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ARTICLE INFO ABSTRACT

Keywords: According to green chemistry principles, the process of ester hydrogenolysis is not sustainable. It is catalysed by
Supported catalysts Adkins CuCr,03 catalyst that brings some environmental risks. Therefore, a design of new environmentally-
Copper

friendly hydrogenolysis catalysts is highly desired. We investigated eight catalysts prepared using two
methods - incipient wetness impregnation (IWI) and chemisorption-hydrolysis (CH) - with a combination of two
types of supports - ZrO, and two types of SiO,. The preparation method affects significantly the dispersion of the
resulting copper phase in case of SiO2, and CH is essential to obtain very small and active Cu particles. On the
other hand, when ZrO; is used, the most critical aspect is its specific surface area, and a highly dispersed copper
phase is formed on the high specific surface area sample, both for CH and IWI preparation methods.

All eight prepared catalysts were investigated in dimethyl adipate hydrogenolysis to compare their activity
and selectivity. Nice correlation between support — synthesis method — activity was found. ZrOz-based catalysts
and CH resulted in more active catalysts compared to SiO-based ones and IWI. Interestingly, Cu/SiO, catalyst
prepared by CH was more selective to the main reaction product hexane-1,6-diol due to the presence of acid sites.
In this paper, the catalyst hydrogenolysis activity was increased twice, compared to our previous experiments

Dimethyl adipate hydrogenolysis
Chemisorption-hydrolysis
Zirconia

using Cu/ZnO prepared by deposition-precipitation.

1. Introduction

The development of environmentally-friendly catalysts is the key to
the transformation of traditional chemical processes into sustainable
ones for the next generations. One of the those needing a green alter-
native to the traditional catalyst is ester hydrogenolysis. This process is
traditionally carried out over Adkins catalysts developed early in the
20th century consisting of CuO.CuCry04 [1-3]. The synergic effect of
Cu, the active hydrogenolysis site, and Cro0s3, the structural promoter,
ensures good catalyst stability and activity [4-6]. But, it is not desired to
produce and use products containing Cr, as the presence of Cr(VI) brings
large environmental and harmful impact and therefore, a novel catalyst
should be designed in accordance with the green chemistry principles
[7,8].

The novel catalysts should ensure good catalyst stability and high
hydrogenolysis performance. As reported previously, Cu without
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promoters is unstable, prone to sintering, and thus affording only low
ester conversion [9]. The stability of pure Cu can, however, be enhanced
by using a promoter or a support [9-11]. The advantage of supported
catalysts is that they allow one to use lower Cu content than the
co-precipitated ones, reaching, at the same time, higher intrinsic activity
[9,12]. Among them, Cu/ZrO, was found to be very active in dimethyl
adipate hydrogenolysis [12,13], while Cu/SiO3 was reported to have a
stronger metal-support interaction that stabilizes Cu species [14].
Zirconia is a mechanically stable support that contains both acid and
base sites [15,16]. When monoclinic ZrO, is used, the number of Lewis
acid and base sites is increased due to Zr*" and O% ions present [17].
Those sites can improve not only the interaction of the catalyst pre-
cursors with the support, but also the adsorption of the reacting ester
and thereby facilitate hydrogenolysis [4,18]. Also, to ensure good
catalyst activity, Cu/ZrOs interface is important [19]. Promising results
were previously reported, when Cu/ZrO5 was used in dimethyl adipate
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hydrogenolysis [13]. On the other hand, SiO, provides a large surface
area that could help to enhance the dispersion of metallic nanoparticles
[20]. Also, the SiO5 support has a less pronounced acid-base character,
which could be beneficial since the selectivity of dimethyl adipate
hydrogenolysis to hexane-1,6-diol increases with less pronounced
acid-base character [13]. As both supports have their own advantages,
their combination may result in a successful synergy. The synergy
played the significant role in dimethyl oxalate hydrogenation to
ethylene glycol when ZrO, was incorporated into the Cu/SiO catalyst,
when, in fact, it generated Cut and Cu? active sites [16].

