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Republic, Doleǰskova 3, 182 23 Prague 8, Cz
bDepartment of Physical and Macromolecul

University, Hlavova 8, 128 43 Prague

opanasenko@jh-inst.cas.cz
cErlangen Catalysis Resource Center, F

Nürnberg (FAU), Egerlandstraße 3, 91058 E

† Electronic supplementary informa
10.1039/c7ta05935c

Cite this: J. Mater. Chem. A, 2017, 5,
22576

Received 8th July 2017
Accepted 2nd October 2017

DOI: 10.1039/c7ta05935c

rsc.li/materials-a

22576 | J. Mater. Chem. A, 2017, 5, 225
rlayer disassembly–reassembly
during alumination of UOV zeolites: insight into the
mechanism†

Valeryia Kasneryk, a Maksym Opanasenko, *b Mariya Shamzhy,b

Zuzana Musilová,a Yamini S. Avadhut,c Martin Hartmann c and Jǐŕı Čejkaa

Investigation of the kinetics of UOV germanosilicate alumination by X-ray diffraction, 27Al and 29Si MAS

NMR, ICP/OES and FTIR spectroscopy showed the multi-stage mechanism of the process. The first step

consists of degermanation and partial disassembly followed by Al incorporation into the UOV

germanosilicate framework in the second step. The Al atoms stabilize the UOV framework by healing the

defects formed after rapid hydrolysis of Ge–O–Si bonds, which was evidenced by comparison with the

reference treatment of initial UOV samples with HNO3 (pH ¼ 2). Post-synthesis alumination of UOV

leads to the generation of strong Brønsted and Lewis acid sites; their ratio in aluminated UOV derivatives

can be adjusted by the variation of treatment conditions. The intrinsic properties of parent UOV

germanosilicates determine the textural properties of aluminated derivatives.
Introduction

Since 1962, when zeolites were rst applied as main compo-
nents of FCC catalysts by Mobil, they have become key materials
for industrial use. Application of zeolites and zeolite related
materials covers the areas of heterogeneous catalysis, separa-
tion, adsorption and ion exchange.1 Recently, their use was also
expanded to medicine, luminescence, microelectronics,2 etc.
The acidic and sorption properties of zeolite materials are
determinants of the mentioned applications and strongly
depend on their structure and chemical composition controlled
in particular by the nature of framework elements (T-element, T
¼ Al, Si, B, Ge, Ti, etc.).1 Most of the zeolites have a special range
of T-elements, in which the target phase can be formed.

The big impulse in the discovery of new zeolite structures
was given when germanium was rst used as an additional
framework element.3 Several new zeolites were synthesized as
germanosilicates and germanates: BEC,3 IWR,4 ITH,5,6 ITR,7

IWW,8 and IWS,9 including extra-large pore zeolites UTL,10,11

IRR,12 -IRY,13 and ITQ-43,14 etc. The presence of germanium
atoms in reaction gels is essential, as they play the role of an
inorganic structure directing agent (SDA) particularly forming
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double-four-ring (D4R) and double-three-ring (D3R) building
units.3,12,15,16 Also they accelerate the crystallization process17,18

and stabilize the frameworks of these materials.17,19 At the same
time, Si–O–Ge and Ge–O–Ge bonds are easily hydrolysable even
by atmospheric moisture. Recently, this feature of germanosi-
licate zeolites in combination with the preferential occupation
of D4R by Ge atoms was perfectly used for the development of
the ADOR (Assembly–Disassembly–Organization–Reassembly)
methodology for the design of novel zeolites.20–22 Based on the
zeolite UTL possessing dense Si-rich layers linked by Ge-rich
D4Rs, a new family of zeolites was synthesized: IPC-2 (with
OKO topology), IPC-4 (with PCR topology),20 and “unfeasible”
zeolites IPC-9 and IPC-10.23

Ge atoms can be simply extracted from zeolite frame-
works24–26 as well as post-synthetically isomorphously
substituted by different elements. Post-synthesis alumination
was previously demonstrated for germanosilicates with IWW,27

IWR,28 ITH29,30 and BEC31 topologies. Al incorporation into the
frameworks of these zeolites allowed the (i) generation of strong
acid centers, (ii) increase of the hydrolytic stability of the
framework and (iii) formation of additional mesopores, which
lead altogether to the design of hierarchically porous catalysts.
The intrinsic properties of the initial material as well as the
conditions of the treatment were shown to be important
parameters controlling the amount of formed acid centers and
the micro-/mesopore ratios. Previously it was observed that
zeolites directly synthesized from Al–Si–Ge reaction mixtures
can only be obtained in a quite narrow range of Si/T-element
ratios.32 On the other hand, post-synthesis alumination
allowed expanding this range, which can also be considered
as an advantage of this method. The obtained
This journal is © The Royal Society of Chemistry 2017
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aluminogermanosilicate materials were investigated in tetra-
hydropyranylation of alcohols28,29 and aromatic hydrocarbon
alkylation33 as model reactions. In addition to alumination, the
possibility of post-synthesis introduction of Ga was described
for IWR germanosilicates.28 Final materials showed high cata-
lytic activity in the acylation of p-xylene with benzoyl chloride
reaction. Furthermore, Xu et al. showed the way of post-
synthesis Ge substitution by Si atoms,34 which resulted in an
increase of hydrolytic stability of UTL, UWY, BEC and IWR
germanosilicates.

