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Abstract: Rice is the second most extensively consumed food ingredient, and its by-products in the
paddy field include rice husk and straw. Rice husk ash, resulting from rice husk burning, is considered
an environment menace, inducing negative effects on the area in which it is disposed of. In this study,
rice husk was applied as a silicate source to obtain mesoporous silica material. Characterization
techniques confirmed the well-ordered mesophase and resemblance of mesoporous silica resulting
from rice husk ash with one obtained from conventional silica sources. The mesoporous silica
material was further used as catalyst support. The resulting catalysts were used for rhodamine
110 oxidation, proving high potential for oxidizing hazardous organic compounds, such as dyes from
water, resulting in environmentally harmless products.
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1. Introduction

Nowadays, disappearance of raw resources and excess waste constitute major issues
worldwide. The only solution to overcome these issues is reutilization of these wastes [1].

The commercial exploitation of industrial and agricultural wastes is increasing, which
is observed mainly in agribusiness. This can be considered a potential income and also
an option for reducing waste production and environmental effects [2,3].

Moreover, increasing demands from the ceramic industry has led to the production of
various raw materials.

Rice (Oryza sativa), from the Gramineae family, is considered to be in second position
in terms of being the most extensively eaten food ingredient. It typically contains 20–25%
rice husk (RH), which is discarded as waste from the rice mill industry. Rice paddy
production during the period of 2018–2019 from major consuming countries is presented
in Figure 1 [4]. As can be observed, China and India are the major producers, accounting
for around 50 wt% of the total rice production.

Rice husk (RH) is mainly constituted by organic compounds (70–80%) (including
cellulose or lignin) and mineralogical components, among them being silica, alkalis, and
trace elements (20–30%) [5]. Important quantities of SiO2 have been determined in husk,
varying from 8.7% to 22% [6]. SiO2 is present as an amorphous state that is hydrated,
comparable to that from other compounds in the biosphere [7,8].

Due to unsuitable disposal and burning techniques in developing countries, where
rice husk is used as fuel, rice husk ash (RHA) is considered a major environmental pollutant,
although with amorphous silica content.

The resulting RHA can be used in various industries (chemicals, electronics, ceramics,
and construction) because of its high silica concentration [1,9]. In this respect, many studies
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have targeted this research area, with the use of RHA being considered sustainable on
a “triple bottom line” basis (environmental, economic, and social) [9,10]. Additionally,
RHA has been considered raw material for obtaining advanced materials valuable in
various fields [11,12]. Numerous investigations have described the application of silica
from RH to obtain advanced non-oxide ceramics, silicon, and last but not least, nano-
silica [1]. Additionally, it has been used for the synthesis of zeolite materials, mesoporous
or hierarchical carbon, non-oxide ceramics, and silica aerogels (SAs) [13].
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Overall, RHA is more appropriate than RH, with its efficiency as potential raw material
varying with the calcination temperature [14]. Additionally, the silica obtained from
RHA can have structural modification as a consequence of the obtained parameters (time,
temperature, etc.). As a consequence, at an interval of 550–800 ◦C, amorphous silica is
obtained, with crystalline silica resulting at temperatures higher than 800 ◦C [15–17].

Therefore, using RHA for extracting silica not only provides a valuable product but
also helps in mitigating the milestone of disposal, eventually having a positive impact on
the environment by reducing pollution. Moreover, since rice husk is organic and a waste
product, its use as raw material has an almost negligible cost.

Figure 2 presents the most common methods for extracting silica from RH and the
methods used for removing impurities at the beginning and end of thermal treatment.
It is concluded that a chemical procedure involving acid leach, followed by annealing,
can be considered among the easiest and most efficient procedures for obtaining powder
nano-silica particles [15–17].
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Additionally, rice husk can be treated with mineral acid and subsequent calcination,
resulting in high-purity silica [18,19]. This silica precursor can be considered a potential
candidate for obtaining porous materials such as MCM-41 and zeolites X and Y [19,20].
MCM-41-type mesoporous silica has an ordered porous network, having one-dimensional
and hexagonal mesopores (pore sizes of 2–4 nm). MCM-41 has gained increasing attention
as it is able to act as both an adsorbent and support for catalysts [19,21].

The neutral framework of MCM-41 materials restrains the application as catalysts.
Hence, by introducing metallic ions, active sites can be created, increasing the activity.
Among transitional metals, Ni and Fe have increased redox characteristics. For example,
nickel catalysts have high catalytic activity in various reactions, including alkane or alkene
oxidation [22], CO2 methanation [23], and syngas obtainment [24].