Besides the properties of the supports, the choice of the preparation
method also influences the final catalyst properties. Incipient wetness
impregnation (IWI) is a fast and user-friendly method that has been used
for the preparation of hydrogenolysis catalyst [13,21-23]. In this case,
the metallic phase precursor is adsorbed on the support surface from a
solution of Cu(NO3), with pH about 3-4, as Cua(OH)3NOs3 [24]. How-
ever, the obtained Cu nanoparticles are often rather large [13]. A more
advantageous method is chemisorption-hydrolysis (CH) that allows to
obtain smaller Cu nanoparticles than IWI [24]. During CH, the support is
added to a basic CU(NH3);21+ solution (pH= 9) and then slowly hydro-
lysed. In case of a support with a low point of zero charge, such as silica,
the electrostatic interaction between the support surface and the basic
solution allows the preferential adsorption of Cu?* ions. This affects not
only for the size of supported CuO particle but also for the interactions
between the metal and the support [25].

In this paper, we wish to show how the preparation method affects
the structural properties and activity and selectivity of Cu-based cata-
lysts in dimethyl adipate hydrogenolysis. Moreover, the role of ZrO and
SiOy supports on those parameters will be answered.

2. Experimental
2.1. Catalyst preparation

We used four different supports to prepare the catalysts. ZrO, sup-
port named ZrO»-1 was obtained from Saint-Gobain NorPro; ZrO5 (3.5 %
SiO9, MELCAT XZ01521) named ZrO,-2 was provided by MEL Chem-
icals; two types of silica named SiO,-1 and SiO,-2 were purchased from
Fluka (Silica Gel 60741) and Evonik (SIPERNAT 50), respectively.

Catalysts loaded with 8 wt. % Cu were prepared by incipient wetness
impregnation (IWI) and chemisorption-hydrolysis (CH).

When IWI was used, metal precursor Cu(NO3)5.3H,0 (6.083 g) (99.0
%, Penta, s.r.o., Prague, Czechia) was dissolved in distilled water whose
volume was equal to the support pore volume determined by water
titration. Then, a support (18.76 g) was mixed with the precursor so-
lution and soaked for 1 h. After that, the material was dried (T =90 °C; t
= 16 h; heating ramp of 1 °Cemin 1) and calcined (T = 350 °C;t=3h;
heating ramp of 2 °Cemin1).

When CH was used, Cu(NO3)2.3H20 (6.083 g) was dissolved in
distilled water (100 ml) and 24 % aqueous ammonia (Penta, s.r.o.,
Prague, Czechia) was dropwise added till pH = 9, thus obtaining a [Cu
(NH3)4]2+ solution. Then, support (18.76 g) was added to the tetraam-
minocopper complex solution and the suspension was stirred for 20 min.
The suspension was therefore placed in an ice bath and cooled down
under stirring. Distilled water (600 ml) was added dropwise. Then, the
suspension was filtered and dried at (T =90 °C; t = 16 h; heating ramp of
1 °Cemin™}) and calcined (T = 350 °C; t = 3 h; heating ramp of 2
°Comin’1).

2.2. Catalyst testing

All catalysts were tested in a stainless-steel autoclave (Parr, 300 ml).
A catalyst (2 g) was placed into the reactor and reduced in situ at 250 °C
using Hy (99.9 %, SIAD Czech s.r.o., Czechia). Then, dimethyl adipate
(DMA; 120 g) (99 %, Sigma-Aldrich, United States) was loaded. All ex-
periments were performed at constant T = 250 °C and py2 = 100 bar for
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3 h. Samples were periodically taken and diluted in methanol (1:25 V/
V). The diluted samples were analysed by GC-FID using Agilent 7820
with a capillary HP-5 column (30 m length, 0.32 mmi.d., 0.25 um thick).
The results were used to evaluate the catalysts performance (DMA
conversion, Eq. 1) and product selectivity (Eq. 2). Due to the presence of
methanol in both liquid and gaseous products, it was excluded from the
quantification.

