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Figure 13. Particle motion.
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Figure 14. Collision point trajectory (d, = 100 um).
4.4. Expiry Periods

In Figure 11a, the safe region is defined as the value below 1.99 mm (equal to the critical value
of 4.01 mm in wall thickness [25], which is the minimum wall thickness by the specific theoretical
calculation). When the maximum erosion depth is up to 1.99 mm, the first row of the economizer tube
easily bursts. From this figure, the expiry periods are respectively 710, 530, and 440 days with 100 pm,
150 um, and 200 um. These data indicate the expiry period is shortened as the ash diameter increases.
Moreover, as the ash size increases, the declining amplification of expiry periods is retarded.

5. Conclusions

The present research aims to investigate a novel method for the solution of the evolution process
and its applications to the expiry period of an economizer bank. The CFD-DPM approach coupled
with the UDF of the erosion model and the dynamic mesh technology is utilized to solve this complex
issue. Based on the results of the applications, the following conclusions are made:

(1) The CFD-DPM approach coupled with the UDF of Huang’s erosion model and the dynamic
mesh technology can describe the evolution process of erosion on an economizer bank, especially
the erosion profile; by comparing the simulation results with the erosion profile on-site, the
correctness is verified for this proposed CFD-DPM approach.

(2) The global/local erosion loss and the maximum erosion depth are linearly related to the working
time, but the growth of the maximum erosion depth slows down gradually in the later stage; as
the ash size increases, the growth amplification of global erosion loss, local erosion in the first
row, and the maximum erosion depth decrease.

(3) With increasing time, the collision point trajectory moves along the increasing direction of the
absolute value of 6 in the first row, which explains why the growth of the maximum erosion
depth slows down in later stages.

(4) The expiry period is shortened as the ash diameter increases; moreover, as the ash size increases,
the declining amplification of expiry periods is retarded.
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Nomenclature
A; area of grid element [m?] K model constant
C model constant k f fluid thermal conductivity [W/(m-K)]
Cie  model constant Kn Knudsen number
Cye  model constant mp particle mass [kg]
C3;  model constant p gas pressure [pa]
Cp  drag coefficient Re Reynolds number
C,  model constant 5 Ej;b/l:jszge)]kmehc energy source term
C,  specific heat [J/(kg-K)] s, EE;}D/L(IEZi(;]dISSIPatmn rate source term
Cs  model constant T gas temperature [K]
Cy model constant us gas velocity vector [m/s]
Cy  model constant i; gas velocity of i-direction [m/s]
d;;  deformation tensor up particle velocity vector [m/s]
dp particle diameter [m] X; the coordinate of i-direction [m]
D model constant Vp particle velocity magnitude [m/s]
e total energy [J/kg] Vs gas velocity magnitude [m/s]
contribution of the fluctuating dilatation in
en normal coefficient of velocity restitution Ym compressible turbulence to the overall
dissipation rate [kg/ (m-s?)]
ey tangential coefficient of velocity restitution « incidence angle
E, ;;t/ll(z go]f abrasion loss and particle mass o gas density [kg/m’]
Fp  drag force [N] Oom density of economizer material [kg/m3]
Fs  gravity [N] op particle density [kg/m?]
Fr thermophoretic force [N] Tij Gas stress tensor [pa]
Fs;  Saffman lift force [N] dij Kronecker tensor
g acceleration of gravity [m/s?] Om erosion loss [kg/m]
G, generation of turbuler13ce kinetic energy due At time interval [s]
to buoyancy [kg/(m-s”)]
G generation of turbulence kinetic energy due . . ]
K o the velocity gradients [kg/(m-s)] gas viscosity [pa-s]
h erosion depth [mm] Ut gas second viscosity [pa-s]
hij  erosion depth of grid element [mm] turbulent Prandtl number for k

CRC

kp particle thermal conductivity [W/(m-K)] turbulent Prandt] number for e
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Abstract: Notably available from the cellulose contained in lignocellulosic biomass, glucose
is a highly attractive substrate for eco-efficient processes towards high-value chemicals. A
recent strategy for biomass valorization consists on combining biocatalysis and chemocatalysis
to realise the so-called chemo-enzymatic or hybrid catalysis. Optimisation of the glucose
conversion to 5-hydroxymethylfurfural (HMF) is the object of many research efforts. HMF can
be produced by chemo-catalyzed fructose dehydration, while fructose can be selectively obtained
from enzymatic glucose isomerization. Despite recent advances in HMF production, a fully integrated
efficient process remains to be demonstrated. Our innovative approach consists on a continuous
process involving enzymatic glucose isomerization, selective arylboronic-acid mediated fructose
complexation/transportation, and chemical fructose dehydration to HMF. We designed a novel
reactor based on two aqueous phases dynamically connected via an organic liquid membrane, which
enabled substantial enhancement of glucose conversion (70%) while avoiding intermediate separation
steps. Furthermore, in the as-combined steps, the use of an immobilized glucose isomerase and an
acidic resin facilitates catalyst recycling.

Keywords: (bio) catalysis; biomass; glucose; 5-hydroxymethylfurfural (HMF); chemo-enzymatic
catalysis

1. Introduction

In a context of the fast depletion of fossil resources, lignocellulosic biomass possesses a high
potential as a sustainable raw material for fuels [1] and fine chemicals [2,3] production in industrially
significant volumes. Upon specific physical, chemical and/or biological treatments of lignocellulose,
access can be gained to monomeric sugars [4] like glucose as its main saccharidic component. Glucose
is, as a result, currently considered as one of the most promising starting materials for the conversion
of biomass into drop-in or new high-value platform chemicals [5].

Catalysts 2018, 8, 335; doi:10.3390/ catal8080335 96 www.mdpi.com/journal/catalysts
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Efficient and eco-responsible valorization routes for this new renewable carbon source are highly
desirable, and every field of catalysis should be mobilized as the key to success for a selective
valorization of such a polyfunctional substrate. Biocatalytic processes are already or are about to be
industrialized [6] and heterogeneous or homogeneous catalysis, alone or in combination, have shown
high efficiency for biomass valorization, but lack of selectivity still causes problems in the products’
separation steps [7]. In the last few years, a new paradigm of catalysis has emerged to answer the
challenges of selectivity and productivity by combining biocatalysis and chemocatalysis [8-10]. This
combination is known as chemo-enzymatic catalysis or hybrid catalysis [11,12].

In the field of sustainable and biosourced chemistry, glucose conversion to
5-hydroxymethylfurfural (HMF) deserves specific attention as a platform molecule [13]. Its
hydrogenation, for instance, can lead to 2,5-dimethylfuran (2,5-DMF), a new fuel additive [14] and
a precursor of terephthalic acid after dehydrative Diels—Alder reaction with ethylene to p-xylene
and subsequent oxidation [15,16]. HMF oxidation is also envisioned to obtain 2,5-furandicarboxylic
acid (FDCA), a biosourced alternative to terephthalic acid in polyester plastic production with a
high market potential [17,18]. Unfortunately, abundant glucose is not the substrate of choice for
efficient dehydration to HMF compared to its more expensive fructose isomer. The latter presents a
fructofuranose mutamer more prone to dehydration to a furanic ring with lower energetic barriers [19].
Isomerization of glucose to fructose thus appears as a key step that can hardly be circumvented.
A well-known transformation of glucose to fructose is the enzymatic glucose isomerization,
employed in the industrial production of high-fructose corn syrup “HFCS” [20]. Despite the need
for expensive high-purity glucose, for buffers and multiple ion-exchange resins to get rid of all
the metallic residues in alimentary HFCS, enzymatic isomerization remains the preferred process
compared to chemical isomerization, even if the latter receives a recent renewed interest [21-25].
The aforementioned enzymatic reaction reaches a thermodynamic equilibrium (Keq~1), which
limits glucose conversion [26-28]. Whereas this equilibrium is particularly well-adapted for HFCS
production involving glucose/fructose mixtures, HMF synthesis requires a pure fructose feed
for the subsequent dehydration step, where compatibility issues between catalysts arise: Huang
et al. indeed shown incompatibility between a thermophilic glucose isomerase immobilized
on aminopropyl-functionalized mesoporous silica (FMS) and a heterogeneous Brensted acid
propylsulfonic-FMS-SO3H in a THF:H,O (4:1 v/v) mixture [29]. Isomerization is carried out at 363 K
to reach 61% fructose yield, and then the temperature has to be increased to 403 K to reach a 30% HMF
yield. In the meantime, glucose isomerase is fully denatured.

Strategies have thus been adopted to combine enzymatic isomerization of glucose to fructose
and chemical by separating bio- and chemo-catalysis involving fructose transportation between the
isomerization aqueous phase and an organic phase for subsequent reactivity. Huang et al. [30] describe
this concept for the first time by adding sodium tetraborate in the aqueous isomerization medium to
form a fructoborate compound by complexation with fructose. Transportation of this complex to a
separated organic phase is assisted by a cationic quaternary ammonium and enables enhanced glucose
conversion by shifting the isomerization equilibrium towards fructose. The separate dehydration of
fructose in the organic phase gives an increase in HMF yield up to 63% compared to a yield of 28%
HMF without borate addition, associated to a glucose conversion of 88% instead of 53%. However, in
this work, the complexation selectivity between glucose and fructose was not satisfactory and was thus
further improved by Palkovits et al. who optimized the chemical nature of the complexing boronate
species [31]. A global process exploiting this concept for glucose to HMF production has concomitantly
been proposed by Alipour et al. [32] Therein, fructose is complexed with phenylboronic acid and
transferred to an organic phase, which is separated and contacted with an acidic ionic liquid phase
to promote the release of free fructose. This fructose-rich ionic liquid is further used for dehydration
to HMF in a biphasic medium. The produced HMF is then back-extracted to a last low-boiling
point organic phase. This method involves the use of four different media with intermediate phase
separations. Inspired by these sequential processes, we propose here to circumvent this drawback by
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setting up an innovative integrated implementation minimizing the number of steps and preventing,
among other things, the use of costly and hard-to-recover ionic liquids.

Herein, we highlight an efficient and fully-integrated cascade reactions process to convert
glucose to HMF using an organic liquid membrane separating two aqueous phases for fructose
transportation. This approach that we first proposed as a concept exemplifying the potential of
hybrid catalysis [33] is based on continuous aqueous glucose isomerization, fructose complexation,
extraction and transportation towards an intermediate organic phase. Fructose is then released at
the interface with the second aqueous phase (aqueous receiving phase), where it is subsequently
dehydrated to HMF. This integrated process without intermediate phase recovery, separation and
recycling is presented in Figure 1. Before fully designing the entire process, where all the reactions
are carried out simultaneously, we separately investigated each reaction to notably determine their
respective optimal ranges of conditions before combination: (1) glucose isomerization to fructose
occurs in a primary aqueous feed phase; (2) the as-formed fructose transportation is then made
possible through selective complexation with phenylboronic acid as a carrier associated to a quaternary
ammonium into an organic solvent (4-methyl-2-pentanone “MIBK"); (3) eventually, the fructoboronate
complex is hydrolyzed by acidic conditions in a receiving aqueous phase containing an acidic resin,
which also promotes dehydration of fructose to HMF. MIBK was chosen among different solvents,
such as methyl-tert-amyl-ether, 5-methyl-2-hexanone, dimethyl carbonate, etc. ... but the study
is not presented here. Our criteria were the solubility, toxicity, boiling point. With MIBK and
methyl-tert-amyl-ether, we have obtained the best results in terms of fructose extraction yield but we
have chosen MIBK (117 °C) due to its higher boiling point than that of methyl-fert-amyl-ether (86 °C).
This criterion was important for the implementation of the chemical catalysis step at 80-90 °C. Finally,
our approach was not only focused on the compatibility issues of bio- and chemocatalytic reactions
with the aim of overcoming the isomerization equilibrium limitation, but also pays particular attention
to integrating all the steps to minimize separation and recycling burdens, which can be detrimental
for the overall economics and efficiency of the process. The methodology envisioned to move from a
sequential approach towards an integrated continuous process is schematized in Figure 2.

o-Fru > O-Fru —_—> D-Fru
D-Fru complexation Complex Complex
ENZYMATIC and transportation hydrolysis CHEMICAL
ISOMERIZATION L DEHYDRATION

o-Glc HMF

‘ Aqueous feed phase ‘ QOrganic phase | ‘ Aqueous receiving phase

Figure 1. Hybrid catalysis simultaneous process applied to the transformation of glucose to HMF
(D-Glc = D-glucose, D-Fru = D-Fructose, HMF = 5-hydroxymethylfurfural).
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Figure 2. Methodology from a sequential approach towards an integrated continuous process.

2. Results and Discussion

2.1. Study of D-Glucose Enzymatic Isomerization in the Aqueous Feed Phase

The optimal temperature of use ranges from 333 to 353 K and the optimum pH ranges from pH
7.0 to 9.0 [34]. We first checked the influence of pH and temperature using the lot of Immobilized
Glucose Isomerase (IGI) received from our supplier. A glucose solution at pH 7.5 (Tris-HCI buffer, 100
mM) was prepared and isomerized from 323 K to 363 K. The relative enzymatic activity is presented in
Figure 3, which highlights a maximal enzymatic activity at 343 K. A glucose solution of a pH from
4.5 to 9 (Tris-HCI buffer, 100 mM from pH 7 to 9; sodium phosphate buffer, 100 mM pH 6.5; sodium
citrate buffer, 100 mM pH 4.5) was thus prepared and isomerized at 343 K. The relative enzymatic
activity presented in Figure 4 shows a maximal IGI activity at a pH around 7.5. It is noteworthy that
the IGI maintained more than 80% of its optimal activity between pH 7 and 9. Below a pH of 6.5,
the IGI lost more than 50% of its activity. The pH and the temperature chosen must both allow the
optimal functioning of the enzyme but also promote the extraction phenomenon by maintaining a pH
larger than the pKa of boronic acid. Indeed, the extraction of D-fructose by formation of a complex
[D-fructose-boronic acid] ™ is favored if the pH of the aqueous solution containing D-fructose is larger
than the pKa of boronic acid [22]. The pKa of the main boronic acids are less than 8.5. In this context,
we chose pH 8 that makes it possible to overcome the pKa-related lock of the selected boronic acid to
transport fructose to the organic phase while maintaining a relative activity of more than 80% of IGI.
A D-glucose enzymatic isomerization was then performed in the selected conditions (Tris-HCI 100
mM, pH 8.5, 343 K). The results are presented in Figure 5 as a function of time. A blank reaction (grey
dots) was run in the absence of IGI and showed the absence of D-glucose isomerization or degradation
in the chosen experimental conditions. When IGI was present in the system, the D-fructose amount
increased from 0% to 42% during the first 30 min. From 30 to 60 min, the D-glucose conversion was
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slower, while the D-Fructose amount increased from 42% to 55%. A maximum D-glucose conversion of
55% was finally reached in agreement with the glucose-fructose thermodynamic equilibrium expected
at this temperature (Keq = 1.23), as already observed by McKay et al. [35].