Recently, Lorgouilloux et al. reported the synthesis of a new
germanosilicate UOV.35 It possesses a 3-dimensional pore
system composed of large 12- (7.7 � 6.0 Å and 5.9 � 7.1 Å) and
small 8- (2.9 � 3.1 Å) ring channels along the [100] direction
intersected by 10-ring (5.9 � 4.7 Å) pores along [001]. This
zeolite was synthesized from concentrated reaction gels (H2O/T
< 10, T ¼ Si + Ge) and with Si/Ge ¼ 0.5–4.35,36 Recently, we
showed the possibility of the ADOR transformation for this
zeolite,36 which was the rst example of successful application
of materials with porous layers using this methodology. As
a result, new zeolite IPC-12, which possesses the same topology
of the layers as UOV but different connectivity between layers,
was obtained.

In this work, we focused on the process of post-synthesis
alumination of UOV germanosilicates. Although there were
numerous reports covering the process for germanosilicate
materials and related investigations of their acidic and catalytic
properties, no attention was paid to the mechanism of Ge-to-Al
substitution. Previously, it was assumed that the process is
consecutive, i.e. degermanation followed by alumination. In
order to prove or disprove this hypothesis, we deeply investi-
gated the kinetics of Al incorporation into the UOV framework
using X-ray diffraction and 27Al and 29Si MAS NMR and ICP/OES
methods. Moreover, we studied the inuence of the chemical
composition of the parent zeolite as well as the conditions of
post-synthesis alumination on the structural and acidic prop-
erties of aluminated UOV derivatives.
Experimental part
Materials

Decamethonium bromide (>98.0%, TCI), germanium oxide
(99.99%, Sigma Aldrich), Cab-O-Sil M5 (Supelco Analytical),
aluminum hydroxide (Sigma Aldrich), methanol (99.98%,
Lachner), acetone (99.97%, Lachner), aluminum nitrate non-
ahydrate ($98.5%, Sigma Aldrich), and nitric acid (>70%, Sigma
Aldrich) were used for the synthesis and post-synthesis modi-
cation of UOV zeolites.

Hydrouoric acid (48 wt% in H2O, ANALPURE®), nitric acid
(67 wt% in H2O, ANALPURE®), hydrochloric acid (36 wt% in
H2O, ANALPURE®) supplied by Analytika, and boric acid
(>99.5%, Sigma) were used for the decomposition of zeolites.
Syntheses of UOV zeolites

Germanosilicate UOV samples were obtained according to ref.
35 from the reaction mixtures with the following composition:
This journal is © The Royal Society of Chemistry 2017
xSiO2 : (1 � x)GeO2 : 0.25DMDH : 10H2O, where x ¼ 0.33 or
0.66, using decamethonium dihydroxide (DMDH) as SDA.
Decamethonium dihydroxide was prepared from the bromide
form by ion exchange using Ambersep® 900(OH) anion
exchange resin (0.4 mmol of SDA per 1 g of anion exchange
resin). The solution of DMDH was concentrated under low
pressure (25 torr) at 30 �C until the hydroxide concentration
exceeded 1.5 mol l�1. For UOV synthesis, the given amount of
germanium oxide was dissolved in an aqueous solution of
DMDH. Silica (Cab-O-Sil M5) was gradually added into the
solution, and the mixture was stirred at room temperature for
30 min. Thereaer, the reaction gels were autoclaved at 175 �C
for 7–14 days under static conditions. The solid product was
recovered by centrifugation, washed several times with distilled
water (until the pH of washing solution was �7), dried at 65 �C
for 12 h and nally calcined at 550–750 �C for 6 h with
a temperature ramp of 2 �C min�1 under air ow
(200 ml min�1). The prepared UOV samples are denoted as
UOV-n, where n is the Si/Ge ratio in the starting reaction
mixture.

Aluminum-containing samples were prepared from initial
starting gels with compositions: xSiO2 : (1 � x)GeO2 : 0.005Al2-
O3 : 0.25DMDH : 10H2O, where x ¼ 0.33 or 0.6, using the same
procedure and adding aluminum hydroxide in the reaction
mixture. The nal samples were named Al-UOV-n, where n is the
Si/Ge ratio in the starting reaction mixture.

Post-synthesis treatment

(a) Post-synthesis alumination of UOV zeolites was performed
by:

� Stirring of the parent UOV zeolite in 1 mol l�1 solution of
Al(NO3)3 (1 g of zeolite per 100 ml of solution) at T ¼ 80 �C and
pH ¼ 2.0 for 5 min to 15 days.

� Treatment of theUOV germanosilicate zeolite in a 1mol l�1

solution of Al(NO3)3 (1 g of zeolite per 100 ml of solution) at T ¼
175 �C and pH ¼ 2.0 for 24 h in an autoclave.

Aluminated samples are designated as UOV-n-alumination
temperature-alumination time.

(b) Post-synthesis acidic treatment of UOV zeolites was done
by stirring the parent UOV zeolite in a 0.01 mol l�1 solution of
HNO3 (1 g of zeolite per 100 ml of solution) at T ¼ 80 �C and pH
¼ 2.0 for 24 h.

Characterization

The structure and crystallinity of zeolites under study were
determined by X-ray powder diffraction (XRD) using a Bruker
AXS-D8 Advance diffractometer with a graphite monochromator
and a position sensitive detector (Våntec-1) using CuKa radia-
tion in Bragg–Brentano geometry at a scan rate of 0.25� (2q per
min).

