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Abstract: Y,0;-modified Cu/ZnO/ALO; catalysts (Cu*":Zn*":(APP*+Y*") = 2:1:1) via
hydrotalcite-like precursors were synthesized with Y¥(AP+Y?") atomic ratios
between 0 and 0.5. With the introduction of certain amount of Y,0Os3, the surface area
and dispersion of Cu for Cu/ZnO/Al,Os catalysts increased significantly. However,
excess Y,0; content would decrease the dispersions of both Cu and ZnO as a result of
the declined amount of hydrotalcite-like phases in the precursor. It was suggested that
Y,0; and the hydrotalcite-like structure could prevent the aggregation of Cu
nanoparticles during reduction and reaction process and improve the reducibility of
Cu?" species. As Cu’ species were predominant active sites for the methanol synthesis
from CO;, hydrogenation, addition of suitable amount of Y,0; to Cu/ZnO/Al,O;
catalyst enhanced the catalysis for CO, hydrogenation remarkably. Nevertheless, the
CO, conversion decreased significantly when Y>":(AP’"+Y>") > 0.1 due to the lower
Cu surface area and a relatively weaker interaction between Cu and ZnO. The
Cu/ZnO/Al,03/Y,05 catalyst with Y>":(AP+Y*") = 0.1 derived from hydrotalcite-like

compounds afforded the best catalytic performance with high stability.
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1. Introduction

The transformation of CO, into valuable chemicals and fuels is a promising route
that may offer a solution to control greenhouse gas and substitute dwindling fossil
fuels.'” Among the many options considered, catalytic conversion of CO, to methanol
has attracted widely attention because methanol is an important raw material in the
chemical industry and can be used directly as clean fuel.>* In addition, high-octane
gasoline, aromatics, ethylene, as well as many other value-added petrochemicals,
which now are mainly derived from crude oil, can also be produced from methanol. In
order to realize a green integrated process for CO, hydrogenation to methanol, the
needed hydrogen can be generated from natural gas, shale gas, and other methane
sources or water electrolysis, and CO, capture and recycling can use any available
alternative energy.S’ i

Cu/ZnO/AlL,O5 catalysts, conventionally used for commercial synthesis of
methanol from CO;-containing syngas, are also widely investigated for the methanol
synthesis from CO, hydrogena1:ion.6'11 However, the low activity and stability of
Cu/ZnO/Al,0; catalysts, which is partly ascribed to Cu sintering accelerated by the
presence of water vapor byproduct, create major barriers toward direct application for
CO, hydrogenation.'*"* For Cu-based catalysts, many researchers found that the Cu
surface area and Cu dispersion were mainly responsible for the catalytic performance
and there was a linear relationship between the activity and Cu surface area.'” " Other
researchers reported that the catalytic activity increased with increasing Cu surface

10,20, 21

area and/or Cu dispersion, but it was not a linear relationship. In addition, the

performance for CO, hydrogenation to methanol was also related to the reducibility of
CuO, the synergy between Cu and oxide, and the surface basicity of catalysts.'® 202
Moreover, some literatures pointed out that both Cu’and Cu® species were essential to

catalyze the CO, hydrogenation to methanol and the stabilization of the Cu’ ions
2
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favored the hydrogenation of CO,. >’

Detailed studies on the phase structure of the Cu-containing hydroxocarbonates
precipitate revealed that the precipitate phases played an important role for the
structure and performance of catalysts.”* *° It was suggested that the topotactic nature
of the hydrotalcite-like compounds (HTlcs) decomposition to metal oxide could
induce the formation of nanocatalysts with homogeneous dispersion of metal cations
at atomic level, strong synergetic effects among different components, high specific
surface area, strong basic properties and high stability against sintering.**>* Several
studies on Cu-containing hydrotalcite-like (HTI) precursors have also proven the
advantages of HTI phases as precursors for Cu-based catalysts in various
reactions.’”™® Therefore, it is expected that using HTlcs as precursors for the
Cu/ZnO/Al,0; catalyst would promote the catalytic activity and stability for the CO,
hydrogenation reaction to methanol. To further improve the catalysis of the
Cu/ZnO/AL,O;5 catalyst, an effective promoter is needed. Among the promoters
studied, yttrium oxide is a very promising candidate because the introduction of Y,0;
into Cu-based catalyst can increase Cu specific surface area signiﬁcantly.lz’ 3435 In our
previous work, the influence of several modifiers (Mn, La, Ce, Zr and Y) on the
properties of Cu/ZnO/Al,O5 catalysts was investigated and it was found that the
Y,0;-modified catalyst exhibited the highest CO, conversion with the maximum of
Cu surface area and Cu dispersion compared with other additives."® However, a
comprehensive study of the influence of Y,O3 on the methanol synthesis catalysts is —
to the best of our knowledge — still lacking.

In the present study, a series of Y,0s;-modified Cu/ZnO/Al,O; catalysts
(Cu*":Zn* (A" +Y*") = 2:1:1) derived from HTI precursors were synthesized with
Y¥(AP*+Y?") atomic ratios between 0 and 0.5 and were evaluated for methanol
synthesis from CO; hydrogenation. In order to better understand and design the highly
active catalysts for CO, hydrogenation to methanol, the active state of copper was
clarified by in situ XRD and ex situ XPS during reduction process. The relationships
among the precursor structure, the physicochemical properties of catalysts, as well as

the catalytic activity and stability were investigated in detail. In addition, the
3
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promoting effects of Y,0; on properties and catalytic performance of the

Cu/Zn0O/Al,0; catalysts were studied based on structure—activity relationships.

2. Experimental
2.1. Preparation of Catalysts

Cu/Zn/AlY hydrotalcite-like compounds (Cu®":Zn*":(AIP"+Y?") = 2:1:1) were
synthesized with atomic ratios of Y’":(AP"+Y’") = 0, 0.05, 0.1, 0.2 and 0.5,
respectively. All the precursors were obtained by co-precipitation method at 293 K,
using “pro analyze” purity grade nitrate salts of the corresponding metals
(Cu(NO3),+-3H,;0, Zn(NOs),-6H,0, AI(NO3)3-9H,0 and Y(NOs3);-6H,0), and a mixed
solution of NaOH and Na,COs; as precipitation agent. Typically, the mixed
Cu/Zn/Al/Y solution and the precipitant were added dropwise to 200 mL of deionized
water under vigorous stirring. The pH during precipitation was kept at a constant
value of 10.0 £ 0.2. The product was aged at 333 K for 15 h under stirring and then
filtered and washed with deionized water. Finally, the filter cakes were dried
overnight at 353 K and further calcined in air at 773 K for 4 h. The as-obtained HTlcs
were denoted as HT-Yx (x is the Y3+:(A13++Y3+) atomic ratio in the synthesis mixture),

and the corresponding calcined HTlcs were denoted as CHT-Yx.
2.2. Characterization of Catalysts

The surface area of samples was determined by N, adsorption—desorption at liquid
nitrogen temperature 77.30 K, using a Micromeritics Tristar 3000 instrument. Sample
degassing was carried out at 473 K prior to acquiring the adsorption isotherm.