100% + 2

80% + A
60%
40% T+
20% + &

Relative enzymatic
activity

0% t t t t t {
310 320 330 340 350 360 370
Aqueuous phase temperature (K)

Figure 3. Relative enzymatic activity of IGI in D-glucose isomerization at pH 7.5 as a function
of temperature.
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Figure 4. Relative enzymatic activity of IGI in D-glucose isomerization at 343 K as a function of pH.
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Figure 5. D-glucose consumption during the isomerization step as a function of time; (A), D-fructose
formation (OJ), D-glucose amount in the blank experiment at pH 8.5 (O). Initial conditions: D-Glucose
(100 mM), IGI (0.5 g), Tris-HC1 100 mM, pH 8.5, V = 100 mL, 343 K, 750 rpm.

2.2. Organic Liquid Membrane for D-Fructose Complexation/Transportation

In order to enhance the isomerization yield, simultaneous isomerization and
complexation/transportation of D-fructose in a liquid/liquid aqueous/organic biphasic system
was further studied. The temperature was set at 343 K and the pH was chosen as a trade-off to
simultaneously maximize the enzymatic activity (7 < pH < 9); to avoid monosaccharide degradation,
and to enhance the extraction process as reported previously [36], the pH was thus kept at a value of
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8.5 by using a Tris-HCI 100 mM buffer. The extraction was conducted in an organic solvent with low
water miscibility (MIBK) containing a lipophilic arylboronic acid (carrier) and a quaternary ammonium
salt (Aliquat336®) as a phase transfer agent [37]. At pH 8.5, aryl boronic acid ArB(OH), was actually
present under its hydroxylated anionic form, as a tetrahedral aryltrihydroxyborate ArB(OH); ™ [38]. At
the interface between the aqueous and organic phases, D-fructose further reacts with the arylborate
to form a tetrahedral fructoboronate ester (Figure 6) [38]. The fructoboronate complex then forms an
intimate ion pair with Aliquat336®, which enables its transportation to the organic phase [39].

Aqueous feed phase Oragnic phase
1
1
o, OH : on
. OW—SI\OI i : HO—H—OH
oH ~_ | RN
HO v
1
D-Fru :
OH
s}
1 pS
1 OH
' HO N
Sl o ;
2H,0 .7 ! D\?i RN
; Ho R
Fructoboronate
complex

Figure 6. Fructoboronate complex formation at the interphase between the first aqueous phase and the
organic liquid membrane.

2.2.1. Influence of the Boronic Acid Structure

The influence of the boronic acid structure was investigated in order to optimize kinetics
and maximize the selectivity of D-fructose complexation/transportation. Seven arylboronic acids
differing by the electronic properties of their substituents and thus by their pKa were screened in the
complexation reaction with D-fructose (Figure 7): 2,3-DCPBA, 2,4-DCPBA, 3,4-DCPBA, 3,5-DCPBA,
PBA, 4-TBPBA, 4-TFMPBA. The complexation/transportation, which will be referred to as “extraction”
in the following sections, was carried out in a biphasic system, as described before. The pKa of the
different boronic acids and the relative extraction yields are summarized in Table 1 and reported in
Figure 8.

- o HO\B _OH
HO\B/OH ~g
cl
cl
cl
Cl
PBA 2,3-DCPBA 3,4-DCPBA

Figure 7. Cont.
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Figure 7. Structures of the arylboronic acids used for extraction of fructose.

Table 1. Influence of the boronic acid structure on the extraction yield and rate.

. . Extraction Extraction Rate
Boronic Acid pKa Yield % pmol/min

4-TBPBA 9.3 8.3 +5.6 0.52 + 0.08
PBA 9.1 324 + 0.3 1.27 + 0.39
2,4-DCPBA 8.9 43.3 + 1.6 1.56 +0.34
3,4-DCPBA 7.4 46.5 +49 1.48 +0.23
2,3-DCPBA 7.4 49,2 + 1.6 1.99 +0.17
4-TFMPBA 9.1 50.3 +22 1.26 +0.12
3,5-DCPBA 7.4 55.3 + 0.9 1.94 +0.20
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Figure 8. Influence of the arylboronic acid structure on the complexation/transportation process after
45 min. [D-Fructose]; = 100 mM, [Boronic acid] = 100 mM, [Aliquat336®] =200 mM, Tris HC1 100 mM
pH 8.5, MIBK, 343 K, 750 rpm.

A group composed by 2,4-DCPBA, 3,4-DCPBA, 2,3-DCPBA, 4TFMPBA and 3,5-DCPBA showed
the best results with extraction yields between 43% and 55%, while with 4-TBPBA and PBA only 8%
and 32% were achieved, respectively. These results also show that the D-fructose extraction yield
increases when the pKa of the boronic acid used decreases. Better extraction yields were observed
when the pKa of the boronic acid was lower than (or close to) the pH of the aqueous feed phase (8.5).
This analysis supports the hypothesis from Morin et al. [36] and Karpa et al. [37] indicating that higher
extraction yields are obtained when pH > pKa, favoring a predominant tetrahedral anionic borate
form of the complex, which enables its transportation by association with the ammonium carrier. An
exception was, however, observed with 4-TFMPBA with a pKa of 9.1. This might be due to the fact
that 4-TFMPBA has a higher dipolar moment (2.90 D, against 0.43 D to 1.86 D for the other used
boronic acids) that could increase the reactivity. The extraction rates and the pKas (Table 1) seem to be
correlated. A higher pKa of the boronic acid was linked with a lower initial extraction rate. Among the
most effective boronic acids, 3,4-DCPBA was selected for further studies.

2.2.2. Influence of the Boronic Acid: Aliquat336® Molar Ratio

With 3,4-DCPBA as the selected boronic acid, the influence of the molar ratio between the boronic
acid and the ammonium salt Aliquat336® in the organic solvent was investigated. Figure 9 shows
the evolution of D-Fructose concentration in the aqueous phase as a function of time for different
Aliquat336® concentrations (from 0 to 400 mM). D-Fructose and 3,4-DCPBA were initially introduced
at concentrations of 100 mM. In the first 15 min of reaction, the concentration of D-Fructose decreased
irrespective of the Aliquat336® concentration with various initial rates. An equilibrium seemed to be
progressively reached between 15 and 45 min, as no more evolution of the D-Fructose concentration
was then observed. A blank reaction (blue dots) without Aliquat336® nor 3,4-DCPBA was also
tested, which showed no evolution. From these observations, it can be considered that the molar
ratio 3,4-DCPBA:Aliquat336® is a relevant parameter to control the initial D-fructose extraction rate.
Figure 10 shows the evolution of the initial extraction rate and of the D-fructose extraction yield for
different 3,4-DCPBA:Aliquat336® molar ratios (from 1:0.5 to 1:4). The initial extraction rate continuously
increased when the 3,4-DCPBA:Aliquat336® molar ratio increased from 1:0.5 to 1:2 with respectively
0.37 pumol/min and 1.50 pmol/min. Above a 1:2 molar ratio, no further kinetic benefits could be clearly
observed from such an excess of Aliquat336® in the reaction medium. This result is consistent with an
ion-pairing phenomenon between the fructoboronate complex and the Aliquat336® occurring at the
interphase enabling D-fructose transportation. The D-fructose extraction yield increased when the
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3,4-DCPBA:Aliquat336® molar ratio increased from 1:0.5 to 1:2 with respectively 21.5% and 50.0%. As
in the case of the initial extraction rate, above a 1:2 molar ratio no further benefits on the extraction
yield were displayed by using an excess of Aliquat336®. Therefore, in order to maximize the initial
extraction yield and the initial rate while optimizing the quantity of ammonium salt added, an
arylboronic acid:Aliquat336® ratio of 1:2 was selected for the following studies.
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Figure 9. Evolution of [D-fructose] in the aqueous phase as a function of time for different
3,4-DCPBA/ Aliquat336® ratios. [D-fructose]; = 100 mM, [3,4-DCPBA] = 100 mM, [Aliquat336®]
= XmM (X varies from 0 to 400 mM), Tris-HCI 100 mM pH 8.5, MIBK, 343 K, 750 rpm.
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Figure 10. Initial extraction rate in aqueous phase (blue rods) and extraction yield (red dots) in function
of 3,4-DCPBA:Aliquat336® molar ratio. [D-Fructose]; = 100 mM, [3,4-DCPBA] = 100 mM, [Aliquat336®]
=X mM (X varies from 0 to 400 mM), Tris-HC1 100 mM, pH 8.5, MIBK, 343 K, 750 rpm.

2.2.3. Influence of Boronic Acid and Aliquat336® Concentrations

Keeping a molar ratio of arylboronic acid: Aliquat336® equal to 1:2 and at fixed initial
D-Fructose amount, both 3,4-DCPBA and Aliquat336® concentrations were varied, considering the
best compromise between component concentrations and costs (Figure 11). From 0 to 15 min, the
D-Fructose extraction yield increases rapidly and then stabilizes for lowest 3,4-DCPBA concentrations
less than 100 mM. The best extraction yields are thus obtained for higher 3,4-DCPBA concentrations,
the final yield being the highest at 300 mM. The slight difference in extraction yields between 100
mM and 300 mM 3,4-DCPBA concentration does not justify the use of such a concentrated solution.
From Figure 12, the initial extraction rate values for different 3,4-DCPBA:Aliquat336® concentrations
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have been calculated (Table 2). Two behaviors can be observed, the first one for the 25:50 ratio and
the second one for all the other ratios, namely from 50:100 to 300:600. We observed that the larger
the 3,4-DCPBA amount, the higher the initial extraction rate. However, after a certain amount of
3,4-DCPBA, the interface seems to be saturated by 3,4-DCPBA:Aliquat336® complexes and then the
initial rate does not increase anymore. Therefore, further optimization steps considered a concentration
of 100 mM while keeping a molar ratio of 1:2 with Aliquat 336®.

Table 2. Initial extraction rates for various concentrations in the system. [D-Fructose]; = 100 mM,
[3,4-DCPBA] = Y mM (Y varies from 25 to 300 mM), [Aliquat336®] =Yx2 mM, Tris-HCI 100 mM, pH 8.5,

MIBK, 343 K, 750 rpm.
[3,4-DCPBA] Extraction Rate
(mM) (umol/min)
25 0.89 +0.15
50 1.37 +0.41
150 1.45 +0.05
100 1.22 +0.15
200 1.40 +0.21
300 133 +0.14
100% T
° [3,4-DCPBAJ=300mM [3,4-DCPBAJ=200mM @ [3,4-DCPBA]=150mM
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Figure 11. Evolution of the D-Fructose extraction yield for different 3,4-DCPBA and Aliquat336®
concentrations for a 1:2 molar ratio. [D-Fructose]; = 100 mM, [3,4-DCPBA] = Y mM (Y varies from 25 to
300 mM), [Aliquat336®] =Y x 2mM, Tris-HCI 100 mM, pH 8.5, MIBK, 343 K, 750 rpm.

2.2.4. Influence of the D-Fructose: Boronic Acid Molar Ratio

The influence of the D-Fructose: 3,4-DCPBA molar ratio was further investigated. Figure 12
shows the D-fructose extraction yield as a function of this molar ratio. The yield ranged between 40%
and 60%, for ratios from 0.25:1 to 1:1 and between 18% and 28% for ratios from 2:1 to 10:1. When the
3,4-DCPBA was introduced in excess or stoechiometrically compared to D-Fructose (red rods), the
extraction yield was larger than 40%, reaching a maximum of 60% for a two-fold excess of boronic
acid. However, when it was introduced in default (blue rods), the extraction yield did not exceed 35%
without any significant further evolution between a molar ratio of 2:1 to 10:1.
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Figure 12. Influence of the initial D-Fructose:3,4-DCPBA molar ratio on the the extraction yield.
[D-Fructose]; = X mM, [3,4-DCPBA] = 100 mM, [Aliquat336®] =200 mM, Tris-HCI 100 mM, pH 8.5,
MIBK, 343 K, 750 rpm.

2.2.5. Influence of D-fructose and Boronic Acid Concentrations

The evolution of the extracted D-fructose concentration as a function of the initial D-fructose
concentration, for the same 3,4-DCPBA concentration, is shown in Figure 13. Logically, when the initial
concentration of D-fructose increased from 25 mM to 1000 mM, the extracted concentration linearly
increased, according to a straight correlation between the initial amount of D-fructose and the amount
of extracted D-fructose. Keeping a molar D-fructose:boronic acid ratio equal to 1:1 and a molar ratio
of arylboronic acid:Aliquat336® equal to 1:2, a benchmark experiment was set up with the following
parameters: T = 34 K, [D-Fructose]; = 100 mM, [3,4-DCPBA] = 100 mM, [Aliquat 336%] = 200 mM. The
other experiments have been set up by doubling all concentrations. Table 3 presents the extraction
yields and initial extraction rates depending on the variation of the initial D-fructose concentration
while keeping all the molar ratios relative to 3,4-DCPBA and Aliquat336® as constant. An increase
in the concentrations (D-Fructose, 3,4-DCPBA and Aliquat336®) led to a decrease in the D-Fructose
extraction yield. Indeed, at 100 mM of D-Fructose, 43.3% of the fructoboronate complex were extracted
whereas only 32.7% and 27.3% were respectively extracted at 200 mM and 300 mM of D-fructose.
Therefore, the optimal conditions ([D-Fru]/[3,4-DCPBA]/[Aliquat336] ratio of 100/100/200 mM) were
kept for the following studies.
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Figure 13. Influence of the initial D-Fructose concentration on the amount of D-fructose extracted.
[D-Fructose]; = X mM (X varies from 25 to 1000), [3,4-DCPBA] = 100 mM, [Aliquat336®] =200 mM,
Tris-HC1 100 mM, pH 8.5, MIBK, 343 K, 750 rpm.
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Table 3. D-fructose extraction yield and initial extraction rate for different concentrations.