The chemical compositions of UOV samples were deter-
mined by ICP/OES (ThermoScientic iCAP 7000) analysis. 50 mg
of zeolite were mineralized in a mixture of 2 ml of 48% HF, 4 ml
of 67% HNO3, and 4 ml of 36% HCl in a microwave. Aer
cooling, the excess HF was eliminated by complexation with
15 ml of a saturated solution of H3BO3 and the nal mixture was
J. Mater. Chem. A, 2017, 5, 22576–22587 | 22577
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treated in a microwave again. Thereaer, the solutions under
analysis were collected and diluted with ultrapure water to
a total volume of 250 ml.

The size and shape of UOV crystals were studied by scanning
electron microscopy (SEM, JEOL JSM-5500LV microscope). For
the measurement the crystals were coated with a thin layer of
platinum (�10 nm) in a BAL-TEC SCD-050 instrument.

Nitrogen adsorption/desorption isotherms were measured
using an ASAP 2020 (Micromeritics) static volumetric apparatus
at liquid nitrogen temperature (�196 �C). Prior to the sorption
measurements, all samples were degassed with a turbomo-
lecular pump at 300 �C for 8 h. The specic surface area (SBET)
was evaluated by the BET method37 using adsorption data in the
p/p0 range of 0.05–0.20. The t-plot method38 was applied to
determine the volume of micropores (Vmicro). The volume of
mesopores in the range from 5 to 20 nmwas calculated from the
desorption branch of the isotherm using the BJH method with
the Halsey equation.

The concentrations of Lewis (cL) and Brønsted (cB) acid sites
were determined aer the adsorption of pyridine (Py) by FTIR
spectroscopy using a Nicolet 6700 with a transmission MCT/B
detector. The zeolites were pressed into self-supporting wafers
with a density of 8.0–12 mg cm�2 and activated in situ at T ¼
450 �C and p ¼ 5 � 10�5 torr for 4 h. Pyridine adsorption was
carried out at 150 �C and a partial pressure of 3.5 torr for 20 min
followed by desorption for 20 min at the same temperature.
Before adsorption, pyridine was degassed by freeze–pump–thaw
cycles. All spectra were recorded with a resolution of 4 cm�1 by
collecting 128 scans for a single spectrum at room temperature.
The spectra were recalculated using a wafer density of 10 mg
cm�2. cL and cB were evaluated from the integral intensities of
bands at 1454 cm�1 (cL) and 1545 cm�1 (cB) using extinction
coefficients, 3(L)¼ 2.22 cm mmol�1 and 3(B)¼ 1.67 cm mmol�1.39

For the determination of the strength of different acid sites,
desorption of pyridine was carried out at 150, 250, 350 and
450 �C followed by FTIR measurements.

The solid state 27Al and 29Si Magic Angle Spinning (MAS) NMR
spectra were recorded on an Agilent DD2 500WB spectrometer at
resonance frequencies of 130.24 and 99.30 MHz, respectively. All
MAS NMR experiments were carried out with a commercial
3.2 mm triple resonance MAS probe. The chemical shis of 29Si
are referenced to tetramethylsilane (TMS) at 0 ppm and those of
27Al are referenced to a 1.1 mol kg�1 solution of Al(NO)3 in D2O
on a deshielding scale. Saturation combs were applied prior to all
repetition delays. All 27Al MAS spectra were recorded using single
pulse excitation (1D) at a sample spinning frequency of 15 kHz.
Typical 90� pulse lengths for the 27Al central transition were 1.25
ms and recycle delays of 1.0–15.0 s. Similarly, 29Si 1D experiments
were acquired at a sample spinning frequency of 10 kHz using
a pulse length of 3 ms and a recycle delay of 60 s. During the 29Si
acquisition period proton broadband decoupling was applied
with a continuous wave sequence using a nutation frequency of
100 kHz. In total 6000 and 1000 numbers of scans were acquired
for 27Al and 29Si, respectively. 29Si{1H} spectra based on ramped
cross-polarization (CP) with magic angle spinning (CP-MAS) were
acquired at a sample spinning frequency of 6 kHz with a recycle
delay of 5.0 s and a contact time of 5.0 ms.42
22578 | J. Mater. Chem. A, 2017, 5, 22576–22587
Results and discussion
Syntheses of parent UOV and Al-UOV zeolites

Parent germanosilicate UOV samples were synthesized from
reaction gels with Si/Ge ¼ 0.5 and 1.5. The obtained samples
were highly crystalline single-phase materials with the UOV
topology (Fig. 1A and B).35 Despite the signicant difference in
the Ge concentration of starting reaction gels, nal samples
possess comparable Si/Ge ratios: 2.3 and 3.1 for UOV-0.5 and
UOV-1.5, respectively (ESI, Table S1†). The discrepancy in the
chemical composition between starting gels and nal samples
is explained by the “saturation” of available T-sites in the
framework with Ge atoms similar to those discussed in ref. 40
and 41. In addition, the chemical composition of starting
reaction gels inuenced the morphology of formed UOV crys-
tals. While the Ge-rich UOV-0.5 sample was characterized by
tiny ellipsoid crystals with a size of 0.3 mm � 0.3 mm � 0.1 mm
(Fig. 2A), the Ge-poor UOV-1.5 sample exhibits 3-times larger
crystals (1 mm� 0.9 mm� 0.2 mm, Fig. 2D). A similar increase in
the crystal size with decreasing Ge amount in the reaction
mixture probably related to the change in the nucleation rate
was previously shown for the germanosilicates with the ISV
topology.18

