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ab s t r ac t
In this study, sludge-derived Fenton-like catalysts, namely potentially low cost, were successfully syn-
thesized through a unique and original method, which was used to oxidative degradate Rhodamine 
B (RhB) as heterogeneous Fenton-like Fe/C catalysts. Two types of sludge sources were used as 
sludge-derived support carbon: paper mill sludge and municipal wastewater treatment sludge. This 
unique preparation method converted pyrolyzed sludge into a porous carbon-based carrier mate-
rial by chemical activation and then used an iron loading impregnation method to synthesize the 
Fenton-like Fe/C catalyst. The prepared two types of catalysts including paper mill sludge-derived 
char-supported iron catalyst and municipal sewage sludge-derived char-supported iron catalyst were 
characterized in terms of Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron 
microscopy and N2-adsorption/desorption. Compared with sludge-derived Fe/C catalyst without acti-
vation, both the PMSC-Fe and the MSSC-Fe catalyst exhibited much better catalytic performance in 
degrading RhB. Both PMSC-Fe and MSSC-Fe exhibited excellent catalytic stability and almost seldom 
Fe-ion leaching. A correlation could be found between surface area and RhB degradation, suggesting 
that surface area of the catalyst is an important factor for the catalytic performance. Two different 
sources of sludge also showed discrepancy in catalytic performance of RhB degradation, which is 
perhaps due to the different properties of the initial sewage sludge. The catalyst of PMSC-Fe and 
MSSC-Fe both has an excellent long-term stability. Possible degradation mechanism of RhB induced 
by sludge-derived Fe-C/H2O2 system is proposed.
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1. Introduction

As the rate of municipal and industrial wastewater treat-
ment increases, large sludge quantities are generated in the 
treatment process. This increasing amount of sludge has 
become an issue of particular concern, and sewage sludge 
disposal is an important environmental problem [1,2]. 

Traditional methods of sewage sludge disposal, such as 
ocean dumpling, landfill, incineration and composting land 
application, may have potential environmental risks to soil, 
ground water and air [2–4]. Because some of these traditional 
disposal options are progressively becoming restricted, it 
is necessary to explore novel and value-added methods to 
maximize the recovery of useful materials and minimize the 
residue from sewage sludge [2,5]. 
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In this context, the high costs of adsorbent and catalyst 
manufacture have prompted a growing interest into the uti-
lization of sewage sludge and other waste precursors to pro-
duce low cost forms of these materials [6,7]. In fact, sewage 
sludge, especially paper mill sludge and municipal wastewa-
ter treatment sludge, is carbonaceous in nature [8,9]. Hence, 
it has the potential to be converted into porous-activated 
carbon under controlled conditions or with some chemical 
treatments. The process of pyrolyzing sludge into sludge- 
derived biochar is effective in reducing sludge volume and 
produces useful end products [10–14]. At the same time, the 
process destroys most pathogenic organisms and stabilizes 
most toxic heavy metals. Previous studies on sludge- derived 
carbon mainly focused on sludge-based adsorbent, where 
sludge-based carbon had been used to adsorb different dyes 
[15], heavy metals [16], organic pollutants [17] and odor gases 
[18]. Recently, sewage sludge-derived material was reported 
for catalytic wet air oxidation of phenolic compounds [17], a 
catalyst for ozonation oxidation [9], and as the support of TiO2 
photocatalyst [19–21]. Most recently, many studies showed 
that sewage sludge-derived mesoporous material is also an 
efficient and stable heterogeneous catalyst for Fenton-like 
reactions [22,23]. Therefore, sewage sludge-derived material 
can be used as a heterogeneous catalyst for Fenton-like reac-
tions to achieve high catalytic activity and long-term stability. 
For example, the municipal wastewater treatment sludge can 
be directly synthesized into Fenton catalyst, which has a high 
catalytic activity in degradation of Acid Orange II, and the 
efficiency achieves at 98% within 30 min [24]. This kind of 
sludge carbon material also shows high catalytic in 1-dizao-
2-naphthol-4-sulfonic acid, and its removal efficiency can 
reach 96.6% after 260 min Fenton-like treatment [19]. The 
paper mill sludge can be synthesized into Fenton-like cata-
lyst, which has a high catalytic in methylene blue, and the 
efficiency achieves at 95% within 40 min [25,26]. According 
to these studies, the sources of sewage sludge have important 
effects on the efficiency of the synthesized materials.

