and p-p stack-
ing effect between GO and vanillic acid may also improve the
adsorption between them. The adsorption performance of

vanillic acid to the GO-Fe3S4 composite was compared to
other two high-efficient catalysts, including graphene-BiFeO3

composite and biochar-CuFeO2 (Hazime et al., 2013, Xin

et al., 2021). As shown in Fig. 9a, the adsorption of vanillic
acid on GO-Fe3S4 composite was stronger than the other
two catalysts.

The degradation of vanillic acid by employing different cat-
alysts under the optimal conditions was also compared in
Fig. 9b. Compare to Fe3S4, the mechanical mixing of GO
and Fe3S4 increased the degradation rate constant from

6.22 � 10-2 to 6.56 � 10-2 min�1. While, the GO-Fe3S4 com-
posite showed degradation rate constant of 1.81 � 10-1 min�1,
which was 2.91 or 2.76 folds to Fe3S4 or the mixture of Fe3S4
and GO, respectively. The decomposition of H2O2 and gener-
ation of �HO was much more effective by the catalysis of GO-
Fe3S4 composite. About 95 % of vanillic acid was removed in

15 min. The catalytic ability of GO-Fe3S4 composite was fur-
ther evaluated by comparing the degradation of vanillic acid
under the same conditions which was catalyzed by the above

composite, graphene-BiFeO3 composite and biochar-
CuFeO2, respectively. As shown in Fig. 9b, the degradation
of vanillic acid by the GO-Fe3S4 composite was remarkably
rapid than those by the other two catalysts. Hence, the GO-

Fe3S4 composite was an excellent heterogeneous Fenton
catalyst.

The removal of total organic carbon (TOC) in different sys-

tems catalyzed by various catalysts was investigated (Fig. 9c).
It was found that about 63.8 % of TOC was removed in
180 min from the GO-Fe3S4-H2O2-vanillic acid system. How-

ever, the removal of TOC was only 18.4 % and 21.1 % which
was catalyzed by Fe3S4 and the mixture of GO and Fe3S4,
respectively. Therefore, the GO-Fe3S4 composite could remove

TOC efficiently in the reaction system.

3.2.6. Catalytic mechanism analysis

The active species generated from the reactive system of

GO-Fe3S4-H2O2 were explored. The major active species
causing the degradation of the substrate was proposed to
be �OH radicals. This was confirmed preliminarily by the
next study. As we know, isopropyl alcohol could quench

�OH radicals. And it was introduced to the GO-Fe3S4-
H2O2 system. It was observed that the degradation efficiency
of vanillic acid was restrained obviously in comparison with

the system without the isopropyl alcohol (Fig. 9d). The
degradation rate constant in GO-Fe3S4-H2O2 system was
1.81 � 10-1 min�1, while it was reduced dramatically to
Fig. 9 (a) Adsorption and (b) degradation of vanillic acid over differe

(3) Biochar-CuFeO2, (4) graphene-BiFeO3 and (5) GO-Fe3S4. (c) T

catalysts. Catalysts: (1) Fe3S4, (2) the mixture of GO and Fe3S4 and (3

GO-Fe3S4 composite with (1) or without (2) the introduction of isopro

GO-Fe3S4 composite with (1) or without (2) the introduction of KI.

composite in dissolved iron ion-H2O2 system (1) and GO-Fe3S4-H2O

systems (1: Fe3S4-H2O2-SOD; 2: Fe3S4-H2O2; 3: GO-Fe3S4-H2O2-SO

vanillic acid concentration 35 mg/L (a-g), catalyst load 0.4 g/L (a-g), in

reactive temperature 35 �C (a-g).
2.25 � 10-2 min�1 with the adding of isopropyl alcohol.
The contribution rate of �OH radical was estimated on
the basis of the formula of

Contributionrate ¼ 1� kq
k

� �
� 100% (kq and k represents the

degradation constant rate of vanillic acid with or without
isopropyl alcohol, respectively). It was obtained that the

contribution rate of hydroxyl radical was 87.6 %. Consider-
ing the hydroxyl radicals generated from the composite may
existed on the surface on the catalyst and in bulk solution.

