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Abstract

The surge in glycerol production from the oleochemical industry prompted the aggressive search for new value-added
derivatives such as lactic acid. A series of novel Ce,_,Zr,O, catalysts on mesoporous SBA-15 were synthesized and tested
in a 50 mL reactor for up to 2 h for oxidative lactic acid synthesis from glycerol. A suitable kinetic model to represent the
reaction was identified and kinetic parameters were calculated. The 10Ce,_,Zr,O,/SBA-15 catalyst, at a 15 wt% catalyst-to-
glycerol ratio, exhibited impressive activity, achieving 94.2% glycerol conversion and 45.3% lactic acid yield at 260 °C. The
reaction model shows good agreement with experimental data across various reaction conditions (R* values between 0.90
and 1.00). Based on a pseudo-second-order kinetic model, the selective conversion of glycerol to lactic acid was found to
have an activation energy of 165.3 kJ/mol, with a high R? value of 0.94 which was lower than some reported results.
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Statement of Novelty

The research described in the abstract fills a critical gap in
the realm of sustainable chemical production. With the esca-
Extended author information available on the last page of the article lating production of glycerol as a byproduct of the booming
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oleochemical industry, there arises an urgent need to address
the associated environmental and economic challenges. Tra-
ditional disposal methods for excess glycerol are not only
inefficient but also contribute to environmental pollution.
By focusing on the conversion of glycerol into value-added
chemicals like lactic acid, this research offers a compelling
solution to this pressing issue. Lactic acid is a versatile com-
pound with a wide range of industrial applications, including
biodegradable polymers, pharmaceuticals, and food addi-
tives. Therefore, the development of efficient processes for
lactic acid synthesis from glycerol not only adds value to a
waste stream but also reduces reliance on fossil resources,
promoting a more sustainable and circular economy. Addi-
tionally, the exploration of novel catalyst formulations and
the development of kinetic models deepen our understand-
ing of the underlying chemical processes, paving the way
for further advancements in catalysis and process optimiza-
tion. In essence, this research addresses a multifaceted need
by tackling environmental concerns, promoting resource
efficiency, and advancing scientific knowledge, thereby
making a significant contribution to the field of chemical
engineering.

Introduction

The increasing production of biodiesel through transesteri-
fication has led to a concurrent rise in glycerol generation,
typically constituting between 10 and 14% of biodiesel by
weight [1]. However, due to its comparatively lower com-
mercial value, there is an immediate need for a more viable
technological alternative to efficiently utilize glycerol. Glyc-
erol has garnered significant research attention due to its
potential for conversion into valuable chemicals, including
1,1-propanol [2], 1,2-propanediol [2], 1,3-propanediol [2],
acrolein [3, 4], acrylic acid [4-6], and lactic acid [7-16].
Among these products, lactic acid stands out as it has numer-
ous potential applications not only in the realm of organic
chemistry but also extends its reach into diverse fields such
as bioplastics, pharmaceuticals, cosmetics, detergent, etc.
[17,18].

Early investigations on a homogeneous glycerol-to-
lactic acid transformation system were done using alkaline
hydroxides such as KOH and NaOH per se and consistently
promising results were demonstrated, with lactic acid yields
ranging from 84 to 90% even at high glycerol conversions
[8-10, 19]. Following that, research diverged into exploring
colloidal metals as heterogeneous catalysts. The reason is
that metal-based catalysts, in general, are inert in the reactor
system and have additional benefits like good thermal stabil-
ity, selection towards desired product, and environmental
friendliness. In general, copper [11, 16, 20-22], platinum
[12], nickel [13], palladium [14, 23], and trimetallic particles
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supported on metal oxides [15] have been widely studied.
Overall, these supported metal-based catalysts exhibited
excellent catalytic performance, achieving lactic acid selec-
tivities ranging from 60% to 95.4% at glycerol conversions
exceeding 90% [24]. It is noteworthy that the studies have
proven that in most chemical reactions, especially in lactic
acid synthesis, multi-metallic catalysts, which include two or
more different metal species, offer several advantages over
single-atom catalysts. These advantages result from the met-
als’ distinctive synergistic interactions, which can increase
catalytic activity and selectivity.

In actuality, the complex tandem reaction of selective
glycerol-to-lactic acid conversion capitalizes on the syner-
gistic effects of at least two proximate active sites, enhanc-
ing the efficiency of this reaction. The available literature is
primarily focused on micro-level studies, specifically investi-
gations into catalysts, catalyst components, activity, selectiv-
ity, stability, and reaction mechanisms, whereas macro-level
studies that delve into engineering aspects such as process
modeling and reaction kinetics are relatively scarce. To date,
there have been no dedicated efforts to develop an empirical
model capable of accurately predicting the glycerol conver-
sion and lactic acid yield in glycerol-to-lactic acid oxidation
reactions within the realm of process modeling. Much work
remains to be done in this area; however, one of the persis-
tent challenges is the lack of accurate characterization of the
mass transfer parameters.

In early studies, Chen and his co-workers utilized a CaO
catalyst to investigate the kinetics of glycerol-to-lactic acid
conversion [7]. The study was conducted at various reaction
temperatures (280-300 °C). A maximum glycerol conver-
sion and a lactic acid yield of 92.4% and 72.9%, respec-
tively, were achieved for the fed-batch conversion of crude
glycerol. In this study, it was also concluded that lactic acid
selectivity was highly dependent on the initial glycerol con-
centration, reaction temperature, and catalyst loading. The
kinetic model for glycerol-to-lactic acid conversion under
the applied conditions was reported to obey a first order
concerning initial glycerol concentration, whereas the pre-
exponential factor and activation energy reported were
6.154 x 10® min~! and 114 kJ/mol, respectively.

Apart from that, the same research group conducted a
series of kinetic investigations to assess the glycerol-to-lactic
acid transformation employing Nij 5/graphite [25], Cu/HAP
[26], and Cupgg [11] catalysts. Their research demonstrated
that all catalysts exhibited exceptional catalytic performance,
achieving glycerol conversions exceeding 90% while main-
taining lactic acid selectivities above 90%. The impact of
reaction parameters, including concentrations of glycerol
and NaOH, as well as the reaction temperature, on the rate
of glycerol consumption, was examined using a power-func-
tion reaction kinetic. In their work, glycerol was reported to
follow non-elementary rate law with values of 0.36, 0.49,



Waste and Biomass Valorization (2025) 16:333-355

335

and 0.41 for Cu(16)/HAP, Cupgg, and Ni, s/graphite cata-
lysts, respectively. Whereas, for NaOH, using Cu(16)/HAP,
Cupgg. and Ni s/graphite catalysts gave values of 0.47, 1.04,
and 0.91, respectively. This showed when Cupgg and Nij 5/
graphite catalysts were used, the rate of NaOH consumption
followed nearly first-order rate law. The Cu(16)/HAP, Cupgg,
and Ni, ;/graphite catalysts exhibited different overall reac-
tion orders and activation energies, with values of 1.13 and
117.2 kJ/mol, 1.53 and 76.3 kJ/mol, and 1.32 and 69.2 kJ/
mol, respectively.

Recently, power-function type reaction kinetic equations
were employed to assess the effect of glycerol and NaOH
concentrations, along with reaction temperature, on glycerol-
to-lactic acid oxidation reaction using 10% CuO/AC catalyst
[21]. The activation energy was determined to be 134.39 kJ/
mol, which was way greater than the activation energy for
reactions using only a CuO catalyst. This suggested that the
CuO/AC catalyst was more sensitive to temperature changes
than the CuO catalyst alone. Also, it was noteworthy that the
CuO/AC catalyst produced a higher yield of lactic acid at
elevated temperatures than that of the CuO catalyst per se.

Indeed, many reactions are not suitable to be expressed in
a simple rate law, whether they are homogenous or hetero-
geneous. This is because complex rate expressions for some
reactions cannot be accurately predicted by only tempera-
ture- and concentration-dependent rate expressions. Addi-
tionally, to date, there has been no study done on the devel-
opment of empirical process models to accurately predict the
process behavior of the catalytic conversion of glycerol to
lactic acid. Hence, this work is dedicated to investigating the
behaviors of a Ce,_Zr,0O, catalyst supported on mesoporous
SBA-15 to gain a deeper understanding of its synergistic role
in the glycerol-to-lactic acid oxidation reaction, including
experimental investigations, process modeling, and kinetic
analysis.

Experimental
Preparation of Ce,_,Zr,0,/SBA-15 Catalysts

The general method of preparation used to synthesize the
Ce,_,Zr,0,/SBA-15 catalysts in our previous work [27] was
also employed in this work. As in a typical SBA-15 synthe-
sis procedure, 10 g of Pluronic P-123 was first dissolved in
70 g of 2 M HCL and 150 g of distilled water. The obtained
mixture was subjected to a 16-h stirring at a medium stirring
rate. Next, 20 g of TEOS was added by drops to the clear
solution and left for 8 h of vigorous stirring at 55 °C. The
resulting solution was then transferred to a hydrothermal
autoclave reactor and aged for another 16 h under static con-
ditions at 80 °C. Afterward, the solid product was filtered
and washed with 800 mL of deionized water. Subsequently,

the procedure was followed by drying the resulting white
solid material at 60 °C for 24 h. The organic template was
eventually removed via 8 h calcination at 550 °C at a ramp-
ing rate of 2 °C C/min.

