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Abstract:

Catalytic hydrogenation of benzophenone to benzhydrol was
carried out in 2-propanol using Raney nickel as a catalyst at
hydrogen pressures in the range of 80862200 kPa, reaction
temperatures 323—343 K, catalyst loadings 420 g dn3 and
benzophenone concentrations 0.44—1.32 mol drh Effects on
the hydrogenation of benzophenone to benzhydrol of various
catalysts (Pd/BaSQ, Pd/C, Pt/C, Raney nickel, Pd/CaCQ) and
solvents (methanol, 2-propanol, xylene, toluene, hexane, dim-
ethylformamide) have been reported. Speed of agitation beyond
17 rps had no effect on the progress of reaction. Benzophenone
can be selectively hydrogenated to benzhydrol, and the initial
rate of hydrogenations showed first-order dependence with
respect to the hydrogen partial pressure and catalyst loading
and zero-order dependence with respect to benzophenone
concentration. The activation energy for the catalytic hydro-
genation of benzophenone was found to be 56 kJ mdl A
Langmuir—Hinshelwood-type kinetic model with hydrogen
from the liquid-phase attacking adsorbed benzophenone has
been proposed.

Introduction

catalyst, and Andrews et al. obtained 80% yield using Raney
nickel catalyst and 2-propan®t® Kumbhar et al. studied
the hydrogenation of benzophenone to benzhydrol over Ni
and Ni-based bimetallic NiCu and Ni-Fe catalysts. The
hydrogenation was accompanied by the formation of ether
and 1-methoxy-1,1-diphenylmethane in addition to the
expected hydrogenation product, benzhydfdilideyuki et
al. used homogeneous rhodium, ruthenium, iridium, and
platinum catalysts for the hydrogenation of benzophenone
to obtain benzhydrol in 90% yielt. Sajiki et al. have used
10% Pd/C-ethylenediamine complex as a catalyst to obtain
89% yield of benzhydrol?

However, limited kinetic information concerning the
catalytic hydrogenation of benzophenone to benzhydrol has

been publisheél—1?

[} OH
Benzophenone Benzhydrol
Materials

Benzophenone, 2-propanol, methanol, toluene, xylene,

The hydrogenation of benzophenone is a well-known peyane, and dimethylformamide used were of laboratory
route to obtain benzhydrol that is widely used as an reagent grade and obtained from S.D. Fine Chemicals,
intermediate for the commercial production of pharmaceutical pjymbai, India. Hydrogen (cylinder purity 99.98%) was
substances. The conventional reduction process using zinGyptained from India Oxygen Limited, Mumbai, India, and
and aqueous alkali is known to generate substantial waste, 55 ysed as such. Commercially prepared 5%Pd/C, 5%Pd/
Reduction using stoichiometric but expensive sodium boro- gasq 504Pt/C, 5%Pd/CaCQOwere obtained from Parekh

hydride gives rise to similar problemsThe catalytic

Platinum Ltd, Mumbai, India, and Raney nickel was obtained

hydrogenation of benzophenone can be utilized as thefrom Monarch Chemicals. Mumbai. India.

simplest technical route for the synthesis of benzhydrol. It
is usually carried out in alcoholic solvents in the presence Experimental Section

of various metallic catalysts but produces diphenylmethane, Experiments were carried out in an autoclave (diameter
an over-reduction product. Gosser obtained 97% yield of — g5 mm capacity= 100 mL). The reactor had provisions
benzhydrol and 86% conversion of benzophenoneeity for automatic temperature control, variable agitation speed

butanol as a solvent with the use of Lindlar, lead-poisoned (pitched blade turbine, diameter 35 mm), a safety rupture
Pd/CaCQ catalyst* Various methods have been reported for disk, and the sampling of the liquid phase. The appropriate

the synthesis of benzhydrél’ Upadhya et al. have reported g antities of the benzophenone, the solvent, and the catalyst

91% yield of benzhydrol in the hydrogen-transfer process \yere added to the clean and dry autoclave. Before heating
with 2-propanol and Ni-stabilized zirconia @Nio205)
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Catalyst, Raney nickel ‘l Table 1. Effect of various catalysts on the catalytic
hydrogenation of benzophenong