The Fenton reaction is an effective process that degrades 
recalcitrant organic pollutants using strong, relatively non-
selective hydroxyl radicals (·OH) [27,28]. However, some 
drawbacks restrict widespread, industrial-scale application 
of homogeneous Fenton reactions, such as pH limitations 
and recycling difficulty. This has led to the development 
of a heterogeneous catalyst for the Fenton system [29–31]. 
Heterogeneous catalysts are noncorrosive, environmentally 
benign and easy to separate from treated wastewater. They 
might be the most promising catalysts for hazardous waste 
remediation and water disinfection. Many studies have 
been performed, and various supports have been employed 
to prepare heterogeneous catalysts for the Fenton process 
[32–34]. However, heterogeneous catalysts also encoun-
ter problems, such as high Fe leaching and poor stability. 
Therefore, a cost-effective heterogeneous catalyst with high 
catalytic activity and good support with long-term stability is 
essential to elevate catalytic efficiency and application.

In our study, two types of sludge including paper mill 
sludge and municipal wastewater treatment sludge were 
selected as sludge-derived support carbon. For the syn-
thesis process of Fe/C catalysts, the unique two-step syn-
thesis method was chosen, which includes activation of 
sludge-derived carbon support and then iron loading on the 

sludge-derived carbon. The catalytic performance of the syn-
thesized paper mill sludge-derived catalysts and municipal 
sewage sludge-derived catalysts during Fenton system were 
investigated using Rhodamine B (RhB), which is present in 
most textile industrial wastewaters and harmful to humans 
on contact and toxic to aquatic organisms. To our knowledge, 
little information on the comparative study of these two 
different sources sludge-derived Fe/C catalyst on heteroge-
neous Fenton-like degradation of RhB is available from pre-
vious studies. Hence, this study not only intends to provide 
an environmentally friendly sewage reuse method but also 
study the discrepancy of the two types of carbon-rich sludge 
(paper mill sludge and municipal wastewater treatment 
sludge) as the Fenton-like catalyst support.

2. Materials and methods

2.1. Materials

Paper mill sludge was obtained in November from the 
Chun Nan papermaking plant in Fu Yang, Hangzhou, China. 
Municipal sewage sludge was obtained in November from the 
Fu Yang municipal wastewater treatment plant in Hangzhou, 
China. Both types of sludge were dried at 105°C to a constant 
weight, subsequently ground and sifted through an 80-mesh 
sieve, and then stored in a desiccator at room temperature.

All reagents, including ZnCl2, H2SO4, Ca(OH)2, FeSO4, 
RhB and H2O2 (30%, w/v) were analytical reagent unless 
otherwise stated which was purchased from Sinopharm 
Chemical Reagent Company, Shanghai, China. All solutions 
were prepared with water obtained from a water purification 
system (Milli-Q Advantage A10 Water Purification System).