In this work, Ce,_,Zr, O,/SBA-15 catalysts with varying
total metal loadings (5, 10, 20, 30, and 40 wt%) were syn-
thesized by using appropriate amounts of Ce(NO3);.6H,0
and ZrO(NO3),.xH,O precursors relative to both the pre-cal-
culated total metal loadings and the amount of SBA-15 sup-
port material. For instance, to prepare a 5Ce_,Zr,O,/SBA-
15 catalyst, 0.23436 g and 0.06240 g of Ce(NO;);.6H,0
and ZrO(NO;),.xH,0, respectively were used. Before
impregnation, the prepared SBA-15 support was subjected
to drying for 1 h at 80 °C. The measured amounts of both
Ce(NO;);.6H,0 and ZrO(NO;),.xH,0 were individually
dissolved in 20 mL of ethanol. After that, 1.9 g of SBA-
15 was added to the mixture of both precursors. The mix-
ture was stirred until it produced a free-flowing solution.
The resulting material was then treated with NaOH until
it reached a pH of 9, after which it was stirred at 70 °C C
for around 6-7 h. Next, to remove excess sodium ions, the
mixture was washed with deionized water and dried for 1.5 h
at 80 °C C followed by a rise in temperature to 110 °C C for
another 18 h. The catalyst was then subjected to calcination
at 500 °C C for 4 h with a ramping rate of 2 °C C/min. The
resulting catalysts with different loadings are referred to as
yCe,_,Zr,0,/SBA-15, where x indicates the fraction of Zr
and the remaining fraction of Ce in the mixed metal oxides,
and y denotes the theoretical total weight percent of Ce and
Zr metals in SBA-15 support.

Characterization of Ce,_, Zr,0,/SBA-15 Catalysts

To investigate the surface characteristics of all the synthe-
sized catalysts, N, physisorption analysis was carried out
using Micromeritics ASAP 2020 equipment. Before the
analysis, the samples were degassed (P < 107" Pa) at 300 °C
C for 6 h to remove any impurities present in the catalysts.
Next, FESEM (Quanta FEG 450) was used to examine the
appearance of the surface morphological structure of all the
synthesized catalysts. To ascertain the presence of hexagonal
arrays and straight pores within the mesoporous channels
of SBA-15 support, as well as to elucidate the structural
characteristics of all the synthesized catalysts across differ-
ent metal loadings, TEM micrographs were acquired using
Philips FEI CM 12 TEM. An EDX technique was also per-
formed to identify the elemental composition present on the
surfaces of all the synthesized catalysts using a Quanta FEG
450 FESEM. The specific chemical bonds within the SBA-
15 and all the synthesized catalysts were obtained by FTIR
analysis using Perkin-Elmer 2000 Spectrometer using the
potassium bromide (KBr) pellet technique.

@ Springer



336

Waste and Biomass Valorization (2025) 16:333-355

Catalytic Activity Test and Reaction Product Analysis

The synthesis of lactic acid from glycerol using yCe,_,Zr, O,/
SBA-15 catalysts was carried out in a batch system using a
50 mL modified stainless steel reactor equipped with a stir-
rer. In a typical procedure, 15 g of 13.23 M glycerol was
mixed with appropriate amounts of the catalyst concern-
ing glycerol, and the reactor was tightened properly. Before
starting the reaction, the reactor was flushed with O, for
10 min to remove any excess air or humidity present inside
the system. Moreover, the purging also helped provide oxy-
gen-rich conditions inside the reactor. Then, the reactor was
set at the desired temperature (250 °C) and the mixture was
stirred continuously at 300 rpm for 2 h. After 2 h, the reac-
tion was stopped, and the reactor was immersed in an ice
bath to terminate the reaction. Likewise, the same procedure
was systematically replicated across a range of metal load-
ings (5—40 wt%), catalyst loadings (5—40 wt%), and tempera-
tures (240-270 °C).

For product analysis, the reaction sample was centri-
fuged to separate the solid catalyst from the liquid mixture.
Then, the sample was mixed with the appropriate amount
of 0.5 M H,SO, to adjust the sample to a pH of 3—4. When
a basic catalyst is used, it could result in the formation of
the desired product in its ionized form, which is lactate ions
rather than lactic acid. To convert these ions into their non-
ionized, acidic forms, the pH of the solution needs to be
adjusted. The sample was then filtered through a 0.22 um
PTFE 13 mm syringe filter. Next, the sample for analysis
was prepared by diluting the filtered sample with deionized
water. The sample analyses were done using an Agilent 1260
Infinity high-performance liquid chromatography (HPLC)
equipped with a refractive index detector (RID) in series.
A SHODEX Sugar SH1011 (8.0 300 mm, 6 um) was used
as the separating HPLC column. An aqueous solution of
0.0005 M H,SO, was used as the mobile phase. The flow
rate of the mobile phase was 0.6 mL/min, the column tem-
perature was maintained at 60 °C for both left and right, and
the RID detector temperature was set at 29 °C. The catalysts
were assessed for their catalytic activity based on the glyc-
erol conversion and lactic acid yield; and their ability to
promote selective reactions towards lactic acid.

Catalyst Reusability Study

In the reusability study, the most active catalyst was used
since the catalyst showed the highest activity. For this study,
the first cycle of reaction was performed using specific load-
ing of the fresh catalyst concerning 15 g of glycerol. The
reaction was carried out at the best reaction conditions. After
the first reaction, the catalyst was recovered from the reac-
tion mixture through centrifugation at 4400 rpm for 40 min,
followed by washing with 25 mL of methanol to remove the
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reactant and product from the surface of the catalyst. The
recovered catalyst was then washed with deionized water
to remove the excess methanol. The washed catalyst was
dried at 80 °C for 1.5 h followed by raising the temperature
to 110 °C for another 18 h. After that, the activated catalyst
was reused for the next cycle of reaction following the same
reaction conditions. The spent catalyst of each cycle was
characterized using surface analysis using N2 physisorp-
tion, SEM, and EDX analyses using the same procedures as
discussed earlier. Finally, the physicochemical and morpho-
logical characteristics of the spent catalyst were compared
to those of the fresh catalyst to observe the changes that
occurred after each cycle.

Process Modeling and Kinetic Study

In this work, MATLAB was employed to facilitate the pro-
cess of model development through numerical computa-
tion, data analysis, and algorithm development. The pro-
cess model development and kinetics analysis of selective
glycerol oxidation to lactic acid involved a comprehensive
study of the catalyst exhibiting the highest catalytic activ-
ity. The experiment was carried out by varying the reaction
temperatures between 240 and 270 °C at the best reaction
conditions at different times.

Process Model of Selective Glycerol-to-Lactic Acid
Oxidation Reaction

The numerical differentiation of glycerol conversion over
time was performed using second-order forward finite
divided difference (Eq. 1) and centered finite divided differ-
ence (Eq. 2) formulas as follows:

—f (xi+2) +4f (xi+l) - 3f(x)

1
5 ey

f/(xi) =

@

To establish the correlation between the rate of change of
conversion over time (dx/dt) and the conversion (x), a curve
fitting tool in MATLAB was utilized for performing non-
linear regression. The most suitable model that best fitted
the experimental data, based on R2 > 0.8 was chosen, and
the corresponding constant parameters of the chosen model
were listed in another tab. The constant parameters were
fine-tuned by establishing a correlation with temperature
using the curve fitting tool. This iterative process aimed to
identify the most accurate constant values that accurately
represented the relationship between the parameters and
temperatures. An empirical model, represented as a func-
tion of temperature, was proposed.
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P=f£() 3)

The developed model was simulated by applying the
fourth-order Runge—Kutta method for numerical differen-
tiation, using the MATLAB ODE solver (ode45 function).
The general equation for the fourth-order Runge—Kutta
method is as follows:

1
Vi =¥+ g(lﬁ + 2k, + 2k + ky) 4

where & =f(xl-,yl-), k, =f(xi+%h,yi+%k1h>,
ks = (4 2y + Soh )y = £ (5 + o, + sh).

A similar method was also repeated to develop an
empirical model to correlate the yield as a function of
temperature. The developed model was validated with
experimental data, ensuring accuracy and reliability. The
simulation results were compared with the data obtained
from the experimental data and validated using the cor-
relation coefficient, R%. R? values generally evaluate the
squared difference between the simulated model and the
experimental data, with the actual data being the average
of the measured data. The R? values indicate the degree
of accuracy of the model in fitting the experimental data.
The R2 value is given by:

, SSE

RP=1- model 5
SSEmzal ( )
where
d 2
SSEtozal = Z (X - E) ©)

i-0

w h er e x = Experimental data ,
x = Predicted data from the simulated model.