Elemental chemical analysis was performed using the inductively coupled
plasma—optical (ICP) emission spectroscopy (Thermo iCAP 6300).

Powder X-ray diffraction (XRD) patterns were recorded on a Panalytical X Pert
Pro Super X-ray diffractometer with Cu Ka radiation (A= 0.15418 nm), in the step
mode (0.0167°, 12 s) and in the range of 5° < 20 < 75°. The full width at half
maximum (FWHM) of Cu (1 1 1) diffraction at a 20 of 43.2° was used to calculate the
mean crystallite size of Cu using the Scherrer equation. For in situ XRD measurement,

4
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the sample remained in 5% Hy/He mixture at a flow rate of 50 mL min '. Temperature
ramping programs were performed from 298 K to 448, 473, 498, 523, 573, 623, and
673 K at a heating rate of 5 K min"'. The XRD patterns were collected after samples
reached the preset temperatures for 30 min. For another in situ XRD measurement,
the sample also remained in 5% H,/He mixture, and temperature ramping programs
were performed from 448 K to 473, 498, 523, 548, and 573 K at a heating rate of 5 K
min"'. The XRD patterns were collected once samples reached the preset
temperatures.

Thermal decomposition of the catalyst precursors was studied by
thermogravimetric (TG) method by using SDT-Q600 Thermal Analyzer.
Measurements were performed in the temperature range of 303—1023 K with linear
temperature program f = 10 K min™' in continuous flow of synthetic air (30 mL
min).

Transmission electron microscope (TEM) and high resolution transmission
electron microscope (HRTEM) were performed on an FEI Tecnai F20 transmission
electron microscope with a field emission gun operating at 200 kV to investigate the
dimensions and the structural details of the samples after different treatments.

The dispersion of Cu (D¢y) and exposed Cu surface area (Sc,) were determined by
dissociative N,O adsorption and carried out on Micromeritics AutoChem 2920
instrument using the procedure described in our previous work.'"® Before
measurements the catalysts (0.1 g) were reduced at 573 K in 5% H,/Ar mixture (30
mL min") for 2 h. Then, the sample was exposed to N,O (85 mL min ') for 1 h to
ensure complete oxidation of surface metallic copper. Finally, a pulse of pure H, was
passed over the catalyst at 573 K and the surface Cu,O were reduced in the pulse of
pure H,. D¢, and S¢, were calculated from the amount of hydrogen consumption. In

addition, the average Cu particle size (dc,) obtained from the conventional formula

104

dCu(nm):D %)

(1)

assuming a spherical shape of Cu particles.*’

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (XAES)
5
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were performed over a Quantum 2000 Scanning ESCA Microprobe instrument
equipped with Al Ka radiation (15 kV, 25 W, hv = 1486.6 ¢V) under ultrahigh vacuum
(1077 Pa). Prior to each test, the calcined sample was reduced in pure hydrogen at 573
K for 8 h, and the XPS measurements were recorded with the exclusion of air contact
after reduction. The binding energies were calibrated internally by adventitious carbon
deposit C (1s) with Ey, = 284.6 eV (accuracy within £0.1 eV).

Temperature program reduction (TPR) was carried out in a U-tube quartz reactor.
The samples (50 mg) were purged with Ar (30 mL min') at 423 K to remove
physically adsorbed water and then reduced in a flow of 5 vol% H, + Ar (30 mL
min"') at a heating rate of 5 K min"' up to 873 K. Thermal conductivity detector
(TCD) was used to monitor the consumption of Hy.

H, temperature programmed desorption (H,—TPD) was carried out in the range
323-923 K with a heating rate of 10 K min' using Ar as carrier gas (40 mL min ™).
Prior to the adsorption of H,, the catalyst was first reduced at 573 K in H, flow of 30
mL min ™' for 2 h. After cooling to room temperature, the catalyst was saturated with
pure H, (30 mL min_l) at 323 K for 60 min and then flushed with Ar flow (40 mL
min') to remove all physical adsorbed molecules. The desorption process was

monitored by a TCD quantitatively calibrated by H, pulses.

2.3. Evaluation of Catalysts

CO; hydrogenation to methanol was evaluated in a continuous fixed-bed stainless
steel reactor. The catalyst (0.6 g, 40—60 mesh) diluted with quartz sand (40—60 mesh)
was placed in a stainless steel tube reactor. Prior to reaction, the catalyst was firstly
pre-reduced at 573 K and atmospheric pressure for 6 h by a pure hydrogen stream (80
mL min ') and then cooled to room temperature. After reduction, the activities of the
catalysts were determined under flow of H,, CO, and N, mixture (H,/CO,/N, molar
ratio of 73/24/3). The products were quantitative analyzed with a Shimadzu
GC-2010C gas chromatograph equipped with a thermal conductivity detector (TCD,
TDX-01 column) for gas of Hy, N, CO, CH4 and CO,, and Propark-Q for liquid of

H,0 and CH30OH. The CO, conversion and the carbon-based selectivity for CH3;OH,
6
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CHy4 and CO were calculated by an internal normalization method. The space time
yield (STY) of CH30H, which gave the amounts of CH3;0H produced per gram

catalyst per hour, was defined as the Eq (2):

STYeron = V> X(CH:OH) (2)

txm

where W was the total weight of CH;0H and H,0 product (g); X(CH3;0H) was the
mass fraction of CH;OH; ¢ was the reaction time (h); m was the weight of catalyst (g).

Each data set was obtained from an average of three independent measurements.

