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Abstract: In light of the recent COVID-19 pandemic, the
demand for hydrogen peroxide has increased significantly
due to its widespread use in disinfectant formulations.
The present study aims to develop an efficient nanohybrid
material as catalyst support for the successful hydroge-
nation of ethylanthraquinone for the production of
hydrogen peroxide. Co-precipitation andwet impregnation
methods were used to prepare nanohybrid Zr–Al–La
supported Pd catalyst (Pd/Zr–Al–La). The high surface
area (146.56 m2/g) of Zr–Al–La makes it suitable to use as
support and causes to lower the mass transfer resistance
and dispersion of active metal. XRF, BET, FTIR, and
TGA were used to characterize the developed catalyst.
The catalytic activity of the developed catalyst was studied
using a high-pressure autoclave reactor to obtain a notable
yield of H2O2 as 93.8% at 75 °C, 0.3MPa, and 0.5 g of catalyst
dose, a significant enhancement over the traditional Pd
catalyst with Al2O3 support (63%) with the loss of active
quinone compound. The mass transfer limitation of the re-
action is high using only a Pd catalyst. The calculated mass
transfer resistance of the reaction over Pd/Zr–Al–La catalyst
was found to be moderate with a diffusion coefficient of the
reactant (H2) as 0.0133 × 10−6 m2/s at 75 °C. It was also
verified and confirmed with the Thiele modulus (calculated
as 0.0314), no mass transfer resistance. The effectiveness
factor (ηs)was found tobe 1.0, indicating thenegligiblemass

transfer resistance in the hydrogenation reaction using Pd/
Zr–Al–La catalyst.

Keywords: hydrogenation of ethylanthraquinone; palla-
dium catalyst; trimetallic nanohybrid support (Zr–Al–La).

1 Introduction

Hydrogen peroxide (H2O2) is the most promising oxidant
for clean and environmentally safe chemical processes
since it does not produce any harmful compounds
(Campos-Martin, Blanco-Brieva, and Fierro 2006; Garcia-
Serna et al. 2014; Gema et al. 2016; Han et al. 2015; Melada
et al. 2006; Tan et al. 2012; Yao et al. 2016). H2O2 has been
used as an antiseptic since late 1800s, and its mechanisms
of action have been extensively studied. Further, in light of
the recent COVID-19 pandemic, the demand for H2O2 has
been increased significantly due to its widespread use in
disinfectant formulations and therapeutic uses. Many
medical practioners have reported utilizing H2O2 success-
fully against COVID-19 in various modalities around the
world (Trejo et al. 2021). H2O2 may have preventative and
therapeutic benefits in the COVID-19 pandemic due to its
anti-infective and oxygenating capabilities. The anthra-
quinone (AQ) process is the most common way of
producing H2O2 (Campos-Martin, Blanco-Brieva, and
Fierro 2006). It involves a cyclic procedure in which
alkyl-anthraquinone (AAQ) is hydrogenated to alkyl-
anthrahydroquinone (AAHQ) using the Pd catalyst. The
formation of H2O2 and the regeneration of AAQ occur
followed by the oxidation of AAHQ (Campos-Martin,
Blanco-Brieva, and Fierro 2006; Han et al. 2015; Yao et al.
2016). Due to its exceptional solubility in water, H2O2 is
extracted from the mixture using water as a solvent to
recover H2O2 of various strengths up to 50% concentration
as an aqueous solution (Cheng et al. 2008; Fang et al.
2005). Figure 1 describes the reaction system for H2O2

production.
The AQ process is the basic and widely used method

for the production of H2O2 in the world. The other synthesis
processes for H2O2 include the direct reaction of H2 and O2

using a hydrogenation catalyst (Chen et al. 2013; Paparatto
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and D’Aloisio 2003), photo-catalytic reactions over semi-
conductor oxides (Gabriele et al. 2003), and the synthesis
using CO/O2/H2O mixtures in presence of metal complexes
(Zudin, Likholobov, and Yermakov 1980). However, there is
the risk of explosion with these systems, alongwith the
drawbacks of low H2O2 concentrations. The AQ process
overcomes disadvantages of the high energy consumption
and production costs due to its larger scale production
and higher concentration of H2O2. Also, it is advantageous
over all the commercial processes with mild reaction
temperatures and higher production rates. Over the last
decade, the advancements in slurry reactor technology and
catalysts have sparked industrial interest and academic
research in the AQprocess. The researchers have used highly
active and selective catalysts for the hydrogenation of eth-
ylanthraquinone (EAQ) for the synthesis ofH2O2 using theAQ
process with various types of reactors. Another interesting
approach is to use an autoclave reactor to provide the broad
gas-liquid contact area and homogeneous mixing of the re-
actants (Hong et al. 2017; Ingle et al. 2020a, 2020b; Ingle,
Shende, andWasewar 2021; Li et al. 2021;Ma et al. 2019; Yuan
et al. 2016, 2017a, 2017b; Zhang et al. 2017). The hydrogena-
tionof EAQusingPd catalyst is governedby themass transfer
process, with fast reaction. Therefore, the catalyst, its nano-
structured support, and surface morphology must be opti-
mized to minimize the mass transfer resistance.