Kinetic Analysis of Selective Glycerol-to-Lactic Acid
Oxidation Reaction

Meanwhile, the kinetic study was performed to identify
the reaction rate constant (ks), activation energy (Ea), and
pre-exponential factor (A) of this reaction. Lastly, a kinetic
model was proposed to represent the selective glycerol oxi-
dation reaction. Equation 8 was used to calculate the reac-
tion rate constant (k) and several assumptions were made
throughout the derivation of the rate Eq. (1) The reaction
is irreversible. (2) The reaction involves mixed parallel and
consecutive reactions. Hence, a pseudo-second-order reac-
tion is assumed. (3) The reaction is carried out in a constant
volume closed batch reactor. Thus, combining the mole bal-
ance, rate law, and reaction stoichiometry, the rate expres-
sion becomes:

62_): = kCay iniriar(1 — X)? @)
where k = Rate constant (1/M.hr), Cgy, ipiriy = Initial con-
centration of glycerol (mol/L), X = Conversion of glycerol.

This equation was solved using MATLAB ODE solver
(ode45 function), followed by fiminsearch function to esti-
mate the k; values for different temperatures (240-270 °C).
Following the Arrhenius equation, the values of E, and A
were obtained using linear regression between Ink versus lr

k = Ae~Ed/RT 8)

where A = Pre-exponential factor, E, = Activation energy
(J/mol), R = Universal gas constant (8.3142 J/mol.K), T =
Temperature (K).

In addition, the kinetic model for the selective oxidation
of glycerol into lactic acid was proposed, and the reliabil-
ity of the model in predicting the glycerol conversion was
validated based on the sum squared error (SSE) generated
in MATLAB software. In general, SSE measures the devia-
tions between the simulated and experimental data and is
given by:

SSE=Y (x-%)° ©)

i=0

where x = Experimental data, x = Predicted data from the
simulated model.

Results and Discussion
Characterization of Ce,_,Zr,0,/SBA-15 Catalysts
Physisorption Analysis

The surface and porosity analyses for SBA-15 support and
all synthesized catalysts in different metal loadings (5 wt%,
10 wt%, 20 wt%, 30 wt%, and 40 wt%) were examined using
N, physisorption analysis. The findings are presented in
Table 1.

In general, the result in Table 1 indicates that the spe-
cific surface area decreased with increasing catalyst load-
ings. Moreover, the SBA-15 support, 5Ce,_,Zr,O,/SBA-15,
10Ce,_,Zr,O,/SBA-15, and 20Ce _,Zr,O,/SBA-15 catalysts
demonstrated a notably high specific surface area, falling
within 419-529 m?/g. However, it was worth noting that
the 30Ce, _,Zr,O,/SBA-15 and 40Ce,_,Zr,O,/SBA-15 cata-
lysts were observed to exhibit specific surface areas of 355
m?/g and 297 m%g, respectively, which were lower than the
typical range of specific surface areas exhibited by SBA-15
support.
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Table 1 Surface and pore characteristics of SBA-15 support, yCe, _,Zr,O,/SBA-15, and spent 10Ce, _,Zr,O,/SBA-15 catalysts

Catalyst Total surface area Micropore area  External surface Micropore volume Total pore volume Average
(m%/g)?* (m%/g)® area (m%/g)® (cm’/g)® (cm’/g)° pore size
Ay
SBA-15 678 248 429 0.1249 0.5970 51.47
5Ce,_,Zr,0,/SBA-15 529 233 296 0.1179 0.4313 48.23
10Ce,_,Zr,O,/SBA-15 503 184 276 0.0938 0.4068 51.33
20Ce,_,Zr,0,/SBA-15 419 161 258 0.0821 0.3569 50.94
30Ce,_,Zr,0,/SBA-15 355 148 207 0.0756 0.2843 45.48
40Ce,_,Zr,0,/SBA-15 297 131 166 0.0671 0.2301 45.13
R1 351 40 301 0.0199 0.5823 58.92
R2 341 57 294 0.0284 0.6070 61.80
R3 312 41 271 0.0205 0.5757 64.54
R4 91 10 81 0.0047 0.3026 116.34

from BET desorption method; *from t-plot method; “from BJH desorption method

Besides, with an increase in metal loadings, there was
a possibility that the active Ce,_Zr,O, compounds formed
clusters or agglomerates that occupied the pores of SBA-
15 support, causing pore blockage. Furthermore, at higher
metal loadings, Ce,_,Zr,0, compounds had a higher ten-
dency to aggregate and form separate CeO, and ZrO,
metal phases rather than being evenly dispersed as a mixed
oxide compound on SBA-15 support. This finding was also
reported in previous studies conducted on various mixed
metal oxide catalyst systems [28, 29]. Thus, all these reasons
might have contributed to the reduction in available surface
areas for catalysts with increasing metal loadings.

In addition, Table 1 illustrates that all synthesized cata-
lysts exhibited average pore sizes that were nearly identical
to that of SBA-15 support. This suggested that the SBA-15
support’s mesoporous structure was well-preserved upon
impregnation of Ce,_,Zr,0, compounds even at high metal
loadings. Moreover, the average pore sizes decreased from
51.33 to 45.13 A with increasing metal loadings from 10
to 40 wt% except for the 5Ce,;_,Zr,O,/SBA-15 catalyst.
This deviation from the general trend was potentially due
to experimental errors during the catalyst synthesis proce-
dure. Increasing metal loadings could result in the formation
of more Ce,_,Zr,O, compounds on the SBA-15 support’s
surface. Consequently, this led to a reduction in average
pore size as partial pore blockages occurred with greater
frequency.

Furthermore, the micropore area, micropore volume, and
total pore volume decreased as the metal loadings increased
from 5 to 40 wt%. Also note that all three, micropore area,
micropore volume, and total pore volume of all synthe-
sized catalysts were lower than that of SBA-15 support.
Increased metal loadings could lead to higher concentra-
tions of Ce,_,Zr, O, compounds that were accommodated in
the SBA-15 support’s porous channels. This could partially
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block the pores, reducing their accessibility and effectively
reducing their pore volume. Likewise, as the metal loadings
increased, there was a higher concentration of Ce and Zr
metal ions present on the SBA-15 support’s surface. Those
compounds tended to agglomerate and form larger clusters,
which in turn could partially obstruct the micropores within
the SBA-15 support.

In conclusion, the successful synthesis of all Ce,_,Zr, O,/
SBA-15 catalysts was confirmed through the consistent find-
ings of various researchers, whereby similar observations
regarding the changes in surface and pore characteristics
with increasing metal loadings were reported [13, 30-32].
Nevertheless, it was observed that the SBA-15 support
could accommodate metal loadings of up to 40 wt% without
causing their total surface area and porosity to experience
a significant loss. This was an advantage of this ordered
mesoporous SBA-15 support over other non-ordered sup-
ports such as C [33-35], Mg(OH), [36], and TiO, [37].
Thus, the potential drawbacks of pore narrowing and partial
pore-blocking at higher active metal loadings could have
offset the advantage of having an increased amount of active
metal present.

Figure 1a illustrates the N, physisorption isotherms, while
Fig. 1b represents the BJH pore size distribution profiles
of SBA-15 support, 5Ce,_,Zr,0,/SBA-15, 10Ce,_,Zr, O,/
SBA-15, 20Ce,_,Zr,O,/SBA-15, 30Ce,_,Zr,0,/SBA-15,
and 40Ce,_,Zr,0,/SBA-15 catalysts, respectively. These
figures provide a better understanding of their surface
characteristics.

As shown in Fig. la, similar to SBA-15 support, all
synthesized catalysts demonstrated the standard type IV
isotherm indicative of mesoporous materials. Thus, this
also implied that the SBA-15 support’s hexagonal struc-
ture remained unchanged even after the impregnation
of Ce,_,Zr,O, compounds at high loadings up to metal
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Fig. 1 a N, physisorption isotherms and b BJH pore size distribution profiles of SBA-15 support and yCe,_,Zr,O,/SBA-15 catalysts

loading of 40 wt%. Moreover, all isotherms are character-
ized by typical hysteresis loops of H1-type isotherms with
narrow pore size distribution and closures occurring at
relative pressures (P/P,) between 0.45 and 1. Moreover, all
isotherms in Fig. la indicate two distinct regions; firstly,
nitrogen adsorption takes place in a monolayer fashion at
a relative pressure below 0.2, and then, after that relative
pressure, nitrogen adsorption in a multilayer fashion is
started. Similarly, the closure of the hysteresis loop, which
falls within the second region, is characterized by typi-
cal capillary condensation occurring inside the catalyst's
mesopores.

Besides, from the isotherms in Fig. la, it could be
deduced that all synthesized catalysts at different metal
loadings (5-40 wt%) resulted in highly porous materi-
als with uniformly arranged meso-sized pores. Also, it is
noteworthy to mention that despite having the same type
of isotherms, nitrogen uptake significantly decreased with
increasing metal loadings. The decrease in nitrogen uptake
could be associated with the reductions in specific surface
and pore volume as shown in Table 1, which was caused
by pore plugging by denser Ce,;_,Zr,O, compounds with
increasing loadings. Nevertheless, there was a strong resem-
blance between the shape of the hysteresis curves of the syn-
thesized catalysts and that of the SBA-15 support. In short,
this indicated that the synthesis of mesoporous Ce,_,Zr, O,/
SBA-15 catalysts at all five varying metal loadings resulted
in uniform pore shapes and distributions.

