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Abstract—A series of organic-inorganic composite catalysts, prepared by modifying tungstophosphoric acid (TPA;
H,PW,,0,,) with different amino acids such as phenylalanine (Phe), alanine (Ala), and glycine (Gly) were synthesized.
The physicochemical and acidic properties of these (MH)H; ,PW,,0,, (M=Phe, Ala, and Gly; x=1-3) composite
materials were characterized by a variety of different analytical and spectroscopic techniques, namely TGA, XRD, FT-
IR, XPS, and NMR, and exploited as heterogeneous catalysts for selective oxidation of benzyl alcohol (BzOH) with
hydrogen peroxide (H,O,). Among them, the [PheH]H,PW,0,, catalyst exhibited the best oxidative activity with an
excellent BZOH conversion of 99.0% and a desirable benzaldehyde (BzH) selectivity of 99.6%. Further kinetic studies
and model analysis by response surface methodology (RSM) revealed that the oxidation of BZOH with H,O, follows a
second-order reaction with an activation energy of 56.7 kJ-mol " under optimized experimental variables: BzOH/H,O,
molar ratio=1 : 1.5 mol/mol, amount of catalyst=6.1 wt%, reaction time (x;)=3.8 h, and amount of water (x,)=30.2 mL.
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INTRODUCTION

Aldehydes and ketones are common and versatile flavoring agents
for the food, beverage, fragrance, and pharmaceutical industries,
thus, are of great market perspectives. As such, the selective oxida-
tion of alcohols to aldehydes, ketones, and other carbonyl com-
pounds alike is an essential process in organic chemistry for academic
research as well as industrial productions [1]. Recently, the utiliza-
tion of hydrogen peroxide (H,0,) as an oxidant during selective
oxidation of alcohols to carbonyls has drawn considerable R&D
attentions [2-6]. This is owing to the fact that such reaction is not
only highly efficient but also green and economical, with water as
the sole by-product.

Owing to the super acidic, highly soluble (in polar solvents), low
volatility, non-toxic, redox, and pseudoliquid characteristics, het-
eropolyacids (HPAs) are useful, versatile, and eco-friendly catalysts
for acid-catalyzed reactions in both homogeneous and heteroge-
neous systems [7-11]. Nonetheless, formidable recovery and reuse
and ineffective catalytic activity due to low surface area (typically
<10m’ g ") largely limit their applications, especially in homoge-
neous reaction system. To unravel these drawbacks, extensive ef-
forts have been made in developing novel HPA-based solid acid
catalysts, for examples, by anchoring HPA on porous supports or by
combining them with desirable organic compounds to form organic-
inorganic composites while preserving the strong acidic property
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to sustain a high catalytic activity [12-21]. For instance, metal ion-
exchanged HPAs [8,22-24] and amino-functionalized HPAs [25,
26] have been exploited in many chemical reactions, including the
oxidation of benzyl alcohol. These multifunctional HPA-based cat-
alysts not only exhibit excellent catalytic properties but also unique
physicochemical properties such as temperature-tolerant, low-cost,
environmentally-benign, and excellent separation and recyclabil-
ity [27-29).

Amino acids, being the structural units of proteins, are import-
ant organic compounds containing amine (-NH,) and carboxyl
(-COOH) functional groups. Thus, amino acid-modified HPAs
represent a new type of non-toxic organic-inorganic composites,
which are cost-effective, eco-friendly, and recyclable acid catalysts
for catalytic conversions of biomass, for examples, conversion of
glucose to 5-hydroxymethylfurfural (HMF) or levulinic acid (LA)
[25], oxidation of alcohol [26] and esterification of palmitic acid to
biodiesel [30]. In view of the fact that few research report on oxi-
dation of alcohols were made over amino acid-functionalized HPAs,
herein, we report the synthesis of a series of different amino acid
functionalized tungstophosphoric acid (TPA) composite materials;
the adopted amino acids include phenylalanine (Phe), alanine (Ala),
and glycine (Gly). The amino acid-modified TPA catalysts so pre-
pared, namely (MH),H, ,PW,,0,, (M=Phe, Ala, and Gly; x=1-3)
were characterized by a variety of physicochemical techniques, in-
cluding TGA, XRD, FT-IR, XPS, and 'H and ’C NMR. In partic-
ular, their acidic properties were investigated by solid-state *'P magic-
angle-spinning (MAS) NMR using the adsorbed trialkylphosphine
oxide (TMPO) as the probe molecule [31,32]; i.e., the *'P-TMPO
NMR acidity characterization approach. These organic-inorganic



Heterogeneous amino acid-based TPA as efficient and recyclable catalysts for selective oxidation of benzyl alcohol 1915

composite catalysts were exploited for selective oxidation of ben-
zyl alcohol (BzOH) with hydrogen peroxide (H,O,). Based on the
Box-Behnken design (BBD), the effects of different experimental
variables, namely BzOH/H,O, molar ratio, amount of catalyst, reac-
tion time, and amount of water on catalytic activities during the
oxidation reaction were optimized by response surface methodol-
ogy (RSM). Moreover, analysis of variance (ANOVA) was employed
to investigate the interactions between pair of experimental vari-
ables and their effects on the catalytic process. A kinetic model of
the oxidation reaction was also established and assessed based on
the optimal reaction conditions.