Benzophenone Reaction
(O.OSSPmoles) " AUTOCLAVE mixture Catalyst Cata|yst
(100 ml) FILTRATION temperatureconversion  vyield of loading
Z-propanol ’ catalyst (k) (%)  benzhydrol (%)(g dni3)
2-propanol + 5% Pd/BaSQ@ 343 100 44 1.6
Benzhydrol 5% Pd/C 353 100 49 1.6
5% Pd/C 343 100 77 1.6
Benzhydrol 5% Pd/C 323 93 100 1.6
(0.054 mole) ‘ DISTILLATION 5% Pt/C 343 52 82 1.6
5% Pd/CaC@ 343 no reaction — 1.6
l Raney nickel 363 100 89 4
Raney nickel 353 100 97 4
2-propanol Raney nickel 343 100 100 4
Raney nickel 333 83 100 4

Figure 1. Hydrogenation of benzophenone to benzhydrol and
its recovery.
aHydrogen partial pressure: 1500 kPa; agitation speed:d?ZnZ rps; benzophenone

the autoclave to the required temperature, it was repeatedlyconcentration: 0.88 mol drf; solvent (2-propanol): 0.05
purged first with nitrogen and then with hydrogen at room
temperature in the absence of agitation. Once the required 100
temperature was reached, it was pressurized with hydrogen
to obtain the desired patrtial pressure of hydrogen and stirring
was started. As the reaction proceeded, the consumed
hydrogen was replenished so as to maintain a constant
pressure in the autoclave. Samples of 2 mL were withdrawn
through the sample outlet at regular time intervals and
analyzed using HPTLC. The conditions of analysis for the

. . 25 1
reaction mixture were as follows: /
0 —s

T T T

75 1

50 4

Yield, (%)

200 mmx 200 mm Al p|ate 0 2500 5000 7500 10000
TLC plate type coated with silica gel 6045, Time, (s)
. Figure 2. Influence of reaction time on the yields of benzhydrol
solvent system toluene/hexane (1:1
appﬁcato)r/ used Desaga applicatE)r ) and diphenylmethane. (A) Yield (%) of benzhydrol with Pd/C
densitometer used CD60 densitometer catalyst; (<€) yield (%) of benzhydrol with Pd/BaSO4 catalyst;

(O) yield (%) of diphenylmethane with Pd/C catalyst; (O) yield
(%) of diphenylmethane with Pd/BaSO4 catalyst. Reaction

Results and Discussion temperature: 343 K; hydrogen partial pressure: 1500 kPa;

The main objective of the present work was to study the gjgf"éﬁf,";ad'”gi 1.6 g dn=; benzophenane concentration: 0.68
effect of various operating parameters on the catalytic '
hydrogenation of benzophenone to benzhydrol. Initial experi-  Effect of Various Catalysts. Use of metallic catalysts
ments on catalytic hydrogenation of benzophenone weremay lead to the formation of diphenylmethane along with
carried out to establish the material balance of reactantthe desired benzhydréi!? The main objective of the present
consumed and product formed and the balance to the extenstudy was to provide a process which gave very high yield
of minimum 98% as per the stoichiometry given by eq 1 of benzhydrol.
was established for the organic reactants and products. After The effect of several catalysts was investigated in the
completion of the reaction, the catalyst was separated byhydrogenation of benzophenone in the present study (Table
filtration and washed with 2-propanol. The filtrate and the 1). Pd/BaSQ catalyst gave low yield of benzhydrol after
washings were mixed and distilled to separate 2-propanol complete conversion of benzophenone, and reaction did not
and the product (Figure 1). The product thus obtained had aprogress with Pd/CaC{catalyst. At higher temperatures
melting point of 64.6°C. In a typical experiment, starting (>343 K) with Pd/C as a catalyst, diphenylmethane was also
with 0.055 mol benzophenone and 100% conversion, the formed along with benzhydrol, and at lower temperatures
final product benzhydrol recovered by this process was 0.054 (<333 K), no diphenylmethane was detected. At higher
mol, amounting to 98% process recovery of the product. temperature as the reaction progresses, yield of benzhydrol