[D-Fru] [3,4-DCPBA] [Aliquat336°] Extraction Yield
mM mM mM %
100 100 200 433 +4.22
200 200 400 32.6 +1.22
300 300 600 27.3 +46

2.2.6. Hydrolysis of the Fructoboronate Complex for D-Fructose Release in the Second Aqueous Phase

The further stage of the D-fructose transportation is the fructoboronate complex hydrolysis for
D-fructose release in the second aqueous phase (the aqueous receiving phase). This hydrolysis step
allows the release of D-fructose in this phase. The influent parameter for the hydrolysis reaction is the
pH of the aqueous solution which will be the “reservoir” of the H* ions necessary for hydrolysis of the
fructoboronate complex. Therefore, the influence of the pH of the second aqueous phase on the release
yield was investigated. pHs of 1, 3, 5 and 8 were tested by using with HySOy4 for pH 1, citrate buffer for
pH 3 and 5 and Tris HCl buffer for pH 8. Prior to these experiments, a D-fructose extraction experiment
was performed complexation/transportation in the optimized conditions (100 mM D-fructose and a
D-fructose: 3,4-DCPBA:Aliquat336® molar ratio of 1:1:2). The organic phase was then recovered and
contacted with the second aqueous phase for the release step. As observed by Paugam et al. [40] and
keeping in mind the final objective of this work that is the obtaining of a simultaneous process, the
saccharide flow from the basic aqueous donor phase to the acidic receiving phase through an organic
phase is favored when a pH gradient is applied between the two phases. Figure 14 shows the evolution
of the D-fructose release yield as a function of time for different pH of the aqueous receiving phase.
In the cases of pH 8 and pH 1, an increase was observed until 30 min (with an initial rate of about
0.6 and 1.8 pmol/min, respectively, Table 4) and a steady-state was reached for a yield of 22.7% and
54.5% for pH 8 and pH 1, respectively. Concerning pH 3 and pH 5, an increase was observed up to 60
min (with an initial rate of 1.5 pmol/min, Figure 14) to obtain respectively 91% and 100% of release.
Considering that the pKa of 3,4-DCPBA is around 7.4, when the pH of the receiving aqueous phase is
8, the pH is then superior to pKa. Then, the release mechanism is unfavorable [40]. With pH 3 and 5,
more than 90% of the extracted D-Fructose were released. Moreover, the experiment with H,SOy at
pH 1 shows full hydrolysis of the fructoboronate complex followed by conversion of D-Fructose to
HMEF, levulinic and formic acid, which explains the high release rate and the decrease in the actual
D-fructose concentration after 15 min.

Table 4. Transport yield and extraction rate of D-fructoboronate hydrolysis to D-fructose and D-fructose
release in the aqueous phase as a function of its pH.

pH Transport Yield Extraction Rate
(%) (umol/min)
5 100 +42 1.58 +0.14
3 91.5 +63 1.53 +0.13
1 54.5 +3.7 1.84 +0.09
8 22.7 +£52 0.63 +0.14
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Figure 14. Influence of the pH of the aqueous receiving phase on the D-fructose complex transportation.
Extraction process: Tris-HC1 100 mM pH 8.5, [D-Fru]; = 100 mM, [3,4-DCPBA] = 100 mM, [Aliquat336®]
=200 mM, MIBK, 343 K. Receiving phase: Citrate buffer 100 mM pH 3 and 5, Tri-HCI pH 8, H2504 for
pH1.

2.3. Study of D-Fructose Dehydration in the Receiving Aqueous Phase

D-Fructose dehydration to HMF was carried out in the receiving aqueous phase. We observed
previously when studying fructoboronate complex transportation and hydrolysis in a highly acidic
aqueous phase the formation of formic and levulinic acids. This confirmed that solutions to minimize
HMEF degradation by rehydration in the aqueous phase are required. An alternative to strong
homogeneous acid has been to use an acidic resin containing strong sulfonic groups. its supported
character facilitating a potential regenerability and recyclability of the catalyst. The use of solid acid
catalysts prevented the problems of recycling, waste treatment and the risks of use and heating strong
acids in liquid form. The type of dehydration catalyst selected for this study was an acidic resin,
more particularly a sulfonic resin grafted onto a solid support. Then we have studied the effect of
temperature (70 °C, 80 °C and 90 °C) on the yield and the selectivity of the reaction to determine the
mass ratio of H*(resin) /D-fructose (1/1,2/1 and 3/1). Finally, we have studied the effect of pH on the
reaction efficiency. The results are not presented because we have logically observed that the HMF
yield increases with the increase of temperature and the H* /D-fructose ratio. However, until 80 °C no
humins are detected but brown colored resin is observed when the temperature is at 90 °C, indicating
the formation and adsorption of humins. Therefore, we chose a temperature of 80 °C and a ratio of 3/1
for the following studies (sequential approach).

2.4. Study of Sequential Process

In the formerly optimized conditions, a sequential process was tested. The first step consisted
on a simultaneous D-glucose isomerization and D-fructose transportation through a fructoboronate
complex, followed by the second step characterized by the hydrolysis of the fructoboronate complex
to D-fructose and release of D-fructose in the aqueous receiving phase, and finally by the dehydration
of fructose to HMF by heterogeneous catalyst in the third step (Figure 15).
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Figure 15. Illustration of the sequential process with isomerization and complexation/transportation
step, hydrolysis/release step and dehydration step.

2.4.1. D-Glucose Isomerization and D-Fructose Complexation/Transportation

The aqueous feed phase contained Tris-HClI buffer 100 mM at pH 8.5, D-Glucose and immobilized
glucose isomerase at the required amount. The organic layer contained the system determined by
the previous study: [3,4-DCPBA] = 100 mM, [Aliquat336®] =200 mM. The initial aqueous D-glucose
concentration was 100 mM. The system was mixed in a reactor where the enzyme was placed in a basket
to avoid any contact with the organic layer. Moreover, the use of MIBK, with low solubility in water,
as an organic solvent contributed to making the contact between MIBK and enzyme negligible. The
system was heated at 343 K for 3 h. The amount of D-glucose and D-fructose were chromatographically
determined in the aqueous phase during the process. Table 5 shows the performance of each step. An
interesting isomerization yield of 74.5% was obtained showing the actual shifting of the equilibrium of
the enzymatic catalysis (55%) by fructose elimination from the media through complexation with the
boronic acid. Moreover, according to the extraction yield of D-fructose and D-glucose, 56.5% and 1%,
respectively, a very high selectivity of the complexation reaction with the chosen boronic acid towards
the D-fructose was actually demonstrated. The partial D-fructose extraction yield of 56.5% showed
that the reaction conditions could be still improved.

Table 5. Results obtained from sequential process. The D-Fructose released yield was calculated using
the amount of D-Fructose in the organic phase at the end of the 1st transport. The fructose conversion
yield was calculated using the amount of fructose in the aqueous receiving phase at the end of the 2nd
transport. The HMF total amount was calculated using the initial amount of glucose in the aqueous
donor phase.

1%t step 27 step 3" step
Isomerization D-Fructose D-Glucose | D-Fructose Fructose HMF | HMF
Extracted Extracted Released | Conversion Yield | Total
% 74.5 56.5 1.56 57.4 52 21.9 5.3
time 3h 3h 35h 41h
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2.4.2. Fructoboronate Complex Hydrolysis, Release of D-Fructose and Dehydration to HMF

The basket of IGI was removed and the aqueous feed phase was discarded and replaced by the
receiving aqueous phase with a citrate buffer at 100 mM keeping a pH 3. The system was heated at
343 K for 3 h. In these conditions, the hydrolysis step led to 63% of fructose release in the aqueous
phase. Then, after 3 h at 343 K, the organic layer was discarded and the acidic resin was introduced.
The system was heated at 363 K. The dehydration step led to a HMF yield of 20% after 10 h. The total
HMEF yield was 5%.

2.5. Study of Continuous Process

In the best conditions previously determined, a continuous integrated process was tested [33].
The reactor, phases and matter flows are presented in Figure 16. The “coaxial” reactor is composed of
two cylinders coaxially placed, a cover enabling introduction of the stirring system and a refrigerant for
temperature control. The inner cylinder contains the donor aqueous phase and has a height less than
that of the outer cylinder which contains the receiving aqueous phase, which allows the organic phase
to be in contact with both aqueous phases. The experiment was conducted with a donor aqueous phase
formed by 50 mL of 100 mM Tris-HCI pH 8.5 containing 100 mM of D-glucose, 200 mg IGI, 20 mM
MgSOy, 8 mM NaySOj3. The receiving aqueous phase was formed by 55 mL of 100 mM sodium citrate
buffer, pH 3. The organic phase consisted of 100 mL of MIBK containing 100 mM of 3,4-DCPBA and
200 mM of Aliquat336®. All the phases were maintained at 343 K. The stirring was carried out at 180
rpm, which is the maximum rate to avoid the mixing of the phases, thanks to a stirring blade immersed
in the organic phase. This “coaxial” reactor was used to simultaneously perform the isomerization,
extraction, hydrolysis and dehydration steps. The monitoring of the D-fructose concentration in the
aqueous phases was carried out, making it possible to calculate the efficiency of the continuous process
for the simultaneous isomerization, fructose extraction and dehydration. The results are shown in

Table 6.

Organic phase  Fructoboronate complex:

Aqueous
receiving phase

Figure 16. Illustration of the continuous process.

Table 6. Results obtained by continuous process.

Isomerization Fructo.se HMF Selectivity
Extraction

Yield (%) 70.1 50.2 41 70.4

The D-glucose isomerization yield was 70%, with 50% of the formed D-fructose transported and a
global HMF yield of 4% (Table 6). Those results are comparable to those obtained by the sequential
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process. Therefore, this process demonstrates the efficiency of using a cascade chemo-enzymatic
catalysis to continuously obtain HMF from D-glucose. However, insufficient agitation of each phase
seems to be the main limitation of this reactor configuration. Further improvements of this proof of
concept towards enhanced HMF yields and global performances will be reported in due course.

3. Materials and Methods

3.1. Chemicals and Reagents

D-Glucose (>99.5%), D-Fructose (>99%), N-methyl-N,N,N-trioctylammonium chloride
(Aliquat336®), 3,4-dichlorophenylboronic acid (3,4-DCPBA), 3,5-dichlorophenylboronic acid
(3,5-DCPBA) (98%), 2,4-dichlorophenylboronic acid (2,4-DCPBA), 2,3-dichlorophenylboronic acid
(2,3-DCPBA), 4-tert-butylphenylboronic acid (4-TBPBA) (>95%), 4-(trifluoromethyl)phenylboronic acid
(4-TEMPBA), Trizma base (>99.9%), hydrochloric acid (36.8-38%), sulfuric acid (95-97%), Sweetzyme
IT®Extra (IGI) (>350 U/g), Dowex monosphere 650C, levulinic acid (LA) (98%), formic acid (FA) (95%),
trisodium citrate (>99%), 5-hydroxymethylfurfural (HMF) (99%) were purchased from Sigma Aldrich
Co. (St. Louis, MO, USA). Phenylboronic acid (PBA) (95%) and 4-methyl-2-pentanone (MIBK) (>99%)
were purchased from Sigma-Fluka (Sigma-Aldrich, St. Louis, MO, USA). Citric acid (>99%) was
purchased from Merck (Merck KGaA, Darmstadt, Germany). Distilled-deionized water (Mili-Q) grad
was used whenever necessary, obtained from a MilliQ water purification system (Millipore, Molsheim,
France).

3.2. Statistical Analysis

The experiments were performed in triplicate each time. The standard deviation for each
experimental result was calculated using Microsoft Excel and reported. The standard deviation
for each value was <5%.

3.3. Characterization

In the conversion/complexation experiments, the determination of reactants, intermediates and
products quantities was carried out using a Shimadzu high-performance liquid chromatography
(HPLC) (Shimadzu Europa, Duisburg, Germany) instrument equipped with a LC-20ADXR pump, a
DGU-20A5R degasser, a SIL-20ACXR autosampler, a SPD-MD20A diode array detector, a CTO-20AC
oven and a CBM-20A communicator module piloted by a LabSolution software (LC Driver Ver1.0,
Shimadzu Europa, Duisburg, Germany). The column was an Aminex HPX-87H (300 mm X 7.8 mm, 9
um; Bio-Rad, Hercules, CA, USA). The mobile phase was 5 mM H,SOy, using isocratic mode with 0.4
mL.min-1. The chosen wavelength for HMF and levulinic acid detection were 284 nm and 266 nm,
respectively. The chosen wavelength for detection of formic acid, D-Glucose and D-Fructose was 195
nm. In the case of monosaccharides, a refractive index detector was also used.

3.4. Aqueous Phase D-Glucose Isomerization (Aqueous Feed Phase) and D-Fructose
Complexation/Transportation

3.4.1. D-Glucose Isomerization in Aqueous Feed Phase

We used one of the commercial enzymes most commonly used for the conversion of starches to
high fructose syrup, namely immobilized glucose isomerase (IGI, Sweetzyme®IT extra) [31]. D-glucose
solution (1 mL) was prepared by mixing D-glucose (100 mM), Na;SO3 (8 mM) and MgSOy (20 mM) in
a buffer solution (100 mM) at a selected pH (Tris-HCl buffer for pH 7, 7.5, 8, 8.5, 9, phosphate buffer
for pH 6.5, or citrate buffer for pH 4.5) and then introduced in an Eppendorf tube. The solution was
incubated at the desired temperature (323 to 363 K) in a Mixing Block (BIOER-102 Thermocell) at 900
rpm. After rehydration in water for 12 h, IGI (10 mg) was put in contact with the aforementioned
prepared D-glucose solution. The reaction time was set at 90 min.
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3.4.2. D-Fructose Transport in the Organic Phase

First, a D-fructose /D-glucose (25 to 600 mM) solution was prepared in Tris-HCl buffer (100 mM).
A volume (600 pL) of this solution was introduced in an Eppendorf tube (solution 1). Aliquat336®
(25-300 mM), and arylboronic acid (25-300 mM) were dissolved in MIBK as a solvent to prepare
solution 2. Then, 600 uL of the solution 2 were introduced in a second Eppendorf tube. Solutions 1
and 2 were incubated at the desired temperature in a mixing block (BIOER-102 Thermocell) at 750 rpm.
After 5 min, both solutions were mixed in an Eppendorf tube placed in the Mixing Block in the same
conditions. After D-fructose transport, the aqueous and organic phases were separated by pipetting.