EXPERIMENTAL

1. Catalyst Preparation

The organic-inorganic composite catalysts were prepared follow-
ing the procedures reported elsewhere [30]. In brief, equal amount
of tungstophosphoric acid (TPA; H;PW,,0,) and desirable amino
acid, namely phenylalanine (Phe), alanine (Ala), and glycine (Gly),
were first dissolved in water, then, the mixed solution was allow to
stir at 90 °C overnight. After water removal, the solid product was
washed with diethyl ether followed by drying under vacuum. The
product so obtained are denoted as [MH]H,PW,,0,, (M=Phe, Ala,
and Gly; see Table 1). For comparison, the Phe series samples,
namely [PheH] H, ,PW,,0,, were prepared by varying the molar
ratios of Phe/TPA, viz. 0, 1/3, 2/3, and 1 (i.e., x=0-3). All research
grade chemicals were used without further purification unless
specified otherwise.
2. Catalyst Characterization

All Fourier-transform infrared (FT-IR) experiments were per-
formed following the conventional KBr pellet procedure on a Bruker
IFS-28 spectrometer. Each FI-IR spectrum was recorded by accu-
mulating 32 scans within a range of 400-4,000 cm™" with a resolu-
tion of 1.cm . Sample surface properties were investigated by X-
ray photoelectron spectroscopy (XPS) using an electron spectrom-
eter (ESCALab220i-XL; VG Scientific) via 300 W Al Ko radia-
tion. The base pressure was kept at 3x10° mbar and the binding
energies were referenced to adventitious carbon Cls XPS peak at

Table 1. Catalytic performances of various catalysts during oxida-
tion of benzyl alcohol with hydrogen peroxide®

Conversion Product
Catalyst b
(%) Selectivity (%)°  Yield (%)

Phe Nil Nil Nil
H,PW,,0,, 96.7 90.0 87.0
[PheH]H,PW,,0,, 97.9 974 95.4
[PheH],HPW,,0,, 975 92.0 89.7
[PheH],PW,,0,0 96.3 91.8 88.4
[AlaH]H,PW,,0, 97.8 947 927
[GlyH]H,PW,0, 97.7 92.9 90.8

“Reaction conditions: BZOH/H,0,=1:2 (mol/mol); amount of cata-
lyst=6 wt%; reaction time=4h; amount of water=30 mL; tempera-
ture 110°C

*Analyzed by GC

284.6 eV. Sample structural properties were study by powdered X-
ray diffraction (XRD) conducted on a Bruker D8 ADVANCE X-ray
diffractometer equipped with a Ni-filtered Cu K« radiation gener-
ated at 40kV and 20 mA. Each XRD pattern was scanned over a
20angle of 5° to 80° at an interval of 0.02°. The thermal stability of
the catalyst was characterized by a thermal gravimetric analyzer
(TGA; Netzsch TG-209) under nitrogen atmosphere recorded within
a range from room temperature (RT; 25 °C) to 600 °C at a ramp rate
of 20°C min ", High-resolution solution-state 'H and "°C nuclear
magnetic resonance (NMR) spectra were obtained from samples
dissolved in deuterated water (D,0) and were acquired using a sin-
gle-pulse sequence on a Bruker AV-500 spectrometer operated at
a Larmor frequency of 500.130 and 125.758 MHz, respectively. The
acid features (i.e., type, concentration, and strength) of the solid
acid catalysts were explored by means of the *'P-TMPO NMR ap-
proach [31,32] using trimethylphosphine oxide (TMPO) as the probe
molecule. Solid-state *'P magic-angle spinning (MAS) NMR spec-
tra of TMPO-adsorbed catalysts were acquired at a Larmor fre-
quency of 202457 MHz using a 4 mm double-resonance MAS
probehead under the conditions: pulse-width 1.5 ps (77/6), recycle
delay 10's, sample spinning rate 12 kHz.
3. Catalytic Reaction

The catalytic activity of the various [MH],H, ,PW,0,, (M=Phe,
Ala, and Gly; x=0-3) composite catalysts were assessed by oxida-
tion of benzyl alcohol (BzOH) with hydrogen peroxide (H,O,) to
benzaldehyde (BzH). The reactions were performed in a three-
necked flask (100 mL) connecting to a condenser. For each run,
designated amounts of BzOH and H,0, (30%) were placed in the
reactor with a suitable amount of catalyst (3-8 wt%) and water (10-
35mL). Then, the reaction was carried out at a desirable tempera-
ture (90-130 °C) for a varied period of time (2-5h). After the reac-
tion, the reaction mixture was then cooled to room temperature to
which two segregated layers were automatically formed. The prod-
uct (top) and catalyst (bottom) layers were separated by extraction
with ethyl acetate. The reaction products were analyzed by gas
chromatography (GC; Agilent 6890B) equipped with a flame ion-
ization detector (FID) and a HP-5 capillary column. The yield of
product (benzaldehyde; BzH) was derived by:

Yield (%)=Conversion (%)xSelectivity (%). (1)

A typical GC profile of product compositions are illustrated in Fig.
S1 of the Supplementary Information (SI).
4. Experimental Design and Mathematical Model