The effectiveness of a catalyst can be improved with
suitable tailoring of the morphology and the composition
of supporting materials. The scientific community has
been quite interested in recent research on the topic of
mixed oxide supports. The oxides ZrO2-Al2O3 have been
investigated as catalyst supports for EAQ hydrogenation

(Tang et al. 2014). The effects of lanthanum addition on
Ni-B/γ-Al2O3 amorphous alloy catalysts used in EAQ
hydrogenation were investigated by Hou et al. (2004).
It was discovered that adding various metal oxides to
existing supports increases the catalyst’s selectivity. Re-
searchers have employed nanohybrid supported catalysts
(bimetallic and trimetallic) for a variety of hydrogenation
processes (Adams et al. 2007; Carvalho et al. 2004; Chen
et al. 2015; Hungria et al. 2006; Liew et al. 2019; Surisetty,
Dalai, and Kozinski 2010; Toshima et al. 2007).

The nanohybrid trimetallic support Zr–Al–La was
employed as the Pd support in the present study to syn-
thesize Pd/Zr–Al–La catalyst. The procedure for preparing
the support was followed as specified in our previous pub-
lication (Ingle et al. 2020b). The co-precipitation technique
was employed to prepare a new nanohybrid trimetallic
support as Zr–Al–La, followed by impregnation with Pd
using the incipient wet impregnation method. The co-
precipitation by direct contact of oxide supports are gaining
the scientific interest due to its accessibility and low cost.
Because EAQ possesses electrophilic characteristics, and
the synthesized catalyst with the nucleophilic reagent for
the carbonyl groups in the EAQ structure, the Pd/Zr–Al–La
catalyst has highhydrogenation efficiency (Shen et al. 2011).
It can provide higher hydrogenation efficiency due to the
higher electron density as a result of adsorption of electro-
philic EAQ and nucleophilic Pd catalyst together. To inves-
tigate the characteristics of Pd/Zr–Al–La catalyst, X-ray
fluorescence spectrometer (XRF), Brunauer-Emmett-Teller
surface area analyzer (BET), Thermogravimetric analysis
(TGA), and Fourier transform infrared spectrometer (FTIR)
were performed. The effect of various process conditions on

Figure 1: Hydrogen peroxide production by the AQ process.
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the catalytic activity and selectivity of the trimetallic nano-
hybrid catalyst in the hydrogenation of EAQ was examined
in the high pressure autoclave reactor.

2 Materials and methods

2.1 Chemicals

Alkylanthraquinone derivative as 2-ethyl-9,10-anthraquinone (EAQ,
Alfa Aesar), trimethylbenzene (TMB, LOBA Chemie), trioctylphosphate
(TOP, Alfa Aesar), zirconium oxychloride (ZrOCl2·8H2O, LOBA Chemie),
aluminum chloride (AlCl3, Merck), lanthanum nitrate hexahydrate
(La(NO3)3·6H2O,Merck), andpalladiumchloride (PdCl2, SigmaAldrich),
were obtained and used as supplied without further purification.

2.2 Preparation of catalyst

The preparation of support was followed as described in the literature
(Ingle et al. 2020b). A novel nanohybrid trimetallic catalyst support
(Zr–Al–La) was developed using the co-precipitation technique and
subsequently impregnated with Pd catalyst using an incipient wetness
impregnation method. ZrOCl2·8H2O (0.5 M), AlCl3 (0.5 M), and La(NO3)3·
6H2O (0.5 M) were mixed altogether and dissolved to make a mixed
solution. The ammonia was added to the solution at the rate of three
drops per minute till the pH reaches to 9.5 and allowing the mixed so-
lution to precipitate. The filtrate was centrifuged and washed with mil-
liporewater till thepHreduces to6.5–7. Theprecipitatewas thendried for
72 h at 60 °C in hot air oven before being pulverized into the fine powder
using the mortar and pestle. The support was stored in an airtight
container at room temperature. The other catalyst supports were syn-
thesized in the same way with various molar ratio concentrations. As
alumina is highly porous and provides excellent support for the loading
of other metals, it was employed in the synthesis at a concentration
similar to the other components. Zirconium, a rare earth metal can sup-
port newer metals subjected to economic constraints. Also Lanthanum
can be used for catalytic activities to a certain extent.

Pd was incorporated on the support using the incipient wetness
impregnation technique. The synthesized support Zr–Al–La was
added to 100 mL of PdCl2 aqueous solution at 27 °C for 48 h with
continuous stirring at 150 rpm. Ammonia was added dropwise till it
attains the pH of 12. Further, it was rinsed with millipore water
and centrifuged to achieve aneutral pHof thefiltrate, and testedwith a
1 wt.% AgNO3 solution before being dried at 120 °C for 6 h. Three
further variations of the catalysts were synthesized in the same way
with various Pd loading (wt.%) and termed them as 0.3 wt.% PdO/Zr–
Al–La, 0.5 wt.% PdO/Zr–Al–La, and 0.7 wt.% PdO/Zr–Al–La. The
PdO/Zr–Al–La sample was made by calcining the dried product in the
muffle furnace for 2 h in the air at 400 °C. PdO/γ-Al2O3 was also syn-
thesized with the same procedure using γ-Al2O3 as support. PdO/
γ-Al2O3 and PdO/Zr–Al–La catalysts were reduced at 200 °C in pres-
ence of H2/Ar for 2 h to obtain Pd/γ-Al2O3 andPd/Zr–Al–La catalysts. It
was kept and stored at room temperature in an airtight container. The
detailed procedure is shown in Figure 2.

