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Abstract

Understanding the reactivity and mass transport properties of porous
heterogenous catalysts is important for the development of new materials.
Whereas MRI has previously been used to correlate chemical kinetics and
hydrodynamics under operando conditions, this paper demonstrates that a
modern benchtop NMR spectrometer is a suitable alternative to obtain di-
verse reaction information in porous heterogeneous catalyst materials on a
smaller scale. Besides information about the chemical conversion within the
pores, it can also be used to study changes of surface interaction by T1/T2

NMR relaxometry techniques and changes in mass transport by PFG NMR
from a single chemical reaction.
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1. Introduction

Many industrially relevant processes in bulk and fine chemical, and phar-
maceutical industries use porous, heterogeneous materials[1]. In contrast to
reactions catalysed by a homogeneous catalyst in the liquid phase, where the
rate determining step is often controlled at a molecular level, heterogeneous
reactions within porous materials are more complex as mass transport of re-
actants and products between and within pores, to the active catalytic centre
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or to an external surface often become rate limiting steps in these systems. In
reactors with heterogeneous catalysts the dispersion and flow hydrodynam-
ics are additional important parameters. Magnetic resonance imaging (MRI)
techniques have been utilised to study such chemical reactors under operando
conditions and deliver hydrodynamic and chemical information from a single
reactor that are difficult to obtain from other techniques [2–4]. Informa-
tion about chemical conversion is mostly obtained from 1H NMR data and
therefore limited to simple systems, where the chemical shifts of reactants
and products are well separated. Nevertheless, this method was successfully
applied to obtain spatially resolved conversion information for industrially
relevant processes like the esterification of acetic acid[5], the hydrogenation
of α-methyl styrene[6] and ethylene oligomerisation[7, 8]. For more complex
reactions, where multiple components overlap, 13C detection can significantly
improve the separation due to the increased chemical shift dispersion, but it
comes at the price of increased acquisition time and reduced time resolution
due to the low natural abundance of 13C (1.1%). With polarisation tech-
niques, like DEPT[9], the acquisition time can be reduced without the need
of the expensive 13C enriched samples. Spatially resolved DEPT has previ-
ously been used to obtain information about isomerisation processes during
1-octene hydrogenation[10] or selectivity preferences of competitive etherifi-
cation and hydration reactions of 2-methyl-2-butene[11]. Besides a knowl-
edge of the correlation of hydrodynamic and chemical kinetics in a chemical
reactor, understanding the properties of the heterogeneous catalyst is im-
portant to improve industrially relevant processes and to develop new and
improved materials. NMR relaxation techniques have recently been shown
to examine solvent effects [12], reactivity trends, and adsorption strengths
in porous, catalytic systems[13, 14]. In recent years, benchtop NMR sys-
tems with medium magnetic field (B0) strengths between 1 and 2 Tesla and
high B0 field homogeneity (<0.03 ppm) have become widely available on
the market. Due to their low price, small physical footprint and minimal
maintenance requirements these magnets are receiving growing interest in
academia and industry[15–17]. In addition to classic spectroscopy and relax-
ometry measurements, some benchtop systems also allow the investigation of
mass transport phenomena by PFG NMR. Besides their value for teaching
purposes[18–20], they have been widely utilised for in- and on-line measure-
ments of homo- and heterogeneous reactions in flow and batch systems[21–25]
and fermentation processes [26]. In contrast to the previously described high
field MRI studies, reports that utilised a benchtop NMR instrument to inves-
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tigate heterogeneous reactions, only used it as an ex situ sampling technique.
Herein we describe a different approach by using a benchtop NMR spectrom-
eter to study a heterogenous catalytic reaction, which combines spectroscopic
techniques for composition information with relaxometry and diffusometry
measurements to study adsorption and mass transport phenomena.

2. Materials and Methods

2.1. Catalyst Synthesis

The heterogeneous 0.3 wt% Pd/TiO2 catalyst was prepared by incipient
wet impregnation. The catalyst support material used were TiO2 extrudate
pellets (Johnson Matthey, UK, 3.3 mm cylindrical diameter with an average
length of 4 − 6 mm). The pore volume was determined to be 0.42 ml water
per 1 g TiO2 by averaging 10 measurements of individual pellets. The pellets
were saturated by adding an aqueous Pd(NO3)2·2H2O solution (17.88 mg/ml,
Strem Chemicals UK Ltd, Cambridge, UK) to the pellets. Oven-drying for
12 h at 130 ◦C, followed by calcination at 420 ◦C for 3 h under nitrogen flow
in a furnace provided the non-activated 0.3 wt% Pd/TiO2 catalyst. Prior
to the NMR experiments the 0.3 wt% Pd/TiO2 was activated under flowing
hydrogen (20 mL/min) for 5− 10 min until the catalyst pellets turned black
indicating the reduction of PdO to Pd(0) and H2O. The catalyst was then
dried for 24 h at 100 ◦C to remove adsorbed hydrogen and water that was
formed during the catalyst activation.

