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ARTICLE INFO ABSTRACT

Keywords: Four clay materials, namely, bentonite, bleaching earth, attapulgite and sepiolite, were shaped into the cylin-
Clay drical body by extrusion. Clays were characterized in depth by TEM, SEM-EDX, Ny physisorption, pyridine FTIR,
Extrudates pH measurements, contact angle measurements, 2’Al MAS NMR, and the crush test. Catalytic properties were
gle:f;:iltlsl cyclization investigated in the citronellal cyclization as a model reaction. The reaction was performed in the trickle-bed
Attapulgite reactor at 70 °C, 10 bar of Ar with 0.086 M initial citronellal concentration in cyclohexane. The best results
Sepiolite were obtained over attapulgite with isopulegols yield of 24% and stereoselectivity to the desired isopulegol
Palygorskite isomer of 61%. Attapulgite had the highest meso-to-micropore volume ratio, the highest basicity, a low Brgnsted-

to-Lewis acid sites ratio, and the lowest amount of Brgnsted acid sites compared to other extrudates. In addition,
same clay exhibited the highest mechanical strength of extrudates.

1. Introduction

Clays are low-cost and simultaneously very important materials
comprising clay minerals, which impart their physical properties, such
as rheological properties, ion exchange, swelling, hydration, and plas-
ticity [1-9]. Due to these properties, clays have a wide variety of tech-
nological and industrial applications [1-3], including their utilization as
inorganic binders for scale-up of the catalyst from powder into the
shaped bodies used in the industry [10-17]. Larger particles of catalyst
avoid an extremely high pressure drop in fixed-bed reactors. Generally,
the clay minerals are hydrous aluminium silicates, containing alkaline
and alkaline earth elements or even iron [2,4]. Application of clay
binders in the shaping process improves stability of the extrudates after
shaping and mechanical strength of the final extrudates [13,15].
Coherent networks formed by the particles of clay can deform and
restore their shape again when the stress is removed [1,2]. The water
molecules adsorb on the clay mineral surfaces by forming a rigid film of
a certain order. The presence of water links the clay particles together
and determines the nature of plasticity [1,18]. Among the most

* Corresponding author.
E-mail address: dmurzin@abo.fi (D.Yu. Murzin).

https://doi.org/10.1016/j.apcata.2021.118426

important industrial clays are kaolin, bentonite, attapulgite (paly-
gorskite), sepiolite, and common clays and shales [1,2].

The use of clays as an inorganic binder in the zeolites pellets or
extrudates have been demonstrated in several studies [3,10,11,13-17,
19-21]. The effect of the agglomeration of the ZrO,/n-ZSM-5 catalysts
with bentonite and attapulgite clays was investigated in lignocellulose
catalytic pyrolysis [10]. Mordenite and Y zeolite catalysts in the form of
pellets containing attapulgite or other clay binders were tested in
toluene alkylation with methanol [21]. Montmorillonite clay binder in
mesoporous extrudates was investigated in the context of natural gas
and biogas purification [16]. Titanium silicalite (TS-1) extrudates with a
sepiolite binder were tested in propylene epoxidation with hydrogen
peroxide [20]. Formulated clay adsorbents prepared from bentonite
were used in small-scale water filter systems [17]. Catalytic pyrolysis of
crude glycerol for the synthesis of bio-based benzene, toluene and xy-
lenes (bio-BTX) was performed over ZSM-5 extrudates containing
bentonite [19]. The hydroisomerization of n-hexane was performed over
Pt/H-Beta-25 extrudates containing bentonite binder [14]. Bentonite
and montmorillonite clay binders in Pd/HZSM-5 zeolite catalyst with
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different Si/Al ratios were studied in the hydroisomerization of n-butane
[3]. Bentonite clay binder was also used in Beta and Y extrudates in
citronellal cyclization [13,15] and in Ru-, Pt-Beta extrudates in synthesis
of menthol from citronellal [11].

Clay materials reported in the literature as an inorganic binder were
applied because of their physicochemical properties as well as their low
cost. Inorganic binders in the extrudates, in principle, are expected to act
as diluents of the active phase, even if clays themselves may have some
catalytic properties or inhibitory effects [10,13]. In addition, presence of
a binder in extrudates may significantly change the physico-chemical
properties of the final material because of, for example, chemical in-
teractions with the active phase [10-15,21-32]. Understanding the role
of a clay binder in a particular process may accelerate development of
shaped catalysts with superior catalytic performance.

