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Abstract The current work reports on the degradation
of glycerol aqueous solution via photocatalytic-Fenton
technique. The CuFe,O,4 photocatalyst was synthesized
via sol-gel method and its physicochemical properties
were characterized. The as-synthesized photocatalyst
possessed Brunauer-Emmett-Teller (BET)-specific sur-
face area of 104 mz/g. The large BET-specific surface
area was also corroborated by the field-emission scan-
ning electron microscopy (FESEM) images which
showed porous morphology. In addition, the XRD pat-
tern showed that the visible light-active component,
CuFe,0,, was successfully formed with band gap ener-
gy of 1.58 eV determined from the UV-Vis diffuse
reflectance spectroscopy. Significantly, it was deter-
mined from the blank run study that the visible light
was an integral part of the photoreaction. Without the
visible light irradiation, glycerol degradation was low
(<4.0 %). In contrast, when visible light was present, the
glycerol degradation improved markedly to attain
17.7 % after 4 h of visible light irradiation, even in the
absence of CuFe,0,4 photocatalyst. This can be attribut-
ed to splitting of H,O, into hydroxyl (*OH) radical. In
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the presence of CuFe,O,4 photocatalyst, the photocata-
lytic Fenton degradation of glycerol has further en-
hanced to record nearly 40.0 % degradation at a catalyst
loading of 5.0 g/l. This has demonstrated that the
CuFe,0,4 was capable of generating additional hydroxyl
radicals to attack the glycerol molecule. Moreover, this
degradation kinetics can be captured by Langmuir-
Hinshelwood model from which it was found that the
adsorption constant related to HyO, was significantly
weaker compared to the adsorption constant of glycerol.

Keywords Copper ferrite - Fenton - Glycerol -
Langmuir-Hinshelwood - Photocatalysis

1 Introduction

Glycerol is unwittingly produced as a byproduct during
the synthesis of biodiesel. According to Yang et al.
(2012), production of biodiesel generates 10 %w/w
glycerol. Traditionally, it is mainly used in food indus-
try, in pharmaceutical and personal care applications,
and also as a chemical intermediate (Qadariyah et al.
2011; Yang et al. 2012; Tan et al. 2013; Quispe et al.
2013). Significantly, there is a growing consensus that
the biodiesel production will increase in the future;
hence, the glycerol production. With the world biodiesel
market most likely reaching 37 billion gallons by 2016,
this will translate into approximately 4 billion gallons of
crude glycerol. If left untreated, this crude glycerol will
pose detrimental effects to the environment if
discharged into the waterway. Therefore, glycerol
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wastewater requires treatment before being discharged.
Interestingly, one of the pathways is via photocatalysis
whereby photon energy will be employed to degrade
organic contaminants. There are many types of
photocatalysts, with the titanium dioxide (TiO,) being
the most well-known material owing to its high photo-
catalytic activity, good photostability, non-toxicity, and
low price (Sharma et al. 2001, 2010; Sharma and
Chenay 2005; Eng et al. 2010; Casbeer et al. 2012;
Aazam 2014). Unfortunately, TiO,-based photocatalyst
for commercial application is hampered by two disad-
vantages, such as the agglomeration of ultrafine pow-
ders resulting in an adverse effect on catalyst perfor-
mance (Aazam 2014) and also the wide band gap energy
(>3.1 eV) that restricts its photocatalytic application to
the UV zone (200 to 400 nm). The UV zone accounts
for a meager 4 % of the solar energy spectrum.
Consequently, it results in low photoelectronic transition
efficiency (Casbeer et al. 2012; Shahid et al. 2013).
Significantly, efforts are ongoing to develop new breeds
of photocatalysts that can function under wider range of
light illumination, i.e., visible light. In particular, various
non-titania photocatalysts were developed recently for
dyes degradation, viz. BiOX (X = Cl, F, Br, 1) (Vadivel
et al. 2014), Ni-doped Ag,S (Aazam 2014), AgsPO4—
AgX (X=CI',Br,I") (Amornpitoksuk and Suwanboon
2014), BiVO, (Chala et al. 2014), to name a few.