As shown in Fig. 1b, SBA-15 support had pore size dis-
tributions within the range of 50 A t0 100 A. In the mean-
time, 5Ce,_,Zr,O,/SBA-15, 10Ce,_,Zr,O,/SBA-15, and
20Ce,_,Zr,0,/SBA-15 catalysts exhibited pore size distribu-
tions ranging from 35 to 110 A, while 30Ce,_,Zr,0,/SBA-
15 and 40Ce,_,Zr,0,/SBA-15 catalysts demonstrated pore
size distributions ranging from 35 to 100 A, respectively.
Thus, this demonstrates that all the synthesized catalysts
exhibited relatively narrow pore size distributions within the
meso-size range. A narrow range of pore sizes in the cata-
lysts suggested that the pores were formed with regularity
and in an organized manner.

Also, Fig. 1b provides a clear depiction that catalysts with
lower metal loadings (5-20 wt%) exhibited wider pore size
distributions, while catalysts with higher metal loadings
(30-40 wt%) displayed narrower pore size distributions. The
observed phenomenon could be associated with the pres-
ence of higher concentrations of Ce,_,Zr,O, compounds at
higher loadings, which likely resulted in partial pore block-
age within the SBA-15 support’s large mesopores. The
findings of this study were in complete agreement with the
research paper published by Yan and his research group [38].
The progressive reduction in surface area and pore volume
with increasing metal loadings as shown in Table 1 provided
additional evidence supporting the above observation.

The broadening of pore size distributions in the
5Ce,_Zr,0,/SBA-15, 10Ce,_,Zr,0,/SBA-15, and
20Ce_,Zr,0,/SBA-15 catalysts, on the other hand, could
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be due to the formation of secondary or interparticle pores.
The existence of these secondary or interparticle pores was
previously reported by a few researchers in early studies [39,
40]. In summary, the surface and pore characteristics of all
synthesized catalysts in various metal loadings indicated that
they were successfully synthesized as the typical charac-
teristics of SBA-15 support were maintained even at high
Ce,_,Zr,0, loadings up to 40 wt%.

Surface Morphology Analysis

Figure 2 illustrates the FESEM micrographs of SBA-15 sup-
port and all the synthesized catalysts with different metal
loadings. Generally, the FESEM micrographs revealed that
SBA-15 support and all the synthesized catalysts of different
catalyst loadings displayed the typical morphology of SBA-
15, featuring elongated meso-channels and fibrous structures
with a uniform size of approximately 0.5 pm [27, 41-43].
While the synthesized catalysts generally maintained the
typical morphology of the SBA-15 support, it was evident
that 30Ce,_,Zr,O,/SBA-15 and 40Ce,_,Zr,0,/SBA-15
exhibited a more prominent presence of swirling patterns
than the other catalysts. Furthermore, significant swirl-
ing was observed to cause some of the elongated tubular
structures of SBA-15 support to be curved and form round
clusters. Still, due to the amorphism of SBA-15 support,
the newly formed Ce,_,Zr,O, bonds could exhibit arbitrary
angles and lengths lacking any consistent pattern or pre-
dictable behavior in the modification of SBA-15 support's
structure. This observation, however, seemed to align with a
statement reported in the study by Bhange et al. [44].
Moreover, Fig. 2 reveals the presence of very mini-
mal deposits or crystals (indicated by small circles)
on the external surface of 5Ce,_,Zr,O,/SBA-15 and
10Ce_,Zr,O,/SBA-15 catalysts. At such low metal load-
ings, the Ce,_,Zr,O, compounds were preferably embedded
inside the SBA-15 support’s internal mesopores. Also, rela-
tively more deposits or crystals were found on the external
surface of the catalysts as the metal loadings increased, as
displayed in Fig. 2. In fact, there was a higher tendency for
the formation of deposits or metal clusters on the SBA-15
external surfaces at higher metal loadings due to the partial
narrowing of the tubular meso-channels. This observation
was in great agreement with the findings in Table 1, where
the specific surface areas, external surface areas, and pore
sizes decreased with increasing metal loadings. In addition,
this observation was consistent with previous reports, which
indicated that during the initial stages, metal incorporation
was more likely to occur within the internal pores, whereas
excessive metal loadings led to preferential deposition on
the external surface of the support [27, 43, 45, 46]. Nev-
ertheless, in any case, the FESEM micrographs in Fig. 2
suggest that the incorporation of Ce,_,Zr,O, compounds
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into SBA-15 support still retained the typical meso-structure
of SBA-15 even at high metal loadings even up to 40 wt%.

Internal Morphology Analysis

To visually examine the changes in the internal morpho-
logical structure of SBA-15 support upon impregnation with
Ce,_,Zr,O, compounds at different metal loadings, TEM
analysis was performed. Figure 3 displays TEM micrographs
of the SBA-15 support and all synthesized catalysts at vary-
ing metal loadings. It could be seen that the micrographs of
each sample demonstrated long, well-ordered mesoporous
channels of SBA-15. Also, it should be noted that the TEM
micrographs revealed that the elongated meso-channels of
all synthesized catalysts were curved, like that of the SBA-
15 support.

The TEM micrographs obtained in Fig. 3 were also con-
sistent with the findings from previous studies [41, 42].
Hence, this proved that the extremely ordered organization
of the pore channels remained intact even after the incorpo-
ration of Ce,_,Zr,O, compounds up to 40 wt% metal load-
ings. Besides, these observations further confirmed that the
impregnation of Ce,_,Zr,O, compounds did not cause any
severe changes in the structural features of SBA-15 support
since there were no signs of significant internal mesopore
deformations shown in all the TEM micrographs in Fig. 3.

Furthermore, in all cases, TEM micrographs did not
reveal any notable aggregation of Ce,_,Zr, O, species,
revealing that the Ce,_,Zr,O, compounds were distributed in
a nearly homogeneous manner within the SBA-15 support’s
framework; probably within the mesopores. In short, based
on the FESEM micrographs (Fig. 2) and TEM micrographs
(Fig. 3), it could be concluded that all synthesized catalysts
maintained their original elongated meso-channeled mor-
phology of SBA-15 support, even at high metal loadings up
to 40 wt.%.

Elemental Composition Analysis

EDX analysis was performed to determine the presence as
well as the nominal elemental composition of O, Si, Ce,
and Zr elements in the SBA-15 support, 5Ce,_,Zr, 0,/
SBA-15, 10Ce,_,Zr,0,/SBA-15, 20Ce,_,Zr,0,/SBA-15,
30Ce,_,Zr,0,/SBA-15, and 40Ce,_,Zr,O0,/SBA-15 cata-
lysts, respectively. The surface elemental compositions of
all synthesized catalysts are represented in Table 2.

In general, the composition of Si elements in all syn-
thesized catalysts was almost similar to that of SBA-15
support. This implied that the surface characteristics of
SBA-15 remained unchanged even after the incorpora-
tion of Ce,_,Zr,O, compounds at different metal loadings.
An intriguing trend was observed regarding the composi-
tions of Ce and Zr elements, which showed an increase
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Fig.2 FESEM micrographs of a SBA-15 support, b 5Ce,_,Zr, O,/SBA-15, ¢ 10Ce,_ Zr, O,/SBA-15, d 20Ce,_,Zr,O,/SBA-15, e 30Ce, _ Zr, O,/
SBA-15, and f 40Ce, _,Zr,O,/SBA-15 catalysts at a magnification of 10000x
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Fig.3 TEM micrographs of a SBA-15 support, b 5Ce,_,Zr, O,/SBA-15, ¢ 10Ce,_,Zr,O,/SBA-15, d 20Ce,_,Zr,0,/SBA-15, e 30Ce,_ Zr, O,/
SBA-15, and f 40Ce, _,Zr,O,/SBA-15 catalysts at a magnification of 40000x
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Table2 Elemental composition of SBA-15 support, yCe,_,Zr, O,/
SBA-15, and spent 10Ce_,Zr,O,/SBA-15 catalysts

Catalyst Elemental composition (wt%)

o Si Ce Zr
SBA-15 76.61 23.39 0 0
5Ce,Zr,0,/SBA-15 70.66 23.32 6.02 0

10Ce,  Zr,0,/SBA-15 71.32 20.32 7.42 0.94
20Ce,_ Zr,0,/SBA-15 64.5 24.66 9.44 14

30Ce,_ Zr,0,/SBA-15 68.36 20.11 9.95 1.58
40Ce,  Zr,0,/SBA-15 66.49 21.91 9.56 2.04
RI 72.33 20.36 6.53 0.78
R2 73.48 20.11 6.13 0.28
R3 73.87 19.62 54 111
R4 7323 19.89 5.54 1.34

with increasing metal loadings from 5 to 40 wt% catalysts.
Except for the 40Ce,_,Zr,O,/SBA-15 catalyst, where the
composition of the Ce element was slightly lower than the
30Ce,_,Zr,0,/SBA-15 catalyst, this deviation remained neg-
ligible. This discrepancy may be attributed to agglomeration
observed at higher catalyst loadings, specifically at 40 wt%,
which could be evident at a specific region on the external
surface and potentially remain unaccounted for during EDX
measurements, leading to a lower recorded composition of
Ce element in 40Ce,_,Zr,0,/SBA-15 catalyst than that of
the 30Ce,_,Zr, O,/SBA-15 catalyst.