This work is dealing with the catalytic impact of low-cost clay
binders on a model reaction in a continuous mode without presence of
any additional catalytic material. For this purpose, bentonite, an in-
dustrial bleaching earth, attapulgite and sepiolite as the representative
of the most common clays applied as inorganic binders in scaling-up of
catalysts were selected [3,10-17,19-21]. The clay materials were sha-
ped into cylindrical bodies as extrudates, and tested in the trickle-bed
reactor. On the basis of our previous research with zeolite extrudates
containing a bentonite binder [13,15] in the citronellal cyclization, an
example of the synthesis of fine chemicals promoted by acidic catalysts
[11,13,15,22,23,33-43], was the same reaction selected as a model re-
action to test the catalytic properties of pure clay binders in the form of
extrudates without the presence of any additional acidic catalytic ma-
terial. Previously the same reaction was considered by the authors as a
part of a more complex reaction network for production of menthol from
citral using zeolite extrudates shaped with various binders [13,22,23].
To achieve a high selectivity, cyclohexane as a solvent with a low
dielectric constant (2.02) and weak interactions with the surface was
utilized [22,44,45]. In the current work, the solvent selection as well as
the reaction conditions remained the same as previously used for a more
complicated reaction network of one —pot citral to menthol trans-
formations, i.e. 70 °C, 10 bar and 0.086 M initial concentration of
citronellal in cyclohexane.

2. Experimental
2.1. Preparation of the powder sample and extrudates

Four clay materials were selected, shaped and characterized in the
powder form and extrudates, namely: bentonite (AloH206Si, VWR In-
ternational), an industrial bleaching earth (sepiolite [46,47]), atta-
pulgite/palygorskite ((Mg,Al)2Si4019(OH)+4H>0, Gelest), and sepiolite
(Mg2H2Si09+xH20, Sigma-Aldrich). All clay materials were sieved into a
fraction < 63 pm. The respective suspensions containing a clay material,
water and methylcellulose were shaped using a one-screw extrusion
device (TBL-2, Tianjin Tianda Beiyang Chemical Co. Ltd., China) into
cylindrical-shaped bodies, passing through the holes of 1.5 mm [13,15].
The suspension for extrusion contained 1 wt% of methylcellulose as an

Table 1
Weight ratio of the suspension for extrusion with a relative error +0.2%, and
diameter of the final extrudates (dg).

No. Sample Clay Water MC* dg sk, * * pH* **
wt% mm % -

1 Bentonite 61.8 37.2 1 1.42 5.3 4.4

2 Bleaching earth 54.9 44.1 1 1.38 8.0 4.2

3 Attapulgite 53.1 45.9 1 1.36 9.3 9.9

4 Sepiolite 42.9 56.1 1 1.30 13.3 8.5

5 Bindzil[13] - - - - - 9.4

*MC - methylcellulose; **sk; — relative radial shrinkage, *** pH was measured
for 40 mg of the powder binder in 20 mL of distilled water with stirring at 250
rpm.
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organic binder and different amounts of water (37-56 wt%) for each
clay material (Table 1). Extrudates were dried in an oven at 100 °C for 7
h. Subsequently, the extrudates were calcined in the muffle oven at 500
°C for 4 h and cut to a length of ca. 10 mm.

The diameter of the final extrudates (1.3-1.42 mm) linearly
decreased with decreasing concentration of the clay material in the
suspension for extrusion (Table 1). The same trend was observed in the
literature [48] dealing with extrusion of gadolinia-doped ceria ceramic
pastes. The higher solid content in the suspension corresponded to a
larger shrinkage following a linear relationship with respect to the solid
loading (x in %): the relative radial shrinkage in % is equal to
—0.35x+19.0 for ceramic suspensions [48] and —0.43x+31.7 for clay
suspensions. A comparison with extrudates containing 70 wt% of the
catalyst (H-Beta-25, Ru/H-MCM-41) and 30 wt% of a binder (bentonite,
SiO: Bindzil, Ludox, Snowtex) [13,15,22,23] shows, that the shrinkage
dependence of the solid concentration depends also on the type of
material.

For comparison, also a pristine colloidal silica bindzil without im-
purities (Bindzil-50/80, 50% colloidal SiO, in H,O from Akzo Nobel)
was selected and characterized in the current work. Contrary to the
expectations, bindzil extrudates could not be shaped alone, even if,
bindzil is a very suitable inorganic binder allowing easy shaping of ze-
olites [13,15,24] and mesoporous catalytic materials [22,23]. Water
from the colloidal silica (i.e. bindzil) was evaporated under vacuum at
40 °C and 50 rpm and then the material was dried in an oven overnight.
Finally, dry bindzil was sieved into a fraction < 63 pm and
characterized.