Ferrite-based catalyst is also another class of catalyst
that can function under the visible light (400 to 700 nm).
Hence, copper ferrite (CuFe,0,4) was employed for this
work. For the past few years, researchers have conduct-
ed some research works on CuFe,O, utilization in ad-
vanced oxidation processes (AOPs) or photocatalytic
degradation of glycerol, such as the one by Yang et al.
(2009), Melo and Silva (2011), Ghomi and Ashayeri
(2012), Shen et al. (2013), Zhu et al. (2013) and Liu
et al. (2014), to name a few. Nevertheless, these prior
studies focused either on the CuFe,O, photocatalyst
characterization or photodecomposition of glycerol
employing titania-based photocatalysts. Furthermore,
studies regarding Fenton degradation of glycerol was
also very limited, and was reported before by Laurie and
Waterhouse (2006). To date, the use of CuFe,O4 to
photocatalytic degrade glycerol in the presence of
H,0,, coined as photocatalytic Fenton-alike process,
has not been investigated. Therefore, significant knowl-
edge gap can be found concerning the understanding of
glycerol photodecomposition over the CuFe,04
photocatalyst.
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In this study, CuFe,O, was prepared using sol-gel
method as it is a superior method compared to the solid-
solid and co-precipitation methods (Yang et al. 2009).
The CuFe,O4 was characterized by x-ray diffraction
(XRD), field-emission scanning electron microscopy-
energy dispersive x-ray analysis (FESEM-EDX), UV-
Vis diffuse reflectance spectroscopy (DRS) and N,
physisorption methods. Subsequently, CuFe,04
photocatalyst was employed in the photocatalytic
Fenton degradation of glycerol for investigation of the
effects of different catalyst loadings, as well as different
concentration of glycerol solution and hydrogen perox-
ide (HzOz)

2 Experimental
2.1 Chemical and Materials

Copper (II) nitrate trihydrate, iron (III) nitrate
nonahydrate, citric acid, and glycerol were purchased
from Sigma Aldrich. Hydrogen peroxide (30 %) was
sourced from Merck while acetonitrile (HPLC grade)
was from Fischer Chemical. All the chemicals were
used as received.

2.2 CuFe,04 Photocatalyst Synthesis

The CuFe,O,4 photocatalyst was prepared using sol-gel
method. Accurately weighed 0.005 mol
Cu(NO3),3H,0 and 0.01 mol Fe(NO3);9H,O were
co-dissolved in 50-ml distilled water. The mixed solu-
tion was subsequently added into 100 ml of 0.3-M citric
acid solution. During the mixing, the temperature of
solution was controlled at 80 °C until transparent and
viscous gel was obtained. The gel was subsequently
transferred into an oven and dried at 140 °C for 3 h.
The as-prepared precursors were then air-calcined at
850 °C for 3 h at a ramping rate of 10 °C min '. The
calcined catalyst was then ground and stored in the vials
for catalyst characterization and photocatalytic Fenton
study.

2.3 Characterization of CuFe,0y4

The as-synthesized photocatalyst was subjected to a
series of characterization. N, with a cross-sectional area
of 0.162 nm* was used as an adsorbate for adsorption-
desorption cycles performed at 77 K in a Thermo
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Scientific Surfer Gas Adsorption Porosimeter for the
determination of specific surface area. The crystallinity
of the catalyst was examined using the Rigaku Miniflex
II. The XRD measurement had employed CuK,, radia-
tion, A=1.5418 A at 30 kVand 15 mA, with 26 from 10
to 80 ° with a step size of 0.02 ° and a step time of 1 s.

The crystal size of the catalyst was subsequently deter-

0.94x )\

Frcosh” where d is

mined from the Scherrer equation d =

the crystallite size, A is the wavelength of the radiation,
[, 1s the full width at half maximum (FWHM) of the
diffraction peak, and @ is the half of the diffraction angle.
In addition, the surface morphology of the catalyst was
captured using the JEOL JSM-7800 F (FESEM-EDX)
at 3-5 kV.

