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Hydrogenation of 2-ethyl-9,10-anthraquinone on Pd/SiO2 catalysts
The role of humidity in the transformation of hydroquinone form
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bstract

The role of humidity in the hydrogenation of 2-ethyl-9,10-anthraquinone (eAQ) and especially in the further transformation of 2-ethylanthracen-
,10-diol (eAQH2) primary and desirable product formed on eAQ hydrogenation was studied. Three 0.5% Pd/SiO2 catalysts differing in the
ontent of Na2CO3 and thus in alkaline properties were used. They were obtained by successive removing of Na2CO3 from the catalyst prepared
y precipitation of palladium hydroxide onto Na2CO3 pre-impregnated SiO2. Hydrogenation experiments were carried out in “standard” and
ubsequently in “wet” systems at 62 ◦C, atmospheric pressure of H2 in mixture of 2-octanol–xylene (1:1) as the solvent. Humidity influences the
hole hydrogenation process, fundamental reaction, the hydrogenation of eAQ to eAQH2 (quinone–hydroquinone stage) and further transformation
f eAQH2. A complicated effect of humidity is observed. Humidity has an effect on consecutive reactions transforming eAQH2 via OXO-tautomer

o intermediate product 2-ethyl-9,10-dihydro-9,10-dihydroxyanthracene (INT), precursor of 2-ethylanthrone (eAN). The influence of humidity
aries depending on the content of Na2CO3 in catalysts and thus their alkaline properties. The observed effects are correlated with adsorption
onfiguration of reagents and especially eAQH2 and INT. Highly alkaline medium as well as humidity facilitated adsorption in the carbonyl
roup—bonded configuration thus enhancing the transformation of eAQH2 by hydrogenolytic reactions and especially the formation of eAN.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic hydrogenation of 2-ethyl-9,10-anthraquinone
eAQ) is the key reaction in the industrial synthesis of H2O2
1,2]. Hydrogenation of quinoid system of eAQ to the aromatic
ydroquinone one (2-ethylanthracen-9,10-diol, eAQH2) is
ollowed by the oxidation (Scheme 1) yielding hydrogen

eroxide with regeneration of the starting eAQ. The target
roduct, eAQH2 formed in the quinone–hydroquinone stage
ndergoes further hydrogenation to give various products [3–6].

Abbreviations: eAQ, 2-ethyl-9,10-anthraquinone; eAQH2, 2-ethylanth-
acen-9,10-diol (2-ethyl-9,10-anthrahydroquinone); H4eAQ, 2-ethyl-5,6,7,8-
etrahydro-9,10-anthraquinone; H4eAQH2, 2-ethyl-5,6,7,8-tetrahydroanthra-
ene-9,10-diol; H8eAQ, 2-ethyl-1,2,3,4,5,6,7,8-octahydro-9,10-anthraquinone;

8eAQH2, 2-ethyl-1,2,3,4,5,6,7,8-octahydroanthracene-9,10-diol; OXO,
-ethyl-10-hydroxy-9-anthrone; eAN, 2-ethyl-9-anthrone and 2-ethyl-10-
nthrone; H4eAN, 2-ethyl-5,6,7,8-tetrahydro-9-anthrone and 2-ethyl-5,6,7,8-
etrahydro-10-anthrone; eANT, 2-ethylanthracene
∗ Corresponding author. Tel.: +48 126336377; fax: +48 126340515.

E-mail address: drelinki@chemia.uj.edu.pl (A. Drelinkiewicz).
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ydrogenation of aromatic rings produces partially and fully sat-
rated products, 2-ethyl-5,6,7,8-tetrahydroanthracene-9,10-diol
H4eAQH2) and 2-ethyl-1,2,3,4,5,6,7,8-octahydroanthracene-
,10-diol (H8eAQH2), respectively. The first product,
4eAQH2, is the only desirable compound among all of
y-products formed because its oxidation produces H2O2.
he formation of fully saturated non-active H8eAQH2 was
bserved only after the complete transformation of eAQ to
AQH2 [5,7]. Hydrogenation of C–O in eAQH2 produced the
ydrogenolysis-deriving products. According to the mech-
nism proposed for the reduction of anthraquinone as well
s eAQ, the hydrogenolytic process can follow the reaction
athway shown in Scheme 2 [3–5]. The hydrogenation of
AQH2 (I) can proceed along two reaction pathways, both
iving the same intermediate product, 2-ethyl-9,10-dihydro-
,10-dihydroxyanthracene (INT, III) [4,5]. One consists of