2.2. Characterization of the powder sample and extrudates

All clay materials were characterized in detail. Morphologies of clays
were investigated by transmission (TEM, JEOL JEM-1400Plus) and
scanning electron microscopy (SEM, Zeiss Leo Gemini 1530). Determi-
nation of the particle sizes was done from TEM and SEM images using
the ImageJ program [49]. Energy dispersive X-ray microanalysis (EDX,
Zeiss Leo Gemini 1530) was used to determine the composition. Textural
properties were studied by nitrogen physisorption (Micrometrics
3Flex-3500). The specific surface area and porosity (pore volume, pore
size distribution) were calculated using the Dubinin-Radushkevich (DR)
or the Brunauer-Emmett-Teller (BET), and the density functional theory
methods, respectively. The amount and strength of Brgnsted and Lewis
acid sites were determined by Fourier transform infrared spectroscopy
using pyridine (>99.5%) as the probe molecule (with ATI Mattson FTIR
Infinity Series spectrometer) using the molar extinction parameters
previously reported by Emeis [50]. The thin pellet of catalyst (10-20
mg) was placed in the measurement cell. The catalyst was outgassed
under vacuum (0.08 mbar) at 450 °C for 2 h prior to pyridine adsorption,
and the background spectra were obtained at 100 °C. Pyridine was
adsorbed for 30 min, and then the spectra were collected at 100 °C after
heating the sample to 250, 350, and 450 °C, respectively. The Lewis
acidity was calculated using the absorption band at 1450 cm ™" and the
Brgnsted acidity using the adsorption band at 1550 cm L. The temper-
ature, at which pyridine desorbs from the catalyst, was used to classify
the acid sites strength. In the calculations of weak, medium, and strong
acid sites, the catalyst weight was taken into account. The average peak
area (S) was calculated from the six integrated absorbances of Brgnsted
or Lewis bands at a given temperature. For calculation of the strong acid
sites their number as related to those sites corresponding to the peak
area measured at 450 °C (i.e. Ssyrong = S450 °c), while for medium and
weak acid sites the following equations were respectively used Smedium
= S350 °c — S450 °c and Syeak = S250 °c — S350 °c. The total acidity is
considered as the sum of weak, medium and strong acid sites. Mea-
surement of slurry pH were done using pH meter (Mettler Toledo) with
40 mg of the clay powder in 20 mL of distilled water, agitated at 250
rpm. The contact angle was measured using the goniometer CAM 200
(KSV Instruments) for the powder clay with 1 wt% of methylcellulose
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pressed into thin pellets. Before measurements, the samples were dried
at 100 °C overnight and kept in a desiccator to avoid sorption of mois-
ture from the atmosphere. Water droplets of 2 pL were placed on the
surface of each pellet, and the profile of the droplets on the surface was
captured by the instrument for 25 frames per drop with a frame interval
of 10 frames/ms. A 7-10 amount of drops per sample was analyzed. The
mechanical strength of extrudates was tested by crush test (SE 048,
Lorentzen & Wettre). For each sample, the average from 10 measure-
ments in vertical and horizontal positions was calculated.

%7 A1 MAS NMR spectra were measured at 130.33 MHz on JEOL JNM-
ECZ500R spectrometer equipped with 3.2 mm NM-84007HX expanded
VT MAS probe. Spectra were recorded with 0.173 ps (1/12) pulses, 0.2 s
delay and 2048 scans for each sample. The depth2 background sup-
pression was applied to cancel the residual signal of the probe.

Other details of the characterization methods and equipment are
presented in our previous publications [12,13,15].

2.3. Catalytic tests

To investigate catalytic properties of clay binder extrudates, the
citronellal cyclization was selected as a model reaction. Four different
clay extrudates of 0.45 g with the size 10 x 1.3-1.42 mm (Table 1) were
mixed with 14.4 g of inert quartz (SiO,) and loaded into the parallel
trickle-bed reactors (ID 12.5 mm, [11,13,15,22,23]). The reaction was
performed at 70 °C, 10 bar of Ar, 0.3 mL/min of citronellal in cyclo-
hexane with initial citronellal concentration 0.086 M, 50 mL/min of Ar
and the liquid residence time of 5.3 min. The reactants flowed from the
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top to the bottom.

After dilution with cyclohexane solvent, the liquid samples were
analyzed by applying Agilent GC 6890 N equipped with an FID detector
and a DB-1 column (length 30 m, internal diameter 250 ym, and film
thickness 0.5 um). The temperature program started at 110 °C followed
by a temperature gradient to 130 °C at a ramp 0.4 °C/min and then
increasing to 200 °C at aramp 13 °C/min. The mobile phase was helium.
The temperature of the FID detector was 340 °C. The following chem-
icals were used to calibrate the GC: citronellal, isopulegol, di-methyl
octanol, citronellol, nerol, gerneol, and o-terpinene. The other prod-
ucts were confirmed with an Agilent GC/MS 6890 N/5973 N using the
same column and the temperature program [11,13,15,22,23].

The liquid residence time (RT) in the trickle-bed reactor was calcu-
lated according to the following equation: RT = Vcpeecp/Qvq), Where
Vg is the catalyst bed volume (4 mL), ecp is porosity of the catalyst bed
(0.4) and Qy(y is the feedstock volumetric flowrate (0.3 mL/min) [15].
The reaction rate (r) in the trickle-bed reactor was calculated as follows:
r = A/Mcyt, Where An denotes the change in molar flow rate of the feed
at time zero and time t, m,¢ is catalyst mass [22,23,51].