2.4 Photocatalytic Fenton Activity

For the reaction study, 200 ml of reaction media was
mixed with photocatalyst in a quartz-photoreactor.
Subsequently, the slurry mixture was stirred rigorously
for 30 min (without light source) to attain equilibrium,
followed by the exposure to light source (250 W of
xenon lamp) for reaction initiation. Approximately
5.0 ml of liquid sample was collected every 1 h for
analysis. All the photocatalytic Fenton runs were repeat-
ed thrice and results obtained were then averaged.
Overall, three types of effects have been investigated,
viz. (i) the effects of photocatalyst loadings (0.1, 1.0, 2.0
and 5.0 g/l) on glycerol degradation at 68.4 mM of
glycerol and 819.5 mM of H,0; (ii) the effects of initial
glycerol concentration on glycerol photocatalytic
Fenton decomposition whereby the initial glycerol con-
centration was varied from 27.36 to 68.41 mM in the
presence of 0.1 g/l of CuFe,O4 and 819.5 mM H,0,;
and also (iii) the effects of H,O, concentration (163.9 to
819.5 mM) on glycerol degradation were conducted at
0.1 g/l CuF6204.

2.5 Sample Analysis

Quantitative sample analysis was performed using
Agilent 1200 Series HPLC equipped with refractive
index (RI) detector. The column used in this study was
Agilent ZORBAX Carbohydrate 5-pum column (inner
diameter of 4.6 and length of 250 mm) with the flow rate
of 1.0 ml/min and injection volume of 10 um. The
mobile phase used throughout the HPLC analysis was
acetonitrile (ACN) diluted with ultrapure water in a ratio

of 7:3. Prior to the HPLC analysis, the mobile phase was
filtered using nylon membrane with a pore size of
0.2 pm and then degassed using ultrasonic bath at room
temperature for 30 min. Standard calibration to deter-
mine concentration of reactants was carried out for both
glycerol and H,O, employing the aforementioned
HPLC, whereby the H,O, peak was detected at a reten-
tion time of 3.93 min while glycerol’s peak was detected
at 4.6 min. The degree of photodegradation (X) as a
function of time is given by:

~ Cyo=Cy
B CAO

X (1)
where Cy, is the glycerol or H,O,’s initial concentration
while C} is the instantaneous concentration of glycerol
or H202.

3 Results and Discussion
3.1 N, Physisorption

The N, physisorption isotherm of CuFe,Oy is shown in
Fig. 1 whereby the plot provides the information regard-
ing textural properties of CuFe,O4. The value of the
pore volume was taken at P/P°=0.95. The two curves
in the isotherm plot are representation of adsorption and
desorption of N, molecules on the CuFe,04 solid sam-
ple. At low-pressure range, the N, molecules began to
fill the pores of the CuFe,O,4 rapidly, and this was
manifested by its steep slope with pressure increment
at the onset. As the pressure continued to increase, the
surface pores were eventually covered by N,. The
amount of N, molecules adsorbed was therefore not so
influenced by the increase in pressure. This occurred in
the middle phase of the isotherm. Brunauer-Emmett-
Teller (BET) isotherm applies the assumption that all
sites on the sample surface are equivalent. However,
deviation occurred at high pressures due to the presence
of cracks and indents. These types of surfaces can only
hold a few monolayers of nitrogen at lower pressures.
High pressure forces the adsorption of nitrogen to form
multi-layers; thus, the curve turned steep at the end of
the isotherm (cf. Fig. 1). Moreover, it can be observed
that the adsorption and desorption curves have deviated
to form hysteresis loop. Generally, adsorption of an
equilibrium amount of adsorbate is a reversible process,
resulting in a same curve for adsorption and desorption.