2.2. Preparation of catalysts

The sewage sludge-derived char supported iron oxide 
catalyst was prepared in two steps: activation of sewage 
sludge-derived char and loading of iron oxide. For paper mill 
sludge, 5 mol/L ZnCl2 and 40% H2SO4 as activating agents 
were added to 6 g of dried sludge. The ZnCl2-to-H2SO4 ratio 
was 3:1, and the solid-to-liquid ratio was 1:2.5 (g/mL). For 
municipal sewage sludge, 5 mol/L ZnCl2 and 4 wt% Ca(OH)2 
as activating agents were added to 6 g of dried sludge. The 
dried sludge-to-ZnCl2 ratio was 1:1 (g/mL). During the acti-
vation process, contact was maintained between the liquid 
and solid phases using mechanical shaking at a constant rate 
of 180 rpm for 1 h at 20°C. Then, the materials were dried at 
105°C for 5 h. Subsequently, the dried solids were pyrolyzed 
in a horizontal tube furnace at 550°C for 1 h with a heating 
rate of 20°C/min and a nitrogen flow of 0.1 m3/h. The pyro-
lyzed samples were rinsed with 3 mol/L hydrochloric acid to 
remove other inorganic matter, washed with 70°C deionized 
water several times until the pH became neutral, cleaned in 
a 50 W ultrasonic washer for 10 min, dried at 80°C overnight 
and ground to less than 200-mesh. 

For the loading process, 10 g of dried sewage sludge- 
derived char was added to 30 mL of 0.1 mol/L FeSO4·7H2O 
solution, dipped for 1 h, stirred for 24 h, and dried at 105°C 
for 12 h. Finally, the dried char was pyrolyzed in a horizontal 
tube furnace at 350°C for 2 h with a heating rate of 20°C/min 
and a nitrogen flow of 0.1 m3/h. The obtained samples were 
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rinsed with deionized water until the electrical conductivity 
remained stable and then dried at 80°C.

To explore the influence of different factors on catalyst 
loading, the FeSO4 concentration and pyrolysis temperature 
were set as variables in the pyrolysis experiment. FeSO4 con-
centrations of 0.1, 0.25 and 0.5 mol/L were selected to investi-
gate the effect of concentration on catalyst performance. We 
selected pyrolysis temperatures of 350°C, 450°C and 550°C to 
explore the effect of pyrolysis temperature on catalyst per-
formance. In addition, we compared activated catalysts with 
catalysts obtained by loading directly without activation.

2.3. Characterization of catalysts

The functional groups of as-synthesized catalysts were 
detected by Fourier transform infrared (FTIR) spectroscopy 
(Thermo Nicolet 380, USA). The catalyst crystal structures 
were characterized using X-ray diffraction (XRD; Bruker D8 
Advance, Germany). The surface area was determined using 
the Brunauer–Emmett–Teller (BET) method (Quantachrome 
nova 2000e, USA). The surface morphology was observed 
using scanning electron microscopy (SEM; Hitachi S-3400N, 
Japan). The leaching concentration of Fe in the solution was 
measured by inductively coupled plasma optical emission 
spectrometry (ICP-OES; Agilent 720, USA). The chemical 
composition of each element present was analyzed via auto-
matic element analyzer (Euro Vector EA3000, Italy).

2.4. RhB degradation 

All batch experiments were carried out at room tem-
perature in a glass conical beaker (250 mL) with a stopper 
shaker on a magnetic stirrer at an equivalent stirring veloc-
ity. During the reaction, 0.05 g of catalyst was added to 150 
mL of 50 mg/L RhB solution. The solution pH was adjusted 
to 4.0 ± 0.1 with H2SO4. The suspension was stirred in the 
dark for 1 h to disperse the catalyst and achieve adsorption/
desorption equilibrium. After the first sample was taken, the 
degradation reaction was initiated by adding 1 mL of 3% 
H2O2 to the reaction solution. At given time intervals during 
the reaction, solution samples were taken and centrifuged to 
immediately remove any catalyst particles.

The pH of the RhB solution was measured with a PHS-3C 
pH meter (Rex Instrument Factory, Shanghai, China). RhB 
concentration was analyzed using a UV–Vis spectrophotom-
eter (UV-3150, Shimadzu) with maximum absorbance at 484 
nm. 