Direct incorporation of aluminum into the UOV framework
was performed using initial gels with the same Si/Ge ratios (0.5
and 1.5) in the presence of 1 mol% Al. The XRD patterns of the
resulting Al-UOV-n conrmed that the obtained samples are
single phase materials without an admixture of the Al2O3 phase
(Fig. 1C). Similar to UOV samples, Al-UOV-n materials were
characterized by comparable Si/Ge ratios (4.8–5.2, Table SI-1†),
which increased in comparison with initial mixtures. The
presence of aluminum in the initial reaction mixtures resulted
in the decrease in the Ge content of the nal materials when
compared with UOV-n. The amount of incorporated Al was
0.78% for Al-UOV-0.5 and 0.35% for Al-UOV-1.5. In both cases
UOV samples possess tiny plate-like crystals of 1 mm � 1 mm �
0.1 mm in size (Fig. 2G and H).
Evolution of UOV alumination: XRD and 27Al and 29Si MAS
NMR studies

Fig. 1B shows the XRD patterns of UOV samples subjected to
alumination with 1 M Al(NO3)3 (pH ¼ 2) under different
conditions: at 80 �C for 96 h or 175 �C for 24 h. The XRD
patterns of aluminated derivatives display sharp diffraction
lines at characteristic 2q positions evidencing the preservation
of the UOV structure aer the treatments and the absence of
Al(NO3)3, Al2O3 or any other admixtures. The samples alumi-
nated at 175 �C were characterized by lower crystallinity in
comparison with parent UOV. Such differences can be
explained by the reduction of the crystallite size due to the
fragmentation of the zeolite particles and partial degradation of
the zeolite framework under hydrothermal conditions. These
assumptions are supported by SEM images (Fig. 2C and F)
showing an increased fraction of cracked crystals aer post-
synthesis alumination at 175 �C. UOV-0.5 and UOV-1.5
samples subjected to alumination were characterized by plate-
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of (A) UOV-1.5 and UOV-0.5 samples with 0.01 M HNO3 (pH ¼ 2) – black – parent UOV samples, red – before calcination
and blue – after calcination; (B) post-synthesis aluminated UOV-1.5 and UOV-0.5 samples, black – parent UOV samples, blue – 80 �C and 96 h,
and red – 175 �C and 24 h; (C) aluminum-containing Al-UOV-1.5 and Al-UOV-0.5 directly synthesized and the theoretically predicted XRD
pattern of UOV from the IZA database (interlayer (100), (111), (120) and (320) and intralayer (013) signals are designated).
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like crystals with a size of 0.3 mm � 0.3 mm � 0.1 mm and 1 mm
� 0.9 mm � 0.15 mm, respectively (Fig. 2B, C, E and F).

In order to compare the behavior of the parent germanosi-
licate in the presence and absence of Al, we performed the
reference treatment of initial UOV with HNO3 at pH ¼ 2. Acidic
treatment of UOV without Al resulted in a framework trans-
formation as evidenced by the signicant broadening and
decrease of intensities of all diffraction lines for UOV-1.5 or the
change of their positions for UOV-0.5 (Fig. 1A), as interlayer
(100), (111), (120) and (320) signals were less intensive and
shied to the high angle region. This is explained by leaching of
Ge atoms from the UOV framework resulting in a decrease in
the framework density (for UOV-1.5) or even full disassembly
(for UOV-0.5) followed by the formation of the IPC-12 zeolite
aer calcination. Similar behavior of germanosilicates upon
acidic treatment was reported for IWW and ITH zeolites.24

Comparison of the results of the treatment with Al(NO3)3 and
HNO3 evidences that Al atoms stabilize the UOV framework by
healing the defects formed aer rapid hydrolysis of Ge–O–Si
bonds. To conrm the assumption of a multistep alumination
process, a detailed kinetic study followed by XRD, chemical
analysis and 27Al as well as 29Si MAS NMR measurements was
performed.