2.2. NMR Experiments

High field NMR data were acquired on a Bruker AVANCE III HD NMR
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) operating at
a 1H resonance frequency of 299.84 MHz equipped with a 10 mm 1H selec-
tive probe (π/2 pulse length = 10 µs). The benchtop NMR experiments were
performed using an Oxford Instruments Pulsar NMR Spectrometer (Oxford
Instruments, Abingdon, UK) at 37 ◦C operating at a 1H resonance frequency
of 59.7 MHz. 1H NMR spectra were acquired after applying a π/2 pulse
(12 µs) and a relaxation delay of 10 s in a single scan. T2 data were ob-
tained from averaging 4 CPMG echo trains with 5000 echo points separated
by a echo spacing τ = 600 µs. T1 − T2 relaxation correlation data were ob-
tained by incrementing the inversion delay in an inversion recovery sequence
prior to a CPMG echo train. The 2D data are inverted numerically as re-
ported previously[13, 14] to form a 2D distribution of T2 correlated against
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T1. 1H PFG NMR measurements were performed using the z-shim coil of
the Pulsar spectrometer capable of producing a field of approximately 250
mT/m. The PFG data in the heterogeneous pellets were obtained with
an alternated pulsed-field gradient stimulated echo (AGPSTE) sequence[27]
in order to minimise the effect of internal magnetic field gradients. The
gradient strength was calibrated using a reference self-diffusion coefficient
D = 3.04 × 10−9m2s−1 of water at 37 ◦C[28]. The diffusion value was ob-
tained after fitting the signal attenuation to the following equation[27]:

I(g) = I0e
−(γgδ)2(∆+3τ/2−δ/12)D, (1)

where I0 and I(g) are is the NMR integral in the absence and presence of
at a specific gradient strength g respectivly, γ is the proton gyromagnetic
ratio and D is the self diffusion coefficient of the component of interest. The
total time of the dephasing gradient δ was 3 ms and the diffusion time ∆
was 75 ms in all the reported measurements. The time after the initial π/2
and the first π pulse τ was 5.6 ms. A gradient recovery delay of 2 ms was
used. NMR data were processed and plotted with MNova 12.02 (Mestrelab
Research, S.L., Santiago de Compostela, Spain). For fitting reaction data
and plotting of graphs MATLAB (R2016b, The MathWorks, MA, USA) was
used.

2.3. Reaction Monitoring

An activated catalyst pellet (55 mg, length 5 mm) was soaked in 1-octene
(97+ %, Alfa Aesar, Heysham, UK) for 30 min. After this time no air bubble
formation was observed indicating that the pellets are fully saturated. After
drying the outer surface of the pellet with filter paper, the soaked catalyst
material was placed in a 5 mm o.d. thin wall NMR tube reactor (i.d. = 4.09
mm, Wilmad-LabGlass, Vineland, USA), and positioned in the centre of the
NMR coil. The reaction was initiated by flowing hydrogen (Air Liquide UK
Ltd., Birmingham, UK) with a flow rate of 8 ml/min above the sample.
1H spectroscopic and CPMG T2 data were acquired once every 60 s until
no further conversion was observed. Magnetic field drifts were corrected by
automatically changing the offset to the highest peak in the NMR spectrum.

3. Results and Discussion

1H NMR signals of liquids in porous materials like heterogeneous cata-
lysts are often broadened due to magnetic susceptibility differences on the
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interfaces of liquids within pores, particles and surfaces or due to different
orientations of solid catalyst material within a reactor. A representative high
field (7 T) 1H NMR spectrum of such a case is shown in figure 1. The spec-
trum was obtained for 1-octene in TiO2 pellets, a common heterogeneous
catalyst support[29]. Two clearly distinct aliphatic (δ1H = 0 − 2 ppm) and
olefinic chemical shift regions (δ1H = 4.5−6.5 ppm) were observed and could
be directly assigned to the alkyl chain and the double bond in the molecule
respectively. The methylene group next to the C-C double bond and the
terminal methyl group only appear as shoulders from the signal of the inter-
nal methylene protons. The olefinic region has two distinct peaks at 4.9 and
5.8 ppm. However, quantitation is complicated due to the excessive overlap
of those peaks. When reducing the sample size from 10 mm to 5 mm NMR
tubes and orienting all the pellets along the same axis, the spectral resolution
is improved as seen in figure 1.
The olefinic proton signals of the terminal CH2 group (δ1H = 4.9 ppm) and
the internal CH group (δ1H = 5.8 ppm) are now separated at 30% of the
maximum height of the peaks, which makes integration easier and enables
the observation of changes between them. Similar effects are visible in the
aliphatic part of the spectrum, where all three proton environments are visi-
ble as clear peaks rather then shoulders. When measuring the 5 mm sample
in a 1.4 T benchtop NMR system, the proton spectrum obtained at lower
field look surprisingly similar. In comparison with spectra of bulk liquids
at those fields, the differences in the TiO2 pellets are small. The splitting
obtained from the olefinic spin-spin coupling, Jcis = 10 Hz and Jtrans= 17 Hz,
correspond to 0.17 ppm and 0.28 ppm at 59.7 MHz and 0.03 ppm and 0.06
ppm at 299.84 MHz respectively. In porous materials this difference becomes
less significant as it is compensated by the lower magnetic susceptibility line
broadening effect for the liquid in the porous TiO2 at the medium field. In
the current example, the coupling difference in ppm due to different B0 fields
is still visible for the internal olefinic proton. The aliphatic signals from the
samples are also comparable, although the lines are slightly broader for the
medium field instrument. It is worth mentioning that all the spectra were
acquired in less then a minute and the signal-to-noise obtained from all of
them is sufficient as seen in figure 1. The small differences between the NMR
spectra obtained at different field strengths raises the question whether one
could use a benchtop NMR machine to investigate a reacting system. There-
fore, the hydrogenation of 1-octene to octane in a 0.3 wt% Pd/TiO2 was
chosen as an example to test this potential. Proton NMR spectra obtained
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Figure 1: 1H NMR spectra of 1-octene in a heterogeneous TiO2 support acquired at 59.7
MHz (1.4 T) (−) and 299.84 MHz (7 T) in a 5 mm (−) and 10 mm NMR tube (−). The
chemical structure of 1-octene is shown on the top left and the corresponding assignments
are shown above the peaks in the spectra. The right image shows the respective 5 mm
and 10 mm sample used for the acquisition of the data.
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Figure 2: 1H NMR spectra acquired every minute after the hydrogen flow was started. a)
1H NMR spectra indicating the overall conversion from the alkene to the alkane; b) Olefinic
region (4.5 − 6.5ppm) indicating isomerisation processes from 1-octene to cis/trans-2/3-
octenes.