3. Results and discussion

3.1. Characterization of the catalysts

The four prepared catalysts paper mill sludge-derived 
char-supported iron catalyst through activation (PMSC-Fe), 
municipal sewage sludge-derived char-supported iron cata-
lyst through activation (MSSC-Fe), paper mill sludge-derived 
catalyst by direct loading without activation (PMS-Fe) and 
municipal sewage sludge by direct loading without activa-
tion (MSS-Fe) were characterized. The preparation condi-
tions were as follows: the calcination temperature was 350°C 
and the concentration of FeSO4 was 0.1 mol/L.

FTIR spectra were used to determine the functional 
groups and chemical bonds on the catalyst surfaces and the 
results were shown in Fig. 1. As shown in Fig. 1, the broad 
band at approximately 3,400 cm–1 corresponded to the O–H 
stretching vibration of hydroxyl functional groups, including 
hydrogen bonding. The band at approximately 1,630 cm–1 was 
ascribed to the C=O stretching vibration of carbonyl groups 
[35]. A weak peak at 1,385 cm–1 was attributed to the presence 
of C–H, whose stretching vibration appeared to overlap with 
the 3,400 cm–1 band of –OH [36]. The broad band at 1,035 cm–1 
was primarily attributed to the C–O stretching vibration. The 
broad, high-intensity band at 1,080 cm–1 was attributed to 
asymmetric Si–O–Si stretching vibrations, while the Si–O–Si 
symmetrical stretching gave rise to the peak at 795 cm–1. The 
peaks at approximately 690 and 470 cm–1 corresponded to 
the characteristic symmetric stretching vibration and bend-
ing vibration of Si–O–Fe [20]. In addition, some different 
peaks were found in the PMSC-Fe curve, such as the peak 
at 1,430 cm–1, which was assigned to –NO2 [36], and the peak 
at 873 cm–1, which was assigned to Si–O [37]. These results 
clearly indicated formation of chemical bonds between 
inorganic compounds in the sewage sludge and the loaded 
Fe compound in the catalyst. Compared with PMS-Fe and 
MSS-Fe, PMSC-Fe and MSSC-Fe with chemical activation 
had obvious Si–O–Fe, which proved that catalyst with activa-
tion was more stable. Determining the functional groups and 
chemical bonds on the catalyst surfaces will provide import-
ant contributions to analyze the reaction mechanism of the 
catalyst.

As shown in Fig. 2, XRD patterns of four prepared 
sludge-derived Fe/C catalyst were illustrated. All the mate-
rials displayed two primary diffraction peaks at 2θ = 21.0° 
and 26.7° except for PMS-Fe, which corresponded to typical 
SiO2 (quartz) crystallite structures [20]. PMS-Fe displayed a 
primary diffraction peak at 2θ = 29.4°, which corresponded 
to typical CaCO3 (calcite) [26]. PMSC-Fe displayed four pri-
mary diffraction peaks at 2θ = 28.8°, 30.8°, 47.8° and 56.7°, 
corresponding to typical ZnS, which might be due to the 
presence of the activation agents ZnCl2 and H2SO4 during 
the activation process. PMSC-Fe, PMS-Fe and MSSC-Fe dis-
played diffraction peaks at 2θ = 33.0°, 36.7° and 39.7°, which 

Fig. 1. FTIR spectra of the catalysts.
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were assigned to the (104), (110) and (113) reflections of 
α-Fe2O3 (hematite) (JCPDS, File No. 840306) [26]. Thus, these 
results suggest that PMSC-Fe primarily consisted of SiO2, 
α-Fe2O3 and ZnS  crystallites; PMS-Fe primarily consisted of 
α-Fe2O3 and CaCO3 crystallites; MSSC-Fe primarily consisted 
of SiO2 and α-Fe2O3 crystallites; and MSS-Fe primarily con-
sisted of SiO2 crystallites. The α-Fe2O3 crystallites played a 
major role in Fenton-like catalytic reactions. 