Aer 5 minutes of the alumination at 80 �C, the interlayer
(100) peak (7.08� 2q) has already shied to the high-angle region
for both UOV-0.5 and UOV-1.5 samples (Fig. 3). The observed
peak shi (shis: D ¼ 0.10� 2q for UOV-0.5 and D ¼ 0.19� 2q for
UOV-1.5 aer 5 min) indicates that the structure of building
units between the layers was changed at the beginning of the
treatment. The XRD patterns of samples aer 5 min, 30 min and
3 h of alumination contained additional peaks (16.56� and
24.38� 2q) corresponding to the lamellar precursor of the IPC-12
material derived from UOV36 (Fig. 1A). Prolongation of the alu-
mination up to 24 h resulted in the disappearance of these
diffraction lines due to the restoration of the UOV structure. A
This journal is © The Royal Society of Chemistry 2017
gradual le-shi displacement of the (100) signal up to the
interlayer peak position of parent UOV was observed. The XRD
patterns of UOV-0.5 and UOV-1.5 zeolites subjected to alumi-
nation for 24 h indicate the presence of the UOV single phase
(Fig. 3). Prolongation of the treatment up to 7 d and 15
d resulted in a partial destruction of the zeolite framework, as
all the XRD lines were less intensive and broader compared with
UOV samples aluminated for 4 d. Assuming that the intensity of
the (020) intralayer signal for UOV-n-Al-80-24h is 100%, the
samples subjected to alumination for >96 h were characterized
by the decreased intensities of the (020) line: 7 d – 55% (UOV-
0.5) and 43% (UOV-1.5), while for 15 d – 46% (UOV-0.5) and 30%
(UOV-1.5) (Fig. SI-1†). Moreover, the XRD pattern of the calcined
sample UOV-0.5-Al-80-5min (ESI, Fig. SI-2†) exhibited broad
lines with low intensity and corresponded to a defective UOV
structure, while the diffractogram of the sample aer 4 days of
alumination was characteristic of highly crystalline UOV. We
suppose that at the rst step of alumination the acidic hydro-
lysis of Ge-rich D4Rs and leaching of Ge atoms from the
framework take place. Short times of the treatment are inap-
propriate for the incorporation of Al atoms into the UOV
framework because in contrast to small protons, which quickly
penetrate into the pores and catalyze the hydrolysis, hydrated
aluminum cations suffer from relatively high diffusion
constraints. With prolongation of the treatment, Al atoms get
into the zeolite pores and heal the defects formed aer hydro-
lysis of the Ge-domains. This assumption agrees with the
results of ICP/OES analysis (Table SI-1†) showing a signicant
drop in the Ge concentration (by 2.6–2.9 times) in the frame-
work aer 5 minutes of alumination (Table SI-1†). Further
leaching of Ge atoms proceeds signicantly slower and Ge is
still detected in the UOV framework even aer 15 d. With
prolongation of the treatment from 5 min to 96 h, the Al
concentration increased from 0.73 to 2.66% for UOV-1.5 and
from 2.08 to 2.97% for UOV-0.5. Prolongation of the treatment
J. Mater. Chem. A, 2017, 5, 22576–22587 | 22579
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Fig. 2 SEM pictures of: (A) UOV-0.5, (B) UOV-0.5-80C-96h, (C) UOV-0.5-175C-24h, (D) UOV-1.5, (E) UOV-1.5-80-96h, (F) UOV-1.5-175-24h,
(G) Al-UOV-1.5, and (H) Al-UOV-0.5.
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up to 7 d and 15 d resulted in a decrease in the Al amount (Table
SI-1†), which is in agreement with the results of the XRD.
However, the relatively high observable concentration of Al in
the samples aer 5 min of the treatment does not mean that the
aluminum atoms are truly incorporated into the UOV frame-
work. Solid-state NMR spectroscopy was used to distinguish the
22580 | J. Mater. Chem. A, 2017, 5, 22576–22587
state of Al atoms and to trace the silanol defects (if any) aer
different alumination times.

The signal at �100 ppm in the 29Si MAS NMR spectrum
corresponds to decient silanol groups (Q3 silicon atoms). The
intensity of this signal decreased with prolongation of the
treatment from 5 min to 96 h for the non-calcined aluminated
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Kinetic investigation of the alumination procedure at 80 �C: (A) small angle region and (B) full region of XRD patterns of UOV-0.5 and (C)
small angle region and (D) full region of XRD patterns of UOV-1.5. Black dotted lines correspond to the positions of the (100) reflection in parent
UOV samples.
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UOV-0.5 sample (Fig. 4A), which conrms the healing of silanol
defects with time. Calcination has a similar effect and the 29Si
MAS NMR spectra of UOV-0.5-Al-80-5min aer calcination were
characterized by the presence of a dominant signal at
�110 ppm attributed to Q4 silicon atoms surrounded by 4 Si
atoms and a signal of Q3 Si atoms with signicantly decreased
intensity (Fig. SI-5 and SI-6† include deconvolution data for
spectra clearly showing Q3 and Q4 silicon atoms).

All 27Al MAS NMR spectra of aluminated samples show the
presence of a signal at 55 ppm corresponding to tetrahedral
Al(IV), and a signal at 0.8 ppm with a shoulder characteristic of
octahedral Al(VI) species. Calcination of UOV-0.5 aluminated at
80 �C for 5min resulted in a signicant decrease in the intensity
Fig. 4 (A) 29Si MAS NMR and (B) 27Al MAS NMR spectra of UOV-0.5 alum

This journal is © The Royal Society of Chemistry 2017
of the AlO4 signal accompanied by the appearance of a strong
signal of penta-coordinated aluminum at 14 ppm (Fig. 4B).
Thus, despite the ICP-OES results showing a remarkably high
amount of Al in the sample aer 5 minutes of the treatment,
most of the aluminum atoms were in the extra-framework and
the short time was not sufficient for Al incorporation. In
contrast, the intensity of the signal of Al(IV) aer calcination was
dominant in the spectra of UOV-0.5-Al-80-96h (Fig. 4B). This
evidences the incorporation of most aluminum atoms into the
UOV framework.

The chemical composition of the parent UOV material is an
important parameter for the prevailing direction of aluminum
incorporation. The spectra of UOV-1.5-Al-80-t samples were
inated at 80 �C for 5 min and 96 h before and after calcination.
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Table 1 The concentrations of Lewis and Brønsted acid centers in
UOV derivatives determined by means of FTIR spectroscopy of
adsorbed pyridine

Sample
c (Brønsted sites),
mmol g�1

c (Lewis sites),
mmol g�1

c (total),
mmol g�1

UOV-1.5 0.01 0.03 0.04
UOV-1.5-Al-80-24h 0.17 0.17 0.34
UOV-1.5-Al-80-96h 0.12 0.29 0.41
UOV-1.5-Al-175-24h 0.25 0.17 0.42
Al-UOV-1.5 0.10 0.10 0.20
UOV-0.5 0.02 0.03 0.05
UOV-0.5-Al-80-24h 0.10 0.11 0.21
UOV-0.5-Al-80-96h 0.24 0.21 0.45
UOV-0.5-Al-175-24h 0.22 0.18 0.40
Al-UOV-0.5 0.11 0.12 0.23
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characterized by predominant signals at 55 ppm attributed to
Al(IV) (Fig. SI-3†). However, in contrast to UOV-0.5-80-96h
(Fig. 4B), penta-coordinated aluminum was present in the UOV-
1.5-80-96 sample, evidencing the presence of a higher amount
of extra-framework aluminum atoms. The temperature of the
treatment had an impact on Al incorporation as well. Thus,
despite the high concentration of Al in samples treated at
175 �C, 27Al MAS NMR analysis of UOV-n-Al-175-24h (Fig. SI-4†)
samples showed the presence of intense signals of octahedral
(VI) (0.8 ppm) and penta-coordinated (V) (14 ppm) aluminum
indicating that Al atoms are not incorporated into the
framework.