he successive steps, tautomerization of hydroquinone to
-ethyl-10-hydroxy-9-anthrone (OXO, II) isomer, followed
y the reduction of the latter to the intermediate product
NT. The second route is direct hydrogenation of eAQH2

mailto:drelinki@chemia.uj.edu.pl
dx.doi.org/10.1016/j.molcata.2006.05.003
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Scheme 1. Quinon

o give INT. Transformation of INT (III) by dehydratation
ields 2-ethylanthrone (eAN, two isomers 2-ethyl-9-anthrone,
-ethyl-10-anthrone [6]) and subsequently 2-ethylanthracene
eANT). Subsequent hydrogenation of phenyl ring in eAN
nd eANT produces 2-ethyltetrahydroanthrone (H4eAN, two
somers) and 2-ethyltetrahydroanthracene (H4eANT), respec-
ively. All of hydrogenolysis-deriving products are termed
degradation products” because they are not oxidized to form
2O2 and thus represent a loss of the starting eAQ. Moreover,
ith degradation products a slow and irreversible deactivation
f palladium catalysts in anthraquinone process is correlated
8].

Bulky molecules (dimers), products of anthraquinone
olecules condensation are considered as the most proba-

le species leading to catalysts deactivation. It has also been
bserved that moisture present in eAQ solution due to hydrogen
eroxide extraction has an effect on deactivation of Pd/Al2O3
atalysts [8]. The presence of greater amount of water (water
uspension) resulted in a reversible deactivation however, in
pinion of authors an influence of moisture on slow and irre-
ersible poisoning of palladium catalyst cannot also be excluded
8]. Hence, the role of humidity in the hydrogenation of eAQ
nd especially in degradation process is an important prob-
em and this role is the object of the present work. It is well
nown that humidity has a strong effect on palladium cata-
ysts activity in the quinone–hydroquinone stage [8–10]. The
ncrease in activity almost proportional to the water additives

as observed [9]. Much more complex effects were observed
n studying the influence of humidity on the consumption of
AQH2, primary and desirable product and thus on the forma-
ion of degradation products [10]. In the presence of Pd/Al2O3

f
t
t
s

Scheme 2. Reaction pattern during the hydrog
droquinone stage.

umidity influenced the reactions concentrating on carbonyl
roups but had no effect on the hydrogenation of aromatic ring
n eAQH2. Moreover, the effect of humidity varied depend-
ng on the type of alkaline reagent used for such Pd/Al2O3
atalysts preparation. Pd/Al2O3 were synthesised with a well-
stablished procedure commonly used to prepare the catalysts
or anthraquinone process [11–13]. In this procedure palladium
ydroxide is precipitated onto support pre-impregnated with
lkaline reagent, NaH2PO4 and Na2SiO3 in previous studies
10]. However, high complexity of the observed effects makes
ifficult the explanation of the role of humidity. It has also been
reviously established that water and NaOH when introduced to
hese Pd/Al2O3 catalysts markedly enhanced their deactivation
uring the hydrogenation run [10]. Systematic studies of the role
f humidity in eAQ hydrogenation and particularly in the for-
ation of degradation products are therefore undertaken in the

resent work using silica supported catalysts (0.5% Pd/SiO2).
he objective is to clarify the role of humidity in individual

eactions involved during the consumption of eAQH2 and to
orrelate the effect of water with the properties of these cata-
ysts. They were prepared with the same precipitation method
s the one previously used to prepare Pd/Al2O3 catalysts. In the
resent studies, however, Na2CO3, most frequently applied and
referred alkaline reagent [13] is used for pre-impregnation of
ilica support. Three catalysts differing in the content of Na2CO3
nd thus in the alkalinity are used in the hydrogenation of eAQ
arried out in “standard” and subsequently in “wet” systems dif-

ering in the content of humidity. The influence of humidity on
he first quinone–hydroquinone stage and on further transforma-
ion of eAQH2, primary and desirable product is studied in these
ystems.

enation of hydroquinone form (eAQH2).
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Table 1
Properties of catalysts

Sample Specific surface
area (m2/g)

CO3
2− (wt.%) pH of catalyst

slurry
Content of water in
wet catalyst (wt.%)

SiO2 156
Pd-1 175 0.39 9.5 13.3
P
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d-2 172 0.30
d-3 173 0.015

. Experimental

.1. Preparation of catalysts

Silica support (dried for 16 at 120 ◦C) was at first treated with
n excess of Na2CO3 solution (0.05 mol/dm3, 60 ml of solution
er 10 g of support). Then, the obtained material was impreg-
ated with Pd2+ solution (0.0408 g PdCl2 and 0.162 g NaCl in
0 ml of solution, pH ∼ 3–4) by evaporating liquid phase at slow
eating of catalyst (at 60 ◦C). Then, the sample was washed with
ater only until the Cl− ions were removed and dried at room

emperature (initial Pd-1 catalyst). The Pd-1 catalyst was treated
ith water to remove a portion of Na2CO3 introduced during the

atalyst preparation (Pd-2 catalyst). Subsequent washing of Pd-
sample with several portion of hot distilled water gives Pd-3

ample containing only a very low content of Na2CO3 (Table 1).
tepwise lowering of Na2CO3 content is also evidenced by the
xperiments in which pH of the catalysts slurry was measured
see characterization of catalysts).