Based on the elemental composition data tabulated in
Table 2, it could be concluded that the recorded elemen-
tal compositions of the synthesized catalysts were qualita-
tively consistent with the metal loadings of the prepared
catalysts, hence, evidently indicating the effectiveness of the
preparation method. It should, however, be noted that there
were discrepancies in the element concentrations given in
Table 2 compared to actual concentrations. This is because
EDX analysis was performed only externally to the surface
of the catalysts. Thus, the entrapped elements in the internal
mesopores might be undetected and taken into account in
this analysis.

Functional Group and Chemical Bond Analysis

FTIR analysis was done to evaluate the formation and
interaction of Ce,_,Zr,O, compounds in all SBA-15-sup-
ported catalysts at varying metal loadings. Figure 4 depicts
the FTIR spectra (400-4000 cm™') of 5Ce,  Zr O,/
SBA-15, 10Ce,_,Zr,0,/SBA-15, 20Ce,_,Zr,O,/SBA-
15, 30Ce,_,Zr,O,/SBA-15, and 40Ce,_,Zr,0,/SBA-15
catalysts.

As indicated in the figure, the broad Si—O-Si band,
from 1220 to 1076 cm™! originating from the asymmetric
stretching of Si—O-Si, which was commonly found in the
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Fig.4 FTIR spectra of a SBA-15 support, b 5Ce,_ Zr,O,/SBA-15,
¢ 10Ce,_,Zr,0,/SBA-15, d 20Ce,_,Zr,0,/SBA-15, e 30Ce,_,Zr,0,/
SBA-15, and f 40Ce, _,Zr,O,/SBA-15 catalysts

condensed silica network of SBA-15, was found in SBA-15
support and all synthesized catalysts. Furthermore, SBA-15
support and all synthesized catalysts from 5 to 40 wt% also
exhibited the symmetric stretching of Si—O-Si at 800 cm™!,
and the bending vibration of Si—-O-Si at 451 cm™! [43]. As
seen in Fig. 4, an observable peak at 962 cm™! was attributed
to the vibrational mode of defective Si—~OH bonds formed
during the functionalization of TEOS during the SBA-15
support synthesis. These bands, present in both SBA-15
support and all synthesized catalysts at varying loadings,
suggested that the silica network was formed successfully.
The mesoporous structure remained unchanged even when
Ce,_,Zr,O, compounds were impregnated into the SBA-15
support. One of the most interesting discoveries was the
figure showed a strong absorption peak at 3440 cm™!. This
occurrence was ascribed to the stretching vibration of -OH
groups in lattice water attached between Si—OH from the
SBA-15 support and water molecules or other polar com-
ponents at the Ce,_,Zr,O, compounds’ surface. Also, the
presence of other polar components forming H bonds with
the Si—~OH molecules could also cause the appearance of
this band [43, 47, 48].

Moreover, a band at 1630 cm™!, which signified the pres-
ence of bending vibration of -OH groups of adsorbed mol-
ecules, was present in all the synthesized catalysts, includ-
ing the SBA-15 support. The rapid adsorption of water
molecules into the mesopores of SBA-15 support can be
explained by the existence of hydrophilic Si—-OH groups
in the support material [41] as well as the surrounding air
humidity [49].

As indicated in the FTIR spectra, all synthesized catalysts
had a strong absorption band in the range of 3100 cm™' to
3700 cm™! due to stretching vibration of externally adsorbed
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-OH groups of water molecules on the Ce,_,Zr, O, com-
pounds of the catalysts [50, 51]. Also, all synthesized cata-
lysts demonstrated a peak centered at 1630 cm™! indicating
the bending vibrational mode of -OH groups of water mole-
cules similar to the SBA-15 support in Fig. 4a. Furthermore,
all catalysts exhibited a weak hump at 2390 cm™! indicat-
ing the presence of stretching vibration of the Zr—OH bond.
However, the peak was nearly absent in the 40Ce,_,Zr,O,/
SBA-15 catalyst.

Furthermore, the FTIR spectra of all synthesized cata-
lysts revealed distinct characteristics, with strong symmetric
stretching vibrations of Ce—O and Zr—O bonds at 540 cm™!
and weak symmetric stretching vibrations of Ce—O and Zr-O
bonds at 825 cm™, indicating the presence of Ce,_ Zr,0,
compounds in the catalysts. Also, it should be noted that the
intensities of the peaks at 540 cm ™! and 825 cm™! exhibited
an increase as metal loadings increased. This suggested the
existence of a higher Ce,_,Zr,O, compound concentration
in the catalysts at higher loadings. Therefore, the successful
incorporation of Ce,_,Zr, O, compounds into SBA-15 sup-
port was achieved in all synthesized catalysts from metal
loadings of 5 wt% up to 40 wt%.

However, overlapping between two peaks in the FTIR
spectra can result in the absence of certain peaks, as the
combined peaks obscure the individual contributions. In this
way, a peak at about 460 cm™!, signifying the stretching
vibration of Ce—O and Zr-O of the CeO, and ZrO, phases,
respectively [50, 51], was masked by the Si—~O-Si bending
vibration peak. The same occurrence was also observed for a
peak at about 825 cm™!, which was typical for any metal-O
stretching vibration [52], and was indistinguishable in the
spectra due to overlapping with the Si—-O-Si symmetric
stretching band. In general, the typical bands of SBA-15
support were also found in all the synthesized catalysts,
even at different metal loadings, indicating the successful
formation of the silica network. Despite the impregnation of
Ce,_,Zr, O, compounds even at high loadings up to 40 wt%,
the mesoporous structure remained unaffected.

Catalytic Activity Test
Influence of Metal Loading

This section was focused on investigating the influence of
metal loading on glycerol conversion and lactic acid yield.
Ce,_Zr,O,/SBA-15 catalysts with varying total metal load-
ings (5 wt%, 10 wt%, 20 wt%, 30 wt%, and 40 wt%) on
SBA-15 support were employed for catalyzing the reaction,
whilst other parameters such as catalyst-to-glycerol loading,
reaction temperature, and reaction time were kept constant
at 20 wt%, 250 °C, and 2 h, respectively. The catalytic per-
formance of all synthesized catalysts in terms of glycerol
conversion and lactic acid yield is depicted in Fig. 5.
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Fig.5 Performance of 5Ce,_/Zr,O,/SBA-15, 10Ce,_ Zr,O,/SBA-15,
20Ce,_,Zr,0,/SBA-15, 30Ce,_,Zr,0,/SBA-15, and 40Ce,_/Zr,0,/
SBA-15 catalysts on selective glycerol-to-lactic acid oxidation

In general, Fig. 5 demonstrates remarkable glycerol
conversions, ranging from 72.7% to 93.2%, achieved con-
sistently for all catalysts in different metal loadings (5—40
wt%). The glycerol conversion exhibited an upward trend,
increasing from 72.7% to 93.2% when the metal loading
increased from 5 to 10 wt%. However, a gradual decrease
in conversion was observed thereafter, reaching 89.7% at a
metal loading of 40 wt%. Interestingly, a similar pattern to
glycerol conversion was also observed in lactic acid yield.
The catalytic performance, especially the lactic acid yield
obtained in this work was noteworthy, particularly when
considering that an initial glycerol concentration more than
13 folds higher (13.23 M) was used compared to the work by
Yin et al. [25], where approximately 90% glycerol conver-
sion was achieved using a NiO/graphite catalyst.

The 10Ce,_,Zr,0,/SBA-15 catalyst demonstrated the
highest catalytic performance, with a glycerol conversion
and a lactic acid yield of 93.2% and 41.1%, respectively,
while the lowest catalytic performance with a lactic acid
yield as low as 22% was exhibited by the 5Ce,_,Zr, O,/
SBA-15 catalyst. However, it was worth mentioning that the
decrease in glycerol conversion at increasing metal loadings
from 20 to 40 wt% catalysts was very marginal, while the
decrease in lactic acid yield was substantial. The reduction
in lactic acid yield, as metal loadings increased, could be
associated with enhanced catalytic capability for over-oxi-
dation reactions and/or C—C bond cleavage to acetic acid,
glyceric acid, glycolic acid, pyruvic acid, and oxalic acid.