3. Results and discussion
3.1. Textural and structural properties of the precursors

Powder X-ray diffraction patterns of the uncalcined precursors are shown in Fig. 1.
The peaks at 26 of 12°, 24°, and 35 ° were attributed to the (0 0 3), (0 0 6), and (0 0 9)
crystal planes in the layered structure with rhombohedral symmetry (3R). In addition,
the broad and asymmetric peaks at 36 °, 39 °, and 47 © were ascribed to the (0 1 2), (0
1 5), and (0 1 8) crystal planes, respectively. For the samples of HT-Y0, HT-Y0.05
and HT-YO0.1, the well-defined (1 1 0) and (1 1 3) diffraction peaks were also
observed at 60 ° and 61 °, indicating a homogeneous dispersion of various cations in
the hydroxide layers.”® No other crystalline phases were observed. However, the
crystallinity of the samples decreased with the increasing Y>":(AI’+Y"") ratio which
was probably due to the introduction of large distortions in the hydrotalcite-like (HTI)
layers as a result of the substitution of AP (ionic radius 0.053 nm) by the much larger
ionic radius Y** (0.090 nm),”” and the coformation of amorphous precipitate (such as
hydroxides and hydroxyl carbonates).”® ** High Al content favors the formation of
hydrotalcite-like compounds (HTIcs), therefore, the yields of HTI phase in precursors
may decrease with increase of Y content.”> %’

The calculated lattice parameters of the prepared HTlcs are listed in Table 1. The
increase of Y*":(AI**+Y*") ratio provokes the increase of the lattice parameters a and
c. The increase of the lattice parameters a (= 2d; | ¢), which is a function of the

average radius of the metal cations in the layers,40 can be assigned to the substitution

7
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of the smaller radius of Al by the larger radius of Y*" in the layers. The increase in
parameters ¢ (= dyo3+t2dooet3doos), which is a measure of the thickness of the HTI
layer and the interlayer distance, is attributed to the lower polarizing ability of Y**
compared to AI’, thus decreasing the Coulombic attractive force between the
positively charged HTI layers and the negatively charged interlayer anions.”” Another
probable reason is that some added Y>* ions are present at the corners of the
hexagonal crystal lattice, causing a sharp increase in the thickness of the HTI layer.*®
It is also found that ¢ should increase with incorporation of any amount of Y*" into the
layer, but without changing appreciably as more and more yttrium is present in the
layer.

The TG profiles for various precursors are shown in Fig. 2. In general, the thermal
decomposition (weight loss) of the Cu-containing HTlcs consists of three steps,
namely, dehydration of physically adsorbed and interlayer water molecules at 373-473
K, dehydroxylation of the HTI layer and loss of carbonate anions of the interlayer
space at 473-823 K, and the decomposition of Cu oxocarbonates formed during the
former steps of the thermal decomposition of the HTI structure above 823 K. 341 The
second step resulted in the collapse of the layered structure and the weight loss at this
step may also be due to the decomposition of amorphous hydroxycarbonates.*®

The weight losses measured in TG experiments for all steps are compared in Table
1. The Y-containing samples lost about 9% more than the Y-free sample, suggesting
that the amount of H,O and CO, from the decomposition of precursors increased with
the introduction of Y*. With increasing content of Y*" in precursors, the second
weight loss due to the decomposition of the HTI species and amorphous
hydroxycarbonates increased, while the amount of Cu oxocarbonates (the third weight
loss) formed during decomposition of the HTI structure decreased, which revealed
that the higher Y ":(AI’"+Y>") atomic ratio in the mother liquid, the less HTI phases
and the more amorphous phases existed in the precursor, in agreement with the XRD
results of the precursors.

Fig. 2 also shows that all the weight losses are recorded at lower temperatures

with the introduction of Y*", indicating the decrease of the thermal stability for
8
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Cu/Zn/Al/Y precursors. As mentioned above, the introduction of Y** cations would
reduce the Coulombic interaction between the layers and the interlayer anions, leading
to lower thermal stability. In addition, the removal of molecular water at lower
temperature can be related to the lower charge-to-size ratio for Y°' than for AI*".
However, with further increasing Y content, the weight losses occurred at higher

temperatures, which can be related to the decreased amount of HTI phases.
3.2. Textural and structural properties of the calcined samples

The XRD patterns of derived oxides (Fig. 3a) show the complete transformation
from the HTI phase to the oxide phase after calcination at 773 K. Some broad
diffraction peaks for a poorly crystallized CuO phase are detectable for all the samples
while no diffraction peaks belonging to Al,O3; and Y,0s; are found. In addition, the
poorly crystallized ZnO phase is observed only for the sample CHT-Y0.5. The metal
compositions of calcined CHT-Yx samples measured by ICP are presented in Table 2.
The compositions of the catalysts were in close agreement with the nominal
compositions taken for the catalysts preparations, suggesting the complete
precipitation of the metallic nitrates. It can be noted that both the Cu*":Zn*" and
Y¥:(AP*+Y?") ratios results were close to those used in the starting solutions.

Ex situ XRD patterns of the CHT-Yx catalysts after reduction at 573 K for 6 h are
shown in Fig 3b. To prevent and diminish phase transformation that probably
occurred during exposure to air, the reduced samples were carefully collected and
preserved in liquid paraffin at room temperature and sealed into glass bottles before
XRD analysis. For all the samples, the broad and diffuse peak at around 18.2 ° was
attributed to paraffin. Upon reduction at 573 K, the XRD diffraction peaks (26 = 35.6
° and 38.8 °) of CuO disappeared, while the peaks (20 = 43.2 °, 50.2 °, and 74.1 °)
attributed to metallic Cu emerged in these catalysts. In addition, the intensity of the
metallic Cu diffraction peak declined markedly with the introduction of Y**. For the
sample CHT-Y0.5, the diffraction peaks (20 = 31.9 °, 34.4 °, and 36.1 °) of ZnO could
be clearly seen after reduction, indicating that the dispersion of ZnO in reduced
CHT-Y0.5 was much lower,” * which might be related to the decreasing amount of

9
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HTI phases with increased Y content. The Cu crystallite size (dcy) calculated by the
Scherrer equation decreased markedly with increasing Y content, while the average
Cu particle size increased slightly when Y*":(AI’+Y") > 0.1, and the minimum dc,
was 8.3 nm for CHT-YO0.1 (Table 2). A similar trend for Cu particle size determined
by dissociative N,O adsorption was also found from Table 2. These results clearly
demonstrated that the incorporation of the suitable amount of Y,Os; hindered the
growth of Cu particle size upon heat treatment. Moreover, ZnO acts as a physical
spacer between Cu nanoparticles and helps disperse the Cu phase.”* ** With the
addition of excess of Y, the amount of HTI phased in the precursor decreased and led
to a lower dispersion of ZnO. As a result, dc, increased with further increase of Y
content.