NpmA,i — NDMA

DMA conversion (%) = * 100 1)
NpMA.i
S.(%) = —"PMA g 100 )
Npma products

where: npy4 is the number of DMA moles, t is the reaction time, i is the
starting reaction time, Sy is the selectivity to product x, npmax is the
number of DMA moles converted to product x and nppya products is the
number of DMA moles converted to all products.
The intrinsic hydrogenolysis activity was calculated as the turnover
frequency (TOFy) using Eq. 3.
GC“‘NA

dnpyan
TOFy =—F7— —— 3
f dt mear+Scu )

where: dn/dt is the change in DMA moles relative to change in time,
Npya, g is the number of DMA moles converted by hydrogenolysis (mol),
Ny is the Avogadro constant equal to 6.022:10%% mol ™!, mcar is the
catalyst mass (g) and S, is the specific copper surface area (m2~g§alt), tis
the reaction time (initial time 0-20 min was used in calculations) (s), ocy
is the copper atom cross-section area (0.0154 nm?).

2.3. Catalyst characterization

The elemental composition of the calcined catalysts was determined
by XRF using ARL 9400 XP spectrometer equipped with a Rh lamp or by
ICP — OES (ICAP6300 Duo from Thermo Fisher Scientific) with an
external calibration methodology after microwave digestion of the
samples.

Diffractometer PANanalytical X'Pert3 Powder and CuK, radiation
were used to determine phase composition and crystallite size of the
crystalline phases. The XRD patterns were recorded in a range of
20 =5-70° and Scherrer’s equation was used for the calculation of
crystallite sizes at reflections at 20 = 43.3° and 38.6° for Cu® and CuO
phases, respectively [26].

Nitrogen physisorption at —196 °C performed on static volumetric
adsorption system (TriFlex analyzer, Micromeritics, Norcross, USA) was
used to determine textural properties of supports and calcined samples.
The samples were degassed at 200 °C for 12 h prior to N, adsorption
analysis to clean their surface. Brunauer-Emmett-Teller (BET) [27] and
the Barrett-Joyner-Halenda (BJH) methods were used for the evaluation
of the specific surface area (Spgr) and distribution of mesopores,
respectively [28].

N2O reactive frontal chromatography (N2O-RFC) was used to
determine Cu surface area (Scy) using Autochem II 2920 (Micromeritics,
USA) with a quadrupole mass spectrometer RGA 200 (Prevac) which
allowed to detect m/z =28 (N3) and m/z = 44 (N,O) signals. The
calcined catalysts were reduced in a flow of 10vol. % Hy/Ar
(30 ml-min~1) at 250 °C (heating rate of 5 °C-min~") for 60 min. Then,
the desorption of hydrogen occurred for 30 min at 250 °C in a flow of He
(30 ml-min 1) followed by cooling in He (30 ml-min~!) to 90 °C. Later,
the oxygen chemisorption by 3 mol. % N»0/He (30 ml-min?) at 90 °C
was performing for 30 min. The sample was then reduced by 10 mol. %
Hy/Ar (30 ml-min~1) with a heating to 200 °C (5 °C-min"") followed
with an isotherm for 30 min. Finally, desorption of hydrogen in He
(30 ml~min_1) at 200 °C for 30 min, cooling in He (30 ml~min_1) to
90 °C and oxygen chemisorption in 3 mol. % N,0/He (30 ml-min}) at
90 °C for 30 min were repeated. The Sc, was evaluated using the
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Table 1
Physicochemical properties of the examined supports; * data above 300 °C were
not considered due to the material reconstruction. PV=pore volume.

Catalyst SpET PV Npyr Ncoz

(m*g™) (mlg™") (umol-g ") (umol-g™")
ZrO,-1 93 0.27 75 155*
ZrOy-2 434 0.24 496 414*
Si05-1 429 0.72 14 10*
Si05-2 556 1.90 0 0

procedure reported in [29,30]. Copper dispersion (Dc,) were estimated
from NO-RFC data using Eq. 4.

_Aw e Mg,

Dc, (%) = )

Weu

where Ay is the number of N moles released by the adsorption of NoO
normalized to the standard conditions (T =0 °C; p = 101.325 kPa)
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identical conditions as described above. Prior to the adsorption of pyr-
idine or COy the reduction of Cu catalyst proceeded in the flow of
reduction gas (10 % Hy/Ar) with increasing the temperature at a rate
4°C-min"! to 250 °C and dwelling for 60 min at this temperature. After
the reduction, the desorption of hydrogen in He flow at 250 °C was
carried out followed by sample cooling to the adsorption temperature as
described above.

