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Hydrogenation of aromatic dicarboxylic acids gave 100 % selectivity to respective cyclohexane dicarboxylic acid with 5 % Pd/C catalyst.
5 % Ru/C catalyst was observed to give over hydrogenation products at 493 K and at lower temperature (453 K) the selectivity for
cyclohexane dicarboxylic acids was increased. Hydrogenation of phthalic acid with Ru-Sn/Al,O; catalyst was observed to give phthalide
instead of 1,2-benzene dimethanol or 2-hydroxy methyl benzoic acid. Ru-Sn/AL,O; catalyst selectively hydrogenated the carboxylic

desired products.

| group of cyclohexane dicarboxylic acids to give cyclohexane dimethanol. Use of proper catalysts and reaction conditions resulted in |
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INTRODUCTION

Reduction of organic acids and esters is difficult than
ketones and aldehydes [1]. Hydrogenation of carbonyl groups
to give alcohol is important reaction for industry and hence
hydrogenation technology is also significant [2]. Adding metals
like Re, Ge or Sn to monometallic Ru, Rh or Pd catalyst pro-
duces bimetallic catalysts, which are better than the respective
monometallic catalyst [3]. Ru-Sn/AL,O; catalyst prepared by
sol-gel method is reported for the hydrogenation of carboxylic
acids and esters [4]. Ru-Sn bimetallic catalyst is also reported
for chemo selective hydrogenation of different carboxylic acids
[S].

Addition of Co to Ru catalyst was found to increase activity
of Ru catalyst for hydrogenation of succinic acid. The amount
of Co in bimetallic catalyst was also found to change the selec-
tivity of hydrogenation [6]. Hydrogenation of succinic acid,
adipic acid and glutaric acid using Re-Pd catalyst are found to
yield diols [7]. Hydrogenation of 3-phenylpropionic acid over
Re/TiO: is reported to give 3-phenylpropanol [8].

Also the products obtained by hydrogenation of aromatic
dicarboxylic acids are extensively used in polymer industry,
Therefore catalyst designing for hydrogenating aromatic

dicarboxylic acids to saturated dicarboxylic acids or diols is
important. For instance ring hydrogenation of terephthalic acid
gives 1,4-cyclohexane dicarboxylic acid, which is used for
producing polymer Empol 1010 [9]. 1,4-Cyclohexane dicar-
boxylic acid is also used as a starting material for producing
1,4-cyclohexane dimethanol, which is also used in polyesters,
paint, synthetic fibers and synthetic resins [10]. So our main
aim was thus, to develop heterogeneous catalysts for reducing
aromatic dicarboxylic acids and aliphatic dicarboxylic acids
to get different hydrogenation products.

EXPERIMENTAL

Hydrogenation was carried in 0.25 L SS alloy Parr reactor.
The qualitative analysis of hydrogenation products formed was
done by GC-MS. The quantification of products and reactants
was done by gas chromatography using HP INNOWax column.
Calibration for the hydrogenation products was done using
external standard method [11].

Quantitative analysis of carboxylic acids like terephthalic
acid, isophthalic acid, phthalic acid, 1,2-cyclohexane dicar-
boxylic acid, 1,3-cyclohexane dicarboxylic acid and 1,4-cyclo-
hexane dicarboxylic acid was not possible on GC as these acids
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were retained on the HP INNOWax, capillary column due to
their polarity and high boiling point. For quantitative analysis,
such carboxylic acids were first esterified and then analyzed
on GC. This analysis was found to be reproducible with experi-
mental error of less than 3 %. The mass balance calculated for
hydrogenation reaction and it was found to be 95 % or greater.
Similarly gas balance for hydrogen consumed and products
formed was found to be 95 % or greater.

RESULTS AND DISCUSSION

Hydrogenation of terephthalic acid, isophthalic acid
and phthalic acid with 5 % Ru/C, 5 % Pd/C and 5 % Ru-
29 % Sn/Al,O; (Sn/Ru atomic ratio is 5) as catalyst: The
performance of 5 % Pd/C, 5 % Ru/C and Ru-Sn/AlLO; catalyst
for hydrogenation of terephthalic acid, isophthalic acid and
phthalic acid, was assessed. All the reactions were carried out
under the reaction conditions given in Table-1.