3.4.3. Aqueous Phase D-Fructose Complex Hydrolysis in Receiving Aqueous Phase

Citrate buffer (600 uL) were introduced in an Eppendorf tube and incubated at the required
temperature (343 K) in a mixing block at 750 rpm. After 5 min, 600 pL of the organic phase obtained
after the extraction procedure and containing the fructoboronate complex were introduced in the tube.
After a reaction time of 45 min, the aqueous and organic phases were separated by pipetting.

3.4.4. Study of Sequential Process from Glucose Isomerization to Fructose Dehydration

A 250 mL vessel (Reactor-ReadyTM Lab Reactor, Radley, Figure 15) equipped with a temperature
control system (Ministat, Huber temperature control system, HUBER, Chippenham, UK) was used for
these experiments.

e  Simultaneous D-glucose isomerization by enzymatic catalysis in the aqueous feed phase and
D-fructose complexation/transportation in the organic phase.

IGI (0.5 g) was loaded in a stirring basket introduced in a first reactor (Figure 15—left) with 100 mL of a
aqueous solution containing D-Glucose (100 mM), Nay;SOy4 (8 mM), MgCl, (20 mM), in Tris-HCl buffer
(100 mM, pH 8.5) at 343 K. Then, 100 mL of MIBK containing 3,4-DCPBA (100 mM) and Aliquat336®
(200 mM) were introduced in the reactor. The mixture was stirred via the stirring basket at 200 rpm,
with the temperature kept at 343 K for 180 min, before discarding the aqueous feed phase.

e D-fructose complex hydrolysis in the aqueous receiving phase.

The organic phase (100 mL) issued from the first reactor and containing the fructoboronate complex
were transferred in a second reactor (Figure 15—middle) and heated at 343 K. Then, 100 mL of a citrate
buffer solution (100 mM, pH 3) were introduced. The mixture was stirred with a turbine stirring shaft
at 200 rpm and set up at 343 K for 180 min.

4. Conclusions

In this work, we have first provided the conditions of the key parameters (temperature, pH,
arylboronic acid structure and concentrations, Aliquat336® concentrations) applied for a sequential
process from glucose to HMF through fructose transportation in an organic liquid membrane. The best
conditions have been then applied to an unprecedented integrated process in a specifically designed
reactor. Therein, enzymatic glucose isomerization and fructose dehydration to HMF, involving an
intermediate fructose transportation by complexation with an aryboronic acid-Aliquat336® complex,
could be carried out simultaneously in independent aqueous phases. These phases were both in
contact with a single organic phase enabling the transportation of fructose from the first aqueous
phase to the second. In this process, we thus succeeded in simultaneously enzymatically isomerizing
glucose to fructose and dehydrating fructose to HMF by minimizing the number of reaction media
and separation steps. Indeed, no intermediate product or phase isolation was necessary. The use of
numerous organic solvents or ionic liquid, as previously described in the literature, is limited to a
unique organic phase used for fructose transportation. Improvement of performances in terms of HMF
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yields implying better diffusion of species between the different phases by improving the conception
of new reactor systems will be reported in due course.
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Abstract: In this work, the kinetics of Meerwein—-Ponndorf-Verley chemoselective reduction of
carbonyl compounds was studied in monolithic continuous-flow microreactors. To the best of
our knowledge, this is the first report on the MPV reaction kinetics performed in a flow process.
The microreactors are a very attractive alternative to the batch reactors conventionally used in
this process. The proposed micro-flow system for synthesis of unsaturated secondary alcohols
proved to be very efficient and easily controlled. The microreactors had reactive cores made of
zirconium-functionalized silica monoliths of excellent catalytic properties and flow characteristics.
The catalytic experiments were carried out with the use of 2-butanol as a hydrogen donor. Herein,
we present the kinetic parameters of cyclohexanone reduction in a flow reactor and data on the
reaction rate for several important ketones and aldehydes. The lack of diffusion constraints in
the microreactors was demonstrated. Our results were compared with those from other authors
and demonstrate the great potential of microreactor applications in fine chemical and complex
intermediate manufacturing.

Keywords: Meerwein-Ponndorf-Verley reduction; kinetics; flow microreactor

1. Introduction

A reduction of carbonyl bond is a widespread route for the synthesis of alcohols. However,
the reaction, classically catalyzed by noble metals and carried out in the presence of molecular
hydrogen, reveals significant limitations, including low selectivity, high sensitivity to sulfur-containing
substrates, and high-pressure requirements. The pharmaceutical industry is concerned with the purity
of its products. The Meerwein-Ponndorf-Verley (MPV) reaction is an attractive method of synthesizing
unsaturated alcohols from ketones or aldehydes using secondary alcohols instead of gaseous hydrogen.
According to a generally accepted mechanism of the MPV reaction, the carbonyl group acts as a
hydrogen acceptor and alcohol as a hydrogen source. The hydrogen transfer occurs when both
substrates are simultaneously coordinated to the same Lewis acidic site (Scheme 1). The formation of a
six-membered transition state ring is considered to be a determining step in the reaction rate.

Catalysts 2018, 8, 221; doi:10.3390/ catal8050221 116 www.mdpi.com/journal/catalysts
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Scheme 1. The mechanism of Meerwein-Ponndorf-Verley (MPV) reduction.

Inexpensive and non-toxic hydrogen donors and catalysts, mild reaction conditions,
and exceptional chemoselectivity render this method of reduction favorable over alternatives. Among
many active species, such as Zr [1,2], Al [3,4], Mg [3,5], and B [6,7], which are considered to be
active catalysts for MPV reduction, zirconium has been shown to be one of the most promising.
In the literature, batch processes are predominantly described with the use of numerous catalysts,
e.g., homogeneous alkoxides [8,9], zeolites [10,11], mesoporous sieves [12-14], and hydrotalcite [15].
Nevertheless, the tedious separation of homogenous catalysts at the end of the process leads to its
deactivation and non-reusability. Powdered catalysts ensure significant benefits over its homogeneous
counterparts. However, filtration is an additional time- and cost-consuming step in the technological
line. Flow microreactors allow one to overcome these drawbacks and have additional advantages,
i.e., high surface-to-volume ratio, improved reaction parameter control, a small equipment size, and a
flexibility of module arrangement.

Flow chemistry is perspective and still not explored field in the area of chemoselective MPV
reduction. Battilocchio et al. reported the protocol for synthesizing various alcohols from aromatic and
aliphatic carbonyl compounds using a packed-bed reactor filled with zirconium hydroxide catalyst [16].
In our previous works [17-19], we demonstrated excellent activity of zirconium-doped silica monolithic
microreactors in cyclohexanone reductions and their improved performance compared with the batch
process. It was shown that zirconium species terminated with propoxy ligands featured the highest
activity in MPV reduction among various Lewis centers immobilized onto monoliths” surfaces used
as reactive cores in microreactors. Extensive studies of structural, physicochemical, and catalytic
properties revealed the high efficiency of the proposed microreactors.

In this work, we present the kinetic studies of MPV reduction with the use of various carbonyl
compounds and 2-butanol as a hydrogen donor. The experiments were performed in continuous-flow
zirconium-propoxide-functionalized microreactors of different lengths.

We determined the kinetic parameters, hardly presented for the MPV reduction process carried
out in a flow regime. The results of the flow and batch reactors were compared with those of other
authors. The kinetic data are crucial to determine the optimum process conditions through the selection
of appropriate catalysts and reaction parameters. The knowledge of basic issues related to the course of
reactions allows one to set new, more effective paths for conducting processes. Despite the possibility of
theoretical computer simulation of the behavior of the reaction system, the experimental determination
of the kinetic equation parameters is still necessary for the development of the reactor model.

2. Results

The characterization of siliceous monolithic microreactors functionalized with zirconium species
and their catalytic properties were described in our previous papers [17,18]. Kinetic studies were
performed in the microreactors featured by the exceptionally low back-pressure. It resulted from
the unique structure of cylindrical-shape monoliths applied as reactive cores [20]. Briefly, monoliths
were characterized by a continuous, macroporous flow-through structure (macropores in the range of
30-50 um), extended with mesopores of bimodal size distributions (3/20 nm) and a high surface area
(340 m?-g~ 1) (Figure 1). The monoliths were functionalized with zirconium propoxide to obtained
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Lewis acid sites on the silica surface. The zirconium cations were terminated by propoxy/hydroxo
ligands, which appeared to be very active catalytic centers [18,19]. The concentration of zirconium,

determined by ICP MS analysis, was 7.03 wt % (in relation to the mass of silica support) in all
studied microreactors.
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Figure 1. (a) SEM image of silica monolith structure; (b) nitrogen adsorption/desorption isotherm and
pore size distribution (insert).

Material functionalization with zirconium precursor did not considerably influence the structural
properties of the support. Only a small decline of the surface area and mesopore volume was observed.
All features have been preserved after multiple reaction cycles.

Detailed studies of the kinetic experiment were performed for the MPV reduction of
cyclohexanone with 2-butanol. First, we checked whether diffusion or activation controls the reaction
rate. External mass transfer limitations are a common phenomenon in porous materials. To exclude the
impact of diffusional effects on the reaction kinetics, the performance of microreactors with monolithic
cores of different lengths were compared with respect to the same residence time, equal to 5 min.
Similar conversions of cyclohexanone, about 40%, were achieved in all microreactors of a 1-8 cm
length, which evidenced the lack of transport constraints (Figure 2).
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Figure 2. Conversion of cyclohexanone in microreactors of different lengths for a residence time of
5 min.

The results of kinetic experiments for cyclohexanone reduction are depicted in Figure 3. Figure 3a
shows the single experimental run carried out for 6 h at 95 °C in a 6 cm long microreactor. The reaction
rate constant (Figure 3c) was determined by assuming the first order kinetics and was calculated using
Equation (1):

In(Cy/C) = kt 1)
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where Cy [mmol-cm~3] is the initial concentration of ketone, C [mmol-cm—3] the substrate
concentration after the reaction in the microreactor of a fixed length, k [min ] the rate constant,
T [min] the residence time.

"l -

il 95°C
100 o u ewmomow | 100 \‘_____-__ i
" -7 -y ® 85°C
P e _ o
80 s Lo & 715G
i /7 7 -
E 60 ';l Rl ”‘,‘« .
z S .- i
2 A g = 2 .
Eaof w7 s -
© VA S
I -
Vil 7
20 95°C 20{ 1K !
=30 min 'Z,//’:v' —mme giiodel
1 — | — S 0
0 50 100 150 200 250 300 350 0 10 20 30 40 0 10 20 30 40
Time [min] Contact time [min] Contact time [min]
(a) (b) (c)

Figure 3. (a) Conversion of cyclohexanone in the 6-cm-long microreactor. (b) Catalytic results for MPV
reduction at 65 °C (¥), 75 °C (a), 85 °C (e), and 95 °C (@) in the microreactor (points—experiments,
lines-model). (c) Plot of In (Cy/C) versus contact time.

Figure 3b confirms good agreement between the experimental data and the model prediction of
the first-order kinetics for the MPV process carried out at different temperatures and contact times in
the range of 5-40 min. Each point corresponds to the average conversion obtained in microreactor
during 6-h-long tests.

The linear relationship rate constant vs. the contact time was observed through the whole
temperature range used in the experiments. The experimental data are in line with those calculated
from first-order kinetics equation.

Temperature dependence of the rate constant was examined in the range of 65-95 °C and is shown
in Figure 4. The activation energy was estimated from linear regression analysis, and it appeared to be
52 kJ-mol~!, and frequency factor keo = 2.69 min~!.
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Figure 4. Arrhenius plot for the MPV reduction of cyclohexanone.

The studies of the MPV reduction in the flow process were extended to other ketones and
aldehydes, and the results, i.e., the conversion, productivity, and reaction rate constant are summarized
in Table 1. Analysis of these data shows that aldehydes are easier to be reduced than ketones.
The reaction rate constant of benzaldehyde reduction was 0.212 min~!, while that for cyclohexanone
was twice lower. Battilocchio et al. also found that aldehydes, compared with aliphatic ketones,
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required a shorter reaction time for complete conversion to alcohols [16]. Steric hindrance is a prevalent
factor that affects the reactivity of the substrates. Citral is a mixture of cis- and trans-isomers signified
as neral and geranial, respectively. The MPV reduction of citral reveals the preferential formation of
its trans product. The yield of geraniol was 20% higher than nerol. The orientation of the carbonyl
group to the molecular chain in geranial reduces steric limitations for binding between the Zr center
and C=0.

Table 1. Data from catalytic experiments.

Conversion * Productivity * Productivity 2 Productivity 3

1 P |
Substrate K= [min™7] [%] [mmol-ge—-h~1]  [mmol-ger—2-h~11 [mmol-gey—1-h~1]

0.106 88 222 - 2.28[21]

0.021 35 0.9 - 0.11[15]

é
(Oj
O, H
5 0.212 99 2.64 1.14 [16] 0.36 [10]
o
A
WH 0.081 80 1.92 0.66 [16] 0.48 [5]
CHy
@
N
1 o
HyC "CHy
(o]
CHy
[}
3C/\/\)
it
NP

0.031/0.047 * 46/61 0.48/0.9 - 0.54 [5]

©/l\ 0.026 40 0.96 0.48 [16] 0.12[22]

0.08 80 2.1 - -

H.

0.041 56 1.32 - 0.72 [23]

HiC.

! this work (reaction temp. 95 °C), ? in the flow process (data form literature), > in the batch process (data form
literature); 4 nerol/ geraniol; * data for the 4-cm-long microreactor.

The impact of both the steric and electronic effect can be observed in the case of cinnamaldehyde
reduction. The low activity can be attributed to the presence of a bulky chain in this substrate and
double bond. The productivity in the reduction process of cinnamaldehyde was significantly lower
than that for benzaldehyde. The reduction of unsaturated ketone, 2-cyclohexen-1-on, is difficult
without affecting the conjugated C=C bond. A significant decrease in conversion was observed
compared to the saturated cyclic carbonyl compound (cyclohexanone); nevertheless, the product was
obtained with 100% selectivity. Aromatic ketones, compared with cyclic ketones, are more difficult to
reduce due to the resonance and inductive effect of the benzene ring [22]. It explains the difference
in conversions of cyclohexanone and acetophenone. No products arising from the Tischenko cross
reaction or from the aldol condensation [24], were detected for any of the investigated substrates.
This evidenced the excellent selectivity of the proposed catalyst.