2.3 Hydrogenation of EAQ

The EAQ working solution was obtained by dissolving EAQ in
nonpolar solvent TMB and polar solvent TOP in the volume ratio of 1:1.
120 g of solid EAQ was mixed in 500 mL of TOP and 500 mL of TMB to
prepare the working solution of EAQ. The hydrogenation reaction was
performed in the high pressure stainless steel autoclave reactor at
0.3 MPa and 75 °C. The reduced catalyst was taken in 30 mL of EAQ
working solution and mixed with continuous stirring in the autoclave
reactor. The initial concentration of EAQ in the working solution with
catalyst was 109 g/L. Nitrogen (N2) was first purged into the reactor to
eliminate air. The autoclave reactor was sealed and heated to 75 °C.
Once the desired temperature established, the reaction was immedi-
ately initiated by replacing the gas phase with H2. The initial studies
were carried out with various stirring speeds to remove the possibility
of external mass transfer constraints (in the range of 500–1500 rpm).
The results revealed that the conversion remained constant at a stir-
ring speed of 1000 rpm. Therefore, the stirring speed was set to
1000 rpm for all of the experimental runs in this study. The influence of
mass transfer on the reaction rate was investigated using various
catalyst doses (0.1–0.7 g). The catalystwas reducedwithH2 at 0.3MPa,
200 °C for 2 h in a high pressure autoclave before being used in the
reaction.

The influence of reaction time, pressure, and Pd loading on
conversion, hydrogenation efficiency, selectivity, and H2O2 yield
were investigated. After the hydrogenation, 30 mL of the solution
was centrifuged for 5 min at 4000 rpm to isolate the solid catalyst.
Thereafter, 2 mL of catalyst free solution (EAHQ) was taken and
added to 20 mL of millipore water and oxidized with O2 for 20 min at
atmospheric pressure and room temperature. The concentration of
H2O2 was determined by mixing 5 mL of 20% H2SO4 with 2 mL of the
aqueous oxidized solution, and titrating with a KMnO4 solution
(Drelinkiewicz et al. 2005, 2007; Drelinkiewicz and Waksmundzka-
Gora 2006; Halder and Lawal 2007; Ingle et al. 2020a, 2020b; Ingle,
Shende, and Wasewar 2021; Liu et al. 2002; Zhang et al. 2017). The
color of the solution can be taken as indiacation to confirm that the
oxidation process is complete. To evaluate the concentration of H2O2,
the resultant solution was extracted twice with distilled water and
then titrated with KMnO4 solution in past studies. The conversion of
EAQ, yield of H2O2, selectivity of EAQ and hydrogenation efficiency
are defined as follows (Liu et al. 2002):

EAQ Conversion = ntEAQ
n0EAQ

× 100% (1)

Yield of H2O2 = ntH2O2

n0EAQ
× 100 % , (2)

EAQ Selectivity = ntEAQ + ntH4EAQ
n0EAQ

× 100 % , (3)

Hydrogenation efficiency = 5CKMnO4 × VKMnO4 ×MH2O2

2V
(4)

The concentrations of EAQ and H4EAQ in the organic phase were
determined using an Agilent1200 HPLC system (USA) with the DAD
detector (254 nm) and Zorbax C18 column. The mobile phase was
consists of a combination of 80%methanol and 20%HPLC water. The
sum of moles of EAQ and H4EAQ was found to be same that the initial
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moles of EAQ, indicating that no other deep hydrogenated products
formed during the experiments.

2.4 Determination of rate controlling step

The main reaction representing the hydrogenation of EAQ is given as
follows:

EAQ + H2 → EAHQ (5)

The rate of hydrogenation was studied bymeasuring themoles of
EAQ andH2 reacted per unit time. The reactionwas carried out at 75 °C,
0.3 MPa, and 1000 rpm. At higher stirring speeds, the agitation has no
effect on the rate of EAQ and H2 consumption. Therefore, the overall
rate expression can be represented in terms of both the reactants as
follows (Levenspiel 1972):

−rA = kmn CEAQ( )m CH2( )n (6)

where, CH2 = PH2
Hr
.