For kinetic experiments, progress of the reaction was decreases, and the variation of yields of benzhydrol and
monitored by off-line analysis of the reaction mixture by diphenylmethane with Pd/Bag@nd Pd/C as a catalyst with
HPTLC and the consequent estimation of the moles of the respect to time is shown in Figure 2. The reaction was very
reactant consumed as a function of time in each run. On theslow when Pt/C was used as a catalyst in the hydrogenation
basis of the amount of reactant consumed, the initial ratesof benzophenone to benzhydrol, with 52% conversion of
were calculated graphically using a third-order polynomial benzophenone with 83% yield of benzhydrol. When hydro-
equation. genation of benzophenone with Raney nickel as a catalyst
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Table 2. Effect of various solvents on the catalytic 4

hydrogenation of benzophenong&
solvent initial rate x 10° (mol dn3s71)
2-propanol 17 m,; ]
xylene+ methanol (9:1) 6 S
xylene+ methanol (4:1) 11 g
xylene+ methanol (1.5:1) 11 o 2
toluene+ methanol (4:1) 9 = 4
hexanet methanol (4: 1) 6 2
methanol 4 =
:‘g 1A
aReaction temperature: 343 K; hydrogen partial pressure: 1500 kPa; agitation
speed: 22 rps; benzophenone concentration: 0.88 mof;dratalyst loading:
10 g dnr3,
O T T T
ied hiah diph - 0 6 12 18 24
was carried out at high temperatures363 K), dipheny
methane was also formed along with benzhydrol; however, Catalyst loading, (g dm™)

at lower temperature (<343 K), only benzhydrol was " ¢ st loadi he initial ¢
obtained, and no diphenylmethane was detected. Therefore/794re 3. Effect of catalyst loading on the initial rate o
tatalytic hydrogenation of benzophenone. Reaction tempera-

in the hydrogenation of benzophenone to benzhydrol optimal re.” 343K: hydrogen partial pressure: 1500 kPa: agitation
reaction conditions have to be maintained to obtain benzhy-speed: 22 rps; benzophenone concentration: 0.88 mol drh
drol in high yields. Among the catalysts used, Raney nickel
was found to be an effective and selective in hydrogenation ~ *#*
of benzophenone to benzhydrol at lower temperatures; hence
in subsequent studies Raney nickel was used as a catalyst

Effect of Solvent. Solvents are known to have a signifi-
cant effect on the rate of catalytic hydrogenations. The effect =
of solvent is attributed to various factors, which include
solubility of hydrogen, thermodynamic interaction of solvent .
with the reactants and products, agglomeration of catalysts
in some solvent, competitive adsorption of solvent&fthe
solvents employed were methanol, 2-propanol, toluene,
xylene, hexane, and dimethylformamide, and the effect of
solvents on initial rate of reaction is shown in Table 2. The
rate of reaction was very low in methanol. Hydrogenation . . .
of benzophenone to benzhydrol did not progress when 0 6 12 18 24
dimethylformamide, toluene, hexane, and xylene were used Pressure X107, (kPa)
T B e o AL A0 U0 g . it of tycrogn il presure o e i

‘ : ) ’ 'rate of catalytic hydrogenation of benzophenone. Reaction

and xylene. To avoid this, some quantity of methanol was temperature: 343 K catalyst loading: 10 g dnT3; agitation
added to these solvents before starting the reaction, and thespeed: 22 rps; benzophenone concentration: 0.88 mol drf
effect of various concentrations of methanol on the reaction o _
was also studied. The initial rate of hydrogenation was found Was significant between 10 and 17 rps. The impeller speed
to increase when the methanol concentration increased fromnad no effect on the initial rate after 17 rps, indicating the
10 to 20%. As the initial rate of hydrogenation of benzophe- absence of any exf[ernal mass—transfgr I|.m|tat|on. The extgrnal
none was very low when methanol was used as solvent, mass-transfer resistances can be eliminated by operating at
increase in methanol concentration more than 20% caused? igh speed of agitation. .
the decrease in the rate of hydrogenation, indicating the Effect of Catalyst Loading. The effect of catalyst loading
dominant effect of methanol on the catalyst. The rate of ON the initial rate of catalytic hydrogenation of benzophenone
hydrogenation of benzophenone was higher in 2-propanol; is shown in Figure 3. The catalyst. loading was varied
therefore, 2-propanol was used as a solvent for the hydro-Petween 4 and 20 g drifor the catalytic hydrogenation of
genation of benzophenone to benzhydrol. _benzophe_none. The initial rate of regctlon was found to