The in situ XRD characterization was adopted to further explore the phase
evolution of representative CHT-YO0, CHT-Y0.1 and CHT-YO0.5 under 5% H,/95%He
as a function of reduction temperature. For the CHT-YO sample (Fig. S1 in the
Supplementary material), the diffraction peaks (26 = 35.5 ° and 38.9 °) of CuO can be
observed at 298 K. The CuO peaks disappeared and the characteristic peaks of Cu at
260 of 43.2 °, 50.2 °, and 74.1 ° became observable with the increasing temperature to
498 K. Continuous increasing the reduction temperature inevitably caused the
sintering and aggregation of metallic copper particles, as evidenced by the gradual
sharpening of metallic Cu characteristic peaks. In addition, the very weak peaks (26 =
31.9 °,34.4 °, and 36.1 °) of ZnO appeared when the reduction temperature rising to
673 K. The mean copper particle size calculated by the Scherrer equation remarkably
grew up from 9.3 to 16.4 nm when the reduction temperature enhanced from 498 to
673 K. Similar trend of phase evolution has been observed for CHT-Y0.1 (Fig. S2)
and CHT-Y0.5 samples (Fig. S3), while the characteristic peaks of Cu became
detectable at lower temperature 473 K compared to CHT-Y0. For CHT-YO0.5, the
phase’s crystallinity of ZnO increased markedly with increase of reduction
temperature. However, with the introduction of Y3, the average copper particle size
for the CHT-Y0.1 sample grew moderately from 6.4 to 7.3 nm with increasing

temperature from 498 to 673 K. Moreover, the increase of copper particle size for
10
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CHT-YO0.5, which increased from 6.5 to 10.5 nm under the same condition, also
became obvious with further increase of Y content, which might be related to the
lower dispersion of ZnO as a result of the decreased amount of HTI phases with
increase of Y content. Therefore, we deduced that the incorporation of Y,Os3 and the
HTI structure were capable of immobilizing copper species and suppressing sintering
of copper particles during the calcination and reduction. Moreover, the in situ XRD
patterns were collected once samples reached the preset temperatures, and the
diffraction peaks of Cu,O (20 = 36.4 °) could be observed during the heating of
CHT-YO0, CHT-YO0.1 and CHT-YO0.5 in 5% H,/He from 448 to 573 K at a heating rate
of 5 K min™'. For CHT-YO0, both Cu,O and Cu peaks appeared when the reduction
temperature rising to 548 K (Fig. S4), while these peaks were observed at lower
temperature for CHT-YO0.1 (498 K) and CHT-Y0.5 (523 K) samples (Fig. S5 and S6),
and the peaks of Cu,O disappeared with further increase of temperature. Especially
for CHT-0.1, three kinds of copper species (CuO, Cu,;O and Cu) can be found when
the temperature enhanced to 498 K (Fig. S5). These results suggested that the
reduction of CuO to metallic Cu passed through an intermediate Cu,O phase which
was very unstable and easily and quickly reduced to metallic Cu under H;
atmospheres.

The transmission electron microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) images illustrate the typical microstructure of the
CHT-Yx catalysts after different treatments. It can be seen from Fig. S7 that the
calcined samples were composed of platelet-like particles, which indicated that the
derived oxides remained the morphological characteristic of HTI precursors. The
pretended needle-like morphology of the calcined particles was corresponding to
projections of platelets (Fig. S7). For CHT-YO0.5, a large amount of spherically shaped
particles were observed, and minor amounts of plate-like particles could be found (Fig.
S7c). After reduction of CHT-Y0 and CHT-YO.1 catalysts at 573 K for 6 h, the
samples still maintained the overall plate-like morphology (Fig. 4a; and 4b).
However, the surface turned to rough and abundant dispersed small dots were

observed throughout the platelets. On the lamellar plates of reduced CHT-YO and
11



Catalysis Science & Technology

CHT-YO.1 samples, spherically shaped and well crystalline of Cu could be noticed
from HRTEM images and no indication for individual separated oxide particles were
found (Fig. 4a; and 4b,). In addition, the Cu particles were partly embedded in the
remaining metal oxide matrix resulting in an intimate interface contact of Cu particles
and continuous Cu depleted oxide. The major part of the reduced CHT-Y0.5 sample
comprised the compact particles (Fig. 4c;). Apart from Cu particles, the separated
ZnO particles were also observed from Fig. 4c,. Therefore, it can be speculated that
the interaction among Cu and ZnO for CHT-YO0 and CHT-YO0.1 was stronger than that
for CHT-YO0.5. The average diameter of Cu particles for CHT-Y0 was around 10-15
nm and it decreased below 10 nm with the introduction of Y,0O; for CHT-YO0.1 and
CHT-Y0.5, in agreement with the results from XRD and N,O chemisorption analysis
(Table 2). Furthermore, Fig. S8 also shows the TEM images of the spent CHT-YO,
CHT-YO0.1 and CHT-YO0.5 catalysts after stability test. Some lamellar plates were
decomposed and more agglomerated particles on the platelets could be found after
500 h reaction.

The textural properties of CHT-Yx samples with different Y content are
summarized in Table 2. It can be found that the BET specific surface areas (Sggr) of
Y,0;-modified catalysts were much higher than that of the Y,0s-free sample, and the
values increased significantly with increase of Y content until they reached the
maximum for CHT-Y0.1 and CHT-YO0.2 samples and then decreased slightly. These
results were mainly related to the amount of H,O and CO, evolved from the
precursors during the second weight loss, according to the TG analysis. In addition,
the pore volume increased gradually with increasing Y content. The reactive N,O
adsorption on reduced samples (Table 2) was to determine the exposed copper surface
area (Scy), dispersion of copper (Dcy) and the average Cu particle size (dcy). The
incorporation of Y,0j; increased Sc, and D¢, remarkably and a maximum was
obtained when Y? +:(Al3 Ty’ +) = 0.1, which can be explained by the fact that Y,Oscan
prevent the aggregation of copper particles during the thermal treatment. However,
further increase of Y content declined Sc, and Dc, slightly, which can be attributed to

the lower dispersion of ZnO as stated above.
12
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3.3. XPS investigations on reduced samples