TEM pictures and element maps with surface composition were
determined using EFTEM Jeol 2200 FS at an accelerating voltage of
200 kV.

Table 3
Acid-base properties of the tested catalysts; * data above 350 °C were not
considered due to the calcination temperature used.

. . . Catalyst Npyr Ncoz Npyr Ncoz
(mol)., Wcu .1s the Cu mfllss in the measured sample (g), and Mc, is the Cu (umol-g 1) (umol-g ™) (umol-g ) (umol-g 1)
atomic weight (g-mol ).
The number of acid and base sites of supports and calcined catalyst support catalyst
samples were determined using temperature programmed desorption of Cu/ZrOx(1)- 75 155 5 446 *
pyridine and CO, (pyr-TPD; CO.-TPD), respectively, performed on ENI o ) . 435 5
Micromeritics Instrument (AutoChem II 2920). Both desorbed pyridine C;/ Zr0(1)- 75 55 5
or CO, were detected using a thermal conductivity detector (TCD) and a Cu/Zron(2)- 496 414 6 498 *
quadrupole mass spectrometer (MKS Cirrus 2 Analyzer). All samples CH
were pre-treated at 300 °C and after cooling to 150 °C or 40 °C, pyridine Cu/Si0,(1)- 14 10 406 108 *
and CO, were adsorbed, respectively. Then the samples were heated up CH N
. . . Cu/Si05(2)- 0 0 463 161 *
to 600 °C in He and desorbed gas was analysed. Detailed procedure is CH
described in [13]. Cu/Si0,(1)- 14 10 143 93 *
Pyr-TPD and CO,-TPD of reduced Cu catalysts was carried out under IWI
—2r0, (1) —2r0, (1)
——2ZrO, (1) - blank Zr0, (2)
’3:‘ —2r0, (2) ’3‘
8 ——2r0, (2) - blank &
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Fig. 1. CO.-TPD (left) and pyridine-TPD (right) patterns of pure ZrO, supports.
Table 2
Elemental composition of the prepared catalysts; [*/XRF, blicp, [pore volume.
Catalyst Cu loading deuo Sper pyld Scu Scu Dey
(%) (nm) (m*g ™" (ml.g™) (m*geat) (m*-gcy) (%)
Cu/ZrO5(1)-CH 9.21a] 12 87 0.24 3.9 42 3.5
Cu/ZrO,(1)-IWI 9.0t 12 86 0.24 3.3 37 2.9
Cu/Zr0,(2)-CH 11.411 n.d. 240 0.24 2.9 25 2.7
Cu/Zr05(2)-TWI 7.7t n.d. 307 0.30 2.7 35 2.5
Cu/Si0,(1)-CH 8.2" n.d. 310 0.56 5.6 68 5.1
Cu/Si05(1)-TWI 8.3 n.d. 390 0.63 1.9 23 1.7
Cu/Si04(2)-CH 9.glal n.d. 412 1.40 4.6 47 4.2
Cu/Si05(2)-IWI 7.9al 18 468 1.40 1.4 17 1.2
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3. Results and discussion

In the course of the development of a novel, Cr-free hydrogenolysis
catalyst, two preparation methods and four supports were investigated.
The CuO nanoparticles were obtained using incipient wetness impreg-
nation (IWI) and chemisorption-hydrolysis (CH) on monoclinic-ZrO,
(ZrO3-1), amorphous ZrO, containing the 3.5 % of homogenously
dispersed SiOy (ZrO»-2) [31], and two SiO; (SiO2-1 and SiO-2). This
selection enabled us to evaluate: i) the effect of the preparation method
on the CuO phase formation, since IWI uses mostly acidic conditions,
while CH is performed under basic conditions; and ii) the effect of the
support, namely crystalline m-ZrO, with low Sggr (93 m2g™!) vs
amorphous SiO5 with Sggr about 500 mz.g’l. Moreover, two kinds of
SiO that varied in Spgr and pore volume (PV) (SiO2-1 Sppr = 429 m>.
g! and PV = 0.72mlg™! and SiO;-2 Spgr = 556 m%g ! and
PV = 1.90 ml.g™!) were examined. The acid-base properties of the
supports (Table 1, Fig. 1) were determined using pyr-TPD and CO,-TPD.