The textile and dye industry generates effluents rich in various dyes and pigments.
Colored effluents result also from several other industries, such as pharmaceutical, cos-
metic, food, and liquid crystal manufacturing [25]. Most of these dyes are environmentally
hazardous, many of them having carcinogenic effects [26]. Their negative effects include
inhibition of sunlight penetration into water streams, affecting the natural disinfection
and reducing photosynthesis of aquatic plants [27]. These dyes can be harmful even as
traces, therefore making it mandatory to destroy them before they reach the environ-
ment [28]. Various methods have been investigated to oxidize dyes from wastewater,
including oxidation with H2O2 [29,30], photocatalysis [31], catalytic ozonation [32,33], and
ultrasonic irradiation [34].

The aim of this study was to obtain MCM-41 support and efficient catalysts with high
specific surface area. The sodium silicate solution obtained from RHA was used as silica
source through an easy temperature-controlled procedure. The synthesis proved to be
accessible, cost-efficient, and green. The catalytic activity of the mesoporous materials was
tested in rhodamine 110 oxidation using H2O2 as oxidant agent. Although many studies
have presented wet peroxidative removal of dyes on Fe-containing zeolites or mesoporous
silica [35–37], no study has reported the use of Fe and Ni-like catalysts using mesoporous
silica obtained from rice husk for heterogeneous Fenton-like degradation dyes.
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2. Materials and Methods
2.1. Mesoporous Silica Synthesis

RHA resulted from heat treatment of rice husk (5 h, 600 ◦C) in an air oven (Nabertherm
GmbH, Lilienthal, Germany).

Figure 3 displays a step-by-step diagram for obtaining mesoporous MCM-41. Rice
husks were rinsed and then treated at reflux with HCl (Sigma-Aldrich, Steinheim, Germany)
in order to remove residual metals, followed by thermal decomposition of the organic
matter to produce rice husk ash (RHA) as a dirty white powder.
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Sodium silicate solution was extracted by refluxing for 24 h (70 ◦C) rice husk ash
in aqueous solution of 2 M NaOH (Sigma-Aldrich, Steinheim, Germany) (1 g RHA:
50 mL NaOH). The surfactant–silica mixture resulted from adding, under stirring at am-
bient temperature, 7.6 g of the obtained silicate solution to 6 g of hexadecyltrimethylam-
monium bromide (CTAB) (Sigma-Aldrich, Steinheim, Germany) dissolved in 60 mL of
ultrapure water (Purelab Flex 3-Elga, Wycombe, UK). Finally, the pH was adjusted to
10.5, and the mixture was further stirred for another 12 h. The mixture was subjected
to hydrothermal treatment (100 ◦C, 72 h) in an acid digestion vessel (PARR Instrument
Company, Moline, IL, USA). After this period, the solid was filtrated under vacuum, rinsed
with ultrapure water, dried and calcined (550 ◦C, 6 h), and it was denoted as MCM-41r.
Additionally, a typical MCM-41 was synthesized using CTAB, TMAOH (tetramethylammo-
nium hydroxide), and sodium silicate (Sigma-Aldrich, Steinheim, Germany), in conformity
with a previously developed procedure [38,39]. Briefly, 6 g of CTAB was dissolved in
60 mL of ultrapure H2O, under stirring at ambient temperature, for 2 h. Then, 7.6 g of
commercial sodium silicate was added, with stirring continuing for another 2 h. After
this, 43 g of TMAOH was dropwise incorporated under stirring for another 30 min, finally,
with the pH corrected to 10.5. The mixture was stirred for 24 h and then transferred to an
acid digestion vessel for the hydrothermal treatment (100 ◦C, 72 h). Finally, the solid was
filtrated, rinsed with ultrapure water, dried, and calcined (550 ◦C, 6 h), and it was further
denoted as MCM-41c.
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2.2. Catalysts Synthesis

The support, MCM-41r (0.6 g), was impregnated with aqueous solution of nickel
acetate (3.0 mL solution at a concentration of 1.34% Ni) (Sigma-Aldrich, Steinheim, Ger-
many) [38]. After impregnation, the precursor was dried for 24 h in air and then calcined
(550 ◦C, 6 h).