XPS analysis was performed to determine the surface chemical states and
compositions of reduced CHT-Yx catalysts. XPS spectra of the reduced samples are
presented in Fig. 5 and Fig. S9. As shown in Fig. 5a, all the spectra consisted of two
peaks at 932.5 and 952.5 eV which were mainly attributed to Cu 2ps3, and Cup,,
peaks of cu’, respectively.12 The absence of satellite peaks around 942 and 962 eV
suggested that the Cu" species were reduced completely after reduction at 573 K. In
addition, the line position in the Cu LMM Auger electron spectroscopy of the
representative CHT-YO0.1 catalyst also demonstrated that Cu’ was the predominant
copper species detectable on the surface of the reduced catalyst (Fig. 5c). These
results are in line with the XRD analysis. After reaction for methanol synthesis from
CO; hydrogenation, the spent sample presented a principal peak at around 918.4 eV
and a smaller peak centered around 916.4 eV (Fig. 5¢), which can be attributed to Cu’
and Cu’ species within the error limit, respectively, suggesting that some surface Cu’
species was oxidized to Cu" species. However, the identification of Cu" species with
ex situ measurements is not always unambiguous proof that it was present on the
surface of the catalyst under reaction condition, because it was hard to totally prevent
the sample from exposure to air during separating the used catalyst from the quartz
sand. Similar results have been reported for various Cu/ZnO-based catalysts.' *°
Consequently, Cu’ is the predominant copper species on the surface of reduced
CHT-Yx catalysts according to XRD, XPS and Auger results, which reveals that Cu"
species cannot be responsible for the activity of these catalysts. Moreover, the Zn 2p;,
peak at around 1022.3 eV can be assigned to the Zn®" species on the catalyst surface.

The binding energies (BE) of Cu 2p3, Zn 2ps;» and Al 2p bands and surface
compositions of the reduced CHT-Yx catalysts are listed in Table 3. When
Y3+:(Al3 ++Y3+) < 0.1, there was no obvious difference in the BE of Cu 2p3, and Zn
2ps3, bands with increasing Y content. However, these bands shifted significantly to
lower binding energies with further increased Y content, especially for CHT-YO0.5 (Fig.
5b). In addition, the Al 2p core-level was located at BE around 74.7 eV for all the

13
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reduced samples and the BE of Y 3d3 and Y 3ds,, changed slightly with increase of Y
content (Fig. S9). These results illustrated that there existed interaction among Cu and
ZnO and this interaction was weakened with higher Y content, which can be ascribed
to lower dispersion of ZnO compared to the samples with Y*":(A’+Y*") < 0.1. In
addition, compared with the bulk compositions taken from Table 1, the surface
content of Cu was reduced, while Zn was enriched. The modifier Y accumulated
remarkably on the surface for CHT-Y0.05 and CHT-YO0.1 samples, while the surface
of reduced catalysts with Y>":(AI**+Y>") > 0.1 was depleted of Y, especially for
CHT-Y0.5, which might be related to the significant decrease of the yields of HTI
phases in precursors. It can be also found that the surface Cu content and the surface
Cu/Zn ratio first increased sharply and then decreased slightly with increasing Y
concentration. In a word, the addition of suitable amounts of Y,0O3 can drastically

modify the surface copper/zinc compositions.
3.4. The reducibility of CHT-Yx catalysts

The reduction behaviour of the calcined CHT-Yx samples was investigated by
H,-TPR, and the corresponding reduction profiles are given in Fig. 6. All samples
display a broad reduction peak accompanied by shoulders in the temperature range of
423-623 K, which can be deconvoluted into several Gaussian peaks. The quantitative
TPR results including onset reduction temperature (T, rq), temperature of peak
maxima and their contributions are summarized in Table 4.

The low temperature peak (peak P) is attributed to the reduction in dispersed CuO,
whereas the peak appearing at high temperature (peak y) is ascribed to the reduction
in bulk CuO. Another peak at even lower temperature (peak o) is observed only on the
Y,0;-modified sample with Y3+:(A13++Y3+) = (.1, which can be due to the reduction
in highly dispersed Cu0.” Obviously, T, req declined with the introduction of Y,03
and the lowest T, .q Was obtained over CHT-YO0.1 and further increase of Y content
resulted in a increase of T, g, in agreement with the in situ XRD result. Similar
change of the positions of the peaks B and y could also be observed. These results
revealed that suitable amount of Y,03 could enhance the reactivity of the surface Cu®"
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species. Furthermore, the contributions of the peaks a and B to the TPR pattern, which
represent the amount of easily reducible well-dispersed copper oxide, increased
significantly with increase of Y*>":(AI**+Y>") atomic ratio, and a maximum of 88.9%
was found for the sample with Y>":(AI’*+Y>") = 0.1. A slight decrease was observed
when the Y content was further increased. This trend is in line with the variation of

Dc, determined by means of N,O chemisorption.
3.5. Ho-TPD analysis

As shown in Fig. 7, two peaks can be observed on all H,—TPD curves due to
different adsorption states of hydrogen species on the surface of the reduced CHT-Yx
catalysts. The low temperature peak (peak o) around 415 K is H, desorbing from
surface adsorbed H atoms on surface Cu sites, while a much broader signal (peak f3)
in the range 573-773 K is attributed to the desorption of strongly adsorbed hydrogen
either on the bulk of Cu particles or on the ZnO surface, respectively.® 2> 47
Especially, the latter would arise from the “p-type” semiconductor behavior of ZnO
induced by the heterolytic split (H*-H%) of H,, and the spillover phenomena driven
by the “Cu—ZnQO” interaction significantly influenced the H, adsorption on Zn0.**

The maximum desorption temperature and quantitative data are listed in Table 5.
The position of peak a changed slightly with increased Y content, while the maximum
desorption temperature of peak  increased when the Y*"(AP+Y?") atomic ratio was
above 0.1. This phenomenon also suggested a relatively weaker interaction between
Cu and ZnO, which agreed with the XPS and HRTEM results. In addition, the H;
desorption amount evolving from Cu sites increased sharply and the maximum of H,
adsorption was obtained over CHT-YO.1, while it decreased slightly with further
increase of Y content, which is in accordance with the variation of Sc,. From the data
of peak B, the H, desorption amount at high temperature decreased gradually with
increased Y content. This trend was significant when Y*":(AI’"+Y>") < 0.1, which can
be ascribed to the remarkable decrease of the amount of bulk Cu particles according
to the TPR analysis. When Y ":(AI**+Y>") > 0.1, the amount of bulk Cu particles
increased slightly, while the dispersion of ZnO became much lower. Therefore, the
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slight decrease of the H, desorption amount of peak P with further increase of Y

content is easy to understand by considering these two factors.
3.6. Catalytic behaviour