To validate the first order kinetics, the gaseous reactant is bubbled
through a liquid reactant containing suspended catalyst particles in a

stirred tank slurry reactor.As the reaction is intended to takeplace at the
surface of catalyst particle, the gaseous reactant must first diffuse
through the liquid film to the bulk liquid, and then to the film sur-
rounding the catalyst particle. Therefore, the rate of reaction at the
catalyst surface canbe equated to the rate ofmass transfer through each
of the films as follows (Farrauto and Bartholomew 1998):

r = r1 = r2 = r3 = r4 (7)

r1 = kgagl PH2 − PH2i( )/Hr[ ] (8)

r2 = kglagl CH2i − CH2( ) = kglagl PH2i − PH2( )/Hr (9)

r3 = klsas CH2 − CS( ) = klsas PH2 − PS( )/Hr (10)

The reaction rate at the surface of the catalyst particle can be
estimated as follows:

r4 = kasCS = kasPS
1
Hr

( ) (11)

where k denotes first order rate constant for the surface reaction. On
combining equations (8)–(11) at the steady state condition, CS and Cl
can be eliminated and rewritten as:

Figure 2: Synthesis of trimetallic nanohybrid catalyst Pd/Zr–Al–La.
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r = PH2

1
kgagl

+ 1
kglagl

+ 1
klsas

+ 1
kas

( )Hr[ ] (12)

As H2 is a pure gas that diffuses quickly through gas film,
therefore the gas film resistance can be neglected. Thus, the reaction
rate can be written as:

r = PH2

1
kglagl

+ 1
klsas

+ 1
kas

( )Hr[ ] (13)

On rearranging equation (13);

PH2

r
= Hr

kgl
( ) 1

agl
( ) + Hr

kls
+ Hr

k
( ) 1

as
( ) = C1

agl
+ C2

as
(14)

where C1 = Hr

[kgl] and C2 = (Hr

kls
+ Hr

k
).

The effect of stirring speed was studied by keeping the temper-
ature, pressure, and amount of catalyst constant. The stirring pro-
motes mass transfer by reducing bubble size, increasing gas-liquid
interfacial area, and reducing the thickness of the liquid film around
theH2 bubbles and catalyst particles. The effect of catalyst surface area
(as) was evaluated by varying the amount of catalyst at constant
temperature, pressure, and stirring speed. The following formula can
be used to calculate specific surface area of the catalyst:

as = ms
6
dp

+ ρl
ρp

( ) (15)

The rate of reaction can be rewritten with including as from
equation (15):

1
r
= C′1 +

C′2
ms

(16)

where C′1 =
Hr

[kgaglPH2]
and C′2 =

⎛⎝Hr

kls
+ Hr

k
⎞⎠

[PH2( 6
dp
)(ρl

ρp
)].

The resistance of the gas-liquid interface can be calculated
as 1

kglagl
, which is the product of themass transfer coefficient and the gas-

liquid interfacial area, [ 1
kls
+ 1

k] represents the overall reaction resistance.
Thiele modulus determines the pore diffusion resistance causing

reduction in reactant concentration through catalyst pores, leading to
decrease in the reaction rate. Equation (17) was used to calculate the
Thiele modulus for the catalyst utilized in the study (Farrauto and
Bartholomew 1998).

ϕs = L

̅̅̅
kρp
Deff

√
(17)

where, L = dp/6 (m).
Equation (18) can be used to calculate themolecular diffusivity of

H2 (Santacesaria et al. 1994).

DH2 = 1.05 × 10−2 exp
−1520
T

[ ] (18)

The effectiveness factor ηs, is the ratio of actual reaction rate in
the catalyst particle to the rate with no drop in concentration due to
pore diffusion resistance. Equation (19) can be used to compute the

effectiveness factor for the first order reaction in terms of H2 for the
corresponding Thiele modulus (Farrauto and Bartholomew 1998).

ηs =
tanh ϕs

ϕs

(19)

Equation (20) represents the intrinsic rate expression for the
hydrogenation of EAQ produced in a stirred tank reactor, excluding
any mass transfer constraints (Chen 2001):

rH2 = 0.9936 × 10−8 exp
−17.041
RT

( )PH2 (20)

3 Results and discussion

3.1 Characterization

The elemental composition of the synthesized Pd catalyst
was performed using XRF analysis (Malvern Panalytical
Epsilon 3XLE model). The XRF spectrometer can detect
elements ranging from fluorine (F) to americium (Am) at
concentrations ranging from sub-ppm to 100 wt.%. The
elemental analysis of Zr–Al–La and Pd/Zr–Al–La is shown
in Table 1. Both the support materials and the catalyst
contain significant concentrations of Al2O3, ZrO2, and La2O3,
as well as other compounds such as PdO (in Pd/Zr–Al–La).

The specific surface area was measured using a NOVA
touch 1F with nitrogen adsorption-desorption technique
and the BET surface area analyzer based on the adsorption
isotherm. The specific surface area of Pd supported on
trimetallic nanohybrid Zr–Al–La catalyst was determined
using the BET equation as follows:

1

W P
P0
− 1( ) = C − 1( )

WmC
P
P0

( ) + 1
WmC

(21)

W = V ×MW

22.4 × 1000
(22)

Table 2 describes the relative pressure (P/P0) and
volume of gas adsorbed at STP as estimated by equations

(21) and (22). As illustrated in Figure 3, plotting ( P
P0
) versus

1

W( P
P0
−1) using BET equation provides a straight line with the

Table : The composition of Zr–Al–La support and Pd/Zr–Al–La
catalyst.