An experimental design for a series of experimental variables
based on RSM (Design-Expert r Version 8.0.7.1) was used for the
production of BzH by oxidation of BZOH over [PheH]H,PW,0,,.
A Box-Behnken design (BBD) was utilized to study the effect of
four independent process variables, namely BzZOH/H,O, molar ratio
(x,), amount of catalyst (x,), reaction time (X;), and amount of water
(x4). All factors in the experiment were established and coded into
three levels —1, 0, and +1, as defined in Table 2. In addition, a 3
full-factorial central composite design with the three coded levels
was utilized, for which 29 experimental sets (24 factorial and 5
central points) were adopted, as depicted in Table 3. The coded
values of each independent variable were calculated by the equa-
tion:
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Table 2. List of symbols for various experimental variables and cor-
responding coded levels and ranges adopted in the experi-

mental design
Range and level
Variable (unit) Symbol 5 n
BzOH/H,0, (mol/mol) X, 1:1 1:2 1:3
Catalyst loading (wt%) X, 5 6 7
Reaction time (h) X 3 4 5
Amount of water (mL) X, 25 30 35

Table 3. List of experimental design and response values obtained
for oxidation of benzyl alcohol over the [PheH]H,PW,0,,

catalyst
Variable and level
Entry BzH yield (%)
X1 X X3 Xy
1 -1 -1 0 0 95.67
2 1 -1 0 0 68.43
3 -1 1 0 0 93.25
4 1 1 0 0 68.69
5 0 0 -1 -1 94.34
6 0 0 1 -1 80.59
7 0 0 -1 1 94.46
8 0 0 1 1 91.15
9 -1 0 0 -1 95.16
10 1 0 0 -1 60.98
11 -1 0 0 1 95.13
12 1 0 0 1 73.34
13 0 -1 -1 0 94.22
14 0 1 -1 0 92.30
15 0 -1 1 0 89.33
16 0 1 1 0 88.99
17 -1 0 -1 0 96.24
18 1 0 -1 0 75.13
19 -1 0 1 0 95.26
20 1 0 1 0 56.29
21 0 -1 0 -1 87.48
22 0 1 0 -1 89.59
23 0 -1 0 1 87.17
24 0 1 0 1 96.40
25 0 0 0 0 96.00
26 0 0 0 0 95.94
27 0 0 0 0 93.62
28 0 0 0 0 94.46
29 0 0 0 0 97.39
X=X,
X;= TAX. 2

where x; (i=1-4) were the coded value of the independent variables,
X, X, and DX; (i=1-4) represent the real, central, step-change value
of the associated variable, respectively.

Accordingly, the yield of the product yield (i.e., BzH) and corre-
sponding response of the experimental design, may be expressed

July, 2017

as:

4 4 4
Y=4,+ 21 Bx+ 21 ﬂiixiz + Zﬂijxixj (3)
i= i= i<j

where x; and x; (i & j=1-4) denote the uncoded independent vari-
ables, while £, B, £, and f3; represent the regression coefficients
for the corresponding variables. The validity and significance of
the proposed model were assessed through statistical parameters
based on ANOVA method.
5. Kinetic Study

The initial reaction rate method was exploited for studying the
kinetics of the oxidation reaction conducted at different conditions
to obtain the kinetic expression. In these experiments, different pro-
cess variables such as BZOH/H, 0, ratio, reaction temperature, and
so on were explored while the other parameters were kept constant.
In this context, the reaction rate (r) for the oxidation of BzOH
with H,0, to BzH may be expressed by the following rate equation:

r=—dC,/dt=k'CiC) )

where C, and Cg represent the instant concentration of BzOH and
H,0,, respectively, k'is the rate constant, and & and £ denote the
reaction order corresponding to BzOH and H,O,, respectively.
Taking the natural logarithm, Eq. (4) can further be expressed as:

Inr=Ink+aInC, )

where k=k'C} represents the modified rate constant. Accordingly,
the rate constant may be correlated with activation energy (E,) by
the Arrhenius equation:

E
Ink=Ink,— E“% ©)

where k; denotes the pre-exponential factor, R is the gas constant,
and T represents the reaction temperature.

RESULTS AND DISCUSSION

1. Catalyst Properties

The FT-IR spectra of the pristine TPA (H,PW,0,) exhibited
seven characteristic stretching and vibrational bands anticipated
for the Keggin structure. As shown in Fig. S2(b) (SI), the bands at
3,435, 1,080, 981, 889, 804, 598, and 516 cm™' may be attributed to
asymmetric stretching of O-H, P-O, terminal W=O, corner-shar-
ing W-O,-W, edge-sharing W-O_-W, symmetric vibrations of O-
P-O and W-O-W, respectively [14,30]. Upon incorporating phe-
nylalanine (Phe) onto TPA, the characteristic bands remained pres-
ent in the [PheH],H; ,PW,0,, (x=1-3, see Figs. S2(c)-(e); SI) com-
posite catalysts regardless of the slight decreases in peak intensity.
This indicates that these organic-inorganic composite salts pre-
served their structural integrity of the polyanion PW,,0;, (PW)
in the Keggin unit even after substituting protons (H") in TPA for
the [PheH]" cations. Moreover, two additional bands were ob-
served for the Phe-modified catalysts. These two bands at 3,159
and 1,614 cm ™" may be ascribed due to asymmetric stretching of
N-H and stretching of COO™ in Phe, respectively, as may be veri-
fied by the characteristic IR bands observed for the pure Phe (Fig.
S2(a); SI).
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Fig. 1. XPS (a) survey spectrum and high-resolution spectra for the (b) W 4f, (c) P 2p, and (d) C 1s core levels of the [PheH]H,PW,,0,, catalyst.