The iron catalyst was obtained by treating 0.75 g of MCM-41r with 12.5 mL of 1 M NaCl,
to which a 50 mL solution of 20 mM FeCl3 (Sigma-Aldrich, Steinheim, Germany) was
added [40]. The mixture volume was then adjusted to 500 mL with ultrapure water under
stirring. Then, the pH was measured and corrected to be around 3, with the mixture
left under agitation for 24 h, at ambient temperature. After this interval, the pH was
checked again, and it was allowed to settle in a separation funnel for 24 h. The mixture was
centrifuged, the supernatant was removed, and the brick-colored precipitate was dried at
100 ◦C for 5 h.

2.3. Material Characterization

The initial RHA chemical composition was obtained by treating it with microwave
digestion using a Mars 6 extraction system (CEM Corporation, Matthews, NC, USA).
The digested fluid was then analyzed using a Hach DR 3900 spectrophotometer (Hach,
Loveland, CO, USA).

The gas chromatographic method coupled with the combustion method [41] was used
for qualitative and quantitative determinations of the carbon, nitrogen, and hydrogen
concentrations. The oxygen concentration was determined by pyrolysis coupled with the
gas chromatographic method. The equipment was a Flash EA 2000 (Thermo Scientific,
Loughborough, UK).

The quantitative determination of Ni and Fe in the samples was performed by flame
atomic absorption spectrophotometry, according to standard analysis methods. A novAA
300 atomic absorption spectrophotometer (Analytik Jena, Jena, Germany) was used, with
air/acetylene flow at 0.9–1.1 L/min.

The specific surface areas and pore distribution were assessed by BET (Brunauer–
Emmett–Teller) and BJH (Barrett–Joyner–Halenda) procedures [42]. The isotherms, BET
area, and BJH pore distribution were obtained with a Quantachrome Autosorb IQ porosity
equipment (Quantachrome Instruments, Boynton Beach, FL, USA). Samples were degassed
at 423 K beforehand. N2 adsorption–desorption experiments were achieved at 77 K.

The mesoporous materials were structurally investigated by scanning electron mi-
croscopy using FESEM VP Scanning Electron Microscope (Carl Zeiss, Oberkochen, Ger-
many) at resolutions of 0.8 and 2.5 nm, VP mode, at 30 kV.

For TEM analysis, both mesoporous silica support and catalysts were crushed in an
agate mortar, dispersed in ethyl alcohol, and deposited on a microgrid. A TEM model Hi-
tachi HD2700 scanning-transmission electron microscope (Oxford Instruments, Abingdon,
Oxfordshire, UK) was used: cold field emission gun, 200 kV, secondary and transmitted
electron detectors, and two windowless X-ray detectors.

Functional groups from mesoporous materials were highlighted using FTIR analysis
(Cary 630 ATR–FTIR spectrophotometer, Agilent Technologies, Inc., Santa Clara, CA, USA).

The materials’ thermal stability was tested by thermogravimetric analysis with a SDT
Q600 equipment (TA Instruments, New Castle, DE, USA). Mass modification throughout
the thermal analysis was evaluated at an interval of 303–1273 K, under 99.999% vol purity
N2, with a flow rate of 100 mL/min and a ramp of 283 K/min.

Raman measurements were performed using an Alpha 300RAS Atomic Force Micro-
scope (WITec GmbH, Ulm, Germany) equipped with an inverted microscope connected to
a 75 mWAr laser and a grating spectrometer with an ultrafast CCD camera for spectrum
acquisition at every 5 ms with a resolution higher than 3 cm−1 [43,44].
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2.4. Catalytic Testing

Oxidation reactions were carried out in 20 mL of glass recipients at natural light,
at ambient temperature and pressure, using rhodamine 110 (Sigma-Aldrich, Steinheim,
Germany) as substrate, acetonitrile as solvent (Sigma-Aldrich, Steinheim, Germany), and
hydrogen peroxide as oxidant agent (Sigma-Aldrich, Steinheim, Germany). The decol-
orization experiments were monitored by UV–VIS spectrophotometry (Specord 200 Plus,
Analytik Jena, Jena, Germany). COD (chemical oxygen demand) reduction was detected
by dichromate method with the LCI 400 cuvette test (Hach Lange GmbH, Dusseldorf,
Germany) and a Hach DR 3900 spectrophotometer (Hach, Loveland, CO, USA).

The COD reduction was evaluated using the equation:

% COD removal =
(COD0 − CODt)

COD0
× 100 (1)

where COD0 represents COD value at the initial moment t = 0, and CODt represents COD
at t moment.