3. Results and discussion
3.1. Characterization results of the powder sample and extrudates
A pH measurement of clay suspensions revealed acidic values for

bentonite and bleaching earth while alkaline values were determined for
attapulgite, sepiolite and the reference bindzil (Table 1). The highest

Fig. 1. TEM images of the powder clays: (a) bentonite (scale 500 and 100 nm), (b) bleaching earth (scale 100 nm), (c) attapulgite (scale 200 nm), (d) sepiolite (scale

200 nm), (e) bindzil (scale 100 nm) [13].
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value of 9.9 was obtained for attapulgite and the lowest one of 4.2 for an
industrial bleaching earth (sepiolite).

TEM (Fig. 1) and SEM (Fig. 2) images clearly show different
morphology of the four clay materials. TEM images of bentonite and the
bleaching earth (Fig. 1a,b) reveal two phases (small crystals and fibers).
The length and width of the fibers determined by TEM for bentonite was
55 and 0.6 nm (Table 2), respectively, which are typical dimensions of
montmorillonite [4,12]. A high flexibility of the montmorillonite fibers
is attributed to their high aspect ratio (L/W = 92, Table 2). For bleaching
earth the length and width of the fibers were determined to be 30 and
0.6 nm (Table 2), respectively, i.e. ca. a half length compared to fibers of
bentonite.

On the contrary, attapulgite consisted of a few larger crystals
(45nm) and needle-shaped or rodlike-shaped particles (LxW
630 x 15 nm) with a lower aspect ratio (L/W = 42) (Fig. 1c, Table 2).
Slightly longer and thicker needle-shaped or rodlike-shaped particles
(LxW = 650 x 20 nm) were observed for sepiolite without any other
phase (Fig. 1d, Table 2). This morphology is attributed to a chain silicate
[4,9]. A comparable morphology of sepiolite with a determined diam-
eter of fibrous minerals materials of 60-100 nm was also reported in
[52].

Colloidal silica bindzil consists only of round-shaped particles with a
broad range of different sizes (4-160 nm, Table 2, [13]).

o - e
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Table 2
Median, minimum (min), and maximum (max) particle size in nm determined by
TEM. Legend: L — length, W — width.

No.  Sample crystal fiber/needle-shape
median min- LxW L/ min-max min-max
max w @ w)
1 Bentonite <limit - 55 x 92 15-150 0.2-0.8
0.6
2 Bleaching <limit - 30 x 50 7-100 0.3-1.3
earth 0.6
3 Attapulgite 45 25-80 630 42 115-1200 6-23
x 15
4 Sepiolite - - 650 33 110-1260 10-30
x 20
5 Bindzil 30 4-160 - - - -
[13]

Overall, it can be concluded that the morphology of bentonite is
similar to the bleaching earth, and attapulgite is close to sepiolite, which
is also in line with SEM images (Fig. 2). On the other hand, fibers of
bentonite and bleaching earth were not observed by SEM (Fig. 2a,b). For
bentonite, SEM analysis revealed a non-amorphous structure, containing
platelets with sharp edges. The particle size of bentonite determined by
SEM was 450 nm on median and the largest particles reached ca. 28 ym

Aperture Sizo = 10.00 um
Signal A=lnLens  Imago Pixol Sizo = 4687 nm

I
WD= 46 mm

Mag= 2500KX EHT= 270KV
WD= 46 mm

Aporture Sizo = 10.00 um
Signal A=lnLons  Imago Pixol Sizo = 4687 nm B o

Fig. 2. SEM images of powder clay: (a) bentonite, (b) bleaching earth, (c) attapulgite, (d) sepiolite, (e) bindzil.



Z. Vajglova et al.

[12]. The observed average particle size was attributed to presence of
illite comprising 80% of bentonite and less than 5% of kaolinite char-
acterized by the unique large particles [12,53]. The particle size of the
bleaching earth determined by SEM was 195 nm on median with the
range of the particle sizes being also significantly narrower compared to
bentonite (Table 3). In the case of attapulgite, three phases were
observed, namely large platelets (1 um), small round shape particles
(110 nm) and needle-shaped or rodlike-shaped particles (LxW =
170 x 20 nm) (Fig. 2c, Table 3). Only one phase, a long needle-shaped
or rodlike-shaped particles (LxW = 740 x 30 nm with the maximum
length up to 3.1 um) that occurred as intermeshed, was observed for
sepiolite (Fig. 2d, Table 3).

The particle size of round shape bindzil determined by SEM was in
the range of 10 — 280 nm.