The contributions of surface-bound hydroxyl radicals and
free hydroxyl radicals to vanillic acid degradation were
evaluated. It has been found that surface-bound hydroxyl

radicals could be desorbed from the catalyst surface by add-
ing superfluous KI because of the formation of �OH. . .I-

(Martin et al., 1995). Therefore, the degradation of vanillic

acid was investigated with adding KI. It was observed in
Fig. 9e that the degradation of vanillic acid was almost com-
pletely restricted by the introduction of KI, which indicated
that the Fenton activity of GO-Fe3S4 was dominated by the

surface-bound hydroxyl radicals. In view of iron ions may
dissolve from the composite to the bulk solution during
the heterogeneous Fenton process, the degradation of vanil-

lic acid was investigated in corresponding homogeneous
Fenton system. The homogeneous Fenton process was car-
ried out as follows: GO-Fe3S4 was firstly dispersed in deion-

ized water and stirring for 120 min, followed by filtering the
solid catalyst from solution. And then vanillic acid was
added to above solution. The homogeneous Fenton reaction

was started by the adding of H2O2. Fig. 9f exhibited that
the degradation of vanillic acid in the above homogeneous
Fenton system was little (no more 4 % of pollutant was
removed), which manifested that heterogeneous Fenton pro-

cess governed the degradation of vanillic acid. Therefore, it
can be concluded that the vanillic acid degradation in the
GO-Fe3S4-H2O2 reactive system was dominated by surface

reaction. And the hydroxyl radicals bounded on the com-
pound surface was the main oxygen species in reactive
system.

As mentioned above, the oxidizing agent in above reactive
system was hydrogen peroxide. Except H2O2, other species
such as molecular oxygen may also be activated in Fenton pro-
cess. The molecular oxygen could be activate to generate �O2

–

by a single-electron transfer process as Eqs. (1), which was able
to promote the iron redox cycle in Fenton process. And the
abundant reductive sites on the surface of Fe3S4 was capable

of activating molecular oxygen to produce �O2
– (Shi et al.,

2020). The contribution of �O2
– to the degradation of vanillic

acid was compared between Fe3S4-H2O2 and GO-Fe3S4-

H2O2 reactive system by adding SOD (�O2
– scavenger) to the
nt catalysts. Catalysts: (1) Fe3S4, (2) the mixture of GO and Fe3S4,

OC removal during the vanillic acid degradation over different

) GO-Fe3S4. (d) Degradation kinetics of vanillic acid catalyzed by

pyl alcohol. (e) Degradation kinetics of vanillic acid catalyzed by

(f) Degradation kinetics of vanillic acid catalyzed by GO-Fe3S4

2 system (2). (g) Degradation kinetics of vanillic acid in different

D; 4: GO-Fe3S4-H2O2). Adsorption and degradation conditions:

itial H2O2 concentration 12 mmol/L (b-g), solution pH 4 (a-g), and

http://i
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two systems. It was observed in Fig. 9g that the addition of
SOD both inhibited the degradation of vanillic acid in the
two systems, which demonstrated that �O2

– could be favor

the degradation of the pollutant. However, the contribution
of �O2

– in the two systems was different. And the contribution
rate of �O2

– was primary evaluated as follows:

Contributionrate ¼ k�ksod
k

� 100%, which ksod and k represent

the degradation rate constant of vanillic acid with or without
SOD addition, respectively. The contribution rate of �O2

– to
vanillic degradation was evaluated as 21 % and 40 % in sys-

tems of Fe3S4-H2O2 and GO-Fe3S4-H2O2, respectively. The
larger contribution rate in GO-Fe3S4-H2O2 system compared
with that of Fe3S4-H2O2 system may be ascribed to the much

reductive sites on the surface of GO-Fe3S4. The reason may
be described as follows: firstly, GO-Fe3S4 composite possessed
larger specific surface than that of Fe3S4, which exposed much

more reductive sites on the surface of catalysts. Secondly, the
stronger adsorptive performance of GO-Fe3S4 composite to
vanillic acid was able to accumulate the pollutants on the sur-
face of the composite effectively. Thus the generated oxygen

species in this reactive system would be consumed rapidly in
a short time, avoiding the over-oxidation of reductive site on
the surface of the catalyst. As a result, the abundant reductive

sites on the surface of GO-Fe3S4 composite were able to acti-
vate molecular oxygen to generate �O2