According to the ICP-OES analysis, directly synthesized Al-
UOV-n possessed a lower amount of aluminum in comparison
with post-synthesis aluminated samples (ESI, Table 1). 27Al MAS
NMR analysis (Fig. 5A) showed the presence of 2 signals: sixfold-
coordinated extra-framework aluminum species (0.8 ppm) and
tetrahedrally coordinated (55 ppm) aluminum atoms. In the
case of the Al-UOV-0.5 sample predominant signals were related
to extra-framework AlO6 species. This result can be considered
as an advantage of post-synthesis alumination in comparison
with direct synthesis of Al-UOV resulting in the incorporation of
a limited amount of aluminum.
Fig. 5 (A) 27Al MAS NMR directly synthesized Al-UOV-n samples and (B)
and Al-UOV-0.5.

22582 | J. Mater. Chem. A, 2017, 5, 22576–22587
In order to compare the coordination of Si atoms, the
29Si{1H} CP-MAS NMR spectra (Fig. 5B) of UOV-0.5, UOV-0.5
aluminated at 80 �C for 96 h and directly synthesized aluminum
containing Al-UOV-0.5 were obtained. The spectrum of UOV-0.5
was characterized by the presence of 2 signals: at �100.6 ppm
and �109.0 ppm corresponding to Q3 and Q4 silanol atoms,
respectively. Alumination of this sample resulted in the
formation of defects, as the intensity of the signal Q3 atoms was
signicantly increased. This was also accompanied by the
decrease in the Q4 signal intensity, as well as by the formation of
Q2 silanol defects (�91.7 ppm). Similar to post-synthesis alu-
minated UOV-0.5, the dominant signal for directly synthesized
Al-UOV-0.5 was the one attributed to Q3 silanol groups. More-
over, the signals of Q4 Si atoms at �111.0 and �114.0 ppm were
present in the spectrum of Al-UOV-0.5. Thus, the way of alu-
mination signicantly inuences the coordination of silicon
atoms in the zeolite framework.

The nature and concentration of acid centers in Al-containing
UOV zeolites: synthesis vs. post-synthesis incorporation of Al

We studied the evolution of hydroxyl groups in Ge-rich and Ge-
poor UOV samples during alumination using FTIR spectroscopy
(Fig. 6I and II). Two adsorption bands were observed in the
region of 4000–3200 cm�1 in the spectra of parent UOV-0.5 and
UOV-1.5 samples: the band corresponding to silanol groups (at
3745 cm�1) and the broad adsorption band at 3685–3630 cm�1

attributed to external Ge-OH groups.
In comparison with parent UOVs, the intensity of the band at

3745 cm�1 increased for all aluminated samples, which indi-
cates the increased concentration of silanol defects formed due
to the breaking of hydrolytically unstable Si–O–Ge bonds. Both
UOV-0.5 and UOV-1.5 samples subjected to hydrothermal alu-
mination (at 175 �C) were characterized by less intensive
absorption bands at 3745 cm�1 in contrast to the samples
treated at 80 �C. In addition, the increasing temperature of
alumination from 80 to 175 �C (s ¼ 24 h) or the prolongation of
the treatment from 24 to 96 h (T ¼ 80 �C) resulted in an
enhanced intensity of absorption bands at 3620 cm�1, which is
characteristic of bridging hydroxyl Si–(OH)–Al groups. These
phenomena show that the increase in the temperature
29Si{1H} CP-MAS NMR spectra of UOV-0.5, UOV-0.5-Al-80-96h-calc

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 IR spectra of (I)UOV-0.5 and (II)UOV-1.5 zeolites: parent samples (black),UOV-n-Al-80-24h (green),UOV-n-80-96h (blue), andUOV-n-
175-24h (red). (III) Al-UOV-n: Al-UOV-1.5 (black) and Al-UOV-0.5 (red). (A) Regions of hydroxyl vibrations; (B) region of pyridine vibrations.
Bottom line and top line spectra show the spectra before and after adsorption of pyridine.
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accelerated the healing of silanol defects and the incorporation
of Al atoms into the framework. A similar effect of the temper-
ature was previously shown for germanosilicate ITH.29 The
prolongation of the treatment had the same effect on the
incorporation of Al. We observed a simultaneous decrease in
the intensity of the signal at 3745 cm�1 and increase of the band
at 3614 cm�1 with prolongation of alumination from 24 h to
96 h at 80 �C. This also agreed with the results of XRD (vide
Fig. 7 Concentration of Brønsted (A) and Lewis (B) acid sites for Al-UOV-
based on the desorption of pyridine at different temperatures: 150 �C – ,
of acid sites determined at 350 �C and 150 �C (in %) is shown as ( ).

This journal is © The Royal Society of Chemistry 2017
supra) showing the two-stage alumination procedure: (1)
leaching Ge-atoms from the framework accompanied by the
formation of Si–OH defects, followed by (2) incorporation of Al
atoms resulting in partial healing of defects.