The lowest catalytic activity of the 5Ce;_,Zr, O,/SBA-
15 catalyst was simply due to the catalyst’s lowest active
metal content. The presence of only 5 wt% of metal sites
proved to be insufficient for effective reaction occurrence,
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thus indicating a reaction-controlling system. Simultane-
ously, this result also indicated the rapid internal diffusion
of the reactant within the SBA-15 support’s mesoporous
channels [53]. Regardless of the 5Ce,_,Zr,0,/SBA-15
catalyst, the highest total surface area, total pore volume,
and average pore size was exhibited by the 10Ce;_,Zr, O,/
SBA-15 catalyst, as presented in Table 1. Hence, it could be
inferred that the 10Ce,_,Zr,O,/SBA-15 catalyst had a suf-
ficiently high dispersion of active metals and an additional
amount of metal sites were readily accessible by the glycerol
molecules. Nevertheless, the marginal reduction in glycerol
conversion with increasing the metal loadings from 10 to
40 wt% demonstrated that higher active metal loadings did
not guarantee enhanced accessibility for glycerol molecules.
The presence of larger and more metal deposits or crystals
on the SBA-15 support’s external surface, as depicted in the
FESEM micrographs in Fig. 2, further supports this claim.

Moreover, the utilization of the 10Ce,_,Zr,O,/SBA-15
catalyst produced glycerol conversion and lactic acid yield
comparable to those reported in earlier research [30, 54].
In contrast, although a high lactic acid yield of 97% was
achieved using the Cu5CaMg catalyst as reported by Bruno
et al. [55], the actual concentration of lactic acid obtained
in their study was relatively low due to the low initial glyc-
erol concentration of only 20 vol.% used. Thus, the active
components played a positive role in lactic acid production,
and when combined with the shape-selective effect of the
mesoporous SBA-15 support, nearly half of the resulting
products consisted of the desired product. As depicted in
Fig. 5, a substantial decrease in lactic acid yield was noted
for metal loadings above 10 wt%, despite almost consistent
glycerol conversions. These findings indicated that the shape
selectivity effect was most pronounced in the 10Ce; _,Zr,O,/
SBA-15 catalyst, surpassing the other catalysts.

This observation was consistent with the catalysts’ sur-
face properties in Table 1, wherein the 10Ce_,Zr, O,/SBA-
15 catalyst exhibited comparatively high total surface area
and average pore size. The significant internal mesopore area
of the catalyst facilitated glycerol molecules’ accessibility to
the active metal sites. This, in turn, enhanced the catalytic
reaction, particularly in the initial step of glycerol-to-lactic
acid transformation, which typically involves glycerol-to-
glyceraldehyde dehydrogenation. The primary occurrence of
this process takes place at the catalyst’s metallic sites. How-
ever, as the active metal loadings increased, the narrowing of
the internal pores might cause the reaction site to gradually
be shifted from the internal mesopores to the external sur-
face with larger pores. Therefore, the shape-selective effect
diminished, resulting in a decline in the yield of lactic acid.

Furthermore, the 10Ce,_,Zr,0,/SBA-15 catalyst exhib-
ited an average pore size of 51.33 A (Table 1), which also
hindered the formation of by-products such as 2-hydroxy-
propenal [56]. This finding aligns with previous findings

which demonstrated that catalysts with average pore sizes
of around 50 A or smaller typically exhibited comparatively
lower selectivity towards lactic acid, in contrast to catalysts
with larger pore diameters [57]. This observation confirms
that the mesoporous 10Ce, _,Zr,O,/SBA-15 catalyst used
had favorable pore characteristics for shape selectivity to
facilitate lactic acid formation from glycerol. Specifically,
this could be attributed due to the shape selectivity effect
observed during the intramolecular Cannizzaro reaction
of pyruvaldehyde to lactic acid [18]. Hence, the increased
surface area and average pore size, allowed for improved
adsorption and interaction of reactant molecules, leading to
increased effective collisions and ultimately resulting in a
greater lactic acid yield. Similar findings were also reported
by several studies [25, 35, 54, 58]. Hence, it could be con-
cluded that the best metal loading was 10 wt%, ensuring an
even distribution of both metals in the SBA-15 mesopores.

Influence of Catalyst Loading

In this section, the influence of catalyst loadings on cat-
alytic performance was explored. The loadings of the
10Ce,_,Zr,O,/SBA-15 catalyst within the range of 5 wt% to
40 wt% were varied relative to the amount of glycerol whilst
keeping the reaction temperature and reaction time con-
stant at 250 °C and 2 h, respectively. Figure 6 presents the
results of glycerol conversion and lactic acid yield using the
10Ce, _,Zr,O,/SBA-15 catalyst at different catalyst loadings.

As shown in Fig. 6, initially increasing the catalyst load-
ing from 5 to 25 wt% resulted in a progressive enhance-
ment in glycerol conversion. However, at 30 wt% loading
a slight decrease was observed in the glycerol conversion,
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Fig.6 Performance of 10Ce,_,Zr,O,/SBA-15 catalyst on selective
glycerol-to-lactic acid oxidation at different catalyst loadings relative
to the amount of glycerol
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reaching a value of 92.1%. Surprisingly, a significant drop
in glycerol conversion occurred when the catalyst loading
was increased further to 35 wt%, plummeting from 92.1%
to 77.2%. The decline in glycerol conversion continued
to 75.4% at 40 wt% loading. Also, it should be noted that
between catalyst loadings of 15 wt% and 30 wt%, the varia-
tions in glycerol conversion were very marginal, indicating
relatively stable performance within this range. Such obser-
vations could potentially be attributed to the equilibrium
established between the intermediates and/or by-products
during the reaction [57, 59].

Furthermore, it was worth mentioning that a 44.8% lactic
acid yield, which was the highest recorded yield so far, was
achieved at a catalyst loading of 15 wt%. Interestingly, any
subsequent increase in catalyst loading proved to be detri-
mental except for 30 wt% loading as shown in Fig. 6. In gen-
eral, these findings suggested a substantial decrease in the
lactic acid selectivity occurred during the reaction and was
accompanied by the generation of an increased formation of
intermediates and/or by-products instead of lactic acid. The
reason for this was mainly because there was an increased
concentration of active sites available for glycerol dehydro-
genation, which was followed by the hydration of aldehyde
intermediates, including glyceraldehyde and pyruvaldehyde,
within the reaction system.

In addition, the influence of equilibrium limitations was
expected to be more pronounced at higher catalyst loadings,
primarily due to the greater extent of the reaction result-
ing in the accumulation of a higher number of intermedi-
ates within the reaction system. Consequently, competing
reactions became more significant, causing rapid depletion
of these intermediates and leading to the formation of by-
products (e.g., pyruvic acid, glyceric acid, and lactaldehyde)
other than lactic acid. It was possibly because as the catalyst
loading increased, the catalyst particles began to agglomer-
ate, leading to reduced accessibility of the glycerol and inter-
mediates to the catalyst. Therefore, the active sites exter-
nally attached to the surface of these agglomerates became
actively involved in the reaction, hindering the internal mass
transfer rates to the active sites within the aggregates [60].

Interestingly, several researchers reported similar trends
in lactic acid yield while manipulating the catalyst loading
relative to the amount of glycerol [30, 45, 54, 61]. Beyond a
certain catalyst loading, further increases failed to yield the
desired effect, instead, a significant drop in the lactic acid
yield was observed. Thus, it might not be advantageous to
use more catalysts at high conversions, as the reaction was
governed by equilibrium. In conclusion, the best catalytic
performance was achieved using a 10Ce,_,Zr,O,/SBA-15
catalyst with a lactic acid yield as high as 44.8%, at a glyc-
erol conversion of 92.6% with 15 wt.% catalyst loading, as
far as achieving the maximum yield of lactic acid was in
concern.
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Influence of Reaction Temperature

The influence of reaction temperature on the catalytic
performance of 10CeZr/SBA-15 was studied. The study
involved varying the reaction temperature between 240 and
270 °C. Lower temperatures were excluded from the study
due to the observed poor catalytic activity at those tempera-
tures. On the other hand, higher temperatures were avoided
because they led to the production of unpleasant-smelling
compounds, indicating a significant decomposition of the
reaction products. Figure 7 depicts the glycerol conversions
and lactic acid yields of 10Ce,_,Zr,0,/SBA-15 catalyst at
different reaction temperatures over a 3 h reaction.

Raising the temperature can lead to enhanced interac-
tion between reactants and catalysts, a decrease in viscosity,
and improved solubility. Moreover, it has the potential to
enhance the diffusion of reactants, intermediates, and prod-
ucts within the active sites, facilitating their movement in
and out [62]. In Fig. 7a, at a reaction temperature of 240 °C,
glycerol conversion steadily increased from 20.2% at 0.5 h
to 63.2% at 1.5 h. Subsequently, at 2 h, there was a sharp
and abrupt increment in the glycerol conversion, reaching
91.3%, and it remained consistently high, averaging 91.1%
thereafter. Similarly, the lactic acid yield profile exhibited a
continuous increase, rising from 3.6% to 25.8% as the reac-
tion time increased. At a reaction temperature of 250 °C
(Fig. 7b), glycerol conversion steadily rose from 23.9% to
94.2% over time. Meanwhile, the lactic acid yield profile
demonstrated an increase from 10.1% at 0.5 h to 31.7% at
2.5 h, followed by a slight decrease to 29.8% beyond the
2.5 h of reaction.