– efficiently, promoting
the iron redox cycle of the GO-Fe3S4 Fenton system. There-

fore, ferrous ions was produced more effectively, resulting in
the high conversion rate of H2O2 to �OH (Eqs. (2)-(5)).

Fe2þ þO2 ! Fe3þ þ �O�
2 ð1Þ

Fe2þ þ �OH ! Fe3þ þOH�k ¼ 3:8� 108mol�1 � L � s�1 ð2Þ

OHþ �OH ! H2O2k ¼ 6:0� 109mol�1 � L � s�1 ð3Þ

OHþ �O�
2 ! O� þO2k ¼ 1:0� 1010mol�1 � L � s�1 ð4Þ

Fe3þ þ �O�
2 ! Fe2þ þO2k ¼ 1:5� 108mol�1 � L � s�1 ð5Þ
3.3. Degradation intermediates and a possible reaction
mechanism

The degradation intermediates of vanillic acid were explored
with LC-MS compared with authentic reference standards

(Fig. S6). In addition to the parent vanillic acid (1), fourteen
intermediates (2–15) were recognized (Table 4). On account
of the identified intermediates, tentative degradation pathways

of vanillic acid were concluded (Fig. 10).
The degradation of vanillic acid in GO-Fe3S4-H2O2 system

was triggered through two possible pathways. The first one (la-

beled as Ⅰ) was that a carbonyl group was removed from vanil-
lic acid (1), producing intermediate 2, which was subsequently
demethylated and dehydrogenated to form intermediate 4.
Except that, intermediate 2 could also be directly demethoxy

to generate intermediate 4. Subsequently, the benzene ring in
intermediate 4 was broken down by the oxidizing active spe-
cies, which caused the generation of intermediate 5 following

the decarbonization and hydroxylation. Intermediate 5 was
then transformed into intermediate 6 via decarboxylation.
And intermediate 6 was farther oxidized to intermediate 7,

which was subsequently oxidized to intermediate 8. Then it
was further oxidized to form intermediate 9. Intermediate 9

was then transformed into intermediate 15 via decarboniza-
tion. And it may further be oxidized to CO2 and H2O. The sec-

ond one (labeled as Ⅱ) was that vanillic acid was directly
decarboxylated to form intermediate 10. And it was further
transformed into intermediate 11 through demethoxylation.

Intermediate 11 was oxidized through ring-opening reaction
to form intermediate 12 which was further oxidized to form
intermediate 13 via decarboxylation. Intermediate 13 was oxi-

dized to intermediate 14 and was farther hydroxylated to form
intermediate 15. Finally, it may be mineralized into CO2 and
H2O.

The degradation of PHBA in GO-Fe3S4-H2O2 system was

also studied. Under optimal conditions (catalyst load: 1 g/L,
H2O2 concentration: 18 mmol/L, pH 4, temperature: 35 �C),
99.79 % of p-hydroxybenzoic acid (25 mg/L) was degraded

in 15 min. The degradation intermediates of PHBA were also
identified with LC-MS compared with authentic reference
standards (Fig. S7). Fifteen intermediates (2–16) from the

degradation of PHBA (1) were identified. Based on the identi-
fied intermediates, tentative degradation pathways of p-
hydroxybenzoic acid were proposed (Fig. 11). There are two

possible pathways for the degradation of PHBA. The first
one (labeled as Ⅰ) was that PHBA (1) was transformed to inter-
mediate 2 by hydroxylation following the forming of interme-
diate 3 through hydroxylation reaction. Intermediate 3 was