FTIR spectroscopy of adsorbed pyridine was used to inves-
tigate the nature and concentration of acid centers in Al-
substituted UOV samples. While the intensities of the band of
silanol groups (3745 cm�1) slightly decreased aer pyridine
0.5 and UOV zeolites aluminated at 80 �C for 24 h or 96 h determined
250 �C – , 350 �C – , 450 �C – . The ratio between the concentration

J. Mater. Chem. A, 2017, 5, 22576–22587 | 22583
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Fig. 8 Concentration of Brønsted and Lewis acid sites for UOV-0.5 and UOV-1.5 samples treated at 80 �C for 96 h and calcined at different
temperatures: 550, 650 and 750 �C.
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adsorption, the band assigned to Si–(OH)–Al groups
(3620 cm�1) completely disappeared evidencing the accessi-
bility of all Brønsted sites in aluminated samples for the pyri-
dine molecule. Several absorption bands appeared in the region
of 1400–1600 cm�1 aer adsorption of pyridine in Al-containing
UOV zeolites. An absorption band at 1455 cm�1 is characteristic
of coordinatively bonded pyridine, while the absorption band at
1545 cm�1 is attributed to pyridinium ions adsorbed on
Brønsted acid sites (Table 1).

Parent UOV-n germanosilicates possessed similar small
amounts of acid centers (�0.04–0.05 mmol g�1, Table 1). Post-
synthesis alumination resulted in a remarkable increase in
both the Brønsted (�0.10–0.25 mmol g�1) and the Lewis
(�0.11–0.29 mmol g�1) sites for all derivatives.

As discussed previously, the increase in the alumination
temperature accelerated the Al incorporation, and thus UOV-n-
Al-175-24h (where n ¼ 0.5 and 1.5) samples were characterized
by higher total concentrations of acid sites, UOV-1.5 (0.34 vs.
0.42 mmol g�1 for samples aluminated at 80 and 175 �C,
Fig. 9 Nitrogen adsorption and desorption isotherms of (A) UOV-1.5 an
(blue) and at 175 �C for 24 h (red). (C) Nitrogen adsorption and desorptio
(red).

22584 | J. Mater. Chem. A, 2017, 5, 22576–22587
respectively) and UOV-0.5 (0.21 vs. 0.40 mmol g�1). Further-
more, prolongation of the treatment at 80 �C from 24 h to 96 h
resulted in the increase in the Lewis site concentration from
0.11–0.17 to 0.21–0.29 mmol g�1 (Table 1).

The spectra of Al-UOV-n samples (Fig. 6III) in the OH-
vibration region contained three bands corresponding to sila-
nol defects (3745 cm�1), external Ge–OH and extra-framework
Al–OH groups (3676 cm�1) and acidic bridging Si–(OH)–Al
(3620 cm�1) groups. Regardless of the chemical composition,
samples were characterized by a similar amount of acid sites,
namely 0.23 mmol g�1 for Al-UOV-0.5 and 0.20 mmol g�1 for Al-
UOV-1.5. The amounts of Lewis and Brønsted acid centers in the
framework were signicantly lower when compared with any of
the UOV-n subjected to post-synthesis alumination, cf. ICP-OES
analysis (Table SI-1†).

Distribution of acid sites with respect to their strength was
investigated by stepwise desorption of pyridine adsorbed on
UOV-0.5 andUOV-1.5 samples subjected to alumination at 80 �C
for 24 h and 96 h, and directly synthesized Al-UOV-0.5. The
d (B) UOV-0.5: initial germanosilicates (black), treated at 80� for 96 h
n isotherms of Al-UOV-n samples: Al-UOV-1.5 (black) and Al-UOV-0.5

This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ta05935c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
3 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t E

rl
an

ge
n 

N
ur

nb
er

g 
on

 0
4/

12
/2

01
7 

08
:2

6:
30

. 
View Article Online
dependence of the concentration of Brønsted and Lewis acid
sites occupied by pyridine aer desorption at a given tempera-
ture and percentage of strong acid centers is presented in Fig. 7.
Despite the increase in the total amount of acid sites with the
increase of treatment time from 24 h to 96 h, the strength of
Brønsted and Lewis acid centers decreased for both UOV-0.5
and UOV-1.5 samples.

The chemical composition of the starting material and the
method of alumination (direct or post-synthesis) control the
strength and type of generated acid sites. Although the UOV-1.5
sample subjected to post-synthesis alumination was character-
ized by a comparable fraction of strong acid sites of both types
(around 60%), in the case of UOV-0.5 the fraction of strong
Lewis sites dominated over Brønsted centers (Fig. 7). The
maximum value in the case of Lewis sites (91%) was achieved
for UOV-0.5-Al-80-24h. In contrast to post-synthesis modied
materials, the fraction of strong Brønsted sites signicantly
prevailed over that of Lewis sites for directly synthesized
aluminum containing Al-UOV-0.5, reaching the value of 80%.