@ Springer
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Fig. 1 Isotherm of CuFe,0, from N, physisorption analysis

However, in the case of curved surfaces, such as the
mesoporous surface in this case, the amount of N,
molecules adsorbed upon increasing or decreasing the
gas pressure, did not coincide over a certain interval of
pressures. The capillary condensation is a phenomenon
of liquid-gas phase transitions under porous con-
finement which explains the resulting hysteresis
loop. This hysteresis phenomenon showed that
the pores on the samples were mesoporous in
nature. For the purpose of specific surface area
determination, the 2-parameter line model showed
the highest regression consequently, the estimated
BET-specific surface area of the synthesized
CuFe,04 in the current work was 102.4 mz/g. In
addition, the BJH cumulative pore volume was
estimated at 0.1866 cm®/g while the average pore
diameter was found to be 52.67 A.

3.2 FESEM-EDX Analysis

The FESEM-EDX technique was employed in the cur-
rent work to examine both the morphology as well as
element identifications of fresh CuFe,O4 (cf. Fig. 2).
The morphology of the CuFe,0, at different level of
magnifications, viz. x5000; %20,000; and x50,000,
showed solid specimen with irregularly shaped nano-
particles, albeit with good homogeneity in particle size
distribution. Moreover, the particles also appeared fused
together, which may be attributed to the high calcination
temperature (850 °C) employed in this study.
Furthermore, it can be observed that the structure was
porous with formation of noticeable void volume, con-
sistent with large BET-specific surface area obtained
from the N, physisorption analysis as aforementioned.
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The EDX spectrum taken on the same CuFe,O,
photocatalyst showed that the solid was indeed com-
prised of Cu, Fe, and O elements only, unadulterated by
other impurities. The element C detected was attributed
to the background.

3.3 XRD Analysis

X-ray diffraction (XRD) was used to determine the
crystal phase of the photocatalyst. Figure 3 shows the
XRD pattern of the CuFe,O,4 photocatalyst. The sharp
diffracted peaks were an indication of well-defined crys-
tallite structure. Significantly, a new visible light-active
compound known as the copper ferrite (CuFe,0,) crys-
tal was detected. Therefore, it can be surmised that the
catalyst formulation and synthesis strategy has success-
fully produced the desired solid phase. This result was
also consistent with the EDX analysis in Section 3.2.
Copper ferrite is a member of the magnetite series
of spinel with 20 of 18.56, 30.08, 34.82, 36.03,
37.27, 54.23, and 62.25 °. It takes the form of
cubic with lattice parameters a=5.82 A, b=5.82 A,
and ¢=8.62 A. The average crystallite sizes which
was calculated using the Scherrer equation showed
that the crystallite sizes of CuFe,O4 were ranged
from 5.0 to 90.0 nm as summarized in Table 1.
Traces of Fe,O3 and CuO are also visible, record-
ed at 20 of 32.0 and 39.0 °, respectively.

3.4 Optical Properties

Figure 4 shows the UV-Vis DRS spectrum of CuFe,0y.
From the figure, it can be estimated that the minimum
wavelength required for the prepared CuFe,O4
photocatalyst to be active was 785 nm or in other words,
the CuFe,0,4 was active under visible light irradiation of
wavelength up to 785 nm. The energy required by
photon to generate electron-hole pair in a photocatalyst
can be related to its wavelength (Wade 2005) by the
equation £, = %40, where ) is the wavelength of pho-
ton in nanometers and £, is the band gap of semicon-
ductor in electronvolts. The band gap of the as-
synthesized CuFe,O, was obtained by plotting data
from UV-Vis and was found to be 1.58 eV. The band
gap energy magnitude showed that the prepared
CuFe,04 has a larger band gap than the one reported
by Derbal et al. (2008) with a band gap of 1.32 e¢V. This

could be due to the presence of some CuO (1.6 eV)
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Fig. 2 a—c FESEM image of the fresh CuFe,0, at different magnification levels. d EDX image of the fresh CuFe,0,4 photocatalyst

(Kumar et al. 2013) and Fe,O5 (2.2 eV) (Blake 1999) 3.5 Photocatalytic Fenton Activity Evaluation

impurity phase as evinced in the XRD diffractogram (cf.