The elemental analysis revealed different chemical compositions of
clay materials (Table 4) which is in line with different morphology
observed on TEM and SEM images (Figs. 1 and 2). All samples contained
Si (21-29 wt%), Al (1-7 wt%), Mg (1-11 wt%) and K (0.5-1 wt%).
Except for sepiolite, 2 wt% of iron was also detected for clay materials.
In addition, the bleaching earth and attapulgite contained small
amounts (< 1 wt%) of other elements, such as Ca, S, Ba, and Ca, P. The
least impurities and at the same time the highest Si/Al ratio (16) and the
highest Mg content (11 wt%) were observed for sepiolite. On the con-
trary, the lowest Si/Al ratio (4) and the lowest Mg content (1 wt%) were
observed for bentonite. Most impurities were detected in the bleaching
earth. The value of the Si/Al ratio higher than the theoretical one is
related to the presence of hexagonal SiO, (quartz). This is in line with
XRD data, which show that bentonite, used in the current work, con-
sisted of peaks originating from illite (80 + 10 wt%, monoclinic),
montmorillonite (< 5 wt%, hexagonal), kaolinite (< 5 wt%, triclinic)
and SiO (20 + 10 wt%, hexagonal) [12]. It should be also noted, that
the composition of clays, as well as the morphology, strongly depends on
the nature of their genesis. Therefore, the published data for the Si/Al
ratio for bentonite vary from 1.7 to 8.2 [19,54-67].

On the contrary, bindzil contained no impurities, only Si (37 wt%),
Al (0.2 wt%) and Na (0.6 wt%) were detected (Table 4).

The total acidity of clay materials (Table 5) was as follows: sepiolite
(73 umol/g) > bentonite, bleaching earth (54 umol/g) > attapulgite
(40 pumol/g). No strong acid sites were detected in any sample. This is in
line with the expectations as tetrahedral Al atoms are framework sub-
stitutions in Si tetrahedral layers. For bentonite and the bleaching earth,
the Brgnsted-to-Lewis acid sites ratio was 2 and 6, respectively. A high
amount of the Brgnsted acid sites in clays is in line with low pH values
(ca. 4, Table 1). On the contrary, 6-fold and 8-fold more Lewis than
Brgnsted acid sites were observed for attapulgite and sepiolite,
respectively.

A comparison with the literature [68] showed a similar amount of
total acid sites of 59 umol/g for bentonite. On the contrary, ca.
three-fold higher value of 145 pmol/g was reported in [69]. This could
be related to a slightly higher amount of Fe, Mg, and the presence of
others components such as Na, Ca, Mn, P and Ti. However, the detailed
acidity data for clay materials are still lacking in the open literature.

On the contrary, bindzil can be considered as a non-acidic material,
exhibiting only 2 umol/g of total acid sites (Table 5, [23]).

All four clay materials contained 13 — 22% of micropores, therefore,

Table 3
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Table 4
Elemental analysis of clay materials.
No. Sample Si0y/ Si/ Si Al Mg Others
Al,O4 Al
mol/ wt/ wt wt wt wt%
mol wt % % %
1 Bentonite 9 4 29 7 1 K (1), Fe (2)
2 Bleaching 11 5 26 5 1 K (1), Fe (2), Ca
earth 1), S (1), Ba
(0.5)
3 Attapulgite 9 5 22 5 6 K (0.5), Fe (2), Ca
(1), P (0.2)
4 Sepiolite 31 16 21 1 11 K (0.5)
5 Bindzil 408 208 37 0.2 - Na (0.6)

in addition to the Brunauer-Emmett-Teller method (BET), the Dubinin-
Radushkevich method (DR) method was also used to estimate the spe-
cific surface area (Table 6). The specific surface area of the powder clays
determined by Dubinin-Radushkevich method was as follows: bentonite
197 mz/g) > the bleaching earth, sepiolite (141 rnz/g) > attapulgite
a1z m2/g). For extrudates, the specific surface area was the same or
slightly lower caused by the mechanical force during the extrusion
[12-15,22-24,70-72]. In the area of 2-15 nm, a significantly higher
mesopore volume was observed for bentonite compared to others clays
(Fig. 3). Generally, for the powder clays, the ratio of the
mesopore-to-micropore volume (Vy/Vy) was 4-7, the lowest for
bentonite and the highest for the bleaching earth (Table 6). After
extrusion, Vy,/V, ratio increased ca. 2-fold for attapulgite and sepiolite,
while for bentonite and the bleaching earth it remained the same. This
could be attributed to morphology of clays differing mainly in the length
and thickness of the elongated particles (fibers, needle-shaped or
rodlike-shaped particles, Figs. 1 and 2). In other words, materials con-
taining long solid particles showed an increased ratio of Vy,/V, after
extrusion.

A comparison with the literature [73-76] showed a slightly higher
specific surface area of 125-140 m2/g with a similar pore volume of
0.32 cm®/g and a 2.5-fold higher V;,,/V. u Tatio for attapulgite than in the
current work. On the contrary, significantly lower values of the specific
surface area of 9 — 70 m?/g and pore volume 0.04 — 0.11 cm®/g have
been reported for bentonite [50,69,77-79]. These values are typical
mainly for sodium forms of bentonites. Slightly higher values of 50 —
130 m2/g, but still lower than obtained in the current work, were re-
ported for Ca®*/Mg?*-dominated bentonites (<5% Na't) [80]. In the
case of sepiolite, a wide range of the specific surface area values of 75 —
400 m2/g has been published [52,81,82] with the value measured in the
current work being somewhere in the middle of this range.