As well known, there are two important competitive reactions in CO,
hydrogenation to methanol. The first one is the synthesis of methanol (3) and the
second one is the reverse water gas shift (RWGS) reaction (4). The equilibrium of

such reactions can be described as follows:

C02 + 3H2 = CH3OH + Hzo AHzggK, SMPa__4O-9 kJ IIlOl_1 (3)

CO,+Hy= CO+H,0  AHjosk smpa =49.8kJ mol ™! 4)

Catalytic performance of Cu/ZnO/Al,Os; catalyst and Y,0;-modified
Cu/ZnO/AL O3 catalysts in methanol synthesis from CO, hydrogenation are
summarized in Table 6. The major product is CH3;OH and the main byproduct is CO
under the operating conditions of T = 503 K, P = 5.0 MPa and GHSV = 10,000 mL
gcat” h™'. In addition, trace of CHy is also detected. The Y,Os3-modified Cu/ZnO/AlLO5
catalysts exhibited much better catalytic performance compared to Cu/ZnO/Al,0Os
catalyst, and the conversion of CO, and the yield of CH3;OH increased by 13-51%
and 16-56%, respectively. In addition, both the CO, conversion and the CH;OH yield
took on a volcanic trend with increase of Y content. A maximum CH3;OH yield of 0.39
g gcat ' h™! with the CO, conversion of 20.2% and the CH;OH selectivity of 69.3% is
obtained over the Cu/ZnO/ALLO3/Y,0; catalyst with Y*":(AP+Y*") = 0.1 at 503 K.

The effects of reaction pressure on the catalytic performance of CHT-Yx catalysts
(x =0, 0.1, 0.5) are shown in Fig. 8. It can be seen that both the conversion of CO,
and selectivity of methanol increased significantly with increase of reaction pressure.
For CHT-YO0.1 sample, the CO, conversion increased from 9.9% to 29.9% and the
methanol selectivity increased from 15.1% to 89.7% when the total pressure was
raised from 0.3 MPa to 9.0 MPa. This tendency can be explained by Le Chatelier’s
principle as the methanol synthesis reaction (3) proceeds under a volume contraction.

In addition, the rate of reaction increases kinetically with the increase in pressure.
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Therefore, higher CO, conversion and CH3;OH selectivity were obtained at higher
pressures. In addition, in the whole pressure range, both the CO, conversion and
CH;0H selectivity for CHT-Y0.1 were higher than those for CHT-Y0 and CHT-Y0.5
samples. The variation in CH3;OH yield versus pressure is similar to those in CO,
conversion and CH3;OH selectivity (Fig. S10). At a pressure of 9.0 MPa, the yield of
methanol reached 0.57 g gcat 'h™' for CHT-YO.1.

3.7. Correlations between activity and structural parameters

The turnover frequency (TOF), which represents the number of CO,-molecule
hydrogenated on unit site of exposed copper atom per second (s'), was calculated
from the exposed copper surface area for various catalysts. Results from this study
(see Table 6) showed that the TOF decreased continuously with increase of Y content
and a minimum TOF of 5.53x 10 was obtained over CHT-Y0.5 at 503 K. This
change was not consistent with the trend of the Cu crystallite size and similar results
were reported by other researchers.'® ?' Therefore, methanol synthesis from CO,
hydrogenation is structurally sensitive.

To gain further insight into the nature of active species in methanol synthesis from
CO; hydrogenation, we attempted to correlate CO, conversion with the exposed
copper surface area determined by N,O chemisorption. Variations of the CO,
conversion and the exposed copper surface area as a function of YA +Y?h
atomic ratio for CHT-Yx catalysts are displayed in Fig. 9. Notably, when
Y* (AP +Y?) < 0.1, the variation of CO, conversion was consistent with the trend of
the Scu, giving clear evidence that metallic Cu involved as the active site in CO,
hydrogenation to methanol. The metallic copper surface was mainly responsible for
the catalytic activity, which can offer a rational explanation for the promoting effect of
yttrium oxide on the catalytic performance. When Y>":(AP"+Y>") > 0.1, there existed
some difference between the variation of CO, conversion and Sc,. Scu declined
slightly with further increase of Y content, while the conversion of CO, decreased
significantly, which revealed that catalytic activity in CO, hydrogenation to methanol
not only depended on the metallic copper surface but also other factors. It is a popular

viewpoint that two active sites are involved in the methanol synthesis from CO,
17
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hydrogenation over the Cu/ZnO-based catalysts.”> ' ** ** The adsorption and
dissociation of hydrogen occur on the Cu sites, while the adsorption of CO, takes
place over the ZnO sites. The atomic hydrogen transports from the surface of Cu onto
the surface of ZnO sites via spillover and hydrogenates the adsorbed
carbon-containing species to form methanol. Therefore, many authors believed that
metal/oxides interface played an important role in CO, hydrogenation to methanol.”*
4.9 In our case, the interaction between Cu and ZnO is weakened with further
increase of Y content as a result of the significant decrease of amounts of HTI phases
in precursors from XPS, HRTEM and H,-TPD analysis, which can decrease the
catalytic activity. Obviously, an efficient interaction among the metallic Cu and the
ZnO sites is also necessary to ensure high catalytic activity in methanol synthesis

from CO, hydrogenation.
3.8. Stability of catalysts

Long-term stability of catalysts is vital for methanol synthesis from CO;
hydrogenation. Under the conditions of T = 523 K, P = 5.0 MPa and GHSV = 10,000
mL gcat'1 h', comparisons of CO; conversion and CH3;OH yield as a function of
reaction time for CHT-Y0, CHT-Y0.1 and CHT-YO0.5 catalysts are shown in Fig. 10.
After 500 h reaction over the CHT-YO catalyst, the conversion of CO, and the yield of
CH3;0H were found to decrease by 10.0% and 8.3% from its initially stabilized values,
respectively. With the incorporation of Y,Os;, the stability of the Cu/ZnO/Al,O;
catalyst was enhanced markedly. As shown in Fig. 10, no obvious decline in the
activity was observed after 500 h time-on-stream over CHT-Y0.1. The CO,
conversion and CH;OH yield only decreased by 3.4% and 4.3%, respectively.
However, with the introduction of excess Y content, the catalytic activity of
CHT-YO0.5 was less stable than that of CHT-YO0.1, and the conversion of CO, and the
yield of CH30H were found to decrease by 5.4% and 6.2%, respectively.