TABLE-1
REACTION CONDITIONS FOR HYDROGENATION OF
AROMATIC AND ALIPHATIC DICARBOXYLIC ACIDS

Reaction parameter Range
Temperature 493 K
Catalyst concentration 10 kg m”
Carboxylic acid concentration 0.82 kmol m*
Pressure 6.89 MPa
Solvent 1,4-dioxane
Stirring speed 1000 rpm
Total charge 2.5 % 10° m?
Reaction time 12 h

Hydrogenation of terephthalic acid (TPA): Hydroge-
nation of terephthalic acid with 5 % Ru/C catalyst under the
conditions mentioned above gave products like 4-methy] cyclo-
hexyl methanol and 1,4-dimethyl cyclohexane as shown in
Scheme-1.

These products are obtained from hydrogenolysis of 1,4-
cyclohexane dicarboxylic acid (1,4-CDCA) which is formed
by hydrogenation of the aromatic ring of terephthalic acid [12].
Here the products like 1,4-cyclohexane dicarboxylic acid and
1,4-cyclohexane dimethanol (1,4-CHDM) are not observed
due to hydrogenolysis of 1,4-CHDM. This is because of the high
activity of Ru/C catalyst for hydrogenation and hydrogenolysis.
With this catalyst, conversion of terephthalic acid was 100 %
and selectivity to 4-methyl cyclohexyl methanol and 1,4-dimethyl
cyclohexane was 80 and 20 %, respectively.

HO o HO o HO

%
5 % Ru/C, 493 K

5 % Ru/C, 493 K

0) OH o) OH
Terephthalic acid 1,4-Cyclohexane dicarboxylic acid

Conversion = 100 %

1,4-Cyclohexane dimethanol

Hydrogenation of terephthalic acid with 5 % Pd/C catalyst
at 493 K under the reaction conditions mentioned in Table-1,
yielded only 1,4-cyclohexane dicarboxylic acid as the product
with 100 % conversion of terephthalic acid as shown in Scheme-
IT (Pd catalyst are in active for -COOH group [13].

HO (0]
HO /o =
3H,
5 % Pd/C, 493 K
o” on 07 oH
terephthalic acid 1,4-cyclohexane dicarboxylic acid
conversion = 100 % 100 %

Scheme-1I: Hydrogenation of terephthalic acid with 5 % Pd/C catalyst

This also confirms that 5 % Pd/C catalyst is not active for
hydrogenation and hydrogenolysis of carboxylic group of 1,4-
CDCA.

Selective hydrogenation of terephthalic acid to 1,4-benzene
dimethanol does not take place with Ru-Sn/Al,O;. When
hydrogenation of terephthalic acid was carried out at a lower
temperature of 453 K with 5 % Ru/C catalyst, the hydroge-
nolysis of 1,4-cyclohexane dicarboxylic acid was reduced from
100 to 5 %. The only hydrogenolysis product obtained was
4-methyl cyclohexane carboxylic acid. At 453 K the conversion
of terephthalic acid was observed to be 100 % and selectivity
to 1,4-CDCA was 95 %. Thus, reducing the temperature of
reaction reduces the hydrogenolysis activity of 5 % Ru/C
catalyst. The probable reaction for hydrogenation of tereph-
thalic acid with 5 % Ru/C catalyst at lower temperature is
shown in Scheme-III.

HO

/O HO /O HO /O

Hy
R — +
5 % Ru/C, 453 K

=

o OH CHa

O/ OH

4-Methylcyclohexane-
carboxylic acid

Cyclohexane-1,4-

Terephthalic acid : L
dicarboxylic acid

Conversion = 100 % 95 % 5%
Scheme-III: Hydrogenation of terephthalic acid with 5 % Ru/C catalyst at
453 K
HO
CHj
H, H,
%

.
5 % Ru/C, 493 K 5 % Ru/C, 493 K

CHg CHa
OH
4-Methylcyclohexyl methanol ~ 1,4-Dimethylcyclohexane

80 % 20 %

Scheme-I: Hydrogenation of terephthalic acid with 5 % Ru/C catalyst



Vol. 31, No. 5 (2019)

Catalytic Hydrogenation Products of Aromatic and Aliphatic Dicarboxylic Acids 1139

Hydrogenation of isophthalic acid: Hydrogenation of
isophthalic acid was carried out with 5 % Ru/C, 5 % Pd/C and
Ru-Sn/AlLO;5 catalyst under the reaction conditions mentioned
in Table-1, to give a variety of products.