Compound ZrO (%) AlO (%) LaO (%) Other (%) PdO (%)

Zr–Al–La . . . . –
Pd/Zr–Al–La . . . . .
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slope (S) of (C−1)
WmC

and an intercept (i) of 1
WmC

. Thus, the spe-

cific surface area was calculated to be 146.56 m2/g.
The FTIR spectra of Pd/Al2O3 and the nanohybrid

catalyst Pd/Zr–Al–La are shown in Figure 4. The Al–O–Al
bond is assigned to the absorbance bands at 477 cm−1 in
the FTIR spectra of Pd/Al2O3, while one low-frequency
band at 1640 cm−1 is assigned to PdO. The broad band at
3445 cm−1 is caused by the stretching vibration of adsor-
bed water.

The bending vibration of the O–H group accounts for
the peak at 1640 cm−1 in FTIR spectra of the Zr–Al–La
nanohybrid support. The peaks at 739, 614, and 475 cm−1

are formed by vibrations of mixed metal oxides. The large
peak at 1410 cm−1 indicates the bending vibration of Zr–
OHgroups. The appearance of bands in the support at 739,
1410, and 674 cm−1 corresponds to Al–O, Zr–O, and La–O,
respectively (Dou et al. 2012; Thanh et al. 2016; Vilas,

Philip, and Mathew 2016). The calcination of the prepared
catalyst resulted in the formation of oxygen containing
functional groups (PdO/Zr–Al–La), whereas the reduc-
tion of the catalyst before the hydrogenation reaction
resulted in the development of the metallic phase (Pd/Zr–
Al–La).

The thermal stability of the Pd/Zr–Al–La nanohybrid
catalyst was studied using TGA analysis. The catalyst
sample was taken in the sample pan and heated from 30 to
900 °C at the heating rate of 10 °C/min under the nitrogen
atmosphere. The TGA thermogram of Pd/Zr–Al–La is
shown in Figure 5. The elimination of physically attached
water molecules caused about 25% weight loss in the first
stage of heating in the temperature range of 100–200 °C.
However, about 47% weight loss was recorded in the
second stage between 200 and 600 °C. It is associated with
the reduction of crystallization water and low molecular
weight compounds (Mohan et al. 2016). The actual degra-
dation of catalyst material starts at the temperature of
around 100 °Cand almost gets stabilized at the temperature
of around 600 °C. Therefore, based on the thermogravi-
metric analysis, it can be said that the synthesized catalyst
is thermally stable up to the temperature of around 100 °C.
There is no substantial loss resulting above the tempera-
ture of 600–900 °C. Hence, the Pd/Zr–Al–La nanocatalyst
can be used efficiently for hydrogenation reactions, as the
majority of the hydrogenation of EAQ is carried out below
100 °C.

Figure 3: Adsorption isotherm of N2 for Pd/
Zr–Al–La catalyst.

Table : Relative pressure (P/P) and volume of gas adsorbed at STP.

Relative
pressure

Volume
adsorbed

Weight of
adsorbent

/[W
(P/P − )]

(P/P) (cc/g) (g)

. . . .
. . . .
. . . .
. . . .
. . . .
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3.2 Catalytic performance test

3.2.1 Effect of reaction time

The experiments on catalytic hydrogenation were car-
ried out in the high pressure autoclave reactor using a Pd/

Zr–Al–La catalyst to investigate the reaction kinetics of

EAQ hydrogenation. The hydrogenation of EAQ using the

Pd/Zr–Al–La catalyst is zero order in terms of EAQ con-
centration and first order in terms of H2 concentration
(According to the integral method of analysis) (Berglin and
Schoon 1981; Santacesaria et al. 1994, 1999). Figure 6
confirms the zero order of the reaction with respect to
concentrations of EAQ. However, the hydrogenation
behavior of EAQ in the initial stage differs from that in the
deep hydrogenation stage (Drelinkiewicz 1995).

Figure 4: FTIR spectrum of Pd/Al2O3 and Pd/
Zr–Al–La catalyst.

Figure 5: TGA analysis of Pd/Zr–Al–La
catalyst.

A.A. Ingle et al.: Nanohybrid catalyst Pd/Zr–Al–La in hydrogenation of ethylanthraquinone 7



The rate of liquid-phase hydrogenation using Pd/Zr–
Al–La catalyst for EAQ conversion (rEAQ), EAHQ formation
(rEAHQ), and hydrogen consumption (rH2) was determined
with varying catalyst doses. The rEAQ, rH2, and rEAHQ values
were determined using the slope of the reactant and
product concentrations plot per unit time. The rate of
reaction of the zero order reaction is equal to the rate
constant and remains constant during the reaction period.
As shown in Figure 7, the rate of EAQ conversion is nearly
constant throughout the reaction at various catalyst doses.
The rate of first order reaction drops as the concentration of
H2 in the reaction lowers. As shown in Figure 7, the rate of
H2 consumption decreases with the reaction time. The rate
of formation of the EAHQ decreases as the overall order of
the reaction becomes first order.