The surface properties of the [PheH],H; ,PW,,0,, (x=1-3) cat-
alysts were monitored by XPS spectroscopy. Fig. 1 displays the XPS
spectra of the [PheH]H,PW,0,, sample. As shown in the survey
spectrum in Fig. 1(a), the N 1s peak responsible for the amino
nitrogen of Phe gave rise to a binding energy of 402.5eV higher
than that of bulk Phe (401.7 V) [33], indicating the successful in-
corporation of Phe onto the TPA. The XPS core level spectrum of
W 4f (Fig. 1(b)) showed two distinct peaks at binding energy of
36.1 and 382 eV anticipated for the W 4f and W 4f,, spin-orbit
components, respectively. Comparing to the bulk TPA, which ex-
hibits two prominent peaks at 35.8 and 37.9 eV, the apparent energy
shift observed for the [PheH]H,PW,,0,, reveals a change from the
W=0 to the W-O bond upon incorporating Phe onto TPA. Like-
wise, a notable shift was also observed for the P 2p singlet peak at
1349eV compared to the bulk TPA (136.0 eV). Moreover, the
broad C 1s core-level spectrum may be deconvoluted into three
bands with a binding energy of 290.1, 286.3, and 284.6eV (Fig.
1(d)), accountable for the C=0, C-O, and C-C bonds, respectively
[34,35]. The XPS results above therefore provide supporting evi-
dences to confirm coupling of Phe with proton (on TPA) to form
[PheH]", thus, the successful anchoring of Phe and formation of
the [PheH]H,PW,,0,, composite catalyst (vide infra).

The structural properties of the amino acid-modified TPA were
also investigated by powder XRD, as shown in Fig. S3 (SI). The
pristine TPA, which displayed main diffraction peaks at 26 of 10.3,
25.3, and 34.6° (Fig. S3(b); SI) expected for the signature of Keg-
gin structure [36]. It is evident that these characteristic peaks also
present in the [PheH],H; ,PW,,0,, (x=1-3) catalysts but with some-
what weaker peak intensities (Figs. S3(c)-(e); SI). Moreover, addi-
tional peaks associated with the incorporated Phe also emerged in
the 26 region of ca. 5-10° [37]. Again, results obtained from XRD

measurements verify the successful anchoring of Phe onto the TPA.

The above findings are also supported by further high-resolu-
tion NMR and TGA measurements on [PheH] H; PW,0, (x=
0-3) series catalysts. As an illustration, the NMR data obtained for
the [PheH]H,PW,0,, catalyst are listed below: '"H NMR (500
MHz, D,0); §3.21 (d, 1H), 349 (d, 1H), 4.30 (t, 1H), 7.34 (m, 5H)
ppm; °C NMR (500 MHz, D,0); & 35.80, 54.25, 128.22, 129.42,
129.58, 134.05, 171.36 ppm. Likewise, since all amino-acid modi-
fied TPA catalysts led to similar conclusions, here, only the ther-
mogravimetry and derivative thermogravimetry (TG-DTG) curves
of the [PheH]H,PW,,0,, sample are illustrated and discussed. As
shown in Fig. $4(b) (SI), the pristine TPA exhibited three weight-
loss peaks at 73, 195, and 530 °C, which may be attributed to weight-
loss of physisorbed water, crystalline water, and collapsed Keggin
structural unit, respectively. By comparison, bulk Phe showed a
single weight-loss peak at ca. 270 °C (Fig. $4(a); SI) due to decom-
position of Phe. On the other hand, three distinct weight-loss peaks
at 170, 281, and 556 °C were observed for the [PheH|H,PW,,0,,
catalyst (Fig. S4(c); SI). The former weight-loss peak may be at-
tributed unambiguously to the loss of crystalline water, whereas the
latter two peaks should be due to the decomposition of organic
species and collapse of Keggin structure, respectively. Thus, results
obtained from NMR and thermal analysis further demonstrate
that the PW polyanions were indeed successfully anchored with
Phe, and remained stable at the reaction temperature (<130 °C)
employed in the present study.

To afford information on acid properties of the as-prepared cat-
alyst samples, we exploited the *'P-TMPO MAS NMR approach
[31,32], which is facilitated by linear dependence between the ob-
served *'P NMR chemical shift (6*'P) of TMPO and strength of
Bronsted acidity [38]. The *'P NMR spectrum of TMPO adsorbed
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on the pristine TPA typically shows multiple *'P signals within two
chemical shift ranges. The sharp *'P resonances at located at ca.
—10 and —15 ppm may be unambiguously ascribed due to PW
polyanions of the TPA [36], whereas those within the range of 55-
95 ppm due to TMPO adsorbed on Brensted acid sites of the TPA
catalyst [15,20,30,39]. It is noteworthy that the pristine TPA indeed
possesses Bronsted acid sites with super acidity (ie., those with
&5”'P>86 ppm) [31,32,36,38], as revealed by the presences of *'P
resonance peaks at 82, 88, and 92 ppm (Fig. 2(a)) corresponding
to TMPO adsorbed on the three available Bransted H" sites (i.e.,
TMPOH"). Whereas the *'P resonances located within 55-80 ppm

* (l‘)

~Tr——T 7T 7171
140 120 100 80 60 40 20 0 -20 -40

*'P chemical shift (ppm)

Fig.2.”P NMR spectra of TMPO adsorbed on (a) the pristine
H,PW,,0,, various [PheH]"-exchanged TPA catalysts: (b)
[PheH]H, PW,,0,,, () [PheH],HPW,,0,, (d) [PheH],PW,,
O, and (e) the bulk Phe.

due to (TMPO),H" (n>2) species [36]. Upon incorporation of Phe,
a notable decrease in acidic strength of the [PheH],H, ,PW,,0,
(x=1-3) catalysts was observed. This may be inferred by the grad-
ual decrease in the 5°'P of adsorbed TMPO with increasing Phe
loading (x). Note that Phe alone exhibited only very weak acidity
with 5°'P at only 41 ppm. Thus, it is conclusive that the acidic strength
of various samples follows the descending order: H,PW,,0,>>
[PheH]H,PW,,0,,>[PheH],HPW,0,,>[PheH],PW,0,,>>Phe.