Prior the hydrogenation test in so termed “standard condi-
ions” the catalysts were dried for 16 h at 120 ◦C (Pd-1, Pd-2
nd Pd-3 standard catalysts). In order to study the effect of
umidity, dried catalysts were saturated with water vapour in
esiccator for 48 h. Humidification resulted in the increase in
amples mass. The content of moisture determined in catalysts
fter this treatment is given in Table 1.

Reduction of catalysts was performed in the reactor imme-
iately before the hydrogenation test. The catalyst wetted with
AQ solution was reduced in flowing hydrogen for 30 min at
emperature 62 ◦C.

.2. Characterization of catalysts

Surface area measurements were carried out by Quan-
achrome Autosorb Gas Sorption System using sorption of
itrogen at 77 K. The content of CO3

2− was determined by Ele-
ental analyser Euro EA 300 (Euro Vector). The pH of the

queous catalyst slurry was measured with a pH-meter, accord-
ng to the procedure reported in [14]. Slurries were prepared
y placing 1 g of catalyst and 25 cm3 of pre-boiled distilled
ater in a closed vessel (to avoid dissolution of atmospheric
O2) and thoroughly mixed with heating and allowed to boil

or 3 min. Then the solid was separated by filtering the hot

lurry, and the clear liquid was allowed to cool to room tem-
erature in a closed bottle. Finally, the pH values of liquid
ere measured (the error in the measurements was ca. 0.02 pH
nits).

q

q

7.9 11.54
7.0 7.7

.3. Hydrogenation experiments and analytical procedure

The activity test was carried out in agitated glass reactor
t atmospheric pressure of hydrogen, temperature 62 ◦C. The
ourse of hydrogenation was followed by measuring hydrogen
ptake as a function of reaction time. A mixture (volume ratio
:1) 2-octanol and xylene (mixture of isomers) was used as the
olvent and the concentration of eAQ was 20 g/dm3. The solvents
Aldrich) were of analytical grade. They were additionally dried
ver molecular sieve 4A.

In hydrogenation experiments carried out in “standard con-
itions”, dried Pd-1, Pd-2 and Pd-3 catalysts and eAQ solu-
ion containing dried solvents were used. Hydrogenation tests,
ermed “wet conditions” were carried out in the presence of
atalysts saturated with water vapour using eAQ solution also
aturated with water. The solution of eAQ was shaken with dis-
illed water in a separator and allowed to stay for 24 h. Then
he layers were separated and organic phase was used in the
ydrogenation experiments. The same content of humidity was
etermined by MCA 1410 Moisture Content Analyser Fibro
ystem (Sweden) in water-saturated eAQ solution and in water
aturated 2-octanol (5.05 wt.% [15]). This method showed two-
imes lower content of humidity in the “standard” eAQ solution
ontaining dried solvents. A separate measurements performed
or this standard solution (humidification of solution was car-
ied out by stepwise injection of know portions of water with
microsyringe (20 �l) into 50 cm3 of this solution) showed the
ontent of humidity 2.46 wt.%, nearly equal to one half of the
ater solubility in 2-octanol [15].
Two series of hydrogenation experiments were performed.

n the first concentrating on the quinone–hydroquinone stage
he hydrogenation tests were carried out at low concentration
f catalyst (0.04 g in 10 cm3 of eAQ solution) and the reaction
as stopped at β = 1 (β = nH2/n0 (eAQ)) e.g. after the consump-

ion of 1 equiv. of hydrogen. After catalyst filtration the solution
as extracted with water and the content of H2O2 formed upon
xidation of eAQH2 was determined by titration with KMnO4
olution. From the number of H2O2 moles the selectivity of
uinone–hydroquinone stage (eAQ to eAQH2 reduction) was
alculated as follows:

= n(H2O2)

n(H2)
× 100%.
As a measure of catalysts activity in the quinone–hydro-
uinone stage the initial rate of hydrogen uptake is assumed.