Effect of Speed of Agitation.The effect of impeller speed ~ increase linearly with the catalyst loading.
on the initial rate of catalytic hydrogenation of benzophenone ~ Effect of Hydrogen Partial Pressure. The effect of
to benzhydrol in the range 22 rps at reaction temperature nydrogen partial pressure was studied in the range-800
343 K was studied. The initial rate was found to increase 2200 kPa. The effect of hydrogen partial pressure on the
when the speed increased from 10 to 17 rps. This indicatesinitial rate of reaction is shown in Figure 4. The rate was

that gas-to-liquid or liquid-to-solid mass-transfer resistance found to increase linearly with the hydrogen partial pressure.
The result indicates first-order dependence of the initial rate

(13) Rajadhyaksha, R. A.; Karwa, S. Chem. Eng. Scil986,41, 1765. of reaction on the hydrogen partial pressure. The solubility

qu
=

3 -

KN

Initial rate x 107 (mol dm
=
|
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3 Table 3. L—H models for the different controlling

mechanism for the hydrogenation of benzophenorié
Model No Controlling Mechanism Rate Model
m; > Single site-All the reaction species adsorbed molecularly
=
—_— . o — kICAu
g — . * I Adsorption of A controlling ¥, = TTK. O X, C,
rE“ o
3 11 Adsorption of H; controlli __HC,
§ - Sorption o 2 controlling ¥ —m
£
E
- 11 Surface reaction controlling 7y = 7/(31('41(": CanC
1+K,C,, +K, C,,
Single site-Molecularly adsorbed A and atomically adsorbed Ha
0 ; ; .
Y 0.4 0.8 1.2 1.6 v Adsorption of A controlling 7 :%
Benzophenone Concentration, {(mol dm‘3) ‘
Figure 5. Effect of benzophenone concentration on the initial v Adsorption of H; controlling 7 :ki”
rate of catalytic hydrogenation of benzophenone. Reaction I+ K,Co)
temperature: 343 K; hydrogen partial pressure: 1500 kPa; LK E.C.C
agitation speed: 22 rps; catalyst loading: 10 g dm?. VI Surface reaction controlling 2 =W
of hydrogen in 2-propanol was estimated from the correlation Single site-Molecularly adsorbed A and H in the liquid phase
given by Shawf and the predicted values at 343 K were
found to obey the relationship = 16000S, wherg is the Vit Adsorption of A controlling o =k,Cy
hydrogen partial pressure (kPa) a&lis the hydrogen K
SOlUblllty in 2-pr0pan0| (m0| dﬁ) - VIII Surface reaction controlling ”u:ﬁ
Effect of Benzophenone ConcentrationBenzophenone
concentration was varied from 0.44 to 1.32 mol dnfor
the catalytic hydrogenation of benzophenone. Figure 5 shows 3
the effect of reactant concentration on the initial rate of
catalytic hydrogenation. It was found that reactant concentra- =,
tion did not have any effect on the initial rate of reaction, “g
indicating a zero-order dependence on the reactant concen-—= 5 |
tration. E
Zero-order dependence of rate with respect to benzophe- £
. . -
none was observed by Ustinov, V. A. et al. in the hydroge- —
nation of benzophenone using Pdf84 catalyst and ethanol 2
as a solvent? 2 i
Effect of Temperature. The reactions were carried out g
at different temperatures in the range 32333 K. The initial 2
rate of catalytic hydrogenation increased with increasing the
reaction temperature. 0 . .
Kinetic Model. All the experiments were carried out to 0 1 2 3

eliminate the external mass-transfer resistances by operating
at high speed of agitation (22 rps). It was found that reaction

temperature had a strong effect on the initial rate of the Figure 6. Parity plot.
reaction, and the rate of reaction is first-order with respect
to hydrogen pressure and zero-order with respect to ben-

zophenone. zophenone and hydrogen) is rate controlling. To select the

A Langmwr—HmsheIwood (L—H)-type model has been correct rate equation, a nonlinear least-squares regression
proposed to describe the hydrogenation of benzophenone tg

benzhydrof® Several variations of the H model (Table analysis was used for each rate equation to obtain the best