The morphologies of various (PheH),H, .PW,,0,, (x=1-3) com-
posite catalysts were investigated by FE-SEM measurements. As
illustrated in Fig. 3, the fully substituted [PheH],,PW,,0,, sample
(x=3; Fig. 3(b)) exhibited better crystallinity than its [PheH],,
H,,PW,0, counterpart with x=1 (Fig. 3(a)). These results coin-
cide with those obtained from XRD measurements (Fig. S3; SI),
revealing the increase in sample crystallinity with increasing Phe
concentration.
2. Catalytic Performances

The oxidation of BZOH with H,O, over various amino acid-
modified TPA, viz. [MH],.H; ,PW,O, (M=Phe, Ala, Gly; x=1-3)
were conducted under the reaction conditions: BZOH/H,0,=1:2
(mol/mol), catalyst amount=6 wt%, water amount=30mlL, reac-
tion time=4h, and temperature=110°C. The catalytic performances
in terms of BzOH conversion, and product (i.e., BzH) selectivity
and yield are depicted in Table 1. For comparison, the catalytic
activity over the bulk Phe and the pristine TPA were also evalu-
ated. Unlike bulk Phe, which showed null conversion and BzH
yield, the pristine TPA exhibited a satisfactory conversion of 96.7%
and product selectivity and yield of 90.0% and 87%, respectively.
Nonetheless, the [MH],H, ,PW,,0, (M=Phe, Ala, Gly; x=1-3) com-
posite catalysts showed even better activity with conversion>96.3%,
selectivity>91.8, and yield>88.4%, even though the pristine TPA
was found to possess the strongest Brensted acidity (vide supra).
Clearly, catalysts with ultra-strong Brensted acidity are not readily
favorable for catalytic oxidation of alcohol. Among various com-
posite catalysts examined, the [PheH],H, ,PW,,0,, catalyst with
x=1 (ie, [PheH]H,PW,0,) exhibited the best catalytic activity
(conversion 97.9%, selectivity 97.4%, and yield 95.4%). Compared
with its Phe-functionalized TPA counterparts, the [PheH]H,PW,
O, being with the most available (two) Brensted acidic protons
(hence strongest acidity) show superior activity compared to

ey LAy

SUBO10 5.0kV 7. 4fam 30,0k SE(UL) b 1.00um

1 F
SUB010 5.0k 7.2mm x30.0k SE(UL)

Fig. 3. FE-SEM images of (a) [PheH]H,PW,0,, and (b) [PheH];PW,0,, catalyst samples.
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Fig. 4. Variations of conversion ([]) and yield (A) influenced by individual experimental variable: (a) BZOH/H,O, molar ratio, (b) catalysts
loading, (c) reaction temperature, (d) amount of water, and (e) reaction time during oxidation of BZOH with H,0O, over the [PheH]H,
PW,,0,, catalyst. (f) Variations of product yield and selectivity over catalyst recycle time; reaction conditions: BZ2OH/H,0,=1.0: 1.5
(mol/mol); reaction time=3.8 h; amount of catalyst=6.1 wt%; amount of water=30.2 mL; temperature=110 °C.

[PheH],HPW,,0O,, (one residual H") and [PheH],PW,,0,. The
latter with null residual proton (hence weakest acidity) gave rise to
inferior catalytic performances for oxidation of BZOH (see Table
1). On the other hand, comparing [MH]H,PW ,0,, with M=Phe
with its counterparts with M=Ala and Gly; their catalytic activity
follow the trend: [PheH],HPW ,0,,>[AlaH],HPW ,0,,>[GlyH],
HPW ,0,. In an earlier work, we have demonstrated that [GlyH]H,
PW,0,, which has a stronger Brensted acidity than [PheH]H,
PW,0,, showed excellent catalytic activity during esterification of
palmitic acid to biodiesel [29]. Thus, it is indicative that a stronger
overall acidity of the catalyst is preferred for esterification than cat-
alytic oxidation, which requires only a modest acidity.
3. Effects of Experimental Variables on Oxidation of Alcohol
The effects of experimental variables, eg, alcohol to oxidant
(BzOH/H,0,) molar ratio, amount of catalyst, amount of water,
reaction temperature, and time, on catalytic activity during oxida-
tion of BzOH to BzH were investigated. The [PheH],HPW ,0,,

catalyst, which showed the best catalytic activity (vide supra), was
used for the study.