3.2.2 Effect of hydrogen pressure

The kinetic rate model was developed to explore the
impact of changing EAQ concentration on reaction rate.
With increasing EAQ concentrations, the catalytic activity
of both Pd/Al2O3 and Pd/Zr–Al–La catalysts is almost
constant. It confirms that EAQ conversion is virtually zero
order dependent on EAQ concentration (Figure 8). In the
liquid-phase hydrogenation of EAQ, the rate of reaction
for hydrogen was calculated using the concentration of
consumed hydrogen. At constant temperature, Henry’s law
states that the consumed hydrogen concentration is pro-
portionate to the hydrogen pressure. Therefore, the ex-
periments were carried out to investigate the influence of

varying H2 pressure on EAQ conversion. As shown in
Figure 9, the conversion of EAQ is proportional to H2

pressure using both Pd/Al2O3 and Pd/Zr–Al–La catalysts,
indicating that the apparent reaction orders for H2 of Pd/
Al2O3 and Pd/Zr–Al–La catalysts are nearly first order
(Hong et al. 2017).

3.2.3 Effect of Pd loading

The effect of Pd loading was studied on the catalyst ac-
tivity and selectivity at constant temperature (75 °C),
pressure (0.3 MPa), and reaction time (2.33 h) with the
initial concentration of EAQ of 109 g/L. The catalyst was
prepared with 0.3, 0.4, 0.5, and 0.6 wt.% Pd loading. The
catalyst activity and selectivity were found to be rela-
tively higher using 0.5 wt.% Pd loading catalyst than that
of the catalyst with other variations of Pd loading i.e. 0.3,
0.4, and 0.6 wt.%. The Pd particles were not detected in
the XRD analysis in the case of 0.3 and 0.4 wt.% Pd
loading catalysts, therefore, the reactants could not ac-
cess them more easily. At the Pd loading of 0.5 wt.%, Pd
particles emerge on the outer surface of the nanohybrid
support and it could have enabled by the accessible re-
actants. The higher Pd loading (0.6 wt.%) could not
enhance the net active sites and instead resulted in larger
Pd particles on the outer surface of the support. Thus, the
catalyst activity could not be increased with Pd loading
more than 0.5 wt.%. The selectivity of the catalyst was
found to be constant at various Pd loading as shown in
Figure 10.

Figure 6: Conversion of EAQ vs. reaction time
(Reaction conditions: Temperature = 75 °C,
pressure = 0.3 MPa, initial concentration of
EAQ = 109 g/L, volume of WS = 30 mL, and
catalyst dose = 0.5 g).
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Figure 7: Rates of EAQ conversion, EAHQ
formation and H2 consumption as a function
of reaction time (Reaction conditions:
Temperature = 75 °C, pressure = 0.3 MPa,
initial concentration of EAQ = 109 g/L, volume
of WS = 30 mL, and catalyst doses (a) 0.1 g,
(b) 0.3 g, and (c) 0.5 g).
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3.2.4 Effect of catalyst doses

The effect of mass transfer on the reaction rate was
investigated with varying the catalyst doses (0.1–0.7 g).
The influence of catalyst doses on hydrogenation effi-
ciency, conversion, and selectivity was investigated with

an initial concentration of EAQ of 109 g/L at a constant
temperature (75 °C) and reaction time (2.33 h). The hy-
drogenation performance found to be enhanced with in-
crease in the catalyst doses. It could be attributed to the
more active sites for EAQ to be adsorbed on the supported
catalyst surface. The hydrogenation efficiency was 4 g/L

Figure 8: Effect of concentration of EAQ on the
hydrogenation efficiency (Reaction
conditions: Temperature = 75 °C,
pressure = 0.3 MPa, stirring
speed = 1000 rpm, catalyst dose = 0.5 g,
time = 2.66 h).

Figure 9: Conversion of EAQ vs.hydrogen
pressure (Reaction conditions:
Temperature = 75 °C, pressure = 0.3 MPa,
stirring speed = 1000 rpm, initial
concentration of EAQ = 109 g/L catalyst
dose = 0.5 g, time = 2.66 h).
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with a catalyst dose of 0.1 g, and it was increased to 9.15 g/
L with a catalyst dose of 0.5 g. It could not significantly
improve the hydrogenation efficiency on further increase
in the catalyst doses (0.7 g) as shown in Table 3. It was
found a linear increase in The hydrogenation rate was
observed to be increased with catalyst doses, indicating
that the mass transfer does not affect the reaction rate.
Thus, it can be concluded that the selectivity of EAQ for
the prepared catalyst is desirable. As a result, the hydro-
genation of EAQ demonstrates that the Zr–Al–La assisted
catalyst can increase the catalyst activity with 100%
selectivity for each cycle of hydrogenation of EAQ. The

comparison of the performance of 0.5 wt.% Pd/Zr–Al–La
catalyst with conventional catalyst (1 wt.% Pd/Al2O3) is
described in Table 4.

3.2.5 Effect of pre-treatment of support

It was revealed that the oxidized state of the support
and the phase of the active component play an important
role in catalytic activity and selectivity during the cata-
lyst synthesis. It was also confirmed from FESEM, XRD,
and FTIR analysis that the structure of the prepared
catalyst enhances due to the prereatment given viz.
calcination and reduction. It is attributed to the pre-
treatment of the support during catalyst preparation
induces oxygen surface, functional groups,making the Pd
catalyst more selective. The heat treatment transforms
the catalyst into a metallic phase leading to improve in
the yield and selectivity. The study demonstrates that the
optimum conditions for catalyst preparation are the
calcination at 400 °C for 2 h and the reduction at 200 °C,
for 2 h.