The purely mesoporous bindzil material exhibited a somewhat
comparable specific surface area (157 m%/g, [70]) and the pore volume
(0.30 cm®/ g, [70]) with clay materials (Table 6).

Table 7 shows the measured contact angles for the clay materials and
methylcellulose. Contact angle measurements for the clays and their
interpretation in general are challenging as the measurements could be
affected by temperature, water content, presence of methylcellulose,
particle size, surface roughness and heterogeneity as well as pretreat-
ment. In the current case as the samples showed absorption of the liquid,
the equilibrium contact angles could not be determined. The reported

Median, minimum (min), and maximum (max) particle size in nm determined by SEM. Legend: L — length, W — width.

No. Sample particle fiber/needle-shape
median min-max LxW L/w min-max (L) min-max (W)
1 Bentonite 450 30-28,000 - - - -
2 Bleaching earth 195 50-850 - - - -
3 Attapulgite 1000 (110) 360-8000 (70-190) 170 x 20 50-600 13-30
4 Sepiolite - - 740 x 30 25 190-3100 15-60
5 Bindzil 50 10-280 - - - -
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Table 5
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Brgnsted and Lewis acid sites of clay materials. Legend: BAS — Brgnsted acid sites, LAS — Lewis acid sites, TAS - total acid sites, BAS/LAS - ratio of the Brgnsted and
Lewis acid sites, s (strong acid sites, data at 450 °C), m (medium acid sites, data at 350 °C minus data at 450 °C), and w (weak acid sites, data at 250 °C minus data at

350 °C).
No. Sample BAS LAS TAS BAS/LAS
w m s > w m s > umol/g
1 Bentonite 16 20 0 36 14 5 0 19 54 2
2 Bleaching earth 46 0 0 46 8 0 0 8 54 6
3 Attapulgite 1 5 0 6 27 8 0 34 40 0.2
4 Sepiolite 6 2 0 8 55 11 0 66 73 0.1
5 Bindzil[23] 0 0 1 1 1 0 0 1 2 1
Table 6
Textural properties of powder clay and extrudates. A — specific surface area (BET: Brunauer-Emmett-Teller, DR: Dubinin-Radushkevich), V — pore volume (m: meso, p:
micro).
No. Sample Powder Extrudates
Aggr Apr \ Vi/Vy Aggr Apr A Vm/Vy
mz/g mz/g cm3/g - mz/g mz/g cm3/g -
1 Bentonite 172 197 0.25 4 152 180 0.23 4
2 Bleaching earth 120 141 0.35 7 118 142 0.35 8
3 Attapulgite 103 117 0.25 6 97 116 0.37 12
4 Sepiolite 135 141 0.31 5 106 123 0.43 11
5 Bindzil[70] 157 - 0.30 29 - - - -
0.8 —
014l —=—bentonite
o7l —4—bleaching earth
012 —A— attapulgite T
. L
0.6 — E o1l —e—sepiolite
— <
e 2
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©
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Fig. 3. Pore size distribution of clay materials.

Table 7
Contact angle (CA) of methylcellulose, bentonite, and clay material with 1 wt%
of methylcellulose.

No. Sample CA
Methylcellulose (MC) 75+ 3
Bentonite (pristine) 19+3
1 Bentonite + 1 wt% MC 23+5
2 Bleaching earth + 1 wt% MC 26 +2
3 Attapulgite + 1 wt% MC 24+3
4 Sepiolite + 1 wt% MC 23+3
5 Bindzil (pristine) 17+ 2

contact angles were, therefore, read from a specific time point in the
beginning, when the droplets were somewhat stabilized while only little
absorption had occurred. The contact angle was very much the same (ca.
24°) for different clay materials containing 1 wt% of methylcellulose
(Table 7), thus it can be concluded that hydrophobicity is not the reason
for different behavior of the clay materials during extrusion. For com-
parison, also contact angle of pristine bindzil, bentonite and methyl-
cellulose were measured to be 17°, 19° and 75°, respectively.

The highest mechanical strength of extrudates of 16 MPa and 8 MPa
was measured for attapulgite in both vertical and horizontal positions,
respectively (Table 8). It is close to the values of commercial Al,O3 (BDH
Ltd, Poole), namely 19.6 MPa in vertical and 7.7 MPa in the horizontal
positions [15]. On the contrary, the lowest mechanical strength was
obtained for sepiolite (MS (V) = 5.6 MPa, Table 8). Generally, the me-
chanical strength of extrudates containing a catalyst (Beta, Y, TS-1
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Table 8

Mechanical strength of clay extrudates. Legend: MS (V) — average mechanical
strength of 10 extrudates in vertical position, MS (H) — average mechanical
strength of 10 extrudates in horizontal position.