The XRD data in Fig. 11 suggested that the Cu particle size of spent CHT-YO
catalyst after 500 h grew significantly from 13.7 to 17.6 nm due to remarkable
agglomeration of copper species. In contrast, the size of crystal of Cu increased
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moderately with the introduction of Y,0Os3. The Cu particle size of spent CHT-YO0.1
increased by 13.3 % (8.3—9.4 nm) from the value of CHT-YO.1 after ex situ
reduction. For the spent CHT-Y0.5 catalyst, the Cu particle size increased by 18.3 %
(9.3—11.0 nm) which was higher than that of spent CHT-YO0.1. Similar results have

been obtained from above analysis of the in siftu XRD measurement.
3.9. Discussion on the effects of Y content on the CO, hydrogenation

With the introduction of Y,0s3 into Cu/ZnO/AlLO; catalysts, the catalytic
performance for CO, hydrogenation to methanol was improved markedly due to the
significant increase of Sc, and Dc,. However, when Y3+:(Al3++Y3+) > 0.1, the
dispersion of Cu would decrease slightly and the interaction between Cu and ZnO was
weakened due to the lower dispersion of ZnO as a result of the declined amount of
HTIl phases in the precursor. Therefore, the catalytic activity decreased when
Y (AP +Y?) > 0.1 and the Cu/ZnO/AL,05/Y,0; catalyst with Y (AP +Y*") = 0.1
showed the highest activity for the methanol synthesis reaction.

During CO, hydrogenation, equimolar amount of water is inevitably produced
from the main reactions (3)—(4). Some researchers asserted that the low stability of the
Cu/ZnO/AL,O5 catalyst was partly attributed to sintering of Cu nanoparticles
accelerated by water, which can result in a tremendous loss of copper surface area [12,
14, 50]. In our case, the stability of the Cu/ZnO/Al,O; catalyst was improved
significantly with the incorporation of Y,0s3, because Y»O; could prevent the
aggregation of Cu nanoparticles during the process of reaction, which was well
interpreted by the results of XRD. However, the stability of the Cu/ZnO/Al,O4
catalyst became lower with the introduction of excess Y,03. As stated above, the HTI
structure could immobilize copper species and suppress sintering of copper particles
during thermal treatment. Thus, the lower stability for CHT-Y0.5 could be attributed
to the decreased amount of HTI1 phases in the precursor compared to CHT-YO0.1. In
addition, the formation of water should be responsible for a partial oxidation of the
metallic sites (CuOy), which can decrease the activity of methanol synthesis catalyst.M’
*2 The oxidized CuOy can be reduced by H, or CO and the effect of CuOy on catalytic
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activity will become smaller when the reduction reaction rate is high. According to
TPR and in situ XRD results, the addition of Y,O; could improve the catalyst
reducibility remarkably, while the introduction of excess Y,Os; weakened copper
reducibility due to the declined amount of HTI phases in the precursor, which
indicated that the rate of reduction in CuO, for CHT-Y0.1 was higher than those for
CHT-Y0 and CHT-YO0.5. This could also interpret the higher catalytic stability for
CO; hydrogenation to methanol. Therefore, the incorporation of Y,0O3; and the HTI

structure can improve stability of the Cu/ZnO/Al,Os5 catalyst.
4. Conclusion

It has been concluded that the introduction of Y,03 into Cu/ZnO/Al,O; catalysts
derived from hydrotalcite-like precursors increased the surface area and dispersion of
Cu. However, the ZnO dispersion in reduced catalysts became lower with the
introduction of excess Y content attributed to the declined amount of hydrotalcite-like
phases in precursors, which would decrease the dispersion of Cu slightly and weaken
the interaction between Cu and ZnO. In addition, Y,0; and the hydrotalcite-like
structure could prevent the aggregation of Cu nanoparticles during heat treatment and
reaction and improve the reducibility of Cu*" species.

XRD, XPS and Auger characterizations demonstrated that Cu’ species were
predominant active sites for the methanol synthesis from CO, hydrogenation.
Addition of suitable amount of Y,0;3to Cu/ZnO/Al,0;5 catalyst remarkably enhanced
the catalytic performance for CO, hydrogenation. When Y>":(AI*"+Y?") > 0.1, the
conversion of CO, decreased significantly due to the lower Cu surface area and a
relatively weaker interaction between Cu and ZnO. A maximum CH3;OH yield of 0.57
g geat”' h™' with the CO, conversion of 29.9% and the CH;OH selectivity of 89.7%
was obtained over the Cu/ZnO/Al,05/Y,05 catalyst with Y*":(AI**+Y>") = 0.1 at 503
K and 9.0 MPa.

The decrease of catalytic activity during the long-term test was mainly related to
the agglomeration of Cu nanoparticles and partial oxidation of Cu’ species. The
activity of Cu/ZnO/Al,03/Y,05 catalyst with Y*":(AI’+Y>") = 0.1 was more stable
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than those of Cu/ZnO/ALOs and Cu/ZnO/ALO;/Y-,05 with Y (AP +Y*) = 0.5
catalysts, indicating the incorporation of Y,0O; and the hydrotalcite-like structure can

improve stability of the Cu/ZnO/Al,O; catalyst.
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Table 1

Structural parameters and weight loss of the synthesized hydrotalcite-like precursors.
Sample Y /(Al+Y) a c Weight Loss (%)

Atomic ratio®  (A) (A) Total first second third

HT-YO0 0 3.078 2273 285 12.0 11.0 5.5
HT-Y0.05 0.05 3.080 22.76 31.0 10.5 15.0 5.5
HT-YO0.1 0.1 3.082 2293 31.0 10.5 16.0 4.5
HT-Y0.2 0.2 3.083 23.09 31.0 11.0 16.0 4.0
HT-Y0.5 0.5 - 23.09 31.0 12.0 155 3.5
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Table 2

Physicochemical properties of the calcined CHT-Yx samples.
Sample Metal composition (mol%) * Cu:Zn® Y:(Al+Y)*  Sggr V, de’  Scu® Do’ deot

Cu Zn Al Y (m’g") (ecm’g") (nm) (m*g") (%) (nm)

CHT-YO  51.0 248 242 - 2.06 - 39 020 137 174 672 134
CHT-Y0.05 51.6 236 233 1.5 2.18 0.06 74 044 11.0 30.8 1087 9.6
CHT-YO0.1 51.1 235 224 3.0 2.17 0.12 108 0.61 8.3 343 13.60 7.6
CHT-Y0.2 51.0 239 193 538 2.14 0.23 108 0.76 8.8 338 13.17 79
CHT-Y0.5 50.0 23.6 119 145 2.12 0.55 98 0.77 9.3 334 1283 8.1

*Values measured by ICP; b Average Cu particle size calculated by XRD; ¢ Calculated from N,O

dissociative adsorption.
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XPS results for the reduced Cu/ZnO/Al,O; catalysts with different Y content.