The pretreatment temperature prior to TPD was 300 °C, so, CO5 released
at >300 °C originated from material transformation, as blank experi-
ments confirmed (Fig. 1-left).

The efficiency of the deposition methods and, thus, the real Cu
loading were determined using XRF or ICP and the results are showed in
Table 2. Nitrogen physisorption was used to determine the catalyst
surface area that could affect the CuO dispersion and thus CuO nano-
particle size (Table 2). Generally, the Spgr increased from ca 86-470 m2
g_1 as the SiO; content increased, which means that SiO, might facili-
tate and enhance the CuO dispersion.

As highlighted in the Introduction, the two methods use different pH
during the preparation with a strong influence on the catalyst properties
such as CuO particle size and the strength of final metal support inter-
action. Therefore, the prepared samples were subjected to XRD and the
size of formed CuO nanoparticles was determined (Table 2). Interest-
ingly, no CuO (20 = 38.6°) was detected in most the catalysts due to the
formation of small CuO nanoparticles (<5nm). Previously, XRD-
invisible CuO nanoparticles of 2 nm were identified by TEM in a
similar Cu/SiO»-CH catalyst [24,32]. Larger CuO crystallites of 12 nm
were detected in both Cu/ZrO»(1)-CH and Cu/ZrO»(1)-IWI catalysts
indicating that the use of a support with a low Sggr negatively affects the
copper dispersion even in the case of the CH method. On the other hand,
the use of the high surface area zirconia (ZrO,-2) resulted in very small
Cu nanoparticles for both CH and IWI methods. In the case of
Cu/SiO2(2)-IWI], the largest nanoparticles of about 18 nm were deter-
mined. This suggests that the IWI is not a suitable preparation method to
obtain small well-dispersed CuO nanoparticles on SiOs. This can be
attributed to the poor metal precursor-support electrostatic attraction
during IWI caused by the low point of zero charge (PZC) in case of silica
materials [13]. The attraction is driven by the difference between PZC
and pH, as the PZC of SiO; is about 3-4.

The efficiency of deposition and interaction with the support closely
relates to the final specific Cu surface area (Scy) that was investigated by
N,O chemisorption. It plays an important role, as Cu® is the hydro-
genolysis active site (Table 2). In case of SiO», the Sc, strongly depends
on the used preparation technique as the CH catalyst had 3-4-times
higher Sc, than the IWI one, which was the same for copper dispersion.
This is in line with the XRD results (Table 2) where much larger CuO
crystallites in Cu/SiO2(2)-IWI due to the low dispersion were observed.
On the other hand, as the ZrO, content in the support increases, the
difference between CH and IWI catalysts fades away, thus evidencing
the good metal-support interaction of ZrOs and Cu in both environ-
ments. This is also in agreement with our previous investigation where
CH was more suitable method than IWI for ZnO-supported catalysts
[11].
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Table 4
Catalyst composition determined using STEM.

Content, wt. %

Cu ZrO, SiO,y
Cu/ZrOy(1)-CH 9 91 -
Cu/ZrO,(2)-CH 14 82 4
Cu/Si05(1)-CH 7 - 93

Recently, we have reported that acid-base sites affected the catalyst
selectivity in dimethyl adipate hydrogenolysis [12,13]. To assess the
influence of these parameters in supported silica- and zirconia-catalysts,
the surface of the reduced catalysts was probed by pyridine and COy
molecules to determine the number of acid and basic sites in the case of
CH and IWI Cu catalysts (Table 3 and Fig. 2).