Hydrogenation of isophthalic acid with 5 % Ru/C catalyst
at493 K was also a fast reaction. Here, hydrogenolysis of 1,3-
cyclohexane dicarboxylic acid takes place which gives a range
of products like 1,3-dimethyl cyclohexane, cyclohexane carbo-
xylic acid, cyclohexyl methanol and 3-methyl cyclohexane
carboxylic acid. Since under the same reaction conditions,
hydrogenation of terephthalic acid with 5 % Ru/C catalyst gave
only hydrogenolysis product, it is understood that hydroge-
nolysis of 1,3-cyclohexane dicarboxylic acid is difficult as
compared to 1,4-cyclohexane dicarboxylic acid. The proposed
reaction along with the selectivity achieved for different
products in the hydrogenation of isophthalic acid with 5 %
Ru/C catalyst is shown in Scheme-1V.

Hydrogenation of isophthalic acid under the reaction
conditions mentioned above with 5 % Pd/C catalyst is a selec-
tive reaction yielding a single product 1,3-cyclohexane dicar-
boxylic acid with 100 % conversion of isophthalic acid. The
reaction for hydrogenation of isophthalic acid is shown in
Scheme-V.

HO___0O HO___©
Hz
e
0  5%Pd/C,493K o
OH OH

Isophthalic acid Cyclohexane-1,3-

dicarboxylic acid

Conversion = 100 % 100 %
Scheme-V: Hydrogenation of isophthalic acid with 5 % Pd/C catalyst

HO
HO
o ——O0
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——O0 ——0
HO HO

HO

Hydrogenation of isophthalic acid with 5 % Ru/C catalyst
at453 K, under the same reaction conditions shows a reduction
in hydrogenolysis products. A 94 % selectivity to 1,3-cyclo-
hexane dicarboxylic acid and 6 % selectivity to 3-methyl cyclo-
hexane carboxylic acid were achieved. Conversion of iso-
phthalic acid at a reaction temperature of 453 K was 100 %.
The reaction representing the hydrogenation of isophthalic acid
with 5 % Ru/C catalyst along with product selectivity at 453
K is shown in Scheme-VI.

HO o HO lo] HO o}
Z =

_—»
5% Ru/C, 453 K

o) 4 (0]

& CH,

OH OH

Cyclohexane-1,3-
dicarboxylic acid

3-Methylcyclohexane-
carboxylic acid

Isophthalic acid

Conversion = 100 % 94 % 6 %

Scheme-VI: Hydrogenation of isophthalic acid with 5 % Ru/C catalyst at
453 K

Hydrogenation of phthalic acid: Hydrogenation of
phthalic acid is more complex as compared to hydrogenation
of terephthalic acid and isophthalic acid. This is due to the
proximity of two —COOH groups of phthalic acid, which can
undergo dehydration to give phthalic anhydride at higher
temperature [14]. Formation of phthalic anhydride from
phthalic acid is a thermal process and not catalytic. Thus, a
low selectivity for hydrogenation products of phthalic acid
due to formation phthalic anhydride is expected.

Hydrogenation of phthalic acid with 5 % Ru/C catalyst
was carried out under the reaction conditions mentioned in
Table-1. Phthalic acid like the other isomers also undergoes
hydrogenolysis with 5 % Ru/C catalyst at 493 K. The probable

(6] OH OH
HO HO /O \
T b - -
H3C
—Q s

Isophthalic acid Cyclohexane-1,3-dicarboxylic acid 3-Methylcyclohexanecarboxylic acid Cyclohexanecarboxylic acid ~ Cyclohexylmethanol
Conversion =100 % 2 % 26 % 23 % 5%
HO OH
HaC CHy

1,3-Dimethylcyclohexane
4%

Scheme-IV: Hydrogenation of isophthalic acid with 5 % Ru/C catalyst
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CH3
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Phthalic acid Phthalic anhydride Phthalide

Conversion = 100 % 5 %

cis-Hexahydro phthalide 2-Methylcyclohexanecarboxylic acid Cyclohexanecarboxylic acid

15 % 40 % 40 %

Scheme-VII: Hydrogenation of phthalic acid with 5 % Ru/C catalyst at 493 K

reaction for hydrogenation of phthalic acid is shown in
Scheme-VII along with the product selectivity.