The influence of relative alcohol to oxidant amounts was as-
sessed by varying the molar ratio of BzZOH/H,O, while keeping
other experimental variables fixed: viz. catalyst loading=4 wt%,
reaction temperature=110 °C, amount of water=30 mL, and reac-
tion time=4 h. As shown in Fig. 4(a), the conversion of BzOH in-
creased with increasing BzOH/H,0O, molar ratio, reaching a maxi-
mum (95.71) at a ratio of 1: 3. Clearly, a surplus amount of H,0,
oxidant is favorable for shifting the equilibrium towards forma-
tion of BzH. Meanwhile, an optimal BzH yield of 91.8% was ob-
tained at a BZOH/H, 0O, ratio of 1:2. Nevertheless, further increas-
ing the amount of H,0, led to inferior BzOH conversion and BzH
product yield most likely due to undesirable dilution of the alco-
hol reactant and catalyst.

The effect of catalyst amount on oxidation of BzOH were stud-
ied by varying the catalyst loading from 3 to 8 wt% while main-
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taining the other experimental parameters fixed: viz. B2ZOH/H,0,
ratio=1: 2, reaction temperature=110 °C, amount of water=30 mL,
and reaction time=4 h. Notable increases in both BzOH conver-
sion and BzH yield with increasing catalyst amount were evident,
and gradually reached a respective plateau when the catalyst load-
ing exceeded ca. 6 wt% (Fig. 4(b)). This is ascribed to the increase
in available acid sites with increasing catalyst loading for catalyz-
ing the oxidation reaction. For this reason as well as economical
viewpoint, a catalyst amount of 6 wt% was chosen for subsequent
study even though a slightly higher BZOH conversion and BzH
yield were obtained with a catalyst amount of 8 wt%.

Since reaction temperature has a great influence on reaction
rate and reaction activity (i.e., conversion and selectivity), its effect
on oxidation of alcohol was also investigated. This is accomplished
by varying the reaction temperature from 90 to 130 °C while fix-
ing other experimental parameters (viz, BZOH/H,O, ratio=1:2,
amount of catalyst=6 wt%, amount of water=30 mL, and reaction
time=4 h). The experimental results are displayed in Fig. 4(c). As
expected, the conversion increased progressively with increasing
reaction temperature due to corresponding increase in reaction
rate. However, a maximum BzH yield of 95.4% was observed at
110°C, further increase in reaction temperature led to a drastic
decrease in product selectivity. This is attributed to the increasing
occurrence of side reactions at higher reaction temperatures by
which the product selectivity was spoiled by the presence of unde-
sirable by-products. For this reason, a reaction temperature of 110°C
was chosen for subsequent studies. Similarly, the BZOH conver-
sion was found to increase consistently with increasing amount of
water in the reaction system, leading to an optimal BzH selectiv-
ity (95.4%) and a conversion of 97.9% at an amount of 30 mL (Fig.

X. Han et al.

4(d)). Clearly, the presence of suitable amount of water is favor-
able for adsorption and/or activation of oxidant, however, an exces-
sive amount of water tends to dilute the reaction system, leading
to inferior catalytic activity.

On the basis of experimental results described above, the effect
of reaction time was also investigated. As shown in Fig. 4(e), both
the BzOH conversion and BzH yield increased gradually with in-
creasing time, and eventually reached their respective plateaus (con-
version and yield ca. 97.9 and 95.4%, respectively) as the reaction
time reached 4 h. Thus, it is indicative that, over the [PheH],HP-
W0, organic-inorganic composite catalyst, best catalytic perfor-
mances during oxidation of BzZOH with H,O, may be achieved
under the following optimal experimental conditions: BZOH/H,0,
ratio=1:2, reaction temperature=110 °C, catalyst amount=6 wt%,
amount of water=30 mL, and reaction time=4 h.

4. Process Optimization and Model Analysis

Factorial design of experiments and response surface method-
ology (RSM) were exploited to evaluate the interactive effects be-
tween pairs of experimental variables and to optimize the reac-
tion conditions for the best benzaldehyde (BzH) yield during the
oxidation of benzyl alcohol (BzOH) over the most prominent
amino acid-modified TPA catalyst, namely [PheH],HPW,O,,, which
exhibited the best catalytic activity. Moreover, the analysis of vari-
ance (ANOVA) method was adopted to evaluate the influence of
process variables on catalytic reaction as well as validity and signif-
icant of the proposed model. The representative symbols of vari-
ous experimental variables and their corresponding coded levels
and ranges are depicted in Table 2. By means of multiple regres-
sion analysis, the response (i.e., benzaldehyde yield), Y, which may
be correlated with independent experimental variables by a qua-

Table 4. List of results obtained from ANOVA for the benzaldehyde yield

Source Sum of square DF Mean square F Prob>F Signif.’
Model 3669.71 14 262.12 50.33 <0.0001 *k
X; 2347.80 1 2347.80 450.79 <0.0001 *ok
X, 3.99 1 3.99 0.77 0.3962

X3 169.35 1 169.35 32.52 <0.0001 *ok
X, 72.57 1 72.57 13.93 0.0022 *ok
x 912.54 1 812.84 175.21 <0.0001 ok
X 29.08 1 13.65 5.58 0.0331

X§ 41.18 1 52.80 791 0.0138 *
Xi 52.08 1 65.05 10.00 0.0069 *
X; X, 1.80 1 1.80 0.34 0.5664

X; X3 79.74 1 79.74 15.31 0.0016 *k
X; Xy 38.38 1 38.38 7.37 0.0168 *
X, X3 0.62 1 0.62 0.12 0.7344