3. Results and Discussion

The obtaining approach relied on the hydrothermal treatment of the porous silica
resulting from the rice husk, which was not only the matrix but also the raw material for
further processing.

Table 1 summarizes the elemental analysis results for RHA, MCM-41r, MCM-41c, and
the Ni and Fe catalysts, denoted as Ni-MCM-41r and Fe-MCM-41r.

Table 1. Elemental composition of RHA and MCM-41.

Sample C (%) H (%) O (%) Si (%) Metal (%)

RHA 1.25 0.75 77.00 21.00 -

MCM-41r 0.05 1.00 56.95 42.00 -

MCM-41c 0.04 1.30 55.66 43.00 -

Ni-MCM-41r 2.51 0.40 56.67 38.06 2.36

Fe-MCM-41r 2.50 0.45 55.76 39.64 1.65

Table 1 reveals that the silicon content is relatively high in RHA, highlighting its
suitability for obtaining silica materials. By introducing a surfactant in the hydrother-
mal treatment, a mesoporous material (MCM-41r) was obtained. A similar composition
to MCM-41c (obtained when commercial sodium silicate was used) was confirmed by
morphostructural characterization. EDS analysis confirmed the Si percent spectrophoto-
metrically determined.

One of the main characterization issues for mesoporous silica is identifying the pore
network based on physical adsorption–desorption analysis. Type IV isotherms were
identified (Figure 4), in accordance with the IUPAC definition, which were associated with
the presence of mesopores [45].

The initial segment of the adsorption isotherm (P/P0 < 0.2) was attributed to the
monolayer and multilayer occurrences, similar to that given by a nonporous material. The
second segment, at higher P/P0, exhibited an upward deviation correlated to the contin-
uous filling of mesopores by capillary condensation. The obtained MCM-41 contained
no macropores since the isotherm reached a plateau at a high P/P0. On reducing P/P0,
desorption took place, resulting in a hysteresis loop, with its form related to the shape of
the pores [46].

The BET specific surface area and the mesopore volume (786 m2/g, 0.990 cm3/g) of
the mesoporous silica obtained from RHA were slightly lower than those of MCM-41c
(791 m2/g, 0.991 cm3/g) (Figure 4 and Table 2).
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synthesis (MCM-41c) and RHA (MCM-41r).

Table 2. Textural parameters of RHA and silica materials.

Sample SBET (m2/g) dpBJH (nm) Vmp (cm3/g)

RHA 160 18 0.221

MCM-41r 786 3.92 0.990

MCM-41c 791 3.70 0.991

Ni-MCM-41r 598 3.92 0.161

Fe-MCM-41r 175 2.93 0.062

The next phase was the determination of the pore size distribution. In this respect, the
BJH procedure was used to calculate the mesopore distribution (from the desorption curve)
in the capillary condensation segment. The medium pore diameter slightly increased from
3.7 nm for MCM-41 from classical synthesis to 3.92 nm for MCM-41 from RHA (Figure 4
and Table 2). When introducing metals, the specific surface area decreased to 528 m2/g
for Ni-MCM-41r and 175 m2/g for Fe-MCM-41r, but the medium pore diameter remained
constant for the first catalyst and decreased to 2.93 for the second one. It can also be
observed that the mesopore volume drastically decreased when metals were introduced in
the silica matrix by up to 0.161 cm3/g for Ni-MCM-41r and 0.062 cm3/g for Fe-MCM-41r.
The Fe-MCM-41r isotherm change can be explained by the obtaining method, dynamic
wet impregnation, which also led to a decrease in specific surface area, mesopore diameter,
and volume.

Field emission scanning electron microscopy revealed the morphology of the samples
(Figure 5). Rice husk contained longitudinal fibers, interspaced within the lignin and
glucose network (Figure 5a). This arrangement is similar to a composite structure, with
fibers regularly located within the framework. Rice husk fibers are formed by silica,
cellulose, and lignin, forming a compact matrix [47]. In RHA, SEM revealed many residual
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channels and pores, indicating that it is a highly porous material with an interesting
internal surface area (Figure 5b). Rice husk was destroyed during thermal treatment,
resulting in a porous structure. The MCM-41 samples (Figure 5c,d) displayed a similar
morphology with spherical and partially elongated particles of around 0.2 µm dimensions.
EDS confirmed the high silica contents for both MCM-41 samples.
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After the metal introduction, SEM images confirmed that the ordered morphology
was maintained (Figure 6).