In the second series, the hydrogenation of eAQH2 (hydro-
uinone form) was studied. The experiment was performed at
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igh content of catalyst (0.28 g in 20 cm3 of eAQ solution) and
he reaction was carried out up to the consumption of ca. 2–3 mol

2/n0(eAQ) (β = 2–3). The samples of solution were taken from
eactor at appropriate time intervals (15–20 min) and the com-
osition of solution was analysed by HPLC and GC meth-
ds. It should be noticed that the hydroquinone forms eAQH2,
4eAQH2 (present in the solution taken from the reactor) are not

table in contact with air because they react spontaneously and
uantitatively with atmospheric oxygen, thus forming hydrogen
eroxide and regenerating quinones eAQ and H4eAQ respec-
ively. In standard procedure, the reaction with oxygen was
omplete even before chromatographic analysis. It has been
herefore assumed, that the number of eAQH2 and H4eAQH2
oles in the hydrogenated solution was equal to the number of

AQ and H4eAQ determined in the re-oxidized solution.
The contents of eAQ {nt(eAQ)} and H4eAQ {nt(H4eAQ)}

t time t were analysed in a re-oxidized solution by HPLC.
he analysis was performed using a chromatograph (Knauer)
ith UV detector (254 nm), column 10 cm long, SiO2 fraction

p = 5 �m, eluent: 2% isopropyl ether + 0.2% diglyme in hep-
ane. The sum of eAQ and H4eAQ moles was smaller that the
nitial content of eAQ. This difference was assumed as a cumu-
ative content of degradation products (degr) given by a mass:

egr = n0(eAQ) − nt(eAQ) − nt(H4 eAQ).

Compounds termed “degradation products” were analysed by
C–MS method using Perkin-Elmer Auto System XL, capillary

olumn PE-5 MS, 0.25 �m × 0.25 mm × 30 m long, isothermal
un 200 ◦C, flow rate of He gas 1 ml/min. From the GC–MS
nalysis the content of 2-ethylanthrone (eAN) was also deter-
ined. Reproducibility of the chromatographic analysis was ca.

%.

. Results and discussion

.1. Characterization of catalysts

Table 1 lists the main properties of the catalysts. Successive
insing of initial Pd-1 catalyst with water resulted in stepwise
emoving of not reacted Na2CO3 from 0.39 wt.% in the Pd-1 up
o 0.015 wt.% in the final Pd-3 catalyst. Removing of Na2CO3
s also evidenced by lowering the pH value of catalyst slurry
rom pH 9.5 (initial Pd-1 sample) to pH 7 for the less alka-
ine Pd-3 catalyst. Low loading of Pd (0.5 wt.% Pd) in the used
atalysts makes difficult detection of TEM images of satisfac-
ory good quality. Nevertheless, well dispersed Pd was observed
n all three catalysts thus showing that removing of Na2CO3
id not essentially influence dispersion of Pd in the reduced
atalysts.

.2. Hydrogenation experiments
.2.1. Quinone–hydroquinone stage
From the hydrogenation experiments performed at low con-

entration of catalyst (0.04 g in 10 ml of eAQ solution) the first
uinone–hydroquinone stage (eAQ to eAQH2 reduction) is char-

s
a

l

ig. 1. Activity (mol H2 × 10−5/min) (a) and selectivity (%) (b) of Pd-1, Pd-2
nd Pd-3 catalysts in the first quinone–hydroquinone stage.

cterized. In these experiments the hydrogenation is interrupted
fter the consumption of one equivalent of hydrogen (β = 1).
PLC and GC–MS analyses registered in final solutions (at
= 1) showed only slightly lower intensity of eAQ peak while

n no case the peak of H4eAQ was observed. Hence, H2O2
etermined after oxidation of these solutions was formed by
xidation of eAQH2 only and the content of produced H2O2
as used to calculate the selectivity of quinone–hydroquinone

tage. The obtained data of catalysts activity and selectiv-
ty in the first quinone–hydroquinone stage are reported in
ig. 1.

In “standard conditions” the activities of more alkaline Pd-1
nd Pd-2 catalysts are comparable, but both are slightly lower
han that of less-alkaline Pd-3 catalyst. The selectivity of eAQ
o eAQH2 reduction attained higher level (83–90%) on more
lkaline Pd-1 and Pd-2 catalysts. This observation is very con-

istent with the literature data concerning catalytic reduction of
romatic ketones [16].