Table 2 provides the BET surface areas (SBET), microp-
ore areas (Smicro), external surface areas (including mesopore 
and macropore areas, Sext), micropore volumes (Vmicro), total 

pore diameters (Vt) and average pore diameters (Dap) of 
the catalysts. Compared with PMS-Fe (SBET, 31.13 m2/g) and 
MSS-Fe (SBET, 26.74 m2/g), the catalysts with chemical acti-
vation, namely, PMSC-Fe (SBET, 418.45 m2/g) and MSSC-Fe 
(SBET, 351.99 m2/g), had remarkably high BET surface areas. 
PMSC-Fe had a larger BET surface than MSSC-Fe perhaps 
mainly because paper mill sludge had higher carbon content 
than municipal sewage sludge (Table 1). Besides, paper mill 
sludge had more fine cellulosic fibers, fibers too short to be 
retained on fiber screens and paper machines, and inorganic 
material [25]. During carbonization, organic carbon materi-
als in sludge were carbonized and thus left the open space 
previously occupied. This could also lead to larger surface 
areas. Catalysts with activation (PMSC-Fe and MSSC-Fe) had 
larger micropore areas, while the micropore areas of PMS-Fe 
and MSS-Fe were zero. PMSC-Fe and MSSC-Fe had a higher 
proportion of micropores and mesopores, whereas PMS-Fe 
and MSS-Fe contained more mesopores and macropores. In 
order to further study the effect of calcination temperature 
on catalyst, the BET surface areas, micropore areas, external 
surface areas of PMSC-Fe at different calcination tempera-
tures (350°C, 450°C and 550°C) were determined. The results 
showed that the BET surface areas, micropore areas, exter-
nal surface areas of PMSC-Fe catalyst decreased with the 
increase of calcination temperature. This might be because 
of that high calcination temperature destroyed the porous 
structure of the sludge carbon carrier. Besides, from the eco-
nomic point of view, low calcination temperature had low 
energy consumption. 

SEM was employed to observe the surface physical 
morphology of sludge-derived activated carbon catalysts, 
as shown in Fig. 3. As seen in the micrographs, PMSC-Fe 
and MSSC-Fe contain lots of well-developed pores with 
different shapes, resulting from evaporation of the ZnCl2, 
H2SO4 and Ca(OH)2 chemical reagents during carboniza-
tion, leaving open the space previously occupied by the 
reagents. PMS-Fe and MSS-Fe exhibited coarse and non-
porous surfaces due to the evaporation of H2O and decom-
position of organic sludge molecules during calcination. 
Additionally, as shown in Table 1, PMS-Fe and MSS-Fe 
had a higher Fe content than PMSC-Fe and MSSC-Fe. 
The presence of more iron might block pore develop-
ment in porous material. Compared with municipal sew-
age sludge-derived catalysts, paper mill sludge-derived 
catalysts exhibited a higher number of pores at a higher 
density, potentially due to the composition of paper mill 
sludge, which contained more fine cellulosic fibers and 
inorganic materials. 

Fig. 2. XRD spectra of the catalysts.

Table 1
Physicochemical properties of synthesized sewage-derived 
 catalysts and sewage sludge

Sample N% C% S% Fe (%) Si (mg/g)

PMSC-Fe 2.850 29.775 2.422 3.377 0.191
MSSC-Fe 2.139 17.611 0 2.549 0.323
PMS-Fe 1.818 19.809 0 6.180 0.278
MSS-Fe 1.765 11.537 0 6.270 0.219
PMS 3.093 25.752 0 2.736 0.295
MSS 3.282 18.678 0 3.522 0.239
PMSC-Fe-0.1 – – – 3.107 0.272
PMSC-Fe-0.25 – – – 5.886 0.162
PMSC-Fe-0.5 – – – 10.104 0.205

Table 2
Characteristics of the porous structure of catalyst

Catalyst SBET (m2/g) Smicro (m2/g) Sext (m2/g) Vmicro (cm3/g) Vt (cm3/g) Dap (nm)