TEM images for the selected samples are shown in Figure S1 (Supplementary Material).
The unit cell parameters and pore wall thicknesses derived from the TEM data are listed
in Table S1. The obtained unit cell parameters were similar to those estimated from N2
adsorption/desorption analysis. Figure S1a indicates that the MCM-41r pores are almost
hexagonal, in accordance with the literature [48]. The hexagonal arrangement was kept
after Ni and Fe introduction, the pore diameters remaining constant in the Ni-MCM-41r
catalyst and decreasing in the Fe-MCM-41r catalyst. Figure S2 represents the EDS layered
image for MCM-41r, confirming the elemental composition and distribution of elements.
Figures S3 and S4 illustrate the EDS mapping of Ni-MCM-41r and Fe-MCM-41r, where both
Ni and Fe were successfully and homogenously impregnated on MCM-41r. EDS mapping
confirmed that all Ni ions attached to the silica surface, while part of the Fe ions dispersed
into the silica matrix, inducing modification to the textural and chemical properties.

Figure 7 represents the FTIR spectra for MCM-41c and MCM-41r and for the obtained catalysts.



Catalysts 2021, 11, 815 9 of 19
Catalysts 2021, 11, 815 9 of 21 
 

 

 
Figure 6. SEM images for Fe-MCM-41r (a) and Ni-MCM-41r (b). 

TEM images for the selected samples are shown in Figure S1 (Supplementary Mate-
rial). The unit cell parameters and pore wall thicknesses derived from the TEM data are 
listed in Table S1. The obtained unit cell parameters were similar to those estimated from 
N2 adsorption/desorption analysis. Figure S1a indicates that the MCM-41r pores are al-
most hexagonal, in accordance with the literature [48]. The hexagonal arrangement was 
kept after Ni and Fe introduction, the pore diameters remaining constant in the Ni-MCM-
41r catalyst and decreasing in the Fe-MCM-41r catalyst. Figure S2 represents the EDS lay-
ered image for MCM-41r, confirming the elemental composition and distribution of ele-
ments. Figures S3 and S4 illustrate the EDS mapping of Ni-MCM-41r and Fe-MCM-41r, 
where both Ni and Fe were successfully and homogenously impregnated on MCM-41r. 
EDS mapping confirmed that all Ni ions attached to the silica surface, while part of the Fe 
ions dispersed into the silica matrix, inducing modification to the textural and chemical 
properties. 

Figure 7 represents the FTIR spectra for MCM-41c and MCM-41r and for the obtained 
catalysts. 

Figure 6. SEM images for Fe-MCM-41r (a) and Ni-MCM-41r (b).

Catalysts 2021, 11, 815 10 of 21 
 

 

 
Figure 7. FTIR spectra of RHA, MCM-41r, MCM-41c, Fe-MCM-41r, and Ni-MCM-41r. 

The two FTIR spectra of the results for mesoporous silica (Figure 7) were similar. The 
surfactant was completely removed throughout calcination, with the bands from around 
1466 cm−1 corresponding to dC-H vibrations not observed [49–51]. The bandwidth from 
about 3400 cm−1 was attributed to the surface hydroxyl groups’ stretching mode and to 
the physical surface-adsorbed water molecules. The peak at about 1632 cm−1 corresponded 
to the deformation mode for the surface hydroxyl groups. The two bands from about 1054 
and 805 cm−1 were assigned to stretch vibrations for symmetrical and asymmetrical Si–O 
groups. The peaks from about 615–648 cm−1 and 447 cm−1 were attributed to the stretching 
and deformation vibrations for Si–O groups from the silica surface [50]. 

When Ni was introduced, the FTIR spectra suffered a modification: the bands from 
3400 and 1632 cm−1 (specific for surface silanols and the surface-adsorbed water) widened, 
suggesting that once the metal was impregnated, the quantity of the hydroxyl groups and 
absorbed water molecules increased, suggesting the formation of Ni hydrate on the silica 
surface [52]. A new shoulder occurred at 980 cm−1 after nickel impregnation, which was 
attributed to Si–O–Ni vibration, concluding that Ni species was successfully impregnated 
on MCM-41r. Ni content was confirmed also by the disappearance of the peak from 615 
cm−1, confirming the metal positioning at the silica surface.  