No. Sample MS (V) MS (H)
MPa

1 Bentonite 11.5+1.1 3.5+0.4

2 Bleaching earth 13.8 £1.4 54+05

3 Attapulgite 16.3+1.6 7.7 £0.8

4 Sepiolite 5.6 + 0.6 3.5+0.4

zeolites, ZSM-5, MCM-41) and 30 wt% of inorganic binder, e.g. clay
material, is ca. 0.2-4.8 MPa in a vertical position [13,15,20,83,84]. The
plausible explanations for the highest mechanical strength of attapulgite
in both horizontal and vertical positions can be attributed to the crystal
structure, crystallinity and the crystal size of the attapulgite clay mate-
rials. This material exhibited also the highest median particle size 1000
(110) (Table 3) among four studied clay materials.

The MAS NMR spectra on 2’Al are shown on Fig. 4. All the materials
contained peaks at 60-70 ppm and at 5-10 ppm, thus proving that the
tetrahedral Al atoms are framework substitutions in Si tetrahedral
layers. The signal near to O ppm, i.e. 5-10 ppm, is attributed to the
octahedral layers. For the samples of attapulgite and bentonite the sig-
nals at 5 ppm are predominant, showing higher content of the octahe-
dral layers. For sepiolite the amount of the tetrahedral layers (signal at
65 ppm) is higher than that of the octahedral layers (signals at 5 ppm),
and the overall signal intensity is low. The relative amount of the
octahedral layers was the highest for the attapulgite clay.

Applied Catalysis A, General 629 (2022) 118426
3.2. Catalytic results

Although the structure, chemical composition, textural properties,
and especially acidity of the clays are different, the reaction rate and
conversion of citronellal were comparable for all clay extrudates after
2 h of time-on-stream (TOS) (Fig. 5a,b). The initial reaction rate was the
highest, 10.31077 mol.g”l.s7!, for bentonite and the lowest for
bleaching earth, 7.5+10~7 mol.g~1.s™!. The liquid phase mass balance
closure (MB) increased to 85% with decreasing conversion of citronellal
to 44% in 3 h of TOS for bentonite (Fig. 5b,c). This is in line with the
dynamic behavior of a trickle-bed reactor under the transient state re-
ported previously in literature [11,13,15,22,23]. The total yield of all
products varied in the range of 19-26% at 2 h of TOS (Fig. 5d).

In all cases of clay extrudates, the main product were the desired
isopulegol isomers (Figs. 6 and 7).

The best results were obtained over attapulgite with isopulegols yield
of 24% and stereoselectivity to the isopulegol isomer of 61% (Fig. 7). No
undesired products were detected, over this catalyst, although atta-
pulgite contained a high amount of impurities (Table 4).

The highest yield and stereoselectivity to the desired products could
be explained by the highest meso-to-micropore volume ratio (11.8,
Table 6), the highest basicity (pH 9.9, Table 1), the low BAS/LAS ratio of
0.2, the lowest content of Brgnsted acid sites (BAS 6 pmol/g, wBAS 1
pmol/g, Table 5) and the overall the lowest concentration of total acid
sites (TAS 40 pmol/g, Table 5). On the contrary, the lowest yield to
isopulegols of 18% with the lowest stereoselectivity to isopulegol isomer
of 40%, and at the same time, the highest amount of defunctionalized
products was exhibited the bleaching earth with the highest amount of
Brgnsted acid sites. This is in line with the literature [23] stating that
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Fig. 4. 27A1 MAS NMR spectra of attapulgite (dark blue), bentonite (red) and sepiolite (violet) in scale (a) and normalized at 65 ppm (b).
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Fig. 5. Citronellal transformations over clay extrudates as a function of time-on-stream: a) cumulative reaction rate, b) citronellal conversion, c) the liquid phase
mass balance closure, d) total yield. Conditions: 70 °C, 10 bar of Ar, 0.45 g of extrudates, 0.3 mL/min of citronellal in cyclohexane with initial citronellal con-
centration 0.086 M and 50 mL/min of Ar. Legend: bentonite (1, black square), bleaching earth (2, blue circle), attapulgite (3, red triangle), sepiolite (4,

green diamond).
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Table 9

Citronellal transformations over clay extrudates at 2 h of time-on-stream. Legend: bentonite (1), bleaching earth (2), attapulgite (3), sepiolite (4), r° — initial reaction
rate, roym — cumulative reaction time at 2 h of TOS, X - citronellal conversion, MB - the liquid phase mass balance closure, Y - total yield, SS — stereoselectivity, IPs —
isopulegol isomers, DFP — defunctionalization products, DM — dimeric ethers and heavy components, IP — isopulegol, NIP — neoisopulegol, IIP — isoisopulegol, NIIP —
neoisoisopulegol. Conditions: 70 °C, 10 bar of Ar, 0.45 g of extrudates, 0.3 mL/min of citronellal in cyclohexane with initial citronellal concentration 0.086 M and

50 mL/min of Ar; -25 — data obtained in [15].