Zirconia-based catalysts, Cu/ZrOy(1)-CH, Cu/ZrO,(2)-CH and Cu/
Zr02(2)-IWL, had almost negligible acid character (about 6 pmol~g’1),
regardless of the preparation method used and the original acid char-
acter of the pure support. On the other hand, compared to pure SiOy, the
Cu incorporation increased the acid character of SiOy-based catalysts
(143-463 ymol-g 1), depending on the used preparation method. The
highest increase in acidity was observed in case of the CH method, with
the acidity of both Cu/SiO,-CH exceeding 400 ymol-g ! (Table 3). It was

previously reported that a similarly reduced Cu/SiO,-CH catalyst had
similar number of acid sites that were mostly of Lewis type [24].

While the acidity of ZrOq-based catalysts was low, their basic char-
acter increased (398-484 pmol-g~1). Interestingly, it was not affected by
the used preparation method. There were two major peaks (weak basic
sites at 50-250 °C and medium basic sites 250-450 °C). The first peak
ascribable to weak basic sites is typical for Cu catalysts [33,34] and DFT
calculation suggested that those weak sites belong to bulk Cu that ad-
sorbs CO5 [33]. The authors of this study [33] attributed the second peak
to Cu/ZrO5 interface formed during the calcination [33]. Moreover,
Zr** /0% in monoclinic ZrO, is responsible for medium basic sites that
are observed in that region [34].

Three of the catalysts were analyzed using TEM to investigate the
homogeneity of dispersed Cu. The average composition was calculated
using eight different spots on each catalyst. No Cu-rich or Cu-poor re-
gions were detected and the average composition reached similarity
with XRF or ICP. The TEM analysis showed nanoparticles in the range of
2-4 nm, that are most likely formed by CuO (Fig. 3).

3.1. Catalytic results

All prepared catalysts were reduced in situ at 250 °C and tested in an
autoclave. Dimethyl adipate (DMA) hydrogenolysis was performed at
250 °C with the hydrogen pressure of 100 bar. The DMA conversions as
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a function of reaction time are depicted in Fig. 4. The DMA conversion
observed for all four CH-derived catalysts reached similar values with a
maximum of 40-45 % after 180 min. On the other hand, the DMA
conversion over IWI catalysts was generally lower being in the range
4-32 %. Only Cu/ZrO5(2)-IWI was comparable with its CH counterpart,
coherently with the similar copper dispersion, acid-base and textural
properties of both catalysts. As discussed above, ZrO,-based catalysts
were less sensitive to the choice of the preparation method than the
SiOz-ones due to the strong metal-support interaction between Cu and
zirconia, which was further confirmed by comparable DMA conversions
over Cu/ZrO5(2)-CH and Cu/ZrO5(2)-IWI catalysts. This is in agreement
with our previous results where we observed the unsuitability of the IWI
method for depositing Cu on silica [13]. The Cu/SiO; prepared by IWI
suffers from the low S, and, consequently, poor hydrogenolysis per-
formance. The DMA conversion over both Cu/SiOy prepared by CH
exceeded significantly the DMA conversion over their IWI counterparts.
Interestingly, the conversion grew linearly in the time span explored.

To gain a deeper insight into the activity of the differently prepared
Cu phase on different supports, the hydrogenolysis turnover frequency
(TOFy) was calculated (Fig. 5-left, Eq. 3). The TOFy gave us clear evi-
dence that the CH catalysts (blue columns, Fig. 5-left) possessed more
active Cu species than the IWI ones. The highest activity was reached by
ZrOy-based catalysts, especially by SiOs-containing ZrO, (Cu/ZrO2(2)-
CH). Moreover, TOFy was plotted as a function of copper dispersion
(Fig. 5-right). Generally, TOFy increased with the Cu dispersion,
therefore, as the CH ensured better Cu dispersion, this observation
underlined their effectiveness. In all cases, catalysts prepared by CH had
higher Cu dispersion and, at the same time, higher TOFy than their
counterparts prepared by IWL. The catalyst hydrogenolysis activity was,
however, also significantly affected by the nature of the support when
even good dispersion in case of SiO support did not ensure high catalyst
activity.