The introduction of Fe in silica support also produced a modification of the FTIR 
spectra: the band from 965 cm−1 was assigned to Si–O–Fe vibration within Fe-silicate, a 
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The two FTIR spectra of the results for mesoporous silica (Figure 7) were similar. The
surfactant was completely removed throughout calcination, with the bands from around
1466 cm−1 corresponding to dC-H vibrations not observed [49–51]. The bandwidth from
about 3400 cm−1 was attributed to the surface hydroxyl groups’ stretching mode and to the
physical surface-adsorbed water molecules. The peak at about 1632 cm−1 corresponded
to the deformation mode for the surface hydroxyl groups. The two bands from about
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1054 and 805 cm−1 were assigned to stretch vibrations for symmetrical and asymmetrical
Si–O groups. The peaks from about 615–648 cm−1 and 447 cm−1 were attributed to the
stretching and deformation vibrations for Si–O groups from the silica surface [50].

When Ni was introduced, the FTIR spectra suffered a modification: the bands from
3400 and 1632 cm−1 (specific for surface silanols and the surface-adsorbed water) widened,
suggesting that once the metal was impregnated, the quantity of the hydroxyl groups and
absorbed water molecules increased, suggesting the formation of Ni hydrate on the silica
surface [52]. A new shoulder occurred at 980 cm−1 after nickel impregnation, which was
attributed to Si–O–Ni vibration, concluding that Ni species was successfully impregnated
on MCM-41r. Ni content was confirmed also by the disappearance of the peak from
615 cm−1, confirming the metal positioning at the silica surface.

The introduction of Fe in silica support also produced a modification of the FTIR
spectra: the band from 965 cm−1 was assigned to Si–O–Fe vibration within Fe-silicate,
a potential evidence of the isomorphous replacement of Si with Fe [53]. Fe introduction
was confirmed also by the disappearance of the peak from 615 cm−1, confirming the metal
positioning at the silica surface.

Figure 8 represents thermogravimetric curves for both MCM-41c and MCM-41r, re-
vealing two intervals of mass loss, the first generated by the loss of the water from the silica
surface and the second associated with the mesoporous framework disruption.
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The total mass lost was approximately 5.2% for MCM-41c and 5.3% for MCM-41r.
The difference between the two curves is due to the slightly increased content in residual
carbon for MCM-41r compared with that for MCM-41c, which seems to influence the allure,
which also explains the little variation in mass loss.

The Raman spectra for the mesoporous silica are illustrated in Figure 9, exhibiting
four weak Raman bands at 458, 626, 995, and 1090 cm−1. The bands from 458 and 626 cm−1

were assigned to the Si–O–Si bond asymmetrical and symmetrical stretch vibration, and
the band from 995 cm−1 was associated with the vibration mode of the siloxane. The
1090 cm−1 band was attributed to the Si–O–Si bond correlated to frame defects [54,55]. The
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low intensities from MCM-41r were harmonized to the silica specific surface area and pore
diameter reduction.
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Figure 9. Raman spectra of MCM-41r and MCM-41c.

The Raman and FTIR results confirmed that the samples were MCM-41-type meso-
porous silica.

In order to assess the materials’ catalytic activity, rhodamine oxidation was carried
out with hydrogen peroxide as oxidant and acetonitrile as solvent.

Figure 10 presents the results of rhodamine oxidation in the presence of Ni-MCM-41r
and Fe-MCM-41r as catalysts.

When Ni-MCM-41r was used as a catalyst, a salt in the conversion was observed from
11.30% after 2 h up to 87.95% after 3 h (Figure 10). The maximum conversion of rhodamine
(95.98%) was obtained after 24 h. After this period, no changes were registered in the
conversion degree.

When Fe-MCM-41r was used as a catalyst, the conversion increased from 12.90% after
2 h up to 79.30% after 3 h (Figure 10). The maximum conversion of rhodamine (91.10%) was
obtained after 24 h. After this period, no changes were registered in the conversion degree.

In the absence of the catalysts, the maximum rhodamine conversion was 64.79% after 24 h.
Observing the trends of the conversion, it can be concluded that Ni-MCM-41r pre-

sented a higher catalytic activity than Fe-MCM-41r.
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Figure 10. Ni-MCM-41r and Fe-MCM-41r catalytic activity on rhodamine oxidation (5 mg/L dye, 50 mg catalyst, 5 mL
H2O2, 9.2 mL acetonitrile as solvent).