X, X, 12.67 1 12.67 243 0.1411

X3 Xy 27.25 1 27.25 523 0.0383 *
Residual 7291 14 521

Lack of fit 64.28 10 643 2.98 0.1521 NS
Pure error 8.63 4 2.16

Cor. total 3742.62 28

“DF=degree of freedom

"Definition of symbols: *significant; **highly significant; NS=non-significant
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dratic model based on Eq. (3) may be expressed as:

Y=95.48—13.32x,+0.58x,— 3.76x;+2.46x,
—11.19x— 1.45%— 2.85x—3.17%; (7)
+0.67x,X,—4.47%,X5+3.10x;X,+0.39%,X5+1.78%,X,+ 2.6 1X5X,,

where x; (i=1-4) represent the experimental variables, namely BzOH/
H,0, molar ratio (x;), amount of catalyst (x,), reaction time (x;),
and amount of water (x, ), respectively. Their corresponding coded
values and responses derived from Egs. (2) and (7), respectively,
are depicted in Table 3.

In general, the coefficient of determination (R’) associated with
the regression of Eq. (7) is used to assess the validity of the model.
That a R® value of 0.9805 was obtained for the model, indicating
that at least 98.05% of the experimental data could be explained by
the proposed model. As depicted in Table 4, the obtained coeffi-
cient of variation (CV) value of 2.61 reveals the precision of the
model and reliability of process optimization. An F-value of 2.98
was obtained, implying that the “Lack of Fit” was insignificant. On
the other hand, a model F-value and a Prob>F values of 50.33 and
<0.050 were obtained, respectively, indicating that the model and
associated terms were both significant. In this context, model terms
such as X,, X, X4y X3» X5, X3 X, X,%3, XX, and x;X, may be consid-
ered significant.

The two-dimensional (2D) contour plots between each pair of
experimental variables and corresponding three-dimensional (3D)
response surface plots obtained from the predicted model are also
displayed in Figs. S5 and S6 (SI), respectively. Accordingly, it may
be inferred that correlations between BzZOH/H,O, molar ratio (x;)
and reaction time (x;) are highly significant, consistent with the low
Prob>F value observed (0.0016). The nearly elliptical shape of the
contour plots in Figs. S5 ((c) and (f); SI) indicate a strong correla-
tion between the amount of water (x,) with BzZOH/H,O, ratio (x;)
and reaction time (x;), respectively. On the other hand, the nearly
circular shape and scattered contour plots in Figs. S5 ((a), (d), and
(e); SI) reveal that the correlations between the catalyst amount
(x,) with the other three variables are all insignificant. These find-
ings are consistent with the ANOVA data listed in Table 4.

On the basis of the RSM results, the mathematical model in Eq.
(7) predicted an optimal BzH yield (Y) of 99.76% for oxidation of
BzOH over the [PheH]H,,PW,0,, catalyst under the following
process conditions: BZOH/H,O, molar ratio (x,)=1: 1.46 mol/mol,

1.2
—
S
= 091
£
R
g 0.6
~N
=)
o
0.34
10 20 30 40
t (min)

amount of catalyst (x,)=6.05wt%, reaction time (x;)=3.75h, and
amount of water (x,)=30.22 mL at a reaction temperature of 110°C.
To verify the validity of the model and optimized process condi-
tions, three additional experiments were performed in parallel using
the more realistic reaction conditions: x;=1 : 1.5 mol/mol, x,=6.1
wt%, x;=3.8 h, and x,=30.2 mL. As a result, an experimental BzH
yield of 98.6% with a BZOH conversion of 99.0% corresponding to
BzH selectivity of 99.6% were obtained, in good agreement with
the predicted value.

5. Catalyst Recycling

The recyclability of the [PheH]H,PW,,0,, catalyst for oxida-
tion of BzOH with H,O, under the optimal process conditions,
viz. BZOH/H,0,=1:1.5 (mol/mol), reaction time=3.8h, amount
of catalyst=6.1 wt%, amount of water=30.2 mL, and temperature=
110°C, was tested. After each run, the catalyst was washed by diethyl
ether and reused after drying under vacuum for 8h at 70 °C. As
shown in Fig. 4(f), the [PheH]H,PW,0,, catalyst showed excel-
lent stability and recyclability with only slight decreases in BZOH
conversion (from 99.0% to 95.3%) and BzH yield (from 98.6 to
92.5%) and marginal change in selectivity (from 99.6 to 97.1%) after
six repeated cycles. Additional evidences from FT-IR measurements
revealed that the structural integrity of the catalyst remained prac-
tically unchanged even after six consecutive runs; the characteris-
tic absorption bands responsible for the Keggin polyanions (PW;
PW,,05) of TPA remained practically intact (Fig. S7; SI). The
above results clearly indicate that the [PheH]H,PW,0,, catalyst is
rather durable during catalytic oxidation reaction; majority of the
active species in the spent catalyst may be regenerated for catalytic
recycling, hence, favorable for practical industrial applications.

6. Kinetic Modelling

The kinetic model for the oxidation of BzZOH with H,O, to
BzH over the [PheH]H,PW,0,, catalyst was established based on
the rate equation in Egs. (4) and (5). Accordingly, the reaction order
corresponds to the reactant (BzOH; denoted as @) and oxidant
(H,0,; denoted as ) may be derived together with the activation
energy (E,) and pre-exponential factor (k;) of the reaction system
defined in Eq. (6).