Humidity leads to the increase in activity of all three cata-
ysts and in “wet conditions” identical tendency as the one prior
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Fig. 2. The number of hydrogen moles consumed as a function of the reaction
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sideration. This sum was calculated as the difference between
the cumulative content of degradation products (degr) and that
of eAN. Identical effects are observed in the present studies. GC
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he humidification is preserved (Fig. 1a). The activities of more
lkaline Pd-1 and Pd-2 catalysts are again comparable and lower
han that of Pd-3 sample. The role of humidity in selectivity of
uinone–hydroquinone stage varies, depending on alkalinity of
atalysts (Fig. 1b). In the case of more alkaline Pd-1 and Pd-
catalysts the selectivity decreases, whereas it grows in the

ase of less alkaline Pd-3 catalyst. As a consequence, in “wet
onditions” the selectivities of quinone–hydroquinone stage are
ractically the same on all three catalysts. This result indicates
hat alkaline properties of catalyst have no essential role in the
electivity of eAQ reduction when the system is saturated with
ater. The role of these properties, however, is significant when

he content of humidity is lower, evidenced by observations in
standard systems”.

.2.2. Hydrogenation of hydroquinone form eAQH2

In order to get more light on the role of humidity in the eAQH2
onsumption, hydrogenation experiments were carried out up
o the consumption of 2–3 mol of H2/1 eAQ mol in “standard”
nd subsequently in “wet” systems. The quinone–hydroquinone
tage, the fundamental reaction is definitely faster process com-
ared to all other reactions resulting in the consumption of
ydroquinone. Since palladium catalysts are very active in this
eaction it cannot be excluded that mass transport processes are
o some extent influenced the quinone–hydroquinone stage, pre-
eding the process of eAQH2 hydrogenation. At almost full
ompletion of the first quinone–hydroquinone stage a readily
iscernable break at β ∼ 1 (ca. 167 × 10−5 mol H2) appears
Fig. 2). Further hydrogenation occurring at relatively low rate
esulted in the consumption of hydroquinone (eAQH2) and stud-
es are concentrated on this process.

The decrease in eAQH2 content (mol%) against reaction time
s plotted in Fig. 3 and products distribution curves are reported
n Figs. 4 and 5 for hydrogenation experiments carried out up to
∼ 2–3. The cumulative content of degradation products (degr),

he content of H4eAQH2 and eAN (sum of isomers) against
onversion of hydroquinone (eAQH2) are there plotted. As the
onsumption of eAQH2 progresses the contents of H4eAQH2,
egradation products and eAN systematically increase. It can
e clearly observable in Figs. 4 and 5 that degradation products
re slowly transformed to eAN and as the reaction progresses
his transformation becomes almost complete. Identical effect
as observed in our previous studies devoted to identification
f degradation products. We observed in these studies that in the
nitial stage of eAQH2 consumption, eAN (two isomers, identi-
ally to observation in Ref. [6]), OXO and INT products were
ormed as the only degradation products. Other by-products
uch as 2-ethyl-5,6,7,8-tetrahydro-9-anthrone and/or 2-ethyl-
,6,7,8-tetrahydro-10-anthrone (H4eAN), 2-ethylanthracene
eANT) and 2-ethyl-5,6,7,8-tetrahydroanthracene (H4eANT)
ere formed only when more than 70–80% of eAQH2 was con-

umed.
It should be pointed out that chromatographic peaks of OXO
nd INT were not satisfactory separated from the peak of eAQ
specially at high content of eAQ [5]. Quantitative analysis of
ndividual reagents, OXO and INT was therefore practically
mpossible (although INT was prepared and chromatograph-

F
H
s

ime (initial number n0(eAQ) = 167 × 10−5 mol in the reactor). Hydrogenation
arried out in conditions 20 ml of eAQ solution (20 g/dm3), 0.28 g of catalyst,
2 ◦C.

cally analysed [5]). Because in the initial stage of eAQH2
onsumption, degradation products were composed of OXO,
NT and eAN only, the sum of OXO + INT was taken into con-
ig. 3. Decrease in the content of hydroquinone (eAQH2) against reaction time.
ydrogenation carried out on Pd-1 and Pd-3 catalysts in “standard” and “wet”

ystems (conditions 20 ml of eAQ solution (20 g/dm3), 0.28 g of catalyst, 62 ◦C).
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ig. 4. Hydrogenation of eAQH2 over Pd-1 catalyst. The content of H4eAQH2

gainst hydroquinone (eAQH2) conversion (a) “standard ” and (b) “wet” condi
o eAN (F-eAN) in “standard” and “wet” conditions.

nalysis registered in the initial stage of eAQH2 consumption (up
o ca. 40% conversion) showed besides the peak of not-reacted
AQH2, the peaks of eAN and H4eAQH2 only.