3.3 Determination of rate controlling step

The mass transfer resistance regulates the reaction rate in
the conventional reactor. The mass transfer process gets
improved in presence of the catalyst during the hydroge-
nation of EAQ, allowing the reaction rate to enhanced and
reducing the volume of the reactor. Thus, the hydrogena-
tion reaction becomes safer, less expensive, and more
environmentally friendly in presence of the catalyst.
Equation (15) was used to estimate the intercept C′1, and

Figure 10: Effect of Pd loading on catalyst
activity and selectivity (Indent: XRD spectra
for 0.3 and 0.4 wt% Pd loading catalyst)
(Reaction conditions: Temperature = 75 °C,
pressure = 0.3 MPa, volume of WS = 30 mL,
initial concentration of EAQ = 109 g/L).

Table : Catalytic performance of Pd/Zr–Al–La catalyst for hydro-
genation of EAQ.

Catalyst
dosage (g)

E (g/L) S (%) X (%)

. .  

. .  

. .  

. .  

Reaction conditions: Working solution volume: mL. Temperature:
 °C. Pressure: . MPa. Time: . h.

Table : Comparison with conventional catalytic system.

Sample B (g/L) S (%) X (%) R (%)a

 wt.% Pd/AlO . .  –
. wt.% Pd/Zr–Al–La .   

aImprovement in hydrogenation efficiency with Pd/AlO. Reaction
conditions: Working solution volume:  mL. Catalyst dose: . g.
Temperature:  °C. Pressure: . MPa. Time: . h.
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found to be 0.033 m3 s/mol at the stirring speed of
1000 rpm, H2 pressure of 3 atm, and 1/ms as 5681.82 (Far-
rauto and Bartholomew 1998).

C′1 =
Hr

kglaglPH2[ ] (23)

The mass transfer resistance was calculated using
equation (23) and found the gas-liquid mass transfer
coefficient kglagl as 12.89 1/s. The large interfacial area
and shorter mass transfer distance produced by the high
dispersion may account for the sufficient enhancement of
kglagl. Thus in the catalytic reaction, it leads to effective
performance. The gas-liquid mass transfer coefficient was
found more than double that of the laboratory trickle bed
reactor as KLa ≈ 0.01–0.08 1/s (AlDahhan et al. 1997).

The specific surface area can be estimated using equa-
tion (15) using the values of ms = 0.01354 kgcatalyst/kgliquid;

dp, = 5.149 nm; ρl, = 1231 kg/m3; and ρp = 2000 kg/m3 and

found to be 4864.12 × 103 m2
catalyst/m

3
liquid.

Equation (17) was used to calculate Thiele modulus of
the catalyst used in the study. Equation (24) was used to
estimate the values of the rate constant:

−r = −dC
dt

= k CEAQ[ ]0 CH2[ ]1 (24)

The calculated value of k was 169.23 × 10−3 m3/kg⋅s.
Equation (17) can be used to calculate the molecular
diffusivity of H2. The diffusivity of H2 was determined to be
0.0133 × 10−6 m2/s at 75 °C. The Thiele modulus was
calculated using equation (16), and found to be 0.0136. The
effectiveness factor ηs for the first order reaction with
respect to H2 was found to be 0.9999 ≈ 1.0 calculated from
the Thiele modulus value.

The intrinsic rate expression for the hydrogenation
of EAQ in the stirred tank reactor can be expressed as
equation (19), eliminating any mass transfer limitations
proposed by Chen (2001). The rate of reaction was calcu-
lated using equation (19) and found to be increased to 9.935
× 10−9 mol/m3s, with the addition of a supported Pd/Zr–
Al–La catalyst. The particle size, or the dispersion of active
metal on the surface of the catalyst support, is essential for
improving the catalytic performance. In the hydrogenation
of anthraquinone compounds, Al2O3 as traditional catalyst
support produces the lower yield of 63% and the hydro-
genation efficiency of 2.5 g/Lwith the loss of active quinone
compound (Hong et al. 2017). The use of Pd/Zr–Al–La as
catalyst improves hydrogenation efficiency (9.15 g/L) and
the yield of H2O2 (95%) with 100% selectivity. The

conversion rate increases with the catalyst dose, demon-
strating that mass transfer did not affect the reaction rate.
Furthermore, Mears andWeisz-Prater tests were performed
on the highest recorded rates to verify any mass transfer
limitations identified in the study. The Mears criteria are as
follows:

CM  = −r′H2
ρbRn

kcCAb
  <   0.15 (25)

The value of Mears criterion’s, CM was found to
be 9.19 × 10−14 for the external diffusion limitations,
which is substantially less than 0.15. Also the estimated

value of the Weisz-Prater criterion CWP  = −r′H2ρcR
2

DeCAS
  <   1 was

2.98 × 10−13, which is much less than 1.0 for the charac-
teristic of the internal diffusion limitations. Thus, all of
the initial experiments and estimates demonstrate that
the ensuing rate data have been collected in kinetically
controlled regime.

3.4 Stability test

A series of experimental runs were performed to study
the stability of the prepared Pd catalyst in the hydroge-
nation of EAQ. The experimental condition was fixed at
reaction temperature 75 °C; pressure 0.3 MPa using the
working solution volume of 30 mL. The reaction was
conducted for three successive runs with each catalyst
lasting for 2.66 h.