It should furthermore be highlighted that alcohols produced by the selective hydrogenation of
carbonyl-bearing substrates are fine chemicals of primary interest. They are used as flavor additives,
and intermediates in drug production. Products of the esterification of cinnamyl alcohol, indole-3-acetic
acid, or -lipoic acid were studied for their antioxidant and anti-inflammatory activity [25], and graniol
was checked in colon cancer chemoprevention and treatment [26].
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Our results were compared to the literature data for flow and batch processes. To the best of
our knowledge, the MPV process using heterogeneous powdered catalyst at flow conditions has
only been published in one paper [16]. The productivities of ZrO,-based reactors toward benzyl
alcohol, cinnamyl alcohol, and 1-phenylethanol are nearly 4 times lower than those achieved in the
studied monolithic microreactors. Table 1 shows the productivities from batch reactors obtained
by other research. They are significantly lower than those obtained in the proposed flow system
(except one case). It was due to excellent mixing and mass transfer conditions, offered by innovative
monolithic microreactor characterized by high surface-to-volume ratios. Application of the proposed
continuous-flow microreactor for the MPV process offers not only enhanced productivity, but also
facilitates process handling by excluding contact with reaction media. The latter is of importance when
working with dangerous substances.

3. Materials and Methods

Microreactors were fabricated using silica monoliths as cores. The monoliths were obtained by
combined sol-gel and phase separation methods described in details in [20]. Briefly, polyethylene
glycol (PEG 35 000, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 1 M nitric acid
(Avantor, 65%, Gliwice, Poland). The mixture was cooled in the ice bath and subsequently
tetraethoxysilane (TEOS, ABCR, 99%, Karlsruhe, Germany) was added dropwise. After 30 min
of stirring, cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich) was added. After complete
dissolution, the sol was transferred to the polypropylene molds and stored at 40 °C for 8 days for
gelation and aging. Next, rod-shaped monoliths were washed with deionized water and treated with
1 M ammonia solution (Avantor, 25%) for 8 h at 90 °C. Afterward, the materials were washed, dried at
40 °C for 3 days, and finally calcined at 550 °C for 8 h to remove organic templates. The prepared
monoliths of diameter 4.5 mm were put into heat-shrinkable tubes and equipped with connectors to
obtain flow microreactors.

Zirconium propoxide moieties were grafted onto silica carriers, maintaining Zr/Si ratio fixed at
0.14 and using a solution of zirconium(IV) propoxide (Sigma Aldrich, 70% in 1-propanol) in anhydrous
ethanol (Avantor, 99.8%). Reactive cores were impregnated with the solution and kept for 24 h at 70 °C.
Finally, they were washed with ethanol and dried at 110 °C in nitrogen flow conditions.

Structural properties were analyzed by electron microscopy (TM 30000, Hitachi, Chiyoda, Tokyo,
Japan) and adsorption—-desorption measurements (ASAP 2020, Micromeritics, Norcross, GA, USA).

The continuous-flow microreactors were tested in the MPV reduction of various carbonyl
compounds (cyclohexanone: Sigma Aldrich, 99%, benzaldehyde: Sigma-Aldrich, 99%, acetophenone:
Acros, Geel, Belgium, 98%, cinnamaldehyde: Acros, 99%, citral: Roth, 95-98%, Karlsruhe, Germany,
hexanal: Aldrich, Saint Louis, MO, USA, 98%, nonanal: Aldrich, 95%, 2-cyclohexen-1-one: Acros, 97%)
with 2-butanol (Avantor 99%). The molar ratio of substrates was 1:52. The flow rate was changed in
the range of 0.03-0.24 cm®-min 1. The progress and selectivity of the reaction were monitored by gas
chromatography (FID detector, HP-5 column, 7890A, Agilent, Santa Clara, CA, USA).

The kinetic experiments were carried out in setup shown in Figure 5 for a flow rate fixed at
0.03 cm®-min~—!, at the temperature range of 65-95 °C. The mass of the 1-cm-long microreactor was
0.0375 g. The length of reactive cores was changed from 1 to 8 cm (weight form 0.0375-0.3 g) and
enabled the obtainment of data for different residence times, calculated using Equation (2):

~omel-Vr 003750 Vr
T F F

2

where m is the mass of monolith per length unit [g-cmfl], 1 is the microreactor length [cm], V7 is
the total pore volume, equal to —4 [cm3-g~1] (data from mercury porosimetry), and F is the flow
rate [em®-min~1].
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Figure 5. Scheme of the reaction setup.

4. Conclusions

The outstanding potential of continuous-flow microreactors in the area of selective reduction of
carbonyl compounds was demonstrated. Broad-range and long-term experiments were conducted
to determine the kinetics of the MPV reaction of cyclohexanone in the zirconium-functionalized flow
microreactors. The lack of diffusion constraints in the microreactors was shown. The activation energy
was calculated to be 52 kJ-mol~!. Moreover, reaction rate constants for several ketones and aldehydes
were collected. The rate of the process is necessary to design the apparatus and reaction systems.
Significant differences in process efficiency were recorded for various carbonyl compounds. They were
assigned to steric effects caused by bulky chains, electronic effects of an additional double bond, and an
inductive effect of the benzene ring. We believe that the proposed system can be effectively exploited
for fine chemical and pharmaceutical production.
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Abstract: The discovery of alternative fuels that can replace conventional fuels has become the goal
of many scientific researches. Biodiesel is produced from vegetable oils through a transesterification
reaction that converts triglycerides into fatty acid methyl esters (FAME), with the use of a low
molecular weight alcohol, in different reaction conditions and with different types of catalysts.
Titanium dioxide has shown a high potential as heterogeneous catalyst due to high surface area,
strong metal support interaction, chemical stability, and acid-base property. This review focused on
TiO; as heterogeneous catalyst and its potential applications in the continuous flow production of
biodiesel. Furthermore, the use of micro reactors, able to make possible chemical transformations
not feasible with traditional techniques, will enable a reduction of production costs and a greater
environmental protection.

Keywords: titanium dioxide; heterogeneous catalyst; biodiesel; continuous flow

1. Introduction

Public attention to energy consumption and related emissions of pollutants is growing.
The constant increase in the cost of raw materials derived from petroleum and the growing concerns of
environmental impact have given considerable impetus to new products research from renewable raw
materials and to technological proposal solutions that reduce energy consumption, use of hazardous
substances and waste production, while promoting a model of sustainable development and social
acceptance [1-3].

In recent years, titanium complex catalytic systems consisting of several catalysts or containing
one catalyst with functional additives have found wide applications [4-6]. This application is very
promising, since it appreciably widens the possibility of controlling the activity and selectivity
of catalysts.

Titanium containing catalysts can be divided into organic, inorganic, mixed, and complex catalysts.
Both organic and inorganic titanium compounds represent the main components of the complex
catalysts for esterification and transesterification reactions [7].

Recently, titanium oxide (TiO,) was introduced as an alternative material for heterogeneous
catalysis due to the effect of its high surface area stabilizing the catalysts in its mesoporous structure [8].

Titania-based metal catalysts have attracted interest due to TiO, nanoparticles high activity for
various reduction and oxidation reactions at low pressures and temperatures. Furthermore, TiO, was
found to be a good metal oxide catalyst due to the strong metal support interaction, chemical stability,
and acid-base property [9].

This review focuses on TiO, as an excellent material for heterogeneous catalysis, with potential
applications in biodiesel production. Applications of titanium dioxide as heterogeneous catalyst for
continuous flow processes have been considered.

Catalysts 2019, 9, 75; doi:10.3390/ catal9010075 124 www.mdpi.com/journal/catalysts
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2. Titania-Based Catalysts in Transesterification Reaction

Homogeneous basedcatalysts in the transesterification reaction have some disadvantages, among
which are high energy consumption, expensive separation of the catalyst from the reaction mixture,
and the purification of the raw material. Therefore, to reduce the cost of the purification process,
heterogeneous solid catalysts such as metal oxides were recently used, as they can be easily separated
from the reaction mixture and reused.

Titanium dioxide used as a heterogeneous catalyst shows a wide availability and economical
synthesis modalities.

2.1. Sulfated TiO,

A solid superacidic catalyst used in the petrochemical industry and petroleum refining process
was sulfated doped TiO, [10,11]. This catalyst showed better performances compared to other sulfated
metal oxides due to the acid strength of the TiO, particles which further enhanced with loading of
S04%~ groups on the surface of TiO,. The higher content of sulfate groups determined the formation
of Bronsted acid sites which caused the super acidity of the catalyst [12]. Some studies reported that
the enhancement of the acidic properties after the addition of sulfate ions to metal oxides, caused less
deactivation of the catalyst [13,14].

2.1.1. SO4%~ /TiO,

Hassanpour et al. described sulfated doped TiO, as a solid super-acidic catalyst which is also
used in the petrochemical industry and petroleum refining process and shows better performances
compared to other sulfated metal oxides [15,16]. This is due to the acid strength of the TiO, particles
which further enhanced with loading of SO42~ groups on the surface of TiO,. The synthesized
nano-catalyst Ti(SO4)O (Figure 1) is used for the production of biodiesel deriving from used cooking
oil (UCO).

500 nm 500 nm
Figure 1. TEM images of (a) TiO, and (b) Ti(SO4)O (Copyright of Elsevier, see [15]).

The esterification of free fatty acids (FFAs) and transesterification of oils were conducted
simultaneously using the titanium catalyst (1.5 wt.%), in methanol /UCO in 9:1 ratio, a temperature
reaction of 75 °C, and a reaction time of 3 h, yielding 97.1% of fatty acid methyl esters.
The authors investigated the catalytic activity and re-usability of the Ti(SO4)O for the
esterification/transesterification of UCO. After eight cycles under optimized conditions the amount of
SO4%~ species in the solid acid nano-catalyst slowly decreased and this data resulted higher compared
to other functionalized titania reported in the literature. The formation of polydentate sulfate species
inside the structure of TiO; enhanced the stability of synthesized Ti(SO4)O nanocatalyst and also
presented a higher tolerance to <6 wt.% percentage of free fatty acids in raw material for biodiesel
production (Table 1).
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Table 1. The effect of free fatty acid (FFA) in feedstock on the percentage of fatty acid methyl esters

(FAME) yield.
Oleic acid to oil, wt.% 0.5 1 2 3 4 5 55 6 6.5 7
FAME yield% 97.1 97 97.1 97.01 96.14 95.69 9342 9137 7539 645

Zhao and co-workers have recently studied the catalytic activity of sulfated titanium oxide
(TiO,-S04%7). The authors reported that the high surface acidity of titanium dioxide increased the
yield of butyl acetate to about 92.2% in esterification reaction, and the selectivity of the catalyst mostly
depended on the degree of exposure of reactive crystal facets [17]. In this paper, a high-surface-area
mesoporous sulfated nano-titania was prepared by a simple hydrothermal method without any
template followed by surface sulfate modification (Figure 2). Acid sites with moderate- and superacidic
strength formed in the sulfated titania catalyst. Also, the prepared sulfated sample possessed both
Lewis and Bronsted acid sites. The catalytic activity of sulfated nano-titania with exposed (101) facets
was evaluated using the esterification reaction between acetic acid and n-butanol. Compared with
the exposed (001) facets, the exposed (101) facets showed better catalytic activity of sulfated TiO,
in esterification. Additionally, the as-prepared sulfated sample could be efficiently recycled and
regenerated by simple soaking in sulfuric acid followed by calcination.

Figure 2. (a) TEM and (b) HRTEM images of TiO»-50,~ (Reproduced by permission of The Royal
Society of Chemistry, see [17]).

Furthermore, Ropero-Vega et al. investigated the effect of TiO,-5042~ on the esterification of oleic
acid with ethanol [18]. The maximum conversion of oleic acid was 82.2%, whilst a 100% selectivity
of the catalyst on oleic acid to ester was reported at 80 °C after 3 h. Sulfated titania was prepared
by using ammonium sulfate and sulfuric acid as sulfate precursors. Depending on the sulfation
method, important effects on the acidity, textural properties as well as on activity were found. After
ammonium sulfate was used, a large amount of S=O linked to the titania surface was observed and the
acidity strength determined with Hammett indicators showed strong acidity in the sulfated samples.
The presence of Lewis and Bronsted acid sites in the sulfated titania with sulfuric acid catalyst, were
observed (Figure 3). The sulfated titania showed very high activity for the esterification of fatty acids
with ethanol in a mixture of oleic acid (79%). Conversions up to 82.2% of the oleic acid and selectivity
to ester of 100% were reached after 3 h of reaction at 80 °C.

Bronsted acid sites

H,_H
0.0 70
/TI\ LS.

20
Lewis acid sites

Figure 3. Schematic representation of the Bronsted and Lewis acid sites in the sulfated titania.
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The results showed that sulfated titania is a promising solid acid catalyst to be used in the
esterification of free fatty acids with 2-propanol (Table 2).

Table 2. Conversion of 2-propanol and oleic acid esterification on sulfated titania.

Catalyst 2-Propanol Oleic Acid
[TiO,-HNO3] 0 3.1
[TiO,/S04%~-HpS0,-19] 0.5 2.1
[TiO, /SO42 -(NH4)2S04-1S] 10.54 47.0
[TiO, /S04 -(NH4),S04-1] 46.06 82.2

Three sulfated titania-based solid superacid catalysts were prepared by sol-gel and impregnation
method by Huang and coworkers [19]. Sulfated titania derived gel was dried at 353 K for 24 h and
then calcined in air at 773 K for 3 h and milled into powders (this sample was labeled as ST). Another
sulfated titania was prepared with HNOj instead of HySOj4 solution (this sample was labeled as HST).
Sulfated titania-alumina was labeled as STA. The synthesis of biodiesel was performed from rap oil, at
353 K, after 6-12 h, under atmospheric pressure, with a 1:12 molar ratio of oil to methanol. The highest
yield was obtained using HST catalyst probably due to its stronger surface acidity. The yields of HST
and STA increased with prolonged reaction time, while the optimum reaction time of ST was 8 h
(Figure 4).

50
340
=
= 30
= = STA
S 20
< HST
'>°:' 10 =ST

0

6 8 10 12
Time (h)

Figure 4. Influence of reaction time on the yield of FAME.

Superacid sulfated titania catalyst, TiO, /SOy (TS-series), have been prepared by de Almeida et al.
via the sol-gel technique, with different sulfate concentrations [20]. The relation of structure and
catalytic activity of the prepared material have been evaluated. The catalyst that exhibited the highest
catalytic activity in the methanolysis of soybean and castor oils at 120 °C, for 1 h (40% and 25%,
respectively) was that which displayed the highest specific surface area, average pores diameter and
pore volume, and highest percentage in sulfate groups TS-5 (Figure 5).
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Figure 5. Percentage of FAMEs formed in the methanolysis reaction of soybean and castor oils.