PMSC-Fe (350°C) 418.45 219.92 198.54 0.094 0.31 2.67
PMS-Fe (350°C) 31.13 0 31.13 0 0.058 7.44
MSSC-Fe (350°C) 351.99 215.53 136.47 0.090 0.25 2.89
MSS-Fe (350°C) 26.74 0 26.74 0 0.078 11.69
PMSC-Fe (450°C) 409.54 159.7 249.8 0.037 0.36 3.59
PMSC-Fe (550°C) 369.66 128.3 241.3 0.054 0.31 3.40
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The microstructure of the prepared PMSC-Fe catalyst 
with increasing calcinations temperature is also presented in 
Fig. 4. At 350°C and 450°C, the catalyst particle was distrib-
uted uniformly, and the catalyst has obvious pore structure. 
As the calcinations temperature approaches to 550°C, part 
of the catalyst became conglomeration and appeared sheet 
structure, which would cause the BET surface areas of cata-
lyst decreased (Table 2). Therefore, calcinations temperature 
might be one of the factors which influenced the structure 
and catalytic activity of the sludge-derived catalysts. 

3.2. RhB degradation 

Fenton-like catalytic performance of different systems was 
assessed in terms of RhB degradation efficiency and the results 
were shown in Fig. 4. RhB was scarcely degraded under H2O2 
alone, perhaps because H2O2 was stable at room temperature 
and the chemical reaction was relatively slow in the absence 
of catalysts. No obvious RhB degradation was detected in the 

Fig. 3. SEM images of the catalysts.

Fig. 4. RhB degradation under different systems (conditions: 
[RhB] = 50 mg/L, [Catalysts] = 0.33 g/L, [H2O2] = 6 mmol/L, pH = 4).
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presence of PMSC-Fe and MSSC-Fe. This may be because the 
catalysts maintained adsorption–desorption equilibrium with 
RhB from the preceding 60 min of stirring, which can elimi-
nate the effect of catalyst adsorption during the degradation 
process. When PMSC-Fe was added to the solution with H2O2, 
the degradation rate reached 90%, and the degradation rate 
of MSSC-Fe was 43%. The catalytic activity of the paper mill 
sludge-derived catalyst was clearly higher than that of the 
municipal sewage sludge-derived catalyst. This is because 
the paper mill sludge had fine cellulosic fiber and more inor-
ganic material. In the pyrolysis process, cellulosic fiber and 
inorganic materials evaporated with N2 and left more holes. 
This process increased the surface area of PMSC-Fe and thus 
increased the catalytic activity. As shown in Table 2, the BET 
surface areas of PMSC-Fe and MSSC-Fe were 418.45 and 
351.99 m2/g, respectively. For the same reason, the degrada-
tion rate of PMS-Fe and MSS-Fe was only approximately 10% 
because PMS-Fe and MSS-Fe were synthetized without activa-
tion. This led to very low BET surface areas. The BET surface 
areas of PMS-Fe and MSS-Fe were 31.13 and 26.74 m2/g, and 
the micropore areas of PMS-Fe and MSS-Fe were zero (Table 
2). A high surface area increased the surface active sites of the 
catalysts and enhanced the catalyst degradation ability.

Fig. 5 shows the effect of FeSO4 concentration of two 
kinds of sewage sludge-derived catalysts during the loading 
process on RhB degradation in catalytic experimentation. For 
paper mill sludge-derived catalyst, the RhB best degradation 
rate was 70% when the FeSO4 loading concentration was 0.1 
mol/L. The degradation rate was 52% and 28% when the FeSO4 
loading concentration was 0.25 and 0.5 mol/L, respectively. 
For municipal sewage sludge-derived catalyst, the RhB best 
degradation rate was 47% when the FeSO4 loading concentra-
tion was 0.1 and 0.25 mol/L, the removal rate was only 18% 
when the FeSO4 concentration was 0.5 mol/L. These results 
might be due to an increase in material density and blocking 
of pores within the mesoporous material as Fe incorporation 
(α-Fe2O3) increased. As shown in Table 1, increasing the load-
ing concentration of FeSO4, increased the iron content of the 
catalyst. This reduced the surface active sites, and the catalyst 

degradation ability decreased. Compared with municipal 
sewage sludge-derived catalyst, paper mill sludge-derived 
catalyst displayed higher catalytic activity at each FeSO4 
concentration. This result further confirmed that paper mill 
sludge-derived catalyst had a higher catalytic activity than 
municipal sewage sludge-derived catalyst.