Fig. 3). 3.5.1 Adsorption and Direct Photolysis Studies

Adsorption study was carried out to determine both the

glycerol and H,O, uptakes by the CuFe,O,4 at room

temperature. In the current study, the adsorption run
1 e CuFe0, was carried out at a loading of 0.1 g/l CuFe,04
: Zif3 photocatalyst and reactant concentrations that were
E] .
S Table 1 Summary of crystal phase and its corresponding size
> L ] ]
-‘é . || - 260 (°) Phase name Crystallite size (nm)
2 .
- 18.56 Copper ferrite (1 0 1) 88
30.08 Copper ferrite (1 12) 14
34.82 Copper ferrite (1 0 3) 11
T T T 36.03 Copper ferrite (2 1 1) 5
0 20 40 60 80 54.23 Copper ferrite (3 0 2) 90
26 62.25 Copper ferrite (2 2 4) 9

Fig. 3 XRD pattern of CuFe,0, solid sample
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Fig. 4 Graph of absorbance
versus wavelength for as-
synthesized CuFe,O4

Absorbance (a.u.)

300

comprised of 68.41-mM glycerol and 819.5 mM of
H,0,. Without light irradiation, the glycerol con-
centration only dropped slightly over the course of
4 h, which corresponds to less than 4.0 % (tran-
sient profile not shown). Similar trend was also
exhibited by the transient H,O, concentration re-
sult which demonstrated an average loss of just
2.0 % compared to its initial concentration level.
It can therefore be surmised that adsorption of
both reactants on the CuFe,O4 was quite low.

For direct photolysis study (light irradiation on-
ly), the 68.41-mM glycerol solution was irradiated
with visible light without the presence of H,O,
and CuFe,0,4 photocatalyst. It was found that the
glycerol did not degrade, and the initial concentra-
tion was still retained even after 4 h of irradiation.
Hence, the effect of direct photolysis can be
neglected.

3.5.2 Effects of Initial Catalyst Loading

Experiments for determination of the effect of initial
catalyst loading were carried out at 68.4 mM of glycerol
and 819.5 mM of H,O,. The lower boundary limit of
catalyst loadings was set at 0.1 g/1, as loading below this
threshold was practically difficult to handle. All the
experiment runs were under 250 W of visible light
irradiation.

Figures 5 and 6 show the transient concentration
profiles of glycerol and H,O, and their transient

@ Springer
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conversion, respectively. The concentration profiles of
both glycerol and H,O, (refers to Figs. 5a and 6a) show
a significant downward trend, symptomatic of progres-
sive chemical reaction. The blank run (without catalyst)
indicates that photolysis (combination of H,O, and
light only) reaction occurred and achieved glycerol
degradation of 17.7 % (cf. Fig. 5) and H,0,
utilization of 8.0 % (cf. Fig. 6) after 4 h of
reaction. In the presence of CuFe,O4 photocatalyst,
the onset of photocatalytic Fenton reaction has
increased the degradation of glycerol substantially,
i.e., at 0.1 g/l of photocatalyst loading, the degra-
dation of glycerol can attain 27.0 % and peaked at
almost 40.0 % of glycerol degradation when 5.0
g/l of CuFe,04 photocatalyst loading was
employed. By increasing the photocatalyst loadings
from 0.1 to 5.0 g/l, the number of active sites
would have increase in tandem. Consequently, the
glycerol degradation also increased. Indeed, as can
be seen in Fig. 5b, the glycerol degradation per-
centage has incrementally increased with the cata-
lyst loading. This was exhibited by 38.0 % (5.0
g/1)>36.0 % (2.0 g/1)>30.0 % (1.0 g/)>27.0 %
(0.1 g/l).

As aforementioned, H,O, concentration profile as in
Fig. 6 also dropped with reaction time, similar to the
trend exhibited by the glycerol concentration. The
highest HO, consumption was recorded for the 5.0 g/l
(35.0 %) while it was 22.0 % utilization for the CuFe,Oy4
loading of 0.1 g/l which was an impressive result,
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Fig. 5 Transient profiles of a glycerol concentration and b glyc-

erol degradation (%) at different photocatalyst loadings with
68.41 mM glycerol and 819.5 mM H,0,

considering that it only involved a small amount of
catalyst. Although the results from the variations in
initial photocatalyst loading showed that 5.0 g/ consis-
tently yielded highest utilization of both reactants, a
minimum 0.1 g/l of CuFe,04 photocatalyst also gave
significant consumption, hence was chosen as the pre-
ferred loading for the subsequent investigations.