The major products obtained were 2-methyl cyclohexane
carboxylic acid (40 % selectivity) and cyclohexane carboxylic
acid (40 % selectivity); other products which were obtained
were cis-hexahydro phthalide (15 %) and phthalide (5 %).
Phthalide and cis-hexahydro phthalide are the hydrogenation
products of phthalic anhydride.

Hydrogenation of phthalic acid with 5 % Pd/C catalyst
under the reaction conditions mentioned in Table-1 gave cyclo-
hexane dicarboxylic acid anhydride as a major product (72 %
selectivity); the other product, 2-methyl cyclohexane carbo-
xylic acid, (15 %) was obtained by hydrogenolysis. Hydroge-
nation of phthalic acid with 5 % Pd/C catalyst did not produce
1,2-cyclohexane dicarboxylic acid; this is due to formation of
phthalic anhydride. In this reaction some unreacted phthalic
anhydride (13 %) was also observed at the end of 12 h. The
reaction for hydrogenation of phthalic acid with 5 % Pd/C
catalyst is shown in Scheme-VIII along with the selectivity
observed.

Hydrogenation of phthalic acid with Ru-Sn/ALO; catalyst
under the reaction conditions mentioned in Table-1 gave benzo-
furanone (phthalide). Unlike terephthalic acid and isophthalic
acid, phthalic acid undergoes hydrogenation with Ru-Sn/ALO;
catalyst since phthalic anhydride formed by dehydration of
phthalic acid is soluble in 1,4-dioxane. During reaction the
phthalic acid was completely converted to phthalic anhydride.

OH o
o H,
[e] +
o 5% Pd/C, 493 K
OH ©

Phthalic acid Phthalic anhydride
Conversion = 100 % 13%

Hydrogenation of C=0 group of phthalic anhydride with Ru-
Sn/AlLOs catalyst gives phthalide. Conversion of phthalic anhy-
dride is observed to be 20 % with 100 % selectivity to phthalide.
The reaction for hydrogenation of phthalic acid with Ru-Sn/
Al,O; catalyst along with product distribution is shown in
Scheme-IX.

OH o)

\ |

o] H,
—_————————
o Ru-Sn/ALO3, 493 K

OH o
Phthalic acid Phthalic anhydride Phthalide
Conversion =100 % 80 % 20 %

Scheme-IX: Hydrogenation of phthalic acid with Ru-Sn/ALOs catalyst

Hydrogenation of phthalic acid with 5 % Ru/C catalyst
was also conducted at 453 K under reaction conditions men-
tioned in Table-1. With lowering of reaction temperature, the
formation of phthalic anhydride was drastically reduced and
the percentage of hydrogenolysis products obtained was also
reduced. Selectivity to 1,2-CDCA was 70 %; 2-methyl cyclo-
hexane carboxylic acid was 20 % and 10 % cyclohexane dicar-
boxylic acid anhydride was also obtained during reaction. 100
% conversion of phthalic acid was observed. The reaction for
hydrogenation of phthalic acid with 5 % Ru/C catalyst at 453
K is shown in Scheme-X along with product selectivity.

o
CH,
o + O;‘/OH
0 0

Cyclohexane dicarboxylic acid anhydride 2-Methylcyclohexanecarboxylic acid

72 % 15 %

Scheme-VIII: Hydrogenation of phthalic acid with 5 % Pd/C catalyst

OH

OH
Phthalic acid
Conversion = 100 % 70 %

o
(0] H, OH
> +
o) 5% Ru/C, 453 K OH
[¢]

Cyclohexane-1,2-dicarboxylic acid  Cyclohexane dicarboxylic acid anhydride 2-Methylcyclohexanecarboxylic acid

i
| o

10 % 20 %

Scheme-X: Hydrogenation of phthalic acid with 5 % Ru/C catalyst at 453 K
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OH / 7) OH //O
\O H,
> (6] + + o)
/O Ru-Sn/Al,03, 493 K \
OH ° OH
1,2-Cyclohexane dicarboxylic acid 1,2-Cyclohexane dicarboxylic acid anhydride 1,2-Cyclohexane dimethanol Hexahydro phthalide

Conversion= 50 % 52 % 30 % 18 %
Scheme-XI: Hydrogenation of 1,2-CDCA with Ru-Sn/Al,O; catalyst

Hydrogenation of cyclohexane dicarboxylic acids with
5 % Ru/C,5 % Pd/C and 5 % Ru-29 % Sn/AL,O; (Sn/Ru atomic
ratio 5) catalyst: Cyclohexane dicarboxylic acids are hydro-
genation products of terephthalic acid, isophthalic acid and
phthalic acid [15-17]. Hence the activity of 5 % Ru/C, 5 % Pd/
C and Ru-Sn/AlLO; catalyst for hydrogenation of cyclohexane
dicarboxylic acids was assessed. Hydrogenation reactions were
carried out under reaction conditions mentioned in Table-1.