There was a negligible loss of Pd content in the Pd/Zr–
Al–La catalyst after three successive runs. Table 5 presents
the XRF analysis for the Pd contents of Pd/γ-Al2O3 and Pd/
Zr–Al–La for fresh and spent catalyst after three runs.
Compared to the fresh catalysts, the Pd content of Pd/Zr–
Al–La was found to be decreased slightly from 0.5 to
0.47 wt.%. In contrast, the Pd content of Pd/γ-Al2O3 ex-
hibits a significant decrease in Pd content from 0.55 to
0.4 wt.%, suggesting that Pd/γ-Al2O3 tends to aggregate. It
can be attributed to the loss of active metal content after

Table : Metal contents after three runs of the fresh and used
catalysts.

Sample Pd content (%)a

Fresh catalysts Used catalysts

. wt.% Pd/Zr–Al–La . .
 wt.% Pd/γ-AlO . .

aDetermined from XRF analysis.
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three successive runs, leading to alter the surface area and
active sites available for the reaction. It was noticed that
only a slight decrease in yield and the hydrogenation effi-
ciency after three runs as compared to that of fresh catalyst
as shown in Figure 11.

4 Conclusions

The suitability of catalysts modified with various Pd
loadings and prepared using the co-precipitation and
impregnation process was explored for the hydrogenation
of EAQ. It was concluded that Pd/Zr–Al–La with a Pd
loading of 0.5 wt.% provides the highest catalytic activity
and selectivity among all modified catalysts. It is also
evident from the study that modifying the support in-
creases Pd dispersion, reduces the size of the palladium
nanoparticle, and governs the catalyst reducibility. The
improved characteristics help the supported Pd based
catalyst in the hydrogenation of EAQ to achieve the
enhanced catalytic activity. Further, it can be assumed
that the requirement of the precious metal (Pd) content in
the catalyst used for industrial applications will optimum
and significantly reduced. There is a negligible loss in Pd
content of the Pd/Zr–Al–La catalyst after the three suc-
cessive runs indicating the great stability of the prepared
catalyst.

The linear relationship between time and initial
catalytic activity reveals that the chemical reaction, rather
than diffusive mass transport processes, controls the
initial hydrogenation rate. The higher catalytic activity of
0.5 wt.% Pd/Zr–Al–La catalyst confirms that the mixed
metal oxides effects of Zr, Al, and La enhance the process of
hydrogenation of EAQ.

Nomenclature

Acs adsorbate cross-sectional area (16.2 Å2/mol for
nitrogen)

agl gas-liquid interfacial area (m2/m3)
as specific surface area of catalyst (m2/m3)
C BET constant
CEAQ concentration of EAQ (mol/L)
CEAQ0 initial concentration of EAQ in working solution (mol/L)
CH2 concentration of H2 (mol/L)
CKMnO4 concentration of KMnO4 solution (mol/L)
De effective gas phase diffusivity (m2/s)
DH2 molecular diffusivity of H2 (m

2/s)
dp catalyst particle diameter (m)
E Activation energy (J/mol)
Hr Henry’s constant
kc mass transfer coefficient (m/s)
kg gas-phase mass transfer coefficients (m/s)
kgl gas-liquid mass transfer coefficients (m/s)
kls liquid-solid mass transfer coefficients (m/s)
MH2O2 molar mass of hydrogen peroxide (g/mol)

Figure 11: Catalytic performance of catalyst after three runs.
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ms catalyst loading (kg/m3)
Mw molecular weight of the adsorbent gas

(Nitrogen = 28.0134 g/mol)
Nav Avogadro’s number = 6.023 × 1023 (mol)
n reaction order
ntH2O2

moles of H2O2 formed (mol/L)
n0(EAQ) initial moles of EAQ (mol/L)
nt(EAQ) moles of EAQ at time t (mol/L)
nt(H4EAQ) moles of H4EAQ at time t (mol/L)
PH2 partial pressure of H2 (atm)
P/P0 calculated relative pressure using BET
R Gas constant, R = 8.314 J/(mol K)
R catalyst particle radius (m)
r rate of mass transfer through each film
r1 rates of mass transfer through the gas film
r2 rates of mass transfer through gas-liquid interface
r3 rates of mass transfer through liquid-solid interface
r4 rates of mass transfer at the surface of the catalyst

particle
−rH2 reaction rate for H2 kmol/kgcat s
−rEAQ EAQ consumption rate (mol/h)
S selectivity towards active quinone (%)
St total surface area (m2)
Sp specific surface area (m2/g)
T reaction temperature (°C)
t reaction time (h)
VKMnO4 volume of KMnO4 solution (mL)
V volume of hydrogen peroxide solution (mL)
W weight of the adsorbed gas (cc/mol)
Ws weight of the sample (g)
W t weight of the adsorbate as a monolayer (g).
xEAQ conversion of EAQ (%)
yH2O2

yield of H2O2 (%)
ηs effectiveness factor
ϕs Thiele modulus
ρb bulk density of catalyst (kg/m3)
ρp catalyst density (kg/m3)
ρl density of EAQ (kg/m3)
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