In addition, Fig. 7c clearly illustrates that at a reaction
temperature of 260 °C, the 10Ce,_,Zr,O,/SBA-15 catalyst
consistently maintained a high glycerol conversion rate of
82.9%, even at 0.5 h of reaction time. The glycerol conver-
sion peaked at 94.2% after 2 h of reaction and then gradu-
ally declined to 89.1% thereafter. While the conversion
increased to 94.21% over time, the yield initially rose from
17.1% to 45.3% after 2 h and subsequently experienced a
slight decrease to 32.4% after 3 h of reaction. Similar to the
performance at 260 °C (Fig. 7c), the 10Ce,_,Zr,0,/SBA-15
catalyst exhibited high glycerol conversion right from the
start of the reaction at 270 °C (Fig. 7d). The glycerol con-
version reached its peak at the 2-h reaction and then experi-
enced a slight decline to 84.9% at the end of the 3 h reaction.
Meanwhile, the lactic acid yield increased to a maximum of
37.7% after 2 h of reaction but gradually declined to 30.6%
after 3 h.

Based on the conversion profiles presented in Fig. 7, it is
evident that the 10Ce, _,Zr,O,/SBA-15 catalyst consistently
demonstrated excellent glycerol conversions, surpassing
90% within just 1.5 h of reaction at both 240 °C and 250 °C.
Furthermore, at higher reaction temperatures of 260 °C and
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Fig.7 Performance of 10Ce,_,Zr, O,/SBA-15 catalyst on selective glycerol-to-lactic acid oxidation at different reaction temperatures

270 °C, the glycerol conversion exceeded 90% even within
the first hour of the reaction. These findings were consistent
with the findings by Bruno et al. [55], wherein in that work,
the lowest reaction temperature (200 °C) recorded a glycerol
conversion of 72% while increasing the reaction temperature
from 220 to 260 °C resulted in glycerol conversions exceed-
ing 90%. As a result, it could be deduced that at higher tem-
peratures, the initial step of the reaction, glycerol-to-glycer-
aldehyde dehydrogenation via hydrogen abstraction of the
glycerol molecule's primary hydroxyl group, was acceler-
ated. This acceleration caused glycerol to rapidly diminish,
as evidenced by the high glycerol conversions.
Nevertheless, when the reaction was extended to 2 h, it
was notable that the glycerol conversion at a reaction tem-
perature of 270 °C was lower than that observed at 260 °C.
This behavior could be attributed to the dehydrogenation
reaction's reversible nature, wherein at high concentrations
of intermediates (glyceraldehyde and pyruvaldehyde), the
reverse reaction could be remarkably enhanced [30]. Thus, it
could be inferred that the accelerated production of aldehyde

intermediates at a very high temperature (270 °C) through
the dehydrogenation reaction was not subsequently sup-
ported by a sufficiently fast hydration reaction to form lactic
acid. As a result, these accumulated aldehyde intermediates
triggered the reverse reaction, leading to the regeneration
of glycerol, especially when the reaction time was extended
over a longer period, particularly beyond 2 h as indicated by
the conversion profiles in Fig. 7. However, it was imperative
to note that the decrease in glycerol conversion was very
minimal, hence, the reaction could be considered to be lev-
eled off after 2 h.

Furthermore, it could be seen from Fig. 7 that the lactic
acid yield remarkably increased from 29.6% to 45.3% with
the increase in the reaction temperature from 240 to 260
°C at 2 h of reaction. Upon further increasing the reaction
temperature to 270 °C, a noticeable decrease in the lactic
acid yield was observed, dropping to 41.8%. Interestingly,
while the glycerol conversion remained almost stable beyond
2 h of reaction, the decrease in lactic acid yield indicated
a notable increase in secondary reactions which facilitated
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the generation of additional undesired by-products instead
of the desired product, lactic acid. Likewise, similar find-
ings were reported, suggesting that within the first hour
of reaction, lactic acid was predominantly generated, after
2-3 h, reaching its optimal concentration and further pro-
longing the reaction, a gradual decline in lactic acid con-
centration along with the increase in pyruvic acid were
observed [25, 63]. This phenomenon was likely caused by
the increased reactivity exhibited by the alkenyl aldehydes
(o, p-unsaturated aldehydes) generated during the dehydra-
tion reaction. The presence of electron-rich nucleophilic
sites in the lactic acid molecule itself is capable of easily
participating in a variety of reactions, particularly those that
occur at elevated temperatures. These findings were con-
sistent with the work reported by Ramirez-Lépez et al. [9],
which reported that elevated temperatures could intensify
the thermal decomposition of lactic acid and its intermediate
compounds. Along with glyceric acid, acetic acid, pyruvic
acid, and other acidic by-products, previous reports had indi-
cated that elevated temperatures, particularly with the aid
of highly basic catalysts, could also lead to the formation of
additional by-products such as formate and acetate [64—66].

In short, according to Fig. 7, the highest achievable yield
of lactic acid was approximately 45.3% with a glycerol con-
version of 94.21% after a 2-h reaction conducted at a tem-
perature of 260 °C. At 260 °C, the 10Ce,_,Zr,0,/SBA-15
catalyst demonstrated catalytic performance that was com-
parable to or even superior to earlier studies. Yin and his
co-workers [25] achieved an impressive lactic acid yield,
reaching 80.4% at complete glycerol conversion, but they
employed a 1 M initial glycerol concentration, which was
much lower than that used in this work. In previous investi-
gations conducted by Abdullah et al. [30] and Embong et al.
[54], lactic acid yields of 33.7% and 47% were achieved,
respectively, with above 90% glycerol conversions but at a
reaction temperature as high as 290 °C. The temperature was
significantly higher than the temperature range employed in
this study, where similar performance was attained. Thus,
precise control of the reaction was crucial in facilitating the
predominant occurrence of the desired reaction pathway,
resulting in the selective formation of lactic acid. In short,
260 °C was the most favorable reaction temperature to gen-
erate a lactic acid yield as high as 45.3%, at a 94.2% conver-
sion of glycerol over the 10Ce,_,Zr,O,/SBA-15 catalyst at
a 2-h reaction period.

Reusability of the Catalyst

The catalytic recycling performance of the 10Ce,_,Zr,O,/
SBA-15 catalyst in each cycle of the reaction is presented
in Table 3. In general, the 10Ce,_,Zr,0,/SBA-15 catalyst
showed good catalytic activity up to three cycles of reac-
tion, with only a slight decrease in catalytic performance

@ Springer

Table 3 Performance of 10Ce,_,Zr,0,/SBA-15 catalyst on selective
glycerol-to-lactic acid oxidation for each subsequent reaction cycle

Catalytic run Catalyst Conversion (%) Yield (%)
1 Fresh 94.2 453
2 R1 88.6 329
3 R2 84.9 383
4 R3 78.3 28.6
5 R4 60.3 19.5

after each cycle of reaction. Even after three reaction cycles,
the 10Ce,_,Zr,0,/SBA-15 catalyst demonstrated a glycerol
conversion of 84.9% and a lactic acid yield of 38.3%. This
remarkable performance of the catalyst demonstrated effec-
tiveness and stability throughout multiple cycles of reaction
without severe loss of catalytic activity and selectivity for
lactic acid.

After four consecutive cycles of reaction, lactic acid yield
noticeably decreased from 38.3% to 29.6% accompanied by
decreasing glycerol conversion from 84.9% to 78.3%. It
could be seen that at the fifth cycle of the reaction, both
glycerol conversion and yield of lactic acid continued to
decrease further to 60.3% and 19.5%, respectively. In brief,
the conversion of glycerol and yield of lactic acid decreased
by 33.9% and 25.8% after five cycles of reaction compared
to the fresh catalyst, respectively. Moreover, a correla-
tion between the diminishing catalytic activity after each
consecutive reaction cycle, as evidenced by the elemental
composition analysis results in Table 2 and the increasing
average pore sizes presented in Table 1 could be established.
Specifically, the composition of Ce and Zr elements exhib-
ited a consistent decrease after each reaction cycle up to the
recovered R3 catalyst and the average pore sizes increased
up to the recovered catalyst R3. The decrease in Ce and Zr
elements composition could result in a depletion of surface-
active oxygen species, which were responsible for facilitat-
ing the reaction. Meanwhile, increased average pore sizes
could facilitate the diffusion of intermediate molecules
within the catalyst, which in turn, led to reduced selectiv-
ity for lactic acid and potentially favored undesired side
reactions. Also, it appeared that during the fourth and fifth
cycles of reaction, a significant decline in catalytic activ-
ity was observed due to the accumulation and growth of
Ce,_,Zr,0, compounds externally attached to the surface of
SBA-15 support. The formation of agglomerated particles,
likely resulting from catalyst sintering, hindered the reactant
molecules’ accessibility to the active sites, thereby causing
a loss in catalytic activity.

In short, the results in Table 3 revealed that the
10Ce,_Zr,O,/SBA-15 catalyst was reliably reusable up to
three cycles of reaction with no appreciable loss in its cat-
alytic activity with a conversion of glycerol and a yield of
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lactic acid of 84.9% and 38.3%, respectively. Nevertheless,
the 10Ce;_,Zr,0,/SBA-15 catalyst demonstrated at least com-
parable or even superior reusability in this particular reaction
compared to previously reported studies using different types
of catalysts such as Au/CeO,, AIPMo, CrPMo, and CuO/ZrO,
catalysts [21, 48, 57]. This was because exceptionally low ini-
tial glycerol concentrations were employed in those reactions
compared to this work.