However, in view of Scheme 2 and previous results [5,6]
he presence of OXO tautomer and intermediate product INT
hould be taken into account, because the cumulative content
f degradation products excided that of eAN. The sum of their
ontents (OXO + INT) termed P, is calculated with the same
ethod as used in our previous studies [5].
Figs. 4 and 5 show that the content of intermediate P

INT + OXO) is high in the beginning of eAQH2 consumption
nd this content slowly decreases during the reaction. At ca.
0–50% conversion of eAQH2, almost all intermediate product
is transformed to eAN. Degradation products are then com-

osed mostly of eAN. Such an effect is observed on all three
atalysts in both “standard” and “wet” conditions.

In order to examine the effects of alkalinity and humidity
he fraction (%) of eAQH2 reacted by phenyl ring saturation
o give H4eAQH2 (F-H4) and the fraction of eAQH2 reacted
y hydrogenolytic reaction leading to eAN (F-eAN) against
onversion of hydroquinone (II) are considered. These relation-
hips for reaction in “standard” and “wet” systems are plotted in

igs. 4c and 5c. The fraction of eAQH2 transformed to H4eAQH2

s calculated as the ratio of the moles of H4eAQH2 produced to
he moles of eAQH2 consumed (×100%) from the very begin-
ing of the hydrogenation experiment. From the number of eAN

g
o
i
t

radation products (degr), 2-ethylanthrone (eAN) and intermediate product (P)
(c) Fractions of hydroquinone (eAQH2) transformed to H4eAQH2 (F-H4) and

oles the fraction of hydroquinone transformed to eAN is cal-
ulated.

.2.3. Effect of alkaline properties
It is observed that reactivity of catalysts in the hydrogenation

f eAQH2 varies depending of their alkaline properties. The
eactivities of more alkaline Pd-1 and Pd-2 catalysts are very
imilar but they substantially differ from that of less alkaline
d-3 catalyst. On the former, more alkaline catalysts during the
hole hydrogenation process stable and practically the same

ractions of eAQH2 (50–60%) are reacted to H4eAQH2 (Fig. 4c).
n the other hand, on less-alkaline Pd-3 catalyst, only very low

raction of hydroquinone is reacted to H4eAQH2 (Fig. 5c) from
he very beginning of eAQH2 consumption. This fraction slowly
rows as the reaction proceeds finally reaching as high level as
2%. It should be observed that this level is evidently higher than
hat offered by more alkaline Pd-1 and Pd-2 catalysts (50–60%)
hus showing higher tendency to phenyl ring saturation in the
ase of less-alkaline Pd-3 catalyst.

On all three catalysts, degradation products are transformed
o eAN, however this transformation is not complete, because
he intermediate product P is observed during the whole hydro-

enation experiments (Figs. 4a and 5a). Slightly higher fraction
f eAQH2 reacted to eAN on more alkaline catalysts (Fig. 4a)
ndicates that alkaline properties have also a role in reactions
ransforming the intermediate P to eAN.
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ig. 5. Hydrogenation of eAQH2 over Pd-3 catalyst. The content of H4eAQH2

gainst hydroquinone (eAQH2) conversion (a) “standard ” and (b) “wet” condi
o eAN (F-eAN) in “standard” and “wet” conditions.

.2.4. Effect of humidity
Fig. 3 shows the influence of humidity on catalysts activity

n the consumption of hydroquinone (eAQH2). Different effects
an be recognized for more and less alkaline Pd-1 and Pd-3
atalysts, respectively. On the former, highly alkaline catalyst,
he curves in “standard” and “wet” systems are almost paral-
el thus showing no effect of humidity on their activity in the
onsumption of eAQH2. The curves differ only slightly in the
ery beginning of the eAQH2 consumption. On the other hand,
umidity has an effect on activity of less alkaline Pd-3 cata-
yst (Fig. 3). Much slower decrease in the content of eAQH2
hydroquinone) observed in “wet system” proves that humidity
as a profitable effect on the consumption of desirable product,
AQH2.

The role of humidity in directing the consumption of eAQH2
lso varies depending on alkaline properties of catalyst. On
ore alkaline Pd-1 and Pd-2 catalysts, humidity did not influ-

nce the transformation of eAQH2 by phenyl ring saturation
nd thus did not affect the total content of degradation prod-
cts. As Fig. 4c shows the F-H4 curves in “standard” and
wet” systems are closed. Identical effect has been previously
bserved on Pd/Al2O3 catalysts [10]. It can be therefore con-

luded that humidity has no essential influence on catalyst activ-
ty in eAQH2 consumption as well as on the directing the con-
umption of hydroquinone eAQH2 in the case of highly alkaline
edium.

f
e

g

radation products (degr), 2-ethylanthrone (eAN) and intermediate product (P)
(c) Fractions of hydroquinone (eAQH2) transformed to H4eAQH2 (F-H4) and

On the other hand, the influence of humidity can clearly
e seen in the case of less alkaline Pd-3 catalyst. This influ-
nce is evidenced by a drastic change in the shape of F-
4 plot invoked by humidity (Fig. 5c). Strong increase in

he fraction of eAQH2 reacted by phenyl ring saturation is
bserved from the very beginning of eAQH2 consumption in
wet conditions”.