Chen, et al. reported the transesterification reaction of cottonseed oil at 230 °C for 8 h, using a
molar ratio of 12:1 between methanol and oil and an amount of catalyst of 2 wt.%, with a biodiesel
conversion of 90% (Table 3) [21]. The solid acids as heterogeneous catalysts showed high activity
for the transesterification and better adaptability compared to solid base catalysts in presence of a
high acidity of the oil. The solid acid catalysts were prepared by mounting H,SO4 on TiO,-nH,O and
calcinated at 550 °C.

Table 3. Effect of temperature on the transesterification with catalyst TiO, / 5042~ (%, W).

Temperature (°C) Triglycerides Diglycerides Monoglycerides Methyl Esters
200 47 4.8 4 86.5
210 3.2 3.7 3.1 90
220 2.3 2.5 2 93.2
230 1 1.8 1.2 96

2.1.2. SO42~ /TiOy-Z1rO,

Oprescu et al. reported an alternative source for biodiesel production, using microalgae as source
of oil and an amphiphilic S0,42~ /Ti0y-Z1O, superacid catalyst and transesterification over KOH [22].
The extracted oil presented high free fatty acids (FFA) and required pre-treatment, if homogeneous
catalysts were used due to saponification phenomenon and post-production processes. The biodiesel
was obtained by transesterification over KOH and esterification of FFA with methanol using the
amphiphilic 50,42~ /TiO,-ZrO, superacid catalyst. 80,42~ /TiO,-ZrO, was prepared with an alkylsilane
to modify the surface of the catalyst. The attachment of alkylsilane on the surface of SO42~ /TiO»-ZrO,
support was confirmed by FT-IR and thermo gravimetric analysis. The authors evaluated the
catalytic performance varying reaction parameters such as amount of catalyst, reaction time and
algal oil/alcohol molar ratio (Table 4). To reduce algae oil acidity to less than 1% the acid esterification
was carried out and, after transesterification with KOH, the yield of biodiesel was over 96%.

Table 4. Parameters optimization for esterification reaction over 50,42~ /TiOy-ZrO,.

Time Reaction (h) Catalyst Loading (wt.% Algae Oil) ~ Molar Ratio Algae Oil:Methanol Acidity
5 6 1.3 4.98
5 6 1.6 2.23
5 6 1.9 1.57
5 6 1.12 1.60
5 2 1.9 5.40
5 4 1.9 3.34
5 6 19 1.57
5 8 1.9 1.61
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Table 4. Cont.

Time Reaction (h) Catalyst Loading (wt.% Algae Oil) ~ Molar Ratio Algae Oil:Methanol Acidity
1 6 19 3.78
2 6 1.9 2.55
3 6 1.9 2.09
4 6 1.9 1.89
5 6 1.9 1.57
6 6 1.9 1.58

Boffito et al. described the preparation of different samples of sulfated mixed zirconia/titania,
with traditional- and ultrasound (US)-assisted sol-gel synthesis, and the corresponding properties in
the free fatty acids esterification [23]. The acidity and the surface area of sulfated zirconia was increased
through the addition of TiO; and the same properties with the continuous or pulsed US were also
tuned (Table 5). Furthermore, specific values of acidity and surface area were combined to demonstrate
which kind of active sites were involved to obtain better catalytic performances in the free fatty acids
esterification. SZ and SZT, referred to SO42~ /ZrO, and SO42~ /80%Zr0,-20%TiO,, were synthesized
using traditional sol-gel method and both traditional and US assisted sol-gel techniques, respectively,
while samples named USZT referred to US obtained sulfated 80%Zr0,-20%TiO, (Figure 6).

Table 5. List of all samples and of employed synthesis parameters (maximum power = 450 W).

Sample Synthesis Time Sonication Time A(CI; decf;ff/cgl)t y S};reec;f;:nszlgfalc)e
SZ 1230 0" 0.30 107
SZT 1230 0" 0.79 152
SZT_773_6h 1230 0" 0.21 131
USZT_20_1_30 430" 430" 0.92 41.7
USZT_40_0.1_30 430" 418" 1.03 479
USZT_40_0.3_30 430" 12'54" 1.99 232
USZT_40_0.5_7.5 1730 8/45" 1.70 210
USZT_40_0.5_15 260" 130" 2.02 220
USZT_40_0.5_30 430" 21'30” 2.17 153
USZT_40_0.5_60 77'0" 38/30" 0.36 28.1
USZT_40_0.7_30 430" 30°6" 1.86 151
USZT_40_1_15 260" 26'0" 3.06 211
USZT_40_1_30 430" 430" 1.56 44.1

FFA conversion (%)
N
3

=
.,)Q
7

N

®©
;

Figure 6. Conversions obtained after 6 h of reaction, 336 & 2 K, slurry reactor, initial acidity: 7.5 wt.%
(oleic acid), MeOH:oil = 16:100 wt, catalyst:oleic acid = 5:100 wt.
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2.1.3. SO,42~ /TiO,-5i0,

Wang et al. reported a study on the use of SO,2~ /TiO»-SiO, as a solid acid catalyst for
the simultaneous esterification and transesterification of low cost feedstocks with high FFA [24].
The authors reported that with a mixed oil (50% refined cottonseed oil and 50% oleic acid), under 9:1
methanol to oil moral ratio, 6 h reaction time, 3% catalyst loading, and reaction temperature of 200 °C,
a yield of 92% can be achieved. It was also reported that the 5042~ /Ti0,-Si0, catalyst can be re-used
up to 4 times without reducing the catalytic activity (Figure 7).
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@
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Figure 7. Stability of the solid acid catalyst.

Recently, an inexpensive precursor was used in the synthesis of SO42~ /TiO,-SiO, catalyst by
Shao and co-workers [25]. They reported 88% yield for biodiesel production under 20:1 methanol to
UCO molar ratio, 10 wt.% catalyst and 3 h reaction time at 120 °C with constant stirring at 400 rpm.
A sulfated titania—silica composite (S-TSC) was obtained through surface modification of mesoporous
titania—silica composite synthesized using less expensive precursors; titanium oxychloride and sodium
silicate as titania and silica sources respectively. A preformed titania sol facilitated the synthesis of a
mesoporous composite, suitable for surface modification using sulfuric acid to improve its catalytic
performance. FT-IR analysis showed the vibration band, not prominent, of the TIAOASi bond at
943 cm ™!, suggesting the incorporation of titania into silica to form a composite. This vibration band
was substantially shifted to 952 cm™! after the attachment of the sulfate group (Figure 8a). In the
FT-IR spectrum of sulphated titania, calcined at 450 °C, new peaks were observed at 1043-1125 cm ™!
attributable to the presence of the sulfate group (Figure 8b).
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Figure 8. FT-IR spectra of the pure and sulfated titania-silica catalysts (a) titania—silica composite (TSC)
(i), sulfated titania-silica composite (S-TSC) (ii), S-TSC-450 (iii), S-TSC-550 (iv). (b) The FT-IR spectra of
pure and calcined sulfated titania (Copyright of Elsevier, see [25]).
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The catalytic activity of a series of as-prepared TSC, S-TSC calcined samples and pure H>SO4
were evaluated for esterification of oleic acid and transesterification of waste oil with methanol to yield
methyl esters (Table 6). It was observed that at these reaction conditions, S-TSC-450 and S-TSC-550
possessed high catalytic activity comparable to that of pure HySO, implying that surface modification
of the titania-silica composite improved its acidic properties.

Table 6. Reaction of different catalyst in oleic acid esterification and waste oil transesterification.

Catalyst 10% (wt) Conversion % OA Conversion % WO
H,S0, 91.6 94.7
TSC-550 29.6 2.6
S-TSC-450 93.7 77
S-TSC-550 93.8 70.4
S-TSC-650 37.3 12.2
S-TSC-800 9.8 Not active
S-TT-450 93.4 88.1

Reaction conditions: 120 °C, 3 h, molar ratio MeOH/reagent 20/1.

Maniam et al. have recently used 5042 /TiO,-5i05 catalyst for the transesterification of decanter
cake produced from waste palm oil into biodiesel. It was found that 120 °C reaction temperature,
1:15 oil to methanol ratio, 5 h transesterification time, and 13 wt.% catalyst loading, yielded a 91% of
biodiesel [26]. Decanter cake (DC) was a solid waste produced after centrifugation of the crude palm
oil. The pure palm oil was the supernatant while the decanter cake was the sediment. A high free fatty
acids (FFA) content of DC-oil can be subjected to esterification, together with the transesterification

of triglycerides.

2.1.4. SO4%~ /TiO, /La%*

A solid acid catalyst 5042 /TiO,/La%* catalyzed both the esterification and transesterification of
waste cooking oil with high content of free fatty acids (Figure 9) [27].

Bronsted acid sites
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Figure 9. The framework structure of SO4%>~ /TiO,/La’* catalyst.

Under the optimized conditions (catalyst amount 5 wt.% of oil, 10:1 molar ratio methanol to oil,
temperature 110 °C and reaction time of 1 h) biodiesel was obtained with more than 90% of yield.
The catalyst exhibited high activity after five cycles by activation and the content of fatty acid methyl
esters was 96.16% (Table 7).

Table 7. FAMEs yield (%) with various catalyst reused times over catalysts.

Catalyst RT1? RT2Y RT3 ¢ RT4 4 RT5 ©
5042~ /TiO, (ST) 73.3 57.1 39.5 Trace Trace
42~ /Ti0,-Si0; (STS) 80.1 78.6 75.0 70.8 61.6

80,42~ /TiO, /La®" (STL) 923 92.1 91.7 91.1 90.2

a reused one time;  reused two times; © reused three times; 9 reused four times; © reused five times.
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A new SO~ /TiO,-ZrO; solid superacid catalyst loaded with lanthanum was prepared by
Li and coworkers [28]. They studied the catalytic performance for the synthesis of fatty acid methyl
ester from fatty acid and methanol. The optimized conditions for the preparation of the catalyst were
0.1 wt.% amount of La(NO3)3, 0.5 mol~! of the concentration of H,SO, and 550 °C of calcination
temperature. A conversion yield of 95% was reached after 5 h at 60 °C, with a catalyst amount of
5 wt.% and methanol amount of 1 mL/g fatty acid (FA). After five cycles the catalyst can be reused
without any treatments and the conversion efficiency remained still at 90% (Table 8).

Table 8. Stability of the catalyst.

Reaction Cycles

Catalyst
1 (%) 2 (%) 3 (%) 4 (%) 5 (%)
8042~ /Ti0,-Zr0, /La%* 97.8 95.9 95.8 95.1 93.6
S042~ /Ti0y-Zr0O, 86.9 82.5 80.7 73.1 65.2

2.1.5. SO427 /TiO, /Fe;O3

Viswanathan and coworkers synthesized sulfated Fe;O3;/TiO, (SFT) calcinated over
300-900 °C [29]. The authors studied the transesterification of soybean oil with methanol varying
sulfate contents over unsulfated and sulfated Fe;O3/TiO, catalysts and evaluating the acidity
(Figure 10).
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Figure 10. Mechanism of transesterification over sulfated Fe;O3-TiO5.
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The catalysts calcinated below 500 °C showed higher conversion of vegetable oil and significant
yield of biodiesel probably due to the greater affinity of hydroxyl groups of methanol on Fe;O3/TiO,.

The removal of sulfate groups during calcination over 500 °C probably decreased the yield of biodiesel
(Table 9).

Table 9. Products and yields of reactions with unsulfated and sulfated Fe;O3/TiO, catalyst.

Soybean Oil Monoglyceride . S (o . -1 (o Lo o
Sample Conv. (%) Fatty Acids (%) Diglyceride (%) Triglyceride (%) Biodiesel (%)
FT-500 2 23.6 4.20 16.6 76.4 2.80
SFT-300 100 7.54 1.06 Traces 91.4
SFT-500 98.3 5.11 1.01 1.68 922
SFT-700 76.5 155 18.3 20.5 45.7
SFT-900 65.7 11.3 242 343 30.2

Reaction conditions: sample 1.5 g; methanol to oil ratio 1:20; temperature 373 K; time 2 h. ? Time 5 h.

2.2. TiOy-Supported-ZnOy

Afolabi and coworkers studied the catalytic properties of 10 wt.% of mixed metal oxide
TiO,-supported-ZnO catalyst. The conversion of waste cooking oil into biodiesel was investigated at
100, 150, and 200 °C, after 1 h, in the presence of methanol and hexane as co-solvent, with hexane to oil
ratio of 1:1 [30]. Reaction time and temperature increased the biodiesel conversion from 82% to 92%
while using hexane as co-solvent increased the rate of transesterification reaction producing higher
biodiesel yields in shorter time.

Piraman and coworkers used mixed oxides of TiO,-ZnO and ZnO catalysts as active and stable
catalysts for the biodiesel production [31]. 200 mg of TiO,-ZnO catalyst loading exhibited good
catalytic activities, a 98% conversion of fatty acid methyl esters was achieved with 6:1 methanol to oil
molar ratio, in 5 h, at 60 °C. The catalytic performance of TiO,-ZnO mixed oxide was better compared
to ZnO catalyst, and this catalyst can be used for the large-scale biodiesel production (Figure 11).

a) EZnO TiO2-ZnO b) EZnO TiO2-ZnO
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Figure 11. Effect of experimental parameters on FAME conversion: (a) catalyst loading, (b) temperature,
(c) time and (d) methanol/oil molar ratio.
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2.3. Ti0,-MgO

Kalala and coworkers reported the preparation of titania supported MgO catalyst samples (10 and
20 wt.% MgO loading) tested as catalyst for the conversion of waste vegetable oil to biodiesel in
presence of methanol, with an alcohol to oil molar ratio of 18:1 [32]. The effects of reaction temperature
and reaction time increased the oil conversion while the effect of MgO loading on the waste oil
conversion depended on the operating temperature. After 1 h, at 60, 150, 175, and 200 °C the resulting
conversion yields were 42, 55, 86, and 89% respectively, using a 20 wt.% of MgO loading.

In another work, nano-MgO was deposited on titania using deposition-precipitation method and
its activity was tested on the transesterification reaction of soybean oil to biodiesel [33]. The catalyst
activity was improved increasing the reaction temperature from 150 and 225 °C while increasing the
reaction time over 1 h significant conversion was not observed. The authors investigated the stability of
MgO on TiO; and they observed a MgO loss during the reaction between 0.5 and 2.3 percent, without
correlation between the reaction temperature.