Comparing these results with our previous studies that dealt with 10
supports and 4 synthesis methods in total, here, we enhanced the cata-
lyst activity [11-13]. So far, the highest TOFy; of 0.024 s~! was reached
by Cu/ZnO-DP (deposition-precipitation) [11]. Now, Cu/ZrO,(1)-CH
and both Cu/ZrO2(2)-CH and Cu/ZrO,(2)-IWI outperformed it reaching
0.027-0.045 s~ 1. Consequently, Cu/ZrO»(2)-CH was found to be the
most active catalyst in our studies being nearly twice more active than
the Cu/ZnO-DP reported earlier [11].

Besides the Cu hydrogenolysis activity, the most significant differ-
ence between ZrOp- and SiOj-based catalysts is in their selectivity.
Recently, we have described the DMA hydrogenolysis reaction pathway,
where the main product hexane-1,6-diol (HDOL) is formed via methyl 6-
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hydroxyhexanoate (1HMEol) (Fig. 6) [12,13]. Transesterification is the
main side-reaction resulting in a large group of by-products (TR)
(Fig. 6). From the overall DMA-to-HDOL transformation point of view,
they are rather reaction intermediates than by-products because they are
hydrogenolyzed at the high DMA conversion (>80 %) to HDOL.

In this study, ZrOs-based catalysts were less selective to HDOL (ca
5-10 %) than silica-based ones (ca 8-20 %) (Fig. 7). We identified two
parameters, Sc, and number of acid or basic sites, affecting the HDOL
selectivity. As all ZrO,-based catalysts had the similar acid-base char-
acter, their relative HDOL selectivity depended purely on their S¢y. This
specific copper surface area decreased in the order Cu/ZrOy(1)-CH >
Cu/ZrO5(1)-IWI > Cu/ZrO5(2)-CH > Cu/ZrO5(2)-IWI as did also the
HDOL selectivity. In other words, transesterification was preferred
compared to hydrogenolysis over catalysts with lower Sc,. The values of
HDOL selectivity over ZrO,-based materials nicely agree with our pre-
viously published data, where ZrO, was impregnated using dry
impregnation [12]. These observations further support our findings that
the preparation method did not influence Cu/ZrO; interaction. In the
second case, SiOp-based catalysts exhibited significantly increased
number of acid sites (Table 4). The increased selectivity to HDOL can be
due to the activation of the ester group by means of Lewis acid sites and
high Scy. Both IWI-prepared SiO,-catalysts reached low Scy, therefore,
comparing the selectivity data at the same conversion, the hydro-
genolysis performance was lowered in case of IWI-derived catalysts.
Complementary to HDOL, TR by-products were produced with a high
selectivity (Fig. 8). As the HDOL selectivity increased, the TR products
selectivity decreased and vice versa.

As the silica improved the HDOL selectivity and zirconia-based cat-
alysts were more active, the HDOL productivity was calculated (Fig. 9).
Also here, the CH-derived catalysts showed better results as a higher
productivity was observed than in case of IWI catalysts. Despite the
lower activity, both SiO,-CH catalysts reached a higher HDOL produc-
tivity, thus clearly showing the importance of both preparation method
and the support choice.

4. Conclusions

We prepared very active Cr-free silica and zirconia supported Cu-
based catalysts for dimethyl adipate hydrogenolysis, using two
different preparation methods, namely IWI and CH. While IWI provided
only sufficient deposition on ZrO,, CH was a more suitable method for
both types of supports. Generally, CH was a very useful method resulting
in a catalyst with a high Sc, and small Cu nanoparticles in comparison
with IWIL. Moreover, CH catalysts reached higher activity and selectivity
in DMA hydrogenolysis. Although Cu supported on both types of sup-
ports afforded similar DMA conversion, the SiOs-based catalysts pro-
vided at least a doubled selectivity to the main product, HDOL, than
ZrOy-based catalysts which was a consequence of the acid character of
Cu-SiO4 catalysts. The hydrogenolysis activity of Cu/ZrO5(2)-CH was
twice higher compared to our all previous results, in particular so far the
most active Cu/ZnO prepared by deposition-precipitation. Thus, it was
significantly higher than the hydrogenolysis activity of the commercial
Adkins catalyst we tested previously.
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