The results shown in Fig. 5 also demonstrated that
the photocatalytic degradation rate has a non-linear de-
pendency on catalyst loading with the maximum oc-
curred at 5.0 g/l. In fact, at high catalyst loadings (2.0
and 5.0 g/L), the effective light intensity has obviously
diminished because of the increased solution opacity.
The results in Fig. 5 was further regressed and differen-
tiated using Polymath software® to obtain the glycerol

. dc .
decomposition rate, (* %) As the reaction dura-

tion was relatively short (240 min) and the reaction may
be accompanied by deactivation of catalyst, the method

a
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Fig. 6 Transient profiles of a H,O, concentration and b H,0,
utilization at different photocatalyst loadings with 68.41 mM glyc-
erol and 819.5 mM H,0,

of initial reaction rate was employed (Fogler 2005). It
was found that the reaction rate may be presented by an
empirical equation, written as

d Cglycerol > k Wcatalyst
“Fglycerol) = | — = (2)
( glycero ) ( dt (Oé + Wcatalyst) 2

where Weaalyst 18 the catalyst weight per unit volume of
solution, k is a pseudo-rate constant for the catalyst
loading, regressed as 0.152 mM min', and « is a
parameter that indicates volumetric light shielding ef-
fect, valuing at 0.0104 g../1 with a correlation co-
efficient R? of 0.99 (refers to Fig. 7). The unity denom-
inator in the Langmuir-Hinshelwood type of equation
indicates the particle-particle interaction.

3.5.3 Effects of Initial Concentration of Glycerol

The investigation of reactant concentration on the kinet-
ics of photocatalytic Fenton degradation of glycerol was

@ Springer
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Fig. 7 Glycerol photocatalytic
Fenton degradation rate at

different photocatalyst loadings 0152 1
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carried out to examine the glycerol conversion. In order
to study the effects of initial glycerol concentration on
glycerol decomposition, the initial concentration was
varied from 27.36 to 68.41 mM in the presence of
0.1 g/l of CuFe,04 and 819.5 mM H,0,. As aforemen-
tioned, loading of 0.1 g/L was chosen instead of the
other catalyst loadings as this minimum loading was
able to yield significant reaction rates.

As shown in Fig. 8a, all the transient concentration
profiles exhibit non-linear downward trend. However,
by increasing the initial glycerol concentration, the glyc-
erol degradation has decreased (refers to Fig. 8b).
Indeed, at 27.36-mM initial glycerol concentration, deg-
radation rate was nearly 60.0 %. In contrast, when the
initial glycerol concentration was 68.41 mM, the degra-
dation has dipped to circa 30.0 % only. The concentra-
tion profiles of H,O, that correspond to the Fig. 8 is
presented in Fig. 9 and exhibits similar downward trend
indicating that photocatalytic Fenton reaction of glycer-
ol has indeed occurred (simultaneous consumption of
both glycerol and H,0,). This serves to confirm that
H,0, indeed directly partake in the reaction.

3.5.4 Effects of Initial H,O, Concentration

Initial H,O, concentration would also affect glycerol
decomposition. Therefore, the effects of H,O, concen-
tration from 163.9 to 8§19.5 mM has been studied at a
constant 68.4-mM glycerol concentration and at a load-

(@) g
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70 4
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409
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Fig. 8 Transient profiles of a glycerol concentration and b glyc-
erol degradation (%) at different initial glycerol concentrations and
0.1 g/l CuFe,04

ing of 0.1 g/l CuFe,O,4 as shown in Figs. 10 and 11.
Increasing the H>O, concentration would produce more
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Fig. 9 Transient profiles of a H,O, concentration and b H,0,
utilization (%) at different initial glycerol concentrations and 0.1 g/
1 CuF6204

®OH radicals and consequently increase the degra-
dation rate of glycerol. At 163.9-mM initial H,O,
concentration, the degradation rate was 5.0 %. By
increasing the initial H,O, concentration from
163.9 to 819.5 mM, the degradation rate also
increased from 5.0 to 25.0 %.