In order to follow the thermal stability of post-synthesis alu-
minated UOV samples, the concentration of acid sites in the
UOV-n-Al-80-96h materials calcined at different temperatures
(550, 650 and 750 �C) wasmeasured (Fig. 8). The concentration of
both Brønsted and Lewis sites decreased in the order 550� > 650�

> 750� indicating a gradual elimination of acid centers with
temperature. About 50% of the initial acid sites remained in the
sample calcined at elevated temperatures (750 �C).
Textural properties of Al-UOV zeolites: synthesis vs. post-
synthesis incorporation of Al

Treatments of UOV samples with Al(NO3)3 solution resulted not
only in the creation of acid sites, but also in the formation of
additional mesopores, that can be used as an advantage for the
design of hierarchical porous catalysts. According to the nitrogen
adsorption–desorption experiments, parentUOV-n samples as well
as directly synthesized Al-UOV-n zeolites were characterized by
isotherms of type I, but with high uptake in the region of 0.8–1
p/p0, which is characteristic of interparticle condensation
(Fig. 9A–C). The Si/Ge ratio in the parent UOV inuenced the
textural characteristics of the aluminated materials: samples ob-
tained using the Ge-poor zeolite (Si/Ge ¼ 1.5) were characterized
by higher mesopore and micropore volumes and surface area
(Table 2) if compared with those synthesized by alumination of
UOV-0.5.
Table 2 Textural properties of UOV samples subjected to direct and
post-synthesis alumination

Sample Vmicro, cm
3 g�1 Vmeso, cm

3 g�1 SBET, m
2 g�1

UOV-1.5 0.15 0.12 330
UOV-1.5-Al-80-96h 0.13 0.19 380
UOV-1.5-Al-175-24h 0.12 0.21 420
Al-UOV-1.5 0.10 0.06 250
UOV-0.5 0.11 0.21 310
UOV-0.5-Al-80-96h 0.10 0.20 340
UOV-0.5-Al-175-24h 0.07 0.17 200
Al-UOV-0.5 0.10 0.15 270

This journal is © The Royal Society of Chemistry 2017
Aluminated UOV-1.5 derivatives showed isotherms, which
are a combination of types I and IV (Fig. 9A). The mesopore
volume and surface area of the samples signicantly increased
aer alumination (Table 2). Such development of porosity is
ascribed to non-equivalent replacement of leached framework
Ge atoms with Al atoms. Surprisingly, aluminated UOV-0.5
derivatives were characterized by micro- and mesopore volumes
similar to the parent zeolite. The drop of adsorption parameters
for UOV-0.5-Al-175-24h is explained by partial degradation of
the framework, which is in agreement with the results of XRD
and SEM analyses mentioned above.

Al-UOV-0.5 and Al-UOV-1.5 showed lower micro- and meso-
pore volumes and BET areas in comparison with UOV alumi-
nated by Al(NO3)3 (Table 2). This difference in adsorption
characteristics and the concentration of acid centers between
post-synthesis aluminated samples and directly synthesized
materials can be considered as an advantage of the post-
synthesis approach. Thus, we can control the concentration of
acid sites and the c (Brønsted sites)/c (Lewis sites) ratio by
appropriate choice of the chemical composition of the parent
UOV germanosilicate and post-synthesis treatment conditions.

Conclusions

The present study showed the possibility of post-synthesis
substitution of Ge atoms by Al in the framework of germano-
silicate UOV. The kinetic study of the process showed that Al
incorporation is a multi-stage process. On the short times of
alumination, we observed acidic hydrolysis of Ge-O-Si bonds
accompanied by partial disassembly of the framework and
leaching of Ge atoms but with negligible incorporation of Al
into the zeolite framework. These ndings are in agreement
with the results of ICP-OES and 27Al MAS NMR showing
a signicant increase in Si/Ge ratios and the dominance of
signals of extra-framework penta- and hexa-coordinated Al
species. In the following step of the procedure, insertion of Al
atoms into the structure heals the silanol defects formed aer
hydrolysis of Ge-domains. Healing of defects was conrmed by
29Si and 27Al MAS NMR, as the spectra of the sample treated for
4 days exhibit signicantly decreased intensity attributed to Q3

silicon atoms and the dominant signal of framework Al in
tetrahedral coordination. Furthermore, as it was shown by FTIR
spectroscopy, samples treated for longer times were character-
ized by a decreased intensity of silanol defects along with an
increased intensity of bands related to Si–(OH)–Al bridging
groups.

Post-synthesis incorporation of Al resulted in the formation
of both strong Lewis and Brønsted acid centers. The appropriate
choice of the treatment conditions (time and temperature) can
be used to control the Brønsted/Lewis acid center ratio, the
important parameter for catalytic application. Thus, samples of
UOV-0.5 and UOV-1.5 treated at 80 �C for 4 days had a signi-
cantly increased amount of Lewis centers (by 1.7–1.9 times) in
comparison with those treated for shorter times. Whereas
hydrothermally treated (175 �C) Ge-rich and Ge-poor samples
were characterized by a bigger fraction of Brønsted acid centers
if we compare with materials aluminated at 80 �C. The intrinsic
J. Mater. Chem. A, 2017, 5, 22576–22587 | 22585
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properties of parent UOV germanosilicates did not signicantly
inuence the total amount of formed acid centers but affected
the textural properties of aluminated derivatives. Materials ob-
tained from Ge-poor UOV-1.5 were characterized by increased
mesopore volume and surface area in comparison with the
parent UOV zeolite. But in the case of UOV-0.5 improvement of
textural properties was not observed. The following method of
alumination was shown to be appropriate for the design of
stable hierarchically porous materials possessing acid centers.

Furthermore, in comparison with direct synthesis of
aluminum containing UOV zeolites, the post-synthesis treat-
ment was shown to be a more appropriate method for Al
incorporation, as it resulted in introduction of a higher amount
of framework Al, in the generation of higher amounts of both
Brønsted and Lewis acid centers as well as in the development
of additional mesoporosity.
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