Hydrogenation of 1,4-CDCA, 1,3-CDCA and 1, 2-CDCA
with 5 % Ru/C catalyst yielded only over hydrogenation products.

5 % Pd/C catalyst was also found to be inactive for the hydro-
genation of 1,4-CDCA, 1,3-CDCA and 1,2-CDCA under the
reaction conditions mentioned in Table-1. This is because Pd/
C is inactive for hydrogenation of carboxylic group.

The only catalyst which selectively hydrogenated 1,2-CDCA,
1,3-CDCA and 1,4-CDCA to corresponding 1,2-cyclohexane,
1,3-cyclohexane and 1,4-cyclohexane dimethanol respectively
was Ru-Sn/Al,Os. The product distribution for hydrogenation
with Ru-Sn/Al,O; catalyst is shown in Schemes XI-XIII for
1,2; 1,3 and 1,4-cyclohexane dicarboxylic acid respectively.

HO (o} HO
Hy
- =
0  Ru-Sn/AI,Og, 493 K
=
OH OH

1,3-Cyclohexane dicarboxylic acid 1,3-Cyclohexane dimethanol
Conversion = 14 % 100 %
Scheme-XII: Hydrogenation of 1,3-CDCA with Ru-Sn/ALO; catalyst

HO (0] HO
=
Ha
[
Ru-Sn/Al,O3, 493 K
=
o OH OH

1,4-Cyclohexane dicarboxylic acid 1,4-Cyclohexane dimethanol
Conversion = 40 % 100 %
Scheme-XIII: Hydrogenation of 1,4-CDCA with Ru-Sn/Al,O; catalyst

As seen in Schemes II-XIII, hydrogenation of 1,2-CDCA
gives 18 % hexahydro phthalide, 52 % 1,2-cyclohexane dicar-
boxylic acid anhydride and 30 % 1,2-cyclohexane dimethanol,
at a 1,2-CDCA conversion of 50 %.

Hydrogenation of 1,3-CDCA and 1,4-CDCA with Ru-
Sn/ALO; gives 100 % 1,3 and 1,4-cyclohexane dimethanol

with 14 % and 40 % conversion of 1,3-CDCA and 1,4-CDCA
respectively.

Conclusion

Hydrogenation of aromatic dicarboxylic acids like tere-
phthalic acid and isophthalic acid gave 100 % selectivity to
respective cyclohexane dicarboxylic acid with 5 % Pd/C
catalyst. 5 % Ru/C catalyst was observed to be a very active
catalyst for hydrogenation of dicarboxylic acids and gave
overhydrogenation products at 493 K. At lower temperature
(453 K) the selectivity for cyclohexane dicarboxylic acids was
increased. Hydrogenation of phthalic acid with Ru-Sn/ALO;
catalyst was observed to give phthalide instead of 1,2-benzene
dimethanol or 2-hydroxy methyl benzoic acid. Hydrogenation
of cyclohexane dicarboxylic acids like 1,4-cyclohexane dicar-
boxylic acid, 1,3-cyclohexane dicarboxylic acid and 1,2-cyclo-
hexane dicarboxylic acid was studied using the catalysts Pd/C,
Ru/C and Ru-Sn/AlL,O;. Ru-Sn/Al,Os catalyst selectively hydro-
genated the carboxylic group of these cyclohexane dicarbo-
xylic acids to give cyclohexane dimethanol. The selectivity of
1,2-cyclohexane dimethanol formed from hydrogenation of
1,2-cyclohexane dicarboxylic was low (30 %) due to dehydra-
tion of 1,2-cyclohexane dicarboxylic acid to give 1,2-cyclo-
hexane dicarboxylic acid anhydride. The screening of the
catalysts showed that with proper choice of catalysts it was
possible to achieve selectivity towards desired products.
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