Process Modeling and Kinetic Study
Process Model Development

The 10Ce, _,Zr,O,/SBA-15 catalyst, which demonstrated the
highest catalytic performance in selective glycerol-to-lactic
acid oxidation was chosen as the model catalyst for process
model development and kinetic study investigations. Two
separate process models were developed, one specifically for
glycerol conversion and the other one specifically for lactic
acid yield. After many regressions, the results showed that
the glycerol conversion rate could be modeled empirically by
using a second-order polynomial equation as a function of
reaction temperature and could be expressed as follows:

dx 2
- =DX T PXx+ps

I (10)

where p;, = (=0.000575)T% +0.19T — 9.792 ,
p, = (=0.0019T?+0.9719T - 122.1, p; =
(=0.001688)T? — 0.759T + 85.31.

Similarly, the rate of lactic acid production as a function
of temperature was also modelled and the rate expression
was expressed as follows:
dy

— =py* + Py +ps

I arn

where p, = (0.001198)T? — 0.3554T +10.92 ,
p, = (=0.003036)T% + 1.405T — 161 , Py =
(0.0005586)T% — 0.2601T + 30.3.

The models developed in Eqgs. 10 and 11 were further
validated experimentally. The glycerol conversion and lactic
acid yield obtained from experimental data were compared
with the simulated model. The comparison results between
the experimental and simulated glycerol conversion and lac-
tic acid yield data obtained from the model developed at
different temperatures are presented in Figs. 8 and 9, respec-
tively. In general, the glycerol conversion profiles in Fig. 8
demonstrated good agreement between the experimental and
simulated data across different reaction temperatures with R
values greater than 0.9, except for the reaction temperature
of 250 °C.

Furthermore, it was noteworthy to mention that Eq. 10
exhibited improved accuracy when applied to higher reac-
tion temperature ranges, specifically to temperatures of
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Fig.8 The comparison between the experimental and simulated glycerol conversion profiles at a 240 °C, b 250 °C, ¢ 260 °C, and d 270 °C
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Fig.9 The comparison between the experimental and simulated lactic acid yield profiles at: a 240 °C, b 250 °C, ¢ 260 °C, and d 270 °C

260 °C and 270 °C. This proved that selective glycerol
oxidation to lactic acid had multiple empirical models that
effectively depicted its behavior at varying temperatures.
This is because, at different temperature ranges, the reac-
tion could proceed via different catalytic pathways, needing
separate empirical models to precisely represent the pattern
within each temperature regime. Interestingly, this observa-
tion was consistent with the findings reported by Taylor and
his co-workers [67], who conducted a design of experiments
(DOE) analysis and concluded that the squared temperature
term in the model indicated a more pronounced impact on
the response at elevated temperatures compared to lower
temperatures.

Meanwhile, the profiles of lactic acid yield in Fig. 9 dem-
onstrated a good agreement between the experimental and
simulated lactic acid yield at all reaction temperatures with
R? values between 0.9 and 1. Thus, it could be deduced that
the validated model, Eq. 10, established in this study was
capable of satisfactorily predicting glycerol conversion at
reaction temperatures of 260 °C and 270 °C, while Eq. 11
exhibited the capability to accurately predict lactic acid yield
within the reaction temperatures of 240 °C to 270 °C.

Kinetic Analysis
The kinetic parameters for selective glycerol oxidation to lactic

acid at different temperatures were determined by plotting the
glycerol conversions over time using linear regression analysis.

@ Springer

The estimated specific rate constant values for each reaction
temperature are presented in Table 4. The obtained rate con-
stant values at different temperatures exhibited an increasing
trend with increasing temperatures. Another research group
also reported the same trend in rate constant values [25].

Moreover, the pre-exponential factor, A, and reaction acti-
vation energy, E,, were calculated using the linear regression
method following Eq. 8. The linearized Arrhenius equation
plot is shown in Fig. 10. Hence, according to Fig. 10, the A
and E, values obtained were 7.002 X 10" and 165.3 kJ/mol,
respectively, with good with a reliably good R? value of 0.94.

Thus, the overall reaction kinetics can be expressed as
follows:

_rGly =7.002 X IOISGXP(M> Gly2

8.3142T a2

Furthermore, The activation energies for NaOH [8], CaO
[7], Pt/C in the presence of H, gas [62], Pt/C [62], Cu(16)/

Table 4 The estimated rate constant values at different temperatures

Estimated specific rate
constant, k (1/M.hr)

Temperature (°C)

240 0.0953
250 0.2151
260 0.6129
270 0.7192
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Fig. 10 Linearized Arrhenius equation plot

HAP [11], and Ni/graphite [25] catalysts were reported as
174 kJ/mol, 103 kJ/mol, 53 kJ/mol, 64 kJ/mol, 117.2 kJ/
mol, and 69.2 kJ/mol, respectively. Despite the slightly
higher activation energy reported in this study compared to
some of the previous works, it was important to acknowl-
edge that the initial glycerol concentration (13.23 M) used in
this study was significantly higher than those reported ear-
lier (0.33—1.10 M), which could contribute to an increased

energy barrier. Moreover, it was also worth considering the
influence of alkaline concentrations and reaction tempera-
tures on the activation energy as additional contributing
factors. All prior works employed alkaline media alongside
the catalysts. Besides, the conversion profiles of glycerol at
four different reaction temperatures are presented in Fig. 11,
illustrating a comparison between the experimental and sim-
ulated results.

The SSE values of the kinetic model fitting for the reac-
tion temperatures of 240 °C, 250 °C, 260 °C, and 270 °C,
were 0.1349, 0.1321, 0.067, and 0.0244 respectively. A sig-
nificantly higher SSE for lower reaction temperatures indi-
cated a poorer fit, indicating larger discrepancies between
the predicted data and experimental data. Thus, the reduced
SSE observed at reaction temperatures of 260 °C, and
270 °C indicated an improved fit of the model to the experi-
mental data at those temperatures. In short, this revealed
that the pseudo-second-order kinetic model was appropriate
for the evaluation of selective glycerol oxidation reaction,
especially at higher reaction temperature ranges.

Conclusion
The Ce,_,Zr,0,/SBA-15 catalyst exhibited excellent toler-

ance to high metal loadings, accommodating up to 40 wt%
without experiencing significant reductions in surface area
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Fig. 11 The comparison between the experimental and simulated glycerol conversion profiles at a 240 °C, b 250 °C, ¢ 260 °C, and d 270 °C
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and porosity. The 10Ce,_,Zr,O,/SBA-15 catalyst outper-
formed all other synthesized catalysts, demonstrating the
best catalytic performance, achieving a glycerol conver-
sion of 93.2% and a lactic acid yield of 41.1%. Besides, the
selective glycerol oxidation reaction was thoroughly exam-
ined. The study involved investigating various reaction
conditions, including different catalyst loadings, reaction
temperatures, and reaction times. A catalyst-to-glycerol
loading of 15 wt%, a reaction temperature of 260 °C, and
areaction time of 2 h were determined to be the best reac-
tion conditions. Excellent catalytic performance, with a
high glycerol conversion of 94.2% and a 45.3% lactic acid
yield was demonstrated by the 10Ce,_,Zr, O,/SBA-15 cat-
alyst. The combined role of ordered mesoporosity and the
specific roles of the active sites, that is the synergism cre-
ated by the Ce,_,Zr,O, compounds, made it possible for
the conversion of a high concentration of glycerol. Thus,
precise control of the reaction conditions was crucial in
facilitating the predominant occurrence of the desired
reaction pathway, resulting in the selective synthesis of
lactic acid. This concludes that the accelerated formation
of aldehyde intermediates under these conditions was sub-
sequently supported by a sufficiently fast hydration reac-
tion to form lactic acid.

Furthermore, an empirical process model for both
glycerol conversion and lactic acid yield was successfully
modeled as a function of temperature using a second-
order polynomial equation. The selective glycerol oxida-
tion reaction to lactic acid using 10Ce,_,Zr, O,/SBA-15
catalyst involved mixed multiple and consecutive reac-
tions, which involved pseudo-second-order kinetics. The
10Ce,_,Zr,0,/SBA-15 catalyst exhibited a comparable
activation energy of 165.3 kJ/mol when compared to pre-
viously published works. In short, the developed overall
reaction kinetic model was highly reliable in predicting
the selective glycerol-to-lactic acid oxidation reaction
very well, especially at higher reaction temperatures
(T >260 °C). Thus, this work provides an enhancement to
previous approaches to reaction modeling and enhances
the predictability of glycerol-to-lactic acid oxidation reac-
tions. In short, at a reaction temperature of 260 °C, the
10Ce,_,Zr,O,/SBA-15 catalyst could successfully catalyze
the selective glycerol-to-lactic acid oxidation with high
glycerol conversion and lactic acid yield in only 2 h of
reaction.
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