decarboxylated to form intermediate 4, in which the benzene
ring was broken down by oxidation reaction to form interme-
diate 5 through decarbonization and hydroxylation. Subse-

quently, intermediate 5 was transformed to intermediate 6

through decarboxylic reaction. Intermediate 6 was then oxi-
dized to intermediate 7, 8 and 13. Intermediate 13 was con-

verted to intermediate 14 through decarboxylation and
decarbonization. Intermediate 14 was oxidized to intermediate
15 and subsequently converted to intermediate 16 by hydroxy-

lation. In addition, PHBA could also be directly converted to
intermediate 9 by decarboxylation (labeled as Ⅱ). And interme-
diate 9 was then converted to intermediate 10 through hydrox-
ylation. Subsequently, intermediate 10 was oxidized to form

intermediate 11 through ring-opening reaction and hydroxyla-
tion. Intermediate 11 was broken down through decarboniza-
tion to form intermediate 12 which was then converted to

intermediate 13 through hydroxylation. Intermediate 13 was
subsequently oxidized to intermediate 14, 15 and 16. And
intermediate 16 may be oxidized to CO2 and H2O.

According to the study of the degradation pathways of the
above two compounds, it was found that the degradation pro-
cess included the hydroxylation, ring-opening reaction, decar-
boxylation and decarbonization. Finally, the compounds were

broken down to carboxylic acids with low molecular weight.
In order to further investigate the degradation process of

vanillic acid and PHBA, the accumulation and elimination of

intermediates of the above compounds was analyzed by detect-
ing the change of peak area of corresponding intermediates
(Fig. 12). It was observed that the parent compounds were

degraded rapidly which corresponding peak area was
decreased promptly in first 30 min. And the concentration of
selected intermediates (intermediates 5, 12 and 15 for vanillic

acid in Fig. 12a; intermediates 5, 11 and 16 for PHBA in
Fig. 12b) were firstly increased, reached the maximal value
and then decreased sharply, which indicated that the oxidative
active species were attack the intermediates continuously and



Fig. 10 Proposed pathways for vanillic acid degradation in the system of GO-Fe3S4-H2O2.
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resulting the high degradation efficiency of them. This further
conformed that the GO-Fe3S4-H2O2 system could effectively

degrade and mineralize organic pollutants.

3.4. The practical application of GO-Fe3S4-H2O2 system for the
disposal of wastewater discharged from papermaking mills

To further evaluate the application value of GO-Fe3S4-H2O2

system for the degradation of pollutants in wastewater, the
above system was applied to dispose the effluent discharged

from the secondary biochemical process in pulping and paper-
making mills (COD: 160 � 200 mg/L；chromaticity: 200). The
COD and chromaticity removal efficiency of secondary bio-

chemical effluent in GO-Fe3S4-H2O2 system were compared
with homogeneous Fenton process (Fe2+/S2O8
2-–H2O2 system)

which was utilized widely in practical. And the concentration

of oxidizing agent in the two systems was almost equal. It
was observed in Fig. 13 that the COD removal efficiency in
Fe2+/S2O8

2-–H2O2 system was increased rapidly in first

40 min. And then the removal efficiency was slowly increased
with the next time. The maximal COD removal efficiency was
66 %. This may because the generation rate of hydroxyl radi-
cals and sulfate radicals was declined at the later stage of reac-

tion. Except that, the long distance between radicals to
pollutants in bulk water body reduced the mass transfer effi-
ciency which also exhibited the degradation of pollutants.

Compared with the above homogeneous Fenton process, the
COD removal efficiency in GO-Fe3S4-H2O2 system was much



Fig. 11 possible path of PHBA degradation.