3.5.5 Power Law Modeling

The results obtained from the variation of initial reactant
concentrations demonstrated that the concentration of
both C3HgO3 and H,0, affected the rate of photocata-
lytic Fenton degradation of glycerol. When the transient
concentration data were subjected to non-linear regres-
sion, followed by finite differentiation of the regression
equations, the initial rate of glycerol decomposition was
obtained by setting reaction time, /=0 min. The values
obtained are summarized in Table 2.
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Fig. 10 Transient profiles of a glycerol concentration and b
glycerol degradation (%) at different initial H,O, concentrations
and 0.1 g/l CuFe,Oy4

Accordingly, the initial rate of photocatalytic Fenton
degradation of glycerol can be described by power law
model which takes the form of:

_0 _ e} 5}
( F glycerol) - kaPPCglycerolCHZOZ (3)

where

Initial rate of glycerol photocatalytic
Fenton degradation

Kapp Apparent specific reaction rate (min ')
Cglyceror and  reactants’ initial concentration

(77‘ g]ycerol)

CH202
o and f3

A non-linear regression of the initial rate data col-
lected over different reactant concentrations was per-
formed using Polymath software built-in with
Levenberg-Marquardt optimization method. The
resulting parameter estimates are provided in Table 3
with reasonably excellent adherence to the Power Law

the orders of reaction
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Fig. 11 Transient profiles of a H,O, concentration and b H,0,
utilization (%) at different initial H,O, concentrations and 0.1 g/l
CUF6204

Model judging by the regression co-efficient R of 0.94.
Significantly, the order of reactions were fractional,
typical characteristic of chemical reaction system, with

Table 2 Summary of initial rate of glycerol degradation comput-
ed from the differentiation of transient concentration profiles of
glycerol

-
Cglycerol (HIM) - ;lycem] (mM min )

C,0, (mM)

0 0 0

68.4 163.9 0.0380989
68.4 327.8 0.0551275
68.4 491.7 0.0971941
68.4 655.6 0.1487462
68.4 819.5 0.1380215
27.35 819.5 0.1278486
41.05 819.5 0.11808
54.73 819.5 0.13011

@ Springer

Table 3 Estimates of kinetic parameters from power law equation

Variable Value 95 % confidence R?
Kapp (min ") 2.78x107* 6.78%x107

« 0.198734 0.060 0.94
1] 0.805445 0.037

order of reactions associated with H,O, (0.80) was
fourfold higher than the order of reaction with respect
to glycerol (0.20). This confirmed that H,O, was
playing a major role in degrading the glycerol.

3.5.6 Mechanisms of Photocatalytic Fenton
Degradation of Glycerol

From the kinetics trends observed in Figs. 9 to 10, the
mechanism of photocatalytic Fenton degradation of
glycerol is proposed as follows:

One of the chemical pathways to produce *OH rad-
icals is as shown in Egs. (4) to (5):

2H,0 %5 0, + 4H* + 4e” (4)
H,0, + ¢ <OH + 'OH (5)

The steps in (4) and (5) to generate hydroxyl radical
were occurring in the homogeneous phase. Indeed, as
shown in the blank runs in Section 3.5.2 (without the
presence of CuFe,0, photocatalyst or otherwise known
as photolysis), reactions in (4) and (5) indeed has oc-
curred in the presence of H,O, and visible light. This
also describes the degradation of glycerol and consump-
tion of H,O, under the visible light irradiation without
the presence of CuFe,0,4. Nonetheless, since the glyc-
erol degradation percentage was substantially lower
compared to the results obtained for the cases that
involved loadings of CuFe,0y, it can therefore be con-
cluded that in the presence of CuFe,0,4, the CuFe,Oy
photocatalyst has also concurrently absorbed light ener-
gy during the irradiation to produce electron-hole pair
(Shahid et al. 2013) at the photocatalyst surface as
shown in Eq. (6).