3) were evaluated, including those with molecular adsorption values of the parameters using "polymath software”. Models

) ’ 9 . PUON \ith molecular adsorption of all the reactants and dissociative

of all the reactants and dissociative hydr_ogen adsorpnon.hydrogen adsorption gave negative rates or adsorption

These models are based on the assumption that one of th%onstants, high residual sum of squares (RSS), and variance

(14) Ustinov, V. A.; Kofanov, E. R.; Mironov, G. S. Deposited Doc SPSTL (0%, and hence were rejected. Only for the model VIII,
1010 Khp-D80,1980; cf.Chem. Abstr1982,97, 71770. involving reaction between adsorbed benzophenone and

(15) Shaw, J. MCan. J. Chem. Engl987,65, 293. hydrogen in the liquid phase, all kinetics and adsorption

(16) Fogler, H.Elements of Chemical Reaction EngineeriRgentice Hall of 1"
India Private Limited Publication: New Delhi, 1994. constants were positive for all temperatures. Therefore, model

Experimental initial rate,(mol dm’>s [)

three elementary steps (adsorption of benzophenone, adsorp-
tion of hydrogen, surface reaction between adsorbed ben-
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Table 4. Parameters for the L—H model (model VIII) -14

temperature  Kg Ka
(K) (s) (dm®mol?) RSS o2 N
323 5.41 47.07 1.32 104 3.12x 10°©
333 11.14 34.16 1.09 103 3.45x 10°6 -2 4

343 18.82 25.40 6.1% 103 3.46x 107

In(ks)

VIII was considered the best model for representing the
kinetics of hydrogenation of benzophenone to benzhydrol. -26

From the values of the parameters of model VIII, it is
observed thakKaCao > 1, and the model VIII reduces to S
the following equation:

'3.2 T T T T T T
o= KgCip 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15

3 -1
which shows that the rate of reaction is zero order with VT XI0™ (K™)

respect to A and first order with respect oy, Has is Figure 7. Ar_rhgnius plOt Benzophenone Conqentration: 0.88
experimentally observed. I’]m(zjl dm3, agltgt:on speed:.22 rps; Ii:atalyst loading: 10 g dm;

The comparison of the experimental and predicted initial ydrogen partial pressure: 1500 kPa.
rates of hydrogenation shows good agreement between the2Nergy for the catalytic hydrogenation of benzophenone was
model predictions and the observed values (Figure 6). Thefound to be 56 kJ mof.
adsorption coefficients obtained for the above model fol-
lowed the expected trend of decrease in the values of Nomenclature
adsorption coefficients with temperature (Table 4). The heat Variables
of adsorption calculated from the plot of K vs 1/Twas Cro initial concentration of A (mol drm?)
found to be 28 kJ//moI. . Ciz concentration of K (mol dnr3)

Arrhenius plot (Figure 7) of Irkg vs 1/Tgave activation
energy 56 kJ mof for catalytic hydrogenation of benzophe-
none. This high value of activation energy also indicates that Ka: Ke. Ku, K2

Io Initial rate of reaction (mol drr? s71)
adsorption equilibrium constant

the reaction is kinetically controlled. kg surface reaction rate constant for the hydrogenation
of A(sh
Conclusions Subscripts
Benzophenone can be selectively hydrogenated to ben-p benzophenone
zhydrol using Raney nickel as a catalyst and 2-propanol as
L . . H hydrogen

a solvent. The initial rate of hydrogenation had first-order

benzhydrol

dependence with respect to the hydrogen partial pressure,
and the catalyst loading and zero-order dependence with
respect to reactant concentration. A Langmitiinshelwood-

type model was proposed. The model predictions were in
good agreement with experimental data. The activation OP030016K
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