As a consequence the fraction of eAQH2 reacted by phenyl
ing saturation is very stable during the whole hydrogenation
arried out in “wet system”. Although this fraction is slightly
ower (70%) compared to that in “standard conditions” (82%)
oth are higher compared to those offered by highly alkaline
d-1 and Pd-2 catalysts (50–60%).

Interestingly, on all three catalysts, humidity considerably
nhances the formation of eAN evidenced by higher frac-
ion of eAQH2 transformed to eAN in “wet conditions”
Figs. 4b and 5b). However the effect of humidity varies depend-
ng on alkaline properties of Pd/SiO2 catalysts. On less alkaline
d-3 catalyst the complete transformation of intermediate P to
AN is observed during the whole process of eAQH2 consump-
ion (Fig. 5b). On more alkaline Pd-1 catalyst, the transformation
f P to eAN is enhanced to a lower extent because this trans-

ormation is complete only when more hydroquinone (ca. 40%
AQH2 conversion) is reacted (Fig. 4b).

It has been reported in number of papers describing the hydro-
enation of phenols and its derivatives [17–19] that the acid–base
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roperties of supported Pd catalysts strongly influence the mode
f reactants adsorption thus being responsible for directing the
electivity of process. Generally, adsorption is considered as
ccurring via the aromatic �-electron system and/or the OH
ydroxyl groups. It has been observed that reagent–metal inter-
ction via the hydroxyl substituent promotes hydrogenolysis of
eactant molecules. Number of variables can be responsible for
he mode of reactant molecule adsorption and among them polar-
ty of system. Product distribution observed in hydrogenation
f paracetamol (molecule with OH and acetamide substituents)
uggests favoured adsorption in a non-planar mode when the
olarity increases [19] with consequent facilitation of C–OH
ydrogenolysis. Similar conclusions have been formulated with
espect to the role of water in selectivity of acetophenone hydro-
enation [20]. The authors concluded that dielectric dipole of
ater molecules adsorbed to the metallic surface favoured the

dsorption of carbonyl groups in acetophenone while the ring
dsorption was more inhibited. As a consequence, reactivity of
atalyst in the hydrogenation of C O and aromatic ring and thus
he selectivity of acetophenone varied depending on the presence
f water.

Recently, the catalyst based on Ni–Cr–B alloys exhibit-
ng almost complete inhibition of eAQH2 hydrogana-
ion has been reported [21]. This exclusive selectivity of
uinone–hydroquinone stage has been ascribed to a suitable
dsorption configuration for the activation and hydrogenation
f C O in eAQ relative to that which is required for the hydro-
enation of aromatic ring. This conclusion is very consistent
ith the model reported by Santacesaria et al. [7] who studied

he kinetics of the hydrogenation of aromatic rings of eAQ. The
automerization stage of hydroquinone has also been taken into
onsideration by the authors. It has been established [7] that dual
ite mechanism well explains this process. In this mechanism,
he molecule of hydroquinone and two hydrogen atoms bonded
n two adjacent Pd-centres are reacted in the hydrogenation of
romatic ring. It can be therefore expected that adsorption con-
guration of individual reagents eAQH2, OXO and especially
NT, precursor of eAN will be an important factor for its further
ransformation.

It is observed that on less alkaline Pd-3 catalyst in “stan-
ard system” the selectivity of quinone–hydroquinone stage is
elatively low (54%) and from the very beginning of eAQH2 con-
umption the fraction of hydroquinone reacted by phenyl ring
aturation is low whereas dominating are the hydrogenolytic
eactions. This situation is dramatically changed due to humid-
ty. Phenyl ring saturation becomes then dominating process in
he whole eAQH2 consumption process, as well as evidently
rows the selectivity of eAQ to eAQH2 reduction. These effects
an be ascribed to the influence of humidity on tautomeriza-
ion equilibrium in eAQH2–OXO system (Scheme 2). It can be
xpected that on less alkaline Pd-3 catalyst, this equilibrium is
ore shifted to OXO tautomer compared to highly alkaline Pd-
catalyst. When OXO is present already at the beginning of
AQH2 hydrogenation, the possibility of H4eAQH2 formation
s low. In fact, a part of hydroquinone reacted by phenyl ring
aturation is very small (Fig. 5a). As the reaction progresses,
he content of hydroquinone form (eAQH2) gradually decreases