CuFe;04 + hv—CuFe;O4 (e + hig) (6)

Subsequently, more hydroxyl radical (*OH) was gen-
erated from H,O, (as in Eq. (5)) via the additional
electron from the CuFe,O,4 (cf. Eq. (6)), and to some
extent, albeit minor, via the water molecules breakdown
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(Eq. (8)) and also through reaction between hydroxyl
ion (OH ) and hole (cf. Eq. (9)).

H,0, + e -OH + °'OH (7)
hig + H,0—H,0 + 'OH (8)
hyg + OH — "OH 9)

The final step would involve the attack of adsorbed
glycerol substrate by the *OH radicals, most likely
would mineralize it into simple molecules such as CO,
and H,.

Based on the outlined photocatalytic Fenton mecha-
nisms, the Langmuir-Hinshelwood (LH) model as
shown in Eq. (10) can be employed to model the initial
rate data as summarized in Table 2.

K en Calycerol C
(_rglycerol) = o~ glyoerol —HaDa (10)
1+K glycerol Cglycerol + KH202 CH202
where
kixn Reaction rate constant (mM ' min ")

Kgiyeerot  Adsorption constant for glycerol (mel)
Kipor  Adsorption constant for H,O, (mM ")

Once again, a non-linear regression of the initial rate
data was performed using Polymath software built-in
with Levenberg-Marquardt optimization method. The
resulting parameter estimates are provided in Table 4
with reasonably excellent adherence to the LH model
(R*=0.93). The glycerol adsorption constant (Kyjycerol)
was 1.010 mM ', which was larger than the adsorption
constant belonging to the H,0, reactant (0.033 mM ).
This indicates that glycerol was chemisorbed onto the
surface of CuFe,0,4 before being attacked by the hy-
droxyl radical, while the H,O, was predominantly pres-
ent in the glycerol solution due to the much weaker
chemisorption magnitude. Significantly, this is

Table 4 Estimates of kinetic parameters in Eq. (10)

Variable Value 95 % confidence R
ko M ' min")  2.60x10*  6.78x107°

Kiiycerol (mM ) 1.010 0.0015 0.93
Koz (mel) 0.033 1.13%x107*

consistent with the mechanisms in (4) to (9) which posit
that the breaking of H,O, occurred without the need for
the H,O, to chemisorb.

4 Conclusions

The photocatalytic Fenton degradation of glycerol was
studied in the current work. It was determined from the
blank runs that visible light was an integral part of the
reaction. Without the visible light irradiation, glycerol loss
was low (<4.0 %). In contrast, when visible light was
present, the glycerol degradation improved markedly to
attain 17.7 % after 4 h of visible light irradiation in the
absence of CuFe,0,4 photocatalyst. This can be attributed
to the two-step splitting of H,O, into hydroxyl (*OH)
radical. In the presence of CuFe,O, photocatalyst, the
photocatalytic Fenton degradation of glycerol improved
substantially to record nearly 40.0 % degradation at a
catalyst loading of 5.0 g/L. This has demonstrated that
the CuFe,O,4 under the visible light was capable of gen-
erating additional hydroxyl radicals to attack the glycerol
molecule. For the effects of initial concentration of reac-
tants, it was found that the initial degradation rate of
glycerol can be captured using both power law modeling,
as well as Langmuir-Hinshelwood. Significantly, from the
power law modeling, the order of reaction with respect to
the glycerol (0.20) and H,O, (0.80) was found to be
fractional, typical representation of chemical kinetics ex-
pression. Furthermore, via the Langmuir-Hinshelwood
model, adsorption constant related to H,O,
(0.033 mM ' min ') was found to be much weaker
compared to the adsorption constant of glycerol
(1.010 mM " min™"). This indicates that the H,O, split-
ting into hydroxyl radical occurred in the bulk phase while
the glycerol substrate needs to chemisorb on the catalyst
surface before being attacked by the hydroxyl radicals.
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