Fig. 12 The change of peak area of parent and intermediates during the degradation of vanillic acid (a) and PHBA (b).
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higher. The optimal COD removal efficiency was increased to
95 %. The degradation in heterogeneous Fenton process was
mainly happened on the surface of the catalyst. The adsorption

of pollutants to catalyst surface shortens the distance from
active radicals to pollutants, which enhanced the mass trans-
form efficiency in reactive system. Thus the degradation of pol-
lutants was increased. The chromaticity removal efficiency in
the above two systems were also compared. As shown in

Fig. 13, the chromaticity removal efficiency in Fe2+/S2O8
2-–

H2O2 system was increased to 66 % in first 80 min, and then



Fig. 13 The removal efficiency of COD and chromaticity of

secondary biochemical effluent in different systems (system 1:

Fe2+/S2O8
2-–H2O2 system; system 2: GO-Fe3S4-H2O2). Degrada-

tion conditions: system 1: Fe2+ concentration: 2.25 mmol/L, S2O8
2-

concentration: 1.05 mmol/L, H2O2 concentration: 0.45 mmol/L,

solution pH 3, reactive temperature 25 �C; system 2: catalyst load

0.05 g/L, initial H2O2 concentration: 1.5 mmol/L, solution pH 4

and reactive temperature 25 �C.

Removal of water-soluble lignin model pollutants 19
decreased in the next time. This may induce to the oxidation
reaction of Fe2+ to Fe3+, which generated the yellow color

in wastewater. While the chromaticity removal in GO-Fe3S4-
H2O2 system was more efficient (about 78 % of chromaticity
was removed). And the chromaticity removal efficiency was
almost not declined after reached the maximal value. This fur-

ther confirmed that the dissolution of iron ions from GO-Fe3S4
was little which induce tiny effect to the color of the wastewa-
ter. The higher removal efficiency of COD and chromaticity in

GO-Fe3S4-H2O2 system compared with homogeneous Fenton
process indicated that the system possessed large potential
application value in practice.

3.5. Stability and reusability of GO-Fe3S4 composite

The stability and reusability of GO-Fe3S4 composite was esti-
mated. And the recycling experiment of the composite was

firstly carried as follows: the catalyst was first gathered by
Fig. 14 the adsorptive and catalytic m
using a magnet, after the added vanillic acid was almost com-
pletely degraded. Next, the supernatant was centrifuged to col-
lect the residual catalyst in it. After the two parts of the

catalysts were made together, it was suspended into a fresh
solution of vanillic acid and H2O2, and the vanillic acid was
continued as the second cycle. This process was repeated sev-

eral times. It was observed from recycling experiment results
that the composite were able to be reutilized for first five cycles
without the remarkable damage of catalytic activity (Fig. S8).

The degradation rate constant of the vanillic acid was
1.81 � 10-1, 1.76 � 10-1, 1.72 � 10-1, 1.69 � 10-1 and
1.69 � 10-1 min�1 for the first five cycles. After reused five
times, the catalytic activity of GO-Fe3S4 composite could

maintain 93 %, which preliminarily confirmed the good stabil-
ity and reusability of the composite. Furthermore, no dissolv-
ing of S ions from GO-Fe3S4 composite was monitored during

the reuse of GO-Fe3S4 composite for the vanillic acid degrada-
tion at pH 4.0 by atomic absorption spectrometry, and the
leaching of Fe ions was no more than ca. 1 % (Fig. S9). The

negligible dissolving of S and Fe ions further confirmed that
the composite was relatively stable in the catalytic system.
Therefore, it can be concluded that the composite was stable

and could be reutilized without the loss of catalytic activity.

3.6. Contributions of GO to the catalytic activity of GO-Fe3S4

composite

GO sheets play an importation role in the GO-Fe3S4 compos-
ite, which has three functions in the heterogeneous Fenton like
catalyst. The first is that the introducing of GO can make

Fe3S4 particles disperse well in the catalyst, resulting in the
grain sizes of GO-Fe3S4 composite of 20–40 nm, being much
smaller than that of Fe3S4 (2–8 lm). The second is that GO

sheets can promote the adsorption performance of GO-Fe3S4
composite. Due to the smaller particle size and porous struc-
ture, the specific surface area was enhanced from 1.94 m2/g