Wen et al. used mixed oxides of MgO-TiO, (MT) produced by the sol-gel method to convert waste
cooking oil into biodiesel [34]. The best catalyst was MT-1-923 comprising a Mg/Ti molar ratio of 1 and
calcined at 650 °C. The authors investigated the main reaction parameters such as methanol/oil molar
ratio, catalyst amount and temperature. The best yield of FAME 92.3% was obtained at a molar ratio of
methanol to oil of 50:1; catalyst amount of 10 wt.%; reaction time of 6 h and reaction temperature of
160 °C. They observed that the catalytic activity of MT-1-923 decreased slowly in the recycle process.
To improve catalytic activity, MT-1-923 was regenerated by a two-step washing method (the catalyst
was washed with methanol four times and subsequently with n-hexane once before being dried at
120 °C). The FAME yield slightly increased to 93.8% compared with 92.8% for the fresh catalyst due to
an increase in the specific surface area and average pore diameter. Titanium improved the stability of
the catalyst because of the defects induced by the substitution of Ti ions for Mg ions in the magnesia
lattice. The best catalyst was determined to be MT-1-923, which is comprised of an Mg/ Ti molar ratio
of 1 and calcined at 923 K, based on an assessment of the activity and stability of the catalyst. The main
reaction parameters, including methanol/oil molar ratio, catalyst amount, and temperature, were
investigated (Table 10).

Table 10. Effects of reaction parameters on the performance of the MT-1-923.

Methanol/Oil (Molar Ratio) ~ Catalyst Amount (wt.%) Temperature (K) Biodiesel Yield 2 (%)
20 5 423 52
30 5 423 79.9
40 5 423 83.5
50 5 423 85.6
60 5 423 85.3
50 6 423 86.9
50 8 423 86.9
50 10 423 91.2
50 12 423 91.2
50 15 423 89.3
50 10 403 22.3
50 10 413 67.6
50 10 433 92.3
50 10 443 91.6

@ Reaction conditions: reaction time 6 h, stirring speed 1500 rpm.

2.4. CaTiO;

Kawashima and coworkers investigated the transesterification of rapeseed oil using heterogeneous
base catalysts [35]. They prepared different kinds of metal oxides containing calcium, barium or
magnesium and tested the catalytic activity at 60 °C, a reaction time of 10 h and with a 6:1 molar
ratio of methanol to oil. The calcium-containing catalysts CaTiO3, CaMnOj3, CayFe;Os5, CaZrOs, and
CaCeOj3 showed high activities and yields of biodiesel conversion (Table 11).
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Table 11. Surface area and catalytic activities of metal oxides.

Sample Surface Area (m?/g) Methyl Ester Yield (%)
CaTiO3 49 79

CaMnO3 1.5 92
C32F8205 0.7 92

CaZrO3 1.8 88

CaCeO3 2.9 89

BaZrOs 3.3 04

BaCeO3 2.8 -

MgZrOs 7.4 0.5

MgCeO3 7.7 0.4

2.5. K-Loading/TiO;

Guerrero and coworkers studied the transesterification reaction of canola oil on titania-supported
catalysts with varying loadings of potassium [36]. In a previous work they investigated 20% K-loading
catalyst under air conditions and without any treatment before reaction, which achieved the total
conversion to methyl esters (Figure 12).
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Figure 12. Conversion of canola oil to methyl esters with (a) K/TiNT and (b) K/TiO2 catalysts.

Afterwards they studied the transesterification reaction of canola oil for the biodiesel production
using a hydrotreated TiO, supported potassium catalyst, K/TiHT [37]. The calcination at different
temperatures led to the transformation of the supported potassium catalyst into a titanate form of
oxide and this increased the activity of the catalyst. The recovery of the catalyst was then used in
successive reactions leading to stable conversions and a maximum conversion was achieved with the
optimum reaction conditions using a catalyst loading of 6% (w/w), a methanol to oil ratio of 54:1, and
a temperature of reaction of 55 °C, with a catalyst calcined at 700 °C.

In a work by Klimova et al., sodium titanate nanotubes (TNT) doped with potassium were
synthesized by the Kasuga method and tested as catalysts for biodiesel production [38]. To increase
the basicity of the catalyst, potassium was added to the nanotubes and the efficiency in the
transesterification of soybean oil with methanol was improved. To increase potassium loadings
in the nanotubes the NaOH/KOH molar ratio was turned from 9:1 to 7:3. Sodium trititanate
nanotubes containing 1.5 wt.% of potassium were obtained using a NaOH/KOH molar ratio of
9:1, with a 10 M alkali solution. Titanate nanotubes with larger potassium loadings (3.2 and 3.3 wt.%)
were obtained increasing the proportion of KOH to 20 and 30 mol.% in the NaOH/KOH solutions.
Potassium-containing nanotubes showed higher catalytic activity in the transesterification reaction
compared to the pure sodium used as a reference. The best results were obtained at 80 °C, after 1 h with
the samples containing 3.2-3.3 wt.% of potassium obtaining a biodiesel conversion yield of 94-96%
(Table 12).
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Table 12. Catalytic activity of the NaK(X)TNT (X refers to the percentage of the potassium loaded) samples.

Sample NaTNT NaK(@10)TNT NaK((0)TNT NaK@BO)TNT
Conversion to biodiesel (%) 58.4 74.3 96.2 94.3
Kinematic viscosity (mm?/s) 7.8 6.0 4.3 4.5

Table 13 summarized the data previously reported.

Table 13. Use of titanium dioxide as catalyst in batch production of biodiesel.

Oil Source Catalyst Reactor Conditions Yield % Ref.
75°C,3h,
Waste [Ti(SO4)O] glass batch methanol/oil 9:1 97.1 [15]
catalyst 1.5 wt.%
Aceti 120 °C, 150 min
acid nfgu:aml TiO,-80,2~ flask methanol/oil 1.2 922 [17]
’ catalyst 1.8 g
[TiO, /S042-(NHy)2S04] reflux 80°C,3h
Oleic [TiO5 /S042-H,S04] condenser methanol/oil 10:1 822 [18]
[TiO /SO42-(NHy);S04-1S] catalyst 2 wt.%
353K, 6-12h,
Rapeseed Ti0,-5042~ flask methanol/oil 12:1 51 [19]
catalyst 1.2 g
Soybean . P stainless steel 120°C,1h 40
Castor Ti02/504 batch methanol/oil/catalyst 120:20:1 25 [20]
230°C, 8 h
Cottonseed Ti0,-5042 autoclave methanol/oil 12:1 90 [21]
catalyst 2 wt.%
5h,
Microalgae S04%~ /TiOy-ZrO, flask methanol/oil 9:1 96 [22]
catalyst 6 wt.%
6hat336+2K,
Rapeseed S04%~ /80%Zr0y-20%TiO, oil bath methanol/oil 4.5:1 42.4 23]
catalyst 5 wt.%
200 °C,
Waste 504%™ /TiO,-SiO, autoclave methanol/oil 9:1 92 [24]
catalyst 3 wt.%
Waste Ti02-5i0; autoclave met}-nza(i-no(lj// s)ilh 20:1 947 [25]
S 2 /Ty G : 5
Oleic acid SO4~~ /TiO,-Si0, catalyst 10 wt% 93.8
120°C,5h
Waste 5042~ /TiO,-SiO, reaction flask methanol/oil 15:1 91 [26]
catalyst 13 wt.%
110°C,1h
2— /Ty 3+ ’
Waste S04~ /Ti0,/La autoclave methanol/oil 10:1 catalyst 5 wt.% 96.16 [27]
60°C,5h
Rapeseed 5042 /Zr0,-TiO, /La®* flask 5 wt.%, methanol 1 mL/g fatty acid 95 [28]
(FA)
100 °C, 2 h,
Soybean sulfated Fe;O3/TiO, autoclave methanol/oil 20:1 922 [29]
catalyst 15 wt.%
ressurized 200°C, 1h,
Waste TiO,-Zn0 pressurize methanol /oil 18:1 82.1 [30]
reactor
catalyst 10 wt.%
60°C,5h
Palm TiO,-ZnO flask methanol/oil 6:1 98 [31]
catalyst 200 mg
stainless steel 225°C,1h
Waste TiO,-MgO s methanol /oil 18:1 100 [32]
batch
catalyst 20 wt.%
stainless steel 225°C,1h
Soybean Nano-MgO TiO, staiyess methanol/oil 18:1 84 [33]

batch

catalyst 5 wt.%
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Table 13. Cont.

Oil Source Catalyst Reactor Conditions Yield % Ref.
tainl teel 423K, 6h,
Waste TiO,-MgO s a‘izf;s e methanol/oil 30:1 923 [34]
catalyst 5 wt.%
. 60°C,10h
Rapeseed CaTiO3 flask methanol /ol 6:1 90 [35]
. 70°C,5h
Canola K/TI.NT lass batch methanol/oil 36:1 100 [36]
K/TiO, &
2 catalyst 20 wt.%
55°C,3h
Canola K/TiHT glass batch methanol/oil 54:1 >90 [37]
catalyst 20 wt.%
stainless steel 80°C,1h
Soybean NaK(20)TNT NaOH/KOH 7:3 96.2 [38]

batch catalyst 3.2 wt.%

3. Titania-Based Catalysts in Continuous Flow Microreactors

Flow chemistry is currently widely applied in the preparation of organic compounds, drugs,
natural products and materials in a sustainable manner. Microreactors and streaming technologies
have played an important role in both academic and industrial research in recent years, offering
a viable alternative to batch processes [39—42]. The use of continuous processes, within “micro or
meso-reactors”, allowed access to a wider profile of reaction conditions not accessible through the use
of traditional systems. The microfluidic systems allowed an optimization of the reaction parameters,
such as mixing, flow rate, and residence time. Furthermore, pressure and temperature can be easily
controlled, in parallel with other conditions such as solvent, stoichiometry and work-up operations.

Most efforts in this area focused on the selection of effective catalysts for biodiesel conversion
via transesterification. However, to scale up the biodiesel production, many researchers utilized
continuous-flow regime to continuously convert lipids to biodiesel with preferable process design to
solve the problems encountered during continuous operation [43,44].

The advantages and limitations of using catalyzed transesterification in conventional
continuous-flow reactors could minimize mass transfer resistance and improve biodiesel conversion.
Conventionally, due to the presence of multiple phases during the catalytic reaction, the mass transfer
between reactants and catalysts, as well as the type of catalyst used are the two major factors that
should be considered during the design of the reactor applied for the targeted conversion [45].

Joshi and coworkers outlined the catalytic thermolysis of Jatropha oil using a model fixed
bed reactor (Figure 13), in a range of temperature between 340 and 420 °C and at liquid hourly
space velocity (LHSV) of 1.12, 1.87, and 2.25 h~! (Table 14) [46]. They synthesized Amorphous
Alumino-Silicate heterogeneous catalysts, separately loaded with transition metal oxide such as titania
(SAT). The distillation over the temperature range of 60-200 °C of the crude liquid mixture produced
four fractions. The boiling point, specific gravity, viscosity and calorific value of the first fraction
resembled the properties of petrol while the second and the third fractions resembled diesel.

SAT

Jathropa oil — Biodiesel

340-420 °C

Figure 13. Schematic diagram of lab scale fixed bed reactor.
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Table 14. Experimental results of Jatropha oil cracking over titania (SAT).

Temperature LHSV (h-1) Liquid Crude Gaseous Product  Distilled Biofuel Condensed
©Q) (vol.%) (per L of Feed) (vol.%) Water (vol.%)
340 112 187 225 77 80 84 85 88 76 57 55 58 15 0.9 1.3
380 112 187 225 79 85 87 90 78 95 55 59 51 21 1.6 1
420 112 187 225 75 77 80 102 98 105 52 54 50 11 07 09

McNeff and coworkers developed a novel continuous fixed bed reactor process for the
biodiesel production using a metal oxide-based catalyst [47]. Porous zirconia, titania and alumina
micro-particulate heterogeneous catalysts were used in the esterification and transesterfication
reactions under continuous conditions, high pressure (2500 psi) and elevated temperature (300-450 °C).
The authors described a simultaneous continuous transesterification of triglycerides and esterification
of free fatty acids, with residence times of 5.4 s (Table 15). Biodiesel was produced from soybean oil,
acidulated soapstock, tall oil, algae oil, and corn oil with different alcohols and the process can be
easily scaled up for more than 115 h without loss of conversion efficiency.

Table 15. Biodiesel production condition for base modified titania catalysts.

Catalyst BMT BMT BMT UMT None
Reactor volume (mL) 23.55 23.55 23.55 23.55 2.49
Preheater T (°C) 363 370 340 350 455
Column inlet T (°C) 348 359 343 353 445
Column outlet T (°C) 339 325 344 355 462
Initial T (°C) 209 184 247 247 203
Final T (°C) 94 63 76 76 57
Initial P (psi) 3.65 3.1 2.5 2.5 3.05
Final P (psi) 2.7 2.7 2.3 2.3 2.7
Molar ratio (alcohol/o0il) 327 32.7 32.7 50.0 327
Total flow rate (mL/min) 15.904 15.904 15.904 15.904 17.808
Residence time (s) 56.9 56.9 56.9 56.9 54

BMT: Base Modified Titania, UMT: Unmodified Titania.

The biodiesel plant based on the Mcgyan process is reported in Figure 14. The use of two high
pressure HPLC pumps was shown. The oil feedstock was filtered under high pressure before entering
the heat exchanger and combining with methanol. Both the alcohol and lipid feedstock were pumped
into a stainless steel heat exchanger. Afterwards the reactant streams were combined using a “T” and
preheated before entering the thermostated fixed bed catalytic reactor. The temperature was controlled
and the backpressure of the system was maintained through the use of a backpressure regulator.

In another work of the same authors a highly efficient continuous catalytic process to produce
biodiesel from Dunaliella tertiolecta, Nannochloropsis oculata, wild freshwater microalgae, and
macroalgae lipids was developed [48]. Porous titania microspheres and supercritical methanol were
used as heterogeneous catalyst in a fixed bed reactor to catalyze the simultaneous transesterification
and esterification of triacylglycerides and free fatty acids, into biodiesel (Table 16). The authors used a
feedstock solution of algae, hexane-methanol (97:3 w/w) as carrier solvent. The solution was pumped
with high pressure HPLC through an empty stainless steel reactor and the reactant stream passed
through a heat exchanger. The reactants were pumped across the reactor with a 30 s residence time,
at 340 °C, with 2250 psi front pressure and the backpressure of the system was maintained through the
use of a backpressure regulator.