o
b
a
e

olecular Catalysis A: Chemical 258 (2006) 1–9

s well as decreases that of OXO tautomer and at high eAQH2
onversion the fraction of hydroquinone reacted to H4eAQH2
tabilizes. This effect is not observed on more alkaline Pd-1
atalyst, maybe because in highly alkaline conditions the tau-
omerization to OXO isomer is considerably prevented and the
ydroquinone form eAQH2 (I) is exclusively present. As a con-
equence, on more alkaline Pd-1 catalyst direct transformation
f eAQH2 to the intermediate product INT can be dominating
rom the very beginning of reaction resulting in almost stable
raction of eAQH2 reacted by phenyl ring saturation during the
hole process (Fig. 4c). This stable fraction however, is only

lightly higher (50–60%) or even comparable to that reacted by
ydrogenolytic reactions yielding degradation products. Hence,
o preferential reaction path in the hydrogenation of eAQH2
s observed in highly alkaline medium. Relatively high content
f eAQH2 reacted by hydrogenolytic reactions on Pd-1 cata-
yst suggests that adsorption of eAQH2 in the carbonyl group
onfiguration is more preferred in these conditions than in the
ase of less alkaline Pd-3 catalyst. This observation is proved by
igher ability of the latter Pd-3 catalyst for phenyl ring satura-
ion (70–82%) observed either in “standard” and “wet” systems
Fig. 5c). Moreover, in highly alkaline conditions, humidity
id not essentially influence the process of eAQH2 consump-
ion. Hence, humidity did not affect mode/geometry of eAQH2
dsorption in the case of highly alkaline medium when the
dsorption in carbonyl group mode appears to relatively high
xtent.

On all three catalysts humidity enhances the formation of
AN at the expense of intermediate product P, however to vari-
us extents. Intermediate P is completely reacted to eAN on less
lkaline Pd-3 catalyst, whereas more alkaline medium in Pd-1
atalyst retards to some extent this process. Besides such a dif-
erence, it can be concluded, that humidity evidently facilitated
he formation of 2-ethylanthrone (eAN), the molecule exhibiting
specially high ability for dimerization.

Hence, humidity has an effect on consecutive reactions trans-
orming hydroquinone eAQH2 via OXO tautomer to interme-
iate product INT and finally to eAN and the influence of
umidity varies depending on alkaline properties of Pd/SiO2
atalysts.

It should be noticed that changes in reactivity of Pd/SiO2
atalysts invoked by humidity differ to some extent from those
n Pd/Al2O3 catalysts [10]. In previous studies carried out on
d/Al2O3 catalysts the role of humidity was examined during

he quinone–hydroquinone stage when starting quinone form
eAQ) was present in the reaction medium. In these conditions
umidity inhibited the consumption of eAQH2 thus leading to
ore selective reduction of eAQ. Identical effect is observed in

he present work, on less-alkaline Pd-3 catalyst. However, when
he reduction of eAQ to eAQH2 attained ca. 80%, a marked
cceleration of eAQH2 consuming reactions started and in con-
equence on water pre-treated Pd/Al2O3 catalysts much higher
ontent of degradation products was formed at the completeness

f the quinone–hydroquinone stage [10]. Moreover, it cannot
e excluded that essential difference in acid–base properties of
lumina and silica supports is also responsible for the observed
ffects.
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. Conclusions

The role of humidity in the consumption of eAQH2, primary
nd desirable product varies depending on alkaline properties of
.5% Pd/SiO2 catalysts. No effect of humidity on the whole
rocess of eAQH2 hydrogenation is observed on more alka-
ine Pd-1 and Pd-2 catalysts. On these catalysts the fractions of
AQH2 reacted by phenyl ring saturation and by hydrogenolytic
eactions are not change due to humidification of the systems.
umidity influences the process of eAQH2 transformation on

ess alkaline Pd-3 catalyst. Activity of Pd-3 catalyst for the
onsumption of eAQH2, a desirable product decreases in “wet
onditions” as well as equilibrium in eAQH2–OXO tautomer
s more shifted towards hydroquinone form. In the presence
f all three catalysts humidity facilitates the transformation of
ntermediate product INT to eAN. These effects are related
ith adsorption configuration of reagents, eAQH2, OXO tau-

omer and INT, precursor of eAN. Facilitated adsorption in the
arbonyl group-bonded configuration makes easier the transfor-
ation of eAQH2 by hydrogenolysis reactions as well as the

ormation of eAN.
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