Sample Binding energy (eV) Relative surface concentration of metal (at.%) Cu/Zn
Cu2p;n, Zn2ps, Al2p Cu Zn Al Y
CHT-YO 932.6 1022.3  74.6 342 322 33.6 0 1.06
CHT-Y0.05 932.7 10224 748 39.7 304 26.9 3.0 1.31
CHT-YO0.1 932.6 1022.3  74.6 419 29.7 237 4.7 1.41
CHT-Y0.2 932.3 1021.9  74.6 40.3 29.2 253 5.2 1.38
CHT-YO0.5 9322 1021.7 748 393 28.6 229 92 1.37
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Table 4
Onset temperature of reduction (T, ), temperature of peak maxima and contribution of each
peak to the TPR pattern.
Sample Toa Temperature of peak maxima (K) and concentration (%) *
(K) Peak o Peak Peak y

CHT-YO 460 - 536 (48.5) 591(51.5)

CHT-YO0.05 438 - 540 (76.2) 575 (23.8)

CHT-YO0.1 430 510 (37.1) 530 (51.8) 545 (11.1)

CHT-Y0.2 440 - 517 (85.9) 547 (14.1)

CHT-YO0.5 442 - 513 (85.2) 543 (14.8)

*Values in parentheses are the contribution (%) of each species.
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Table 5
The maximum temperature and amount of H, desorption over reduced CHT-Yx catalysts.
Sample Peak o Peak B
T (K) H, desorption (umol g™) T(K) H, desorption (umol g™)

CHT-YO 406 20.4 657 392.8
CHT-Y0.05 412 64.0 657 206.0
CHT-Y0.1 419 115.0 659 1143
CHT-Y0.2 415 111.9 665 102.5

CHT-YO0.5 415 108.5 676 97.6
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Table 6
The catalytic performance for methanol synthesis from CO, hydrogenation over CHT-Yx catalysts
derived from hydrotalcite-like precursors.

Sample CO, Conversion TOF X 10’ Selectivity (C-mol%) CH;0H Yield

(%) s CH,OH  CH,4 CO  (ggeat'h™h
CHT-YO 134 8.33 58.1 0.3 41.6 0.25
CHT-Y0.05 17.4 6.95 63.2 02 36.6 0.33
CHT-YO0.1 20.2 6.66 69.3 0.2 30.5 0.39
CHT-Y0.2 17.8 6.22 70.5 0.1 294 0.35
CHT-YO0.5 15.1 5.53 66.6 0.3 33.1 0.29

Reaction conditions: T = 503 K, P = 5.0 MPa, GHSV = 10,000 mL gcat ' h', Hy/CO, /N,=
73/24/3 (molar ratio).
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Fig. 1. XRD patterns of the uncalcined HT-Yx precursors.
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Fig. 2. Thermogravimetry and differential thermogravimetry (TG-DTG) profiles of HT-Yx
precursors in air.
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Fig. 3. XRD patterns of Cu/ZnO/Al,O5 catalysts with different Y content upon (a) calcination; (b)
reduction. (@) CuO; (¢)Cu; (H) ZnO.
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Fig. 4. TEM and HRTEM images of CHT-Yx samples after reduction at 573 K for 6 h: (a)
CHT-YO0, (b) CHT-YO0.1, (c) CHT-YO.5.
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Fig. 5. (a) Cu 2p and (b) Zn 2p XPS of the reduced CHT-Yx catalysts, and (¢) Cu LMM Auger
spectra for the CHT-YO.1 catalyst after different treatments.
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Fig. 6. TPR profiles of the Cu/ZnO/Al,O; catalysts with different Y content.

36



Page 37 of 41

Catalysis Science & Technology

(04
B
CHT-YO0.5
=
s CHT-Y0.2
o
2
& CHT-YO0.1
(@}
]
o
a= CHT-Y0.05
CHT-YO0
T T T T T T T T T T
323 423 523 623 723 823 923

Temperature (K)
Fig. 7. H,-TPD profiles of the reduced CHT-Yx catalysts.
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Fig. 8. Effect of reaction pressure on the conversion of CO, (solid symbols) and selectivity of
methanol (open symbols) over CHT-Yx catalysts: (circles) CHT-YO; (triangles) CHT-YO.1;
(rectangles) CHT-YO0.5. Reaction conditions: T = 503 K, GHSV = 10,000 mL gcat'1 h',
H,/CO,/N, = 73/24/3 (molar ratio).
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Fig. 9. Variations of the CO, conversion and the exposed copper surface area as a function of
Y (AP +Y") atomic ratio for CHT-Yx catalysts. Reaction conditions: T=503 K, P = 5.0 MPa,
GHSV = 10,000 mL gecat™" h™', Hy/CO, /N,= 73/24/3 (molar ratio).
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Fig. 10. The trend of (a) CO, conversion and (b) CH;OH yield versus reaction time over CHT-Y0
(rectangles), CHT-YO0.1 (circles) and CHT-YO0.5 (triangles) catalysts. Reaction conditions: T=523
K, P=5.0 MPa, GHSV = 10,000 mL gcat" h™', Hy/CO, /N,= 73/24/3 (molar ratio).
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Fig. 11. XRD patterns of spent CHT-Y0, CHT-YO0.1 and CHT-YO0.5 catalysts after 500 h. (4)Cu;

(V) Cu,0; (M) ZnO; () SiO,. Peaks for SiO; in each spent sample came from residue quartz
sand used for catalyst dilution.
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