To afford derivation of reaction orders (¢ and p), reactions were
conducted by varying the concentration of either B2OH or H,0,
while keeping its counterpart constant. For examples, reactions were
carried out by varying the initial BZOH concentrations (from 1.16 to

Slope = 1.12 (b)
R2 =0.990
-4.1
L.
E 4.2
4.34
m}
44— . . . .
-0.16 -008 000 008  0.16
In [BzOH]

Fig. 5. (a) Variations of BZOH concentration vs reaction time under different initial concentrations [BzZOH]=1.16 (1), 1.08 (O), 0.98 (A),
and 0.85 (%) mol/L, and (b) log-log plot of initial oxidation rate (r) vs initial [BZOH]; reaction conditions: temperature=110 °C; ini-
tial [H,0,]=1.70 mol/L; [BzH]=0 mol/L; amount of catalyst=7.79 g/L.
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Fig. 6. (a) Variations of H,0, concentration vs reaction time under different initial concentrations [H,0,]: 1.63 ([J), 1.33 (O), 1.17 (A), and
0.90 (¥¢) mol/L, and (b) log-log plot of initial oxidation rate (r) vs initial [H,0,]; reaction conditions: temperature=110 °C; initial
[BzOH]=1.16 mol/L; [BzH]=0 mol/L; amount of catalyst=7.79 g/L.

4.6
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Fig. 7. (a) Variations of BzOH concentration vs reaction time under different reaction temperatures: 383 K (1), 378 K (O), 373K (A), and
368 K (), and (b) the corresponding Arrhenius plot; reaction conditions: initial [BzZOH]=1.16 mol/L; [H,0,]=1.63 mol/L; amount of

catalyst=7.79 g/L.

0.85 mol/L) while keeping the concentrations of H,0, (1.70 mol/
L), desirable amount of water, over a fixed amount of [PheH]|H,
PW,0,, catalyst (7.79 mol/L) at constant temperature (110°C).
The reaction rate r for oxidation of BzOH with H,0, to BzH may
be defined based on Eq. (5), as shown in Fig. 5(a). Accordingly, a
reaction order (@) of ca. 1.12 may be derived, as shown in in Fig.
5(b). Similarly; by changing the concentrations of H,O, (from 1.63
to 0.90 mol/L; Fig. 6(a)), while maintaining the other parameters
fixed, the reaction order for H,0, (/) was found to be ca. 1.01
(Fig. 6(b)).

Taking the optimal reaction conditions predicted by RSM, viz.,
BzOH/H,0,=1: 1.5 mol/mol, amount of catalyst=6.1 wt%, reaction
time=3.8h, and amount of water=30.2 mL, while varying the reac-
tion temperature from 95 to 110°C (see Fig. 7(a)), an activation
energy E,=56.7 k] mol ' was obtained (Fig. 7(b)); a value which is
much lower than that observed for a manganese oxide catalyst
(71.81 kJ/mol) during oxidation of BzZOH using molecular oxygen
(O,) as the oxidant [40].

CONCLUSIONS

A series of novel amino acid-modified TPA (H;PW,0,) hybrid
materials, namely [MH],H; ,PW,0,, (x=0-3) with M=phenylal-
anine (Phe), alanine (Ala), and glycine (Gly) were synthesized and
applied as acid catalysts for oxidation of alcohol. Among them, the
[PheH]H,PW ,0, catalyst exhibited excellent thermal stability and
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desirable strong acidity to render a high catalytic activity during
oxidation of benzyl alcohol with hydrogen peroxide. As a result, a
high benzaldehyde yield of 98.6% was achieved with an alcohol
conversion of 99.0%, which corresponding to an extraordinary
high product selectivity of 99.6% were achieved. The [PheH]H,
PW,0,, catalyst was also found to be durable and recyclable with
only marginal decrease in catalytic activity after six consecutive
runs. Moreover, the alcohol oxidation reaction over the composite
salt was found to have an lower activation energy than typical solid
acid catalysts. Thus, such organic-inorganic composite materials,
which exhibit exotic properties such as strong acidity; thermal sta-
bility, durability; and recyclability represent eco-friendly and cost-
effective heterogeneous catalysts that are feasible for large-scale
production and practical industrial applications.
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Fig. S1. Typical GC profile of primary products, namely ethyl ace-
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Fig. S2. FT-IR spectra of (a) bulke phenylalanine (Phe), (b) pristine
TPA (H,PW,,0,), and Phe-modified TPA: (c) [PheH]H,
PW,,0,, (d) [PheH],HPW,,0,, and (e) [PheH],PW,,0,,.
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Fig. S3. XRD spectra of (a) bulk Phe, (b) pristine H;PW,,0,, (c)
[PheH]H,PW,,0,, (d) [PheH],HPW ,0,,, and (e) [PheH],
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Fig. $4. TG-DTG profiles of the (a) bulk Phe, (b) pristine H;PW,0,,
and (c) [PheH]H,PW,,0,,.
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Fig. S5. Contour plots showing variations between a pair of experimental variables (see Table 2) on the predicted values of benzaldehyde
(BzH) yield while keeping other variable at a constant level of 0. Notations: x,=BzOH/H,0, molar ratio, x,=amount of catalyst,

x;=reaction time, x,=amount of water.
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Fig. S6. Similar to Figure S5 but showing 3D response surface plots between a pair of experimental variables (see Table 2) on the predicted
values of benzaldehyde yield while keeping other variable at a constant level of 0.
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Fig. S7. FT-IR spectra of (a) the fresh and (b) the spent [PheH]H, PW,0,, catalyst regenerated after six consecutive runs.
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