A comparison of RhB degradation of paper mill sludge- 
derived catalyst and municipal sewage sludge- derived cata-
lyst under different calcination temperatures after Fe loading 
is shown in Fig. 6. For paper mill sludge-derived catalyst, 
the best degradation rate of RhB was 90% when the calci-
nation temperature was 350°C, while the municipal sewage 
sludge-derived catalyst was 60%. The degradation rate of 
RhB of paper mill sludge-derived catalyst was approximately 
66% when the calcination temperatures were 450°C and 
550°C, while the municipal sewage sludge-derived catalyst 
was 60% and 40%, respectively. These results might be due to 
the second calcination after Fe loading destroyed the meso-
porous structure of the catalyst surface and catalyst became 
conglomeration as shown in Fig. 3. The higher the calcination 
temperature, the more serious is the damage to the meso-
porous structure of the catalyst surface. The measured BET 
surface areas reinforce this hypothesis. The BET surface areas 
of PMSC-350, PMSC-450 and PMSC-550 were 418.45, 409.54 
and 369.66 m2/g, respectively. Destruction of the mesoporous 
structure reduced the surface active sites and decreased the 
catalyst degradation ability.

3.3. Mechanism

To illustrate the transformation of RhB structural and 
molecular features in the degradation process, UV–Vis spec-
tral changes over time were observed (Fig. 7). As shown, the 
absorption spectrum of RhB in aqueous solution was mainly 
characterized by two bands. The visible absorbance band at 
554 nm, which is used to monitor residual RhB, corresponds 
RhB degradation because of the conjugated structure of C=O 
groups. The UV absorbance at 259 nm corresponds to the 
existence of aromatic rings in RhB [38]; the intensity reflected 

Fig. 5. Effect of the FeSO4 concentration in PMSC and MSSC 
on RhB degradation (conditions: [RhB] = 50 mg/L, [PMSC-Fe] = 
0.33 g/L, [H2O2] = 6 mmol/L, pH = 4).

Fig. 6. Effect of calcination temperature in PMSC-Fe and 
MSSC-Fe on RhB degradation (conditions: [RhB] = 50 mg/L, 
[PMSC-Fe] = 0.33 g/L, [H2O2] = 6 mmol/L, pH = 4).



M. Hou et al. / Desalination and Water Treatment 84 (2017) 190–198196

its concentration in solution. The disappearance of the vis-
ible band with reaction time correlated with RhB degrada-
tion. It has been reported that RhB degrades through two 
competitive pathways: N-demethylation or cleavage of the 
chromophore structure [39]. The signal at 554 nm diminished 
rapidly within the first 15 min and then slowly until 60 min, 
following the degradation of the RhB solution. The decrease 
in absorbance at 259 nm indicated that the aromatic moiety 
was degraded to smaller aliphatic compounds and eventu-
ally to CO2 and H2O. 

Based on the above results, PMSC-Fe showed efficient 
RhB Fenton-like degradation ability. However, it is not clear 
whether the high RhB degradation rate can be attributed to 
the presence of PMSC-Fe or ions in solution leaching from 
PMSC-Fe under acidic condition. To investigate the contri-
bution of homogeneous catalytic reaction, the degradation 
of RhB by leached Fe ions was investigated. The leached 
Fe-ion concentration was determined by ICP after 135 min. 
The leached Fe-ion concentrations of PMSC-Fe, MSSC-Fe, 
PMS-Fe and MSS-Fe were 0, 0.0262, 0.0054 and 0.0042 mg/L, 
respectively. The catalysts exhibited very low Fe-ion concen-
trations because of the formation of a chemical bond (Fe–O–
Si) between the loaded Fe compound and SiO2, which guar-
antees catalyst stability. Because almost zero iron leaching 
was observed, it can be deduced that the main contribution 
was from the heterogeneous Fenton-like reaction and not the 
homogeneous reaction.