After rhodamine oxidation, COD measurements were carried out, the COD load of the
reaction mixtures decreasing by 83.11% when Ni-MCM-41r was used and by 80.51% when
Fe-MCM-41r was used. The high COD reduction indicated that rhodamine was oxidized
to simple organic compounds and also considerably mineralized. For comparison, the
literature mentioned a COD removal of around 90% when rhodamine 110 was oxidized in
the presence of modified TiO2 catalysts [56]. The high conversion induced by the Ni-based
catalyst compared with the Fe-based catalyst can be explained by the obtaining methods:
while the Ni catalyst was prepared by static wet impregnation, the Fe catalyst was prepared
by dynamic impregnation. Due to this, as SEM showed, all Ni ions attached to the silica
surface, while part of the Fe ions dispersed into the silica matrix, thus reducing the specific
area and, as a consequence, the potential catalytic activity. The reduction of the COD
(chemical oxygen demand) value when the Fe catalyst was used is explained by its lower
catalytic activity, meaning that a lower-quantity organic dye was oxidized, with the results
confirmed by the measurements of the dye concentrations during the reaction.

Because H2O2 manifests an excellent potential to remove rhodamine over mesoporous
silica catalysts, various amounts of H2O2 were tested in order to improve the oxidation
parameters. Figure 11 reveals the degradation varying with the volume of H2O2 (1–5 mL).
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Figure 11. H2O2 effect on the rhodamine removal (5 mg/L dye, 50 mg Ni-MCM-41r as catalyst, 9.2 mL acetonitrile
as solvent).

The removal level of rhodamine changed from 3.96% to 95.98% after 24 h. The catalytic
activity tended to reach a plateau, at about 4%, at a low initial volume of H2O2. Without
a doubt, the rhodamine removal is correlated with additional HO. radicals resulting from
hydrogen peroxide segregation as the H2O2 volume grows [57]. An elevated H2O2 volume
resulted in a sharp increase in rhodamine removal by up to approximately 96% after 24 h.
It can also be observed that, at 4 and 5 mL, the removal efficiency registered almost the
same values, which indicated that the maximum removal was reached.

The catalyst dose can also severely influence the removal of organic dyes. In this
respect, the effect of catalyst quantity was examined in the range of 0–60 mg (Figure 12).

The removal of rhodamine varied proportionally with the catalyst dose, indicating
that the catalytic activity is correlated with the number of accessible active sites at the
catalyst surface. The highest efficiency was obtained with the 50 mg Fe-MCM-41r catalyst,
and thereafter, increasing the catalyst quantity had no other notable effect on rhodamine
degradation. It can be observed that the efficiency removal when 50 mg catalysts were
used overlapped with the values from the 60 mg catalyst.

The effect of dye concentration was studied by changing the concentration of rhodamine
in the range of 0–7 mg/L, while the other parameters remained constant. A concentration
increase above 5 mg/L led to the decrease in degradation rate (Figure 13).
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H2O2, 9.2 mL acetonitrile as solvent).

This effect might be attributed to two factors: increasing the rhodamine adsorption
onto the catalysts or to the rhodamine acting as an inner filter, preventing the passage of
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light, leading to the decrease of the photoelectrons and photohole number, resulting in the
degradation rate.

After their use, the catalysts were extracted by centrifugation, and they were rinsed
with ultrapure water to separate the residual dye linked to the catalyst. Then, the catalysts
were soaked in 100 mL ultrapure water, and the mixture was stirred for 4 h. After this, the
mixtures were centrifuged, and the solids were dried in an air oven at approximately 378 K.
The recovered catalysts were reused for the same reaction. It was observed that even after
five cycles, the efficiency of the catalysts diminished by less than 5.0%.

The products of rhodamine 110 decomposition were analyzed by FTIR measurements
(Figure 14).

Catalysts 2021, 11, 815 17 of 21 
 

 

 
Figure 14. FTIR spectra of rhodamine solution before and after catalytic oxidation. 

FTIR spectroscopy was used to identify the presence or absence of some bonds before 
and after the oxidation. It was observed that the band found for rhodamine before cataly-
sis at 3306 cm−1 (assigned to the presence of secondary amine) decreased in intensity after 
the catalytic reaction, indicating its partial destruction in rhodamine. This band over-
lapped with the new band at 3429 cm−1, indicating the formation of –OH. Still-existing 
absorption bands of conjugated carbonyl at 1640 cm−1, as well as the new band at 3432 
cm−1 (–OH), indicated the formation of carboxyl groups after catalysis [58]. 