(Fe3S4) to 7.71 m2/g (GO-Fe3S4). Especially, the oxygen-
containing groups on the surface of GO sheets were favorable
to the dispersion of catalyst particles in the aqueous phase.
These hydrophilic groups can efficiently adsorb the water-

soluble pollutants from water (such as water-soluble lignin
compounds) by the formation of chemical bond (such as
hydrogen bonds). Except that, because of the large p bonds
echanism of GO-Fe3S4 composite.
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existed in GO, the benzene ring in lignin molecules can easily
linked to the surface of graphene oxide by the p-p stacking
(Fig.S10 showed the FT-IR spectra of GO-Fe3S4, vanillic acid

and GO-Fe3S4 adsorbed by vanillic acid, indicating that the
composite can effectively adsorb vanillic acid under the exper-
iment condition). The third one is the most important and is

related to the high mass transfer efficiency of oxidizing radicals
in reaction system. This resulted in high catalytic efficiency by
increasing the contact time between the reactive oxygen species

and pollutants. Because of the short life of reactive species (for
example: �OH < 1 ls), the distance between reactive species
and pollutant molecules has a very significant effect on the
degradation efficiency of pollutants. The introduction of GO

could accumulate the pollutants in the bulk solution to the sur-
face of the composite, which shorten the distance between pol-
lutants and catalysts. Thus, the reactive oxidizing species could

directly attack the molecules of pollutants, improving the
degradation efficiency of pollutants. As previously discussed,
the rapidly consume of oxygen species avoided the over-

oxidation of reductive sites on the surface of the composite,
which promoted the generation of �O2

–. Thus, the conversion
of H2O2 to �OH was further enhanced. The adsorptive and

catalytic mechanism of GO-Fe3S4 composite was shown in
Fig. 14.

4. Conclusions

A GO-Fe3S4 nanoscaled composite based on the matrix of GO sheet

has been synthesized by using the solvothermal method and investi-

gated as a Fenton-like catalyst. Through the BET analysis, it was

found that the specific surface area of GO-Fe3S4 composite was

7.71 m2/g, which was larger than that of Fe3S4 (1.94 m2/g). And the

composite could adsorb water-soluble lignin model pollutants more

effectively with the p-p stacking effect and the formation of hydrogen

bonds between catalyst and substrate, which induced high mass trans-

fer efficiency of oxidizing radicals in reactive system. Hence, the GO-

Fe3S4 composite possessed remarkable heterogeneous Fenton-like cat-

alytic performance toward the degradation of vanillic acid and PHBA.

It was discovered that the catalytic ability of this composite was

affected by its preparation condition and reactive parameters in cat-

alytic system. Through the preliminary optimization of preparation

and reaction conditions, the degradation rate constant of vanillic acid

by using the GO-Fe3S4 composite as catalyst could achieve 1.81 � 10-1

min�1, being 2.91 or 2.76 folds of that gained by Fe3S4 or the mixture

of Fe3S4 and GO, respectively. RSM was conducted to farther opti-

mize the vanillic acid degradation condition. And the suitable model

equation was obtained. The catalytic mechanism in GO-Fe3S4-H2O2

system was analyzed fatherly. The degradation of pollutants was dom-

inated by surface reaction. And the main oxidizing species was the

hydroxyl radicals bounded on the surface of the composite. Except

H2O2, molecular oxygen in the system could also be activated to gen-

erate �O2
– by the reductive sites on the surface of GO-Fe3S4, which pro-

moted the conversion of H2O2 to �OH. The analysis of degradation

intermediates of vanillic acid and PHBA showed that the pollutants

were degraded to smaller molecules by oxidation reactions. The anal-

ysis of degradation intermediates concentration of the vanillic acid and

PHBA showed that the pollutants were degraded and mineralized effi-

ciently. The comparison of GO-Fe3S4-H2O2 system to other homoge-

neous Fenton process in the application of disposing effluents

generated from the secondary biochemical process in pulping and

papermaking mills further confirmed that the reactive system possessed

potential application prospect in practical. Excellent heterogeneous

Fenton catalytic performance of GO-Fe3S4 composite were ascribed

to its larger surface area, plenty of reductive active sites and efficient

mass transfer of oxidizing radicals in the reactive system.
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