138



Catalysts 2019, 9, 75

YA,

1 micron filter

Heated

Lipid Gas Collection
Feedstock Lipid Feedstock
* o, 0 .0

Filter
VWA

Pump
Filter

A

High Pressure

Backpressure
Regulator

As-made fuel
separation weir

Methanol
Feedstock

Tank
an Top Layer

Recovered Methanol

Xy
Methanol Pump Biodiesel

And glycerol

ASTM-Grade
Biodiesel

Glycerol
byproduct

Figure 14. Process flow diagram of a biodiesel plant based on the Mcgyan process (Copyright of
Elsevier, see [47]). EFAR: Easy Fatty Acid Removal.

Table 16. A comparison of the supercritical fixed-bed continuous flow process (the Mcgyan process) to
the conventional homogeneously base catalyzed batch system.

Mcgyan Process Homogeneous Process
Consume of the catalyst No Yes
Large amounts of HyO No Yes
Waste products No Yes
Soap byproducts No Yes
Glycerol as byproduct No Yes
Large footprint No Yes
Sensitive to H,O No Yes
Sensitive to FFA No Yes
Large quantities of strong acid /base No Yes
Conversion rate Sec h/d
Variety of feedstocks Yes No
Continuous process Yes No

Aroua and coworkers described the production of biodiesel in a TiO, / Al,O3 membrane reactor
(Figure 15) [49]. The effects of reaction temperature, catalyst concentration and cross flow circulation
velocity were investigated. Biodiesel was obtained through alkali transesterification of palm oil
and separated in the ceramic membrane reactor at 70 °C, with 1.12 wt.% catalyst concentration and
0.211 cm s~ cross flow circulation velocity. Palm oil and methanol were pumped into the system
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using two separate ways, with a methanol to oil ratio of 1:1 and various catalyst amounts were used in
the packed membrane reactor. Methanol was charged and heated continuously into the reactor using
a circulating pump afterwards the reactor was filled with palm oil. Pressure inside the membrane
was monitored and after 60 min the circulating pump and heat exchanger were switched off and the
products were collected into a separating funnel to separate biodiesel from glycerol. The ceramic
membrane has shown an excellent chemical and physical stability even after one year of operation and
contact with methanol and solid alkali catalyst.
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Figure 15. Combination of heterogeneous base transesterification and triglyceride separation in the
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packed bed membrane reactor (Copyright of Elsevier, see [49]).

Wang and coworkers proposed also a continuous process for biodiesel production from cheap
raw feedstocks with high FFAs by solid acid catalysis (Figure 16) [24]. The production process was
carried out pretreating the raw feedstocks by filtration and dehydration to remove impurities and
water. In a series of three reaction boilers, part of the methanol reacted with oils as a reactant, and
excess methanol removed water from the system as a solvent, which increased the esterification
conversion substantially and effectively decreased the acid value. Finally, excess methanol was
purified in a methanol distillation tower for recycling, while the oil phase was refined at a biodiesel
vacuum distillation tower to give the biodiesel product. The proposed continuous process produced a
10,000-tonnes/year industrial biodiesel. The use of cheap feedstocks with high FFAs such as waste
cooking oils, soapstocks, and non-edible oils, instead of refined vegetable oil, decreased the cost greatly.
The solid catalyst SO42~ /TiO,-SiO; had high catalytic activity, easy separation, and catalyzed biodiesel
production by simultaneous esterification and transesterification.
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Figure 16. Process flow diagram of biodiesel production by solid acid catalysis (Copyright of Elsevier,
see [24]).

The most abundantly produced waste of the biodiesel industrial production was glycerol
and several studies of the continuous flow transformation of glycerol were reported in literature
(Figure 17) [50].
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Figure 17. Roadmap of selected glycerol valorization reactions in continuous flow.

Chary and co-workers studied the hydrogenation of glycerol to 1- and 2-biopropanols under
ambient condition and continuous process over a platinum catalyst supported on titanium phosphates
(TiP) as supports (Figure 18) [51]. This heterogeneous catalyst shown excellent results as a steady
97% selectivity toward propanol (87:10 1-/2-propanol). Quantitative glycerol was recovered after
15 h of operation. The influence of reaction temperature on glycerol hydrogenolysis over the 2Pt/TiP
catalyst was shown in Table 17. At 220 °C reaction temperature the maximum glycerol conversion and
selectivity was obtained.

2 PUTIP

HO/K\OH _©||Hi S~ToH s Y

OH
220 °C, 0.1 MPa H,

Figure 18. Hydrogenolysis of glycerol to produce 1- and 2-propanols.
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Table 17. Effect of reaction temperature on glycerol hydrogenolysis over 2Pt/ TiP catalyst.

Temperature  Conversion . pg  1poa  2pob  12-PD  13-PD  Acrolein Others®

©0) (%)

180 70 74 59 15 9.0 3.2 9.3 4.5
200 82 80 67 13 54 22 8.7 3.7
220 100 97 87 10 - - 02 01
240 100 88 80 08 - - 42 7.8
260 100 84 76 08 - - 01 15

2 1-propanol, ® 2-propanol, € ethanol, ethylene glycol, hydroxyl acetone, methanol and acetone.

Paul and co-workers reported the dehydration of glycerol into acrolein using an alternative
process using a flow sequence operating at high temperatures (280-400 °C) and atmospheric pressure
(Table 18) [52]. The first step of dehydration of glycerol to acrolein was performed over WO3/TiO,
catalyst and the injection of molecular oxygen avoided the catalyst deactivation. The optimized
conditions were a reaction temperature of 280 °C, a catalyst amount of 5.0 g; 11.33 mL/min O,; contact
time: 0.36 s; gas phase composition at 280 °C: 92.74% H,0O, 2.72% O, 4.54% glycerol.

Table 18. Catalytic performance of WO3/TiO5.

Time (h) Glycerol (%)  Acrolein (%) Hyd"’%‘“wne Acetaldehyde (%) P‘°P‘°‘(‘:/‘:f'ehyde
1 97 40 11 17 7.2
2 98 61 11 19 11
3 97 82 1.9 13 05
4 93 84 16 15 0.6
5 95 81 22 12 05
Average 9 70 1.6 1.5 2.0

The indirect ammoxidation of glycerol was schematized in Figure 19. The reactions were
performed under atmospheric pressure in continuous plug flow fixed-bed reactors, connected to
a stainless steel evaporator used to vaporize the liquid reactants before contacting the catalytic bed,
filled with granulated catalysts. In the ammoxidation of acrolein and glycerol, the products were
condensed in an acidic solution to neutralize unreacted ammonia and to suppress polymerization of
acrolein. The mass-flow controllers checked the flow rate of the gaseous reactants.

NHy
Nz

Oz

Ofigas

Glycerol-Feed

Sample

P2
Agidic Solution ( > {5
O]

Figure 19. Reactor setup for the tandem process (Copyright of Elsevier, see [52]).

The results previously described are reported in Table 19.
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Table 19. Use of TiO; as catalyst in continuous flow production of biodiesel and glycerol recovery.

Oil Sources Catalyst Reactor Condition Ref
Alumino-Silicate . 340 and 420 °C
Jatropha TiO, fixed bed LHSV (1.12,1.87,225h 1) 46l
Soybean, tall, algae, . . 2500 psi, 300-450 °C
acid soapstock,corn Ti0, fixed bed residence time 5.4 s (471
Dunaliella
tertiolecta, . . 2500 psi, 340 °C
Nannochloropsis TO; fixed bed residence time 30 s 48l
oculata
- 70 °C, 1.12 wt.%
Palm TiO, /Al,O3 packed membrane 0211 em s [49]
Source Catalyst Reactor Condition Ref
280 °C, WO3 /TiO5 15 wt.%
Glycerol WO;/TiO, plug flow fixed-bed glycerol flow rate 23 g/h [52]

O; flow 11.33 mL/min

4. Titania-Based Additives to Biodiesel

The introduction of titanium dioxide nanoparticles as additive in biodiesel production has been
less explored compared to the use of TiO; as catalyst. Nevertheless, the performances of biodiesel
additivated with nano titania resulted increased and variations in properties such as kinematic viscosity,
heating value, cetane number, specific fuel consumption, break thermal efficiency, indirect injection,
smoke emissions, flash and fire point could be observed.

Jeryrajkumar investigated the effect of titanium dioxide nanoadditives on the performance
and emission characteristics of Calophyllum innophyllum biodiesel (B100) in a single cylinder, four
strokes, water cooled, compression injection diesel engine [53]. The nanoparticles were prepared by
hydrothermal process with a size range of 100 nm. These additives reduced the fuel consumption,
particulate matter (PM), carbon monoxide (CO) and unburned hydrocarbons (UHC) emissions while
increased the nitrogen oxides (NOx) emission, the engine combustion, the thermal efficiency and
performance characteristics. The performance and emission characteristics of a single cylinder, water
cooled, compression ignition diesel engine with calophyllum inophyllum methyl ester using B100TiO,
additives were investigated and compared with diesel. The nano additives blended biodiesel increased
the brake thermal efficiency while the specific fuel consumption decreased. Titanium dioxide blended
biodiesel increased gradually NOx emission at all loads, increased CO emission of 25% at the full
load condition and reduced hydrocarbon (HC) emission of 70% at 75% of loading as compared with
pure biodiesel.

Venu and coworkers investigated the biodiesel-ethanol (BE) blends in a compression ignition
engine using a blend of BE with 25 ppm TiO, nanoparticle additives (denoted as BE-Ti). The addition
of nanoparticles created large contact surface area with the base fuel, increased the combustion with
minimal emissions and the oxidation rate while reduced the light-off temperature. The addition of
titanium nanoparticles increased NOx, HC and smoke emissions while decreased Break Specific Fuel
Consumption (BSFC) and CO emissions. Diethyl ether addition to BE blends increased improved the
heat release rate, HC, CO emissions while decreased BSFC, NOx and smoke [54].

Binu and coworkers used titanium dioxide nanoparticles as fuel additive in a C.I. Engine.
The nanoparticles were dispersed in B20 methyl ester of pongamia pinnata oil using a probe sonicator.
The addition of titanium dioxide nanoparticles enhanced performance and emission characteristics of
the fuel samples tested in C.I. Engine test. The use of TiO, nanoparticles in B20 blend increased brake
thermal efficiency of the engine of 2% and reduced the BSFC value of 6% and smoke emission of 16%
compared to plain B20 [55].

Prabhu and coworkers investigated the effect of titanium oxide (TiO,) nanoparticle as additive
for diesel-biodiesel blends on the performance and emission characteristics of a single cylinder diesel
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engine at different load conditions. Titanium oxide nanoparticles (250-500 ppm) were blended with
20% biodiesel-diesel (B20). Carbon monoxide (CO), hydrocarbon (HC) and smoke emissions were
decreased while the brake thermal efficiency and the NO emissions were increased marginally for
250 ppm nano particle added with B20 blends when compared with B20 and 500 ppm added with B20
fuel at full load conditions [56].

Fangsuwannarak conducted a comparative study of palm biodiesel properties and engine
performance efficiency with the addition of TiO, nanoparticles. The various palm oil fractions of
2,10, 20, 30, 40, 50 and 100% in the rest of ordinary diesel fuel were denoted as B2, B10, B20, B30,
B40, B50, and B100, respectively. The addition of nano-TiO, additive of 0.1 and 0.2% by volume was
evaluated and it was found that the quality of the modified fuel with 0.1% TiO, increased cetane
number, lower-heating value, and flash point while reduced kinematic viscosity. The performance
of an indirect injection (IDI) engine and the control of carbon monoxide (CO), carbon dioxide (CO,),
and oxides of nitrogen (NOXx) emissions were enhanced. The nano-TiO, additive of 0.1% by volume
had the most effective performance of the tested engine for biodiesel blended fuel between B20 and
B100 fuels. The additive 0.1% TiO, biodiesel fuel revealed the higher level of brake power, wheel
power, and engine torque. Meanwhile, the level of specific fuel consumption significantly decreased.
The effect on CO, CO,, and NOx was also investigated in this study and it was demonstrated that 0.1%
TiO, reduced the exhaust emissions and it is the most effective in B30 fuel [57].

Umashankar presented the effect of titanium oxide coating on the performance characteristics
of the bio-diesel-fueled engine. The layer of thermal coating was characterized by alumina-titania
(Al,03/TiO;) plasma coated on to the base of NiCrAl. The experiments were conducted with a
single cylinder, four stroke, and direct injected diesel engine and the results showed an increase in
brake thermal efficiency and a decrease in brake specific fuel consumption for titanium oxide coated
piston [58].

Ravikumar and Senthilkumar investigated radish (Raphanus sativus) oil Methyl Ester in a single
cylinder DI diesel engine with and without coating. The effect of biodiesel in a thermal barrier coating
engine was studied comparing diesel and radish oil methyl ester used as fuels. In this study the piston
crown surface, valves and cylinder head of a diesel engine were coated with a ceramic material-TiO,
(Figure 20). The application of TiO; coating slightly increased Specific Fuel Consumption (SFC),
emissions of CO, smoke density, HC and NOx and decreased brake thermal efficiency. From the above
experimental results, it was demonstrated that B25 with TiO;-coated mode of engine operation gave
better performance and lower emission characteristics including NOx, without requiring any major
modification of engine [59].

Figure 20. Photographic view of 450 Im TiO, coated piston, valves, and cylinder head (Reproduced
from [59], with the permission of AIP Publishing).

5. Conclusions

This work has been useful in assessing the possible catalytic pathways in the production of
biodiesel, exploring particularly the use of titanium dioxide as catalyst. By evaluating the different
parameters, among them type and percentage of titania-based catalyst, temperature, time and
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alcohol/ oil ratio, it was possible to evaluate the optimized conditions leading to the best conversion
yields, in batch conditions.

Furthermore, this work focused on the study of the different strategies to conduct the
transesterification reaction mediated by titanium dioxide as catalyst within microreactors.

Optimized conditions in continuous flow, resulted improved by modifying parameters such as
temperature, pressure, and residence time and also allowed a possible recovery and reuse of glycerol.

The use of micro-technologies in biodiesel production and the development of micro-reactors,
capable of making possible unpracticable chemical transformations using traditional techniques, allows
a reduction in production costs and a greater protection of the environment.
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