After oxidation, a band appeared at 924 cm−1 attributed to N–H stretching vibrations. 
The appearance of new bands at 1375, 1415, and 2255 cm−1 demonstrated the total disrup-
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FTIR spectroscopy was used to identify the presence or absence of some bonds before
and after the oxidation. It was observed that the band found for rhodamine before catalysis
at 3306 cm−1 (assigned to the presence of secondary amine) decreased in intensity after the
catalytic reaction, indicating its partial destruction in rhodamine. This band overlapped
with the new band at 3429 cm−1, indicating the formation of –OH. Still-existing absorption
bands of conjugated carbonyl at 1640 cm−1, as well as the new band at 3432 cm−1 (–OH),
indicated the formation of carboxyl groups after catalysis [58].

After oxidation, a band appeared at 924 cm−1 attributed to N–H stretching vibra-
tions. The appearance of new bands at 1375, 1415, and 2255 cm−1 demonstrated the total
disruption of aromatic rings. Similar results were found for rhodamine B degradation
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using Coelastrella sp. green microalgae [59]. The FTIR results showed that dye molecules
were transformed into small-molecular-weight organics and inorganics, which were less
harmful, and finally completely converted to CO2, water, and some inorganic anions.

The rhodamine solution, after catalyst usage, was subjected to SAA analysis, the
results indicating a concentration of Ni and Fe under the method quantification limits:
under 50 µg/L for Ni ions and under 70 µg/L for Fe ions. These results suggest that the
catalysts are very stable during the oxidation reaction.

The literature mentioned that the Fe catalysts are more active than the Ni catalysts [60],
but under photocatalytic conditions, where it is well known that Fe ions together with
hydrogen peroxide act as Fenton reagent. The present study revealed that the Ni catalyst
proved to be more efficient than the Fe catalyst. Up to now, Ni-MCM-41 has not been
applied as a catalyst for rhodamine oxidation, being used for methane partial oxidation [61]
or for carbon and oxygenate reduction in the copyrolysis process of polypropylene and
cellulose [62]. Additionally, Ni-MCM-41 was applied as adsorbent for dye removal [52].
Comparing the adsorption with the oxidation, it can be observed that Ni-MCM-41 was
more efficient when catalysis was involved due to the transformation of the dye into less
harmful compounds.

From an economic point of view, the MCM-41-type mesoporous silica obtained from
rice husk proved to be cheaper than the mesoporous silica synthesis from silicates available
on the market. For example, in order to obtain sodium silicate from sodium carbonate and
quartz sand, a temperature of 1573 K and high energy demand are necessary [63,64]. The
costs increase if mesoporous silicates are obtained from organic silicon sources [65]. By
using rice husk as raw material for silicate solution, the cost of obtaining MCM-41, at the
laboratory scale, including reagents, instruments, energy, and labor costs, was estimated
to be about 1400 euro/kg [66]. In comparison, the cost of a commercial MCM-41-type
mesoporous silica can reach approximately 26,000 euro/kg.

4. Conclusions

This investigation showed that rice husk not only is an agricultural waste by-product
but also can be assessed as raw material for extracting amorphous silica.

Rice husk, as a low-cost silica source, has been successfully applied to synthesize
high-purity MCM-41-type silica material. Chemical and structural investigations have
shown that rice-husk-derived MCM-41 material has similar chemistry and morphology to
those obtained from commercial silicate. The obtained catalysts are inexpensive, and they
can be effortlessly synthesized and do not demand hard initial treatments. The obtained
catalysts prove high activity for the removal of hazardous organics (dyes from water),
resulting in environmentally harmless products. The catalytic oxidation results show that
Ni-MCM-41r is more efficient than Fe-MCM-41r. The increased catalytic activity of the first
one can be attributed to the obtaining method, namely, static wet impregnation, compared
with the Fe catalyst, which is obtained by dynamic impregnation.

This study highlights a sustainable route for renewable materials, with the resulting
materials suitable for various applications, including catalysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/catal11070815/s1, Figure S1: TEM images for MCM-41r (a), Ni-MCM-41r (b) and Fe-MCM-41r
(c), Figure S2: EDS mapping for MCM-41r, Figure S3: EDS mapping for Ni-MCM-41r, Figure S4: EDS
mapping for Fe-MCM-41r, Table S1: Structural properties derived from TEM analysis.
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