In addition, we propose a possible mechanism for the 
heterogeneous catalyst for the RhB degradation described by 
Eqs. (1)–(5). First, RhB was adsorbed on the catalyst surfaces. 
Then, H2O2 adsorbed on carbon by hydrogen bonds with 
 oxygen in siloxane bridges (Eq. (1)), leading to a higher con-
centration of H2O2 on the catalyst surfaces than in the bulk 
solution, facilitating the Fenton-like reaction. Subsequently, 
the redox cycle of Fe3+/Fe2+ on the catalyst surface was initiated 
by the addition of H2O2 (Eqs. (2) and (3)) [32]. Several stud-
ies have suggested that the carbon material is responsible for 
the decomposition of the H2O2 into •OH which are powerful 
oxidants (Eq. (4)) [40–42]. Finally, adsorbed RhB molecules 
were decomposed into CO2 and H2O by the generated •OH 

radicals on the catalyst surfaces while the catalyst itself was 
restored to the original state (Eq. (5)) [43].

H2O2 + ≡Carbon → ≡Carbon + •H2O2 (1)

≡Fe3+ + H2O2 → ≡Fe2+ + H+ + •OOH (2)

≡Fe2+ + H2O2 → ≡Fe3+ + OH– + •OH (3)

Carbon + H2O2 → ≡Carbon+ + OH– + •OH (4)

RhB + •OH → CO2 + H2O (5)

where ≡ represents the surface of the catalyst.

3.4. Reusability and stability of catalysts

To test the stability and recyclability of PMSC-Fe, five 
recycling runs of PMSC-Fe and MSSC-Fe were carried out 
as shown in Fig. 8. No obvious deactivation of the PMSC-Fe 
catalyst in the five repetitions was observed when compared 
with the first cycle, indicating its excellent long-term stability. 
Based on the negligible Fe leaching from the PMSC-Fe cata-
lyst during the degradation reaction, the excellent catalytic 
stability can be attributed to the catalyst’s structure. All these 
results indicate that the catalyst has excellent stability and 
great potential application value. 

4. Conclusions

In summary, we synthesized two types of sewage 
sludge-derived mesoporous catalytic materials, PMSC-Fe 
and MSSC-Fe, via a two-step method and demonstrated 
their efficiency and stability as heterogeneous catalysts for 
Fenton-like reactions. The XRD results showed PMSC-Fe and 
MSSC-Fe catalysts mainly contained α-Fe2O3, which played a 
major role in Fenton-like catalytic reactions. Compared with 
sewage sludge-derived Fe/C without activation, PMSC-Fe 
and MSSC-Fe have extremely high BET surface areas, which 
plays an important factor for the catalytic performance. 

Fig. 7. UV–Vis spectra of RhB solution at different times using 
PMSC-Fe as the catalyst.

Fig. 8. Cyclic degradation in RhB degradation.
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The experimental results showed that the optimum syn-
thesis conditions of catalysts were 0.1 mol/L FeSO4 impreg-
nation concentration and 350°C calcination temperatures. 
The catalytic activity of PMSC-Fe was better than MSSC-Fe 
perhaps due to the different properties of the initial sewage 
sludge. Our results also demonstrated that the catalyst exhib-
ited negligible iron leaching and high catalytic ability after 
five reaction cycles. The results presented in this paper offer 
new opportunities for environmentally friendly reuse of 
paper mill sludge and municipal sewage sludge and provide 
a method for synthesizing a mesoporous material derived 
from paper mill sludge and municipal sewage sludge for the 
effective degradation of organic pollutants.
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