No. ° Teum X MB Y Yips Yorp Yom SSip SSnip SSup SSnup
molg 1571 %

1 10.3+1077 6.6:1077 53 72 26 23 1 2 46 32 5 0

2 7.5:1077 6.0:1077 54 71 25 18 5 2 40 26 4 0

3 9.2.1077 5.8:1077 52 72 24 24 0 0 61 29 3 0

4 8.8:1077 6.0:1077 54 65 19 19 0 0 52 34 4 0

p-25 4.9.1077 4.8.1077 92 92 84 74 1 9 68 25 5 1

side products are associated with specific sites. In particular, it has been
observed that cyclization to isopulegols is favored by Lewis acid sites
with a low ratio of Brgnsted-to-Lewis acid sites, while presence of the
Brgnsted acid sites, and mass transfer limitations are favorable for the
side reactions [23]. Interestingly the general considerations could not be
applied to sepiolite containing the highest amount of Lewis acid sites
with the lowest BAS/LAS ratio (Table 5), which could be explained by a
high concentration of Mg (11 wt%) and a high silica to alumina molar
ratio of 31 (Table 4).

The dimeric ethers and heavy components (DM) was observed for
bentonite and bleaching earth with the high amount of weak Brgnsted
acid sites and high BAS/LAS ratio (WBAS 16-46 pmol/g, BAS/LAS 2-6,
Table 5) and different surface morphology compared to attapulgite and
sepiolite, i.e. without needle-shaped nor rodlike-shaped particles.

Table 9 shows the results obtained at 2 h of TOS over clay extrudates
(current work) and acidic H-p-25 extrudates without a binder [15]. It
should be noted that H-B-25 is a highly acidic zeolite without impurities
and with a high value of the specific surface area of 690 m?/g, i.e.
exhibiting ca. 4-7 fold higher acidity and ca. 5-7 higher specific surface
area compared to the clay extrudates. This zeolite has been often

investigated in cyclization of citronellal mainly in the batch mode [13,
15,35,39]. A study, somewhat comparable with the current work, was
performed on citronellal cyclization over H-B-25 extrudates in the
trickle-bed reactor with the same experimental setup as in herein,
namely at 70 °C, 10 bar of Ar, and the same initial citronellal concen-
tration of 0.086 M in cyclohexane. The experiments were different only
in the amount of the catalyst, and the liquid residence time (1 g of
catalyst, RT 12.5 min for H-p-25 [15]; 0.45 g of catalyst, RT 5.3 min for
clays). In the case of H-p-25 zeolite, a comparison clearly shows high
yield to isopulegols of 74% with the highest stereoselectivity to the
desired isopulegol isomer of 68% and also the higher amount of the
dimeric ethers and heavy components. Contrary to the expectations, the
initial reaction rate was ca. 2-fold higher for bentonite.

At the same time, for attapulgite, the stereoselectivity to the desired
isopulegol isomer as an intermediate for (-)-menthol isomer having a
strong physiological cooling effect [85,86] was similar with H-p-25
zeolite (namely 61 vs 68%, Table 9). In other cases, stereoselectivity to
isopulegol was lower, especially for bleaching earth (40%) and
bentonite (46%, Table 9). Overall, the stereoselectivity of iso-
pulegol/neoisopulegol/isoisopulegol/neoisopulegol was only slightly
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lower for attapulgite (61/29/4/0) compared to the H-B-25 zeolite
(68/25/5/1) (Table 9). In addition, no neoisoisopulegol was observed
for clays. The effect of clay structure on stereoselectivity has not been
directly demonstrated.

4. Conclusions

Four different powder clay materials were shaped into cylindrical
bodies by extrusion. The diameter of the final extrudates (1.3-1.42 mm)
linearly decreased with decreasing concentration of the clay material in
the optimal suspension for extrusion. Clays were characterized in depth
by electron microscopes, nitrogen physisorption, pyridine Fourier
transform infrared, potential of hydrogen measurement, contact angle
measurements, %Al magic-angle-spinning nuclear magnetic resonance,
and the crush test. For comparison, also a pristine colloidal silica bindzil
without impurities was selected and characterized in the current work.

Catalytic properties of clay extrudates were investigated in citro-
nellal cyclization as a model reaction, which was performed in a trickle-
bed reactor at 70 °C, under 10 bar total pressure of argon with 0.086 M
initial citronellal concentration in cyclohexane.

Results clearly showed that clays themselves are not inert and they
have catalytic properties in the studied reaction. Although the structure,
chemical composition, textural properties, and acidity of the extrudates
were different, the reaction rate and conversion of citronellal were
comparable for all clay extrudates at 2 h of time-on-stream. The best
results were obtained over attapulgite with isopulegols yield of 24% and
stereoselectivity to the desired isopulegol isomer of 61%. No undesired
products were detected. Attapulgite had the highest meso-to-micropore
volume ratio, the highest basicity, the low Brgnsted-to-Lewis acid sites
ratio of 0.2, and the lowest amount of Brgnsted acid sites compared to
bentonite, bleaching earth and sepiolite extrudates. In addition, the
same clay exhibited the highest mechanical strength.
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