at different time points of the hydrogenation reaction are shown in figure 2.
The acquisition of NMR data began once the hydrogen flow was initiated.
After an induction period of approximately seven minutes during which the
air in the setup was replaced by hydrogen, the reaction started. Two different
processes can be observed in the 1H NMR spectrum: the reduction of the
C=C double bond and the isomerisation of 1-octene to internal octenes, as
shown in figure 2b. It is remarkable that the isomerisation process can be
seen at this medium field from 1H NMR data. Previously 13C-DEPT MRI
was used to differentiate between those two processes as the signal separation
was not sufficient enough to obtain this information of a hydrogenation re-
action in Pd/Al2O3 from 1H NMR spectroscopy[10]. In the current 1H NMR
study it is not possible to distinguish between the double bond geometry (cis
or trans) and the exact position of the internal double bond (2, 3 or 4). How-
ever, when one is interested in the properties of a heterogeneous catalyst it is
more important to see whether isomerisation occurs or not. The observation
of the isomerisation process also enables the deconvolution of the isomerisa-
tion rate and reduction rate. By comparing the signal of the external CH2

protons against the total olefinic signal region, one can obtain quantitative
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Figure 3: a) Fractional conversion of octenes (©) to octane (×) in 0.3wt% Pd/TiO2 is
described by the left axis. The black line(−) shows the fit to a first order exponential
rate. The normalised total NMR signal before (∗) and after conversion correction (•) are
described by the right axis. b) Isomerisation from 1-octene(�) to 2/3-octene (×) observed
during the reduction of 1-octene to octane in 0.3 wt% Pd/TiO2.

data of the isomerisation process. The results are shown in figure 3. Both pro-
cesses proceed in parallel. On a molecular scale this is not surprising. After
the formation of a half-hydrogenated alkene intermediate on the Pd surface,
two different reaction pathways are possible: 1) reductive elimination deliv-
ers the desired alkane; 2) β-hydride elimination gives the isomerised olefins.
Once octane is formed the reaction is irreversible at room temperature. The
overall alkene conversion is complete approximately 20 minutes after the first
reaction was observed. The conversion can be described by a first order expo-
nential reaction (A = A0e

−kt) with a rate constant k = 0.38±0.05 min−1. In
first order rate reactions the rate determining step is dependent on the con-
centration of one reactant. As there is a constant supply or hydrogen from
the gas phase in our system, the limiting reactant is the olefin. The more
alkene that is converted, the lower the probability that a reactive molecule
reaches the active catalytic site and therefore the reaction rate decreases.The
isomerisation can be followed until approximately 70% conversion is reached.
Afterwards the signal-to-noise ratio is too low to obtain reliable data. The
ratio between 1-octene and isomerised octenes reaches a steady-state four
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minutes after the reaction started. This equilibrium is dependent on a dif-
ferent factors, for example: 1) individual formation rates of the isomers; 2)
the reactivity of the intermediates towards reduction; 3) adsorption strength
of the isomers on the surface. When developing new materials and catalysts
it is important to obtain information about the extent of these processes as
they can dramatically influence the reaction kinetics and the yields of the
desired products. The overall NMR signal as shown in figure 3a is increas-
ing during the reaction due to the hydrogen addition into the alkene. After
correcting the total signal to compensate the chemical conversion, two other
effects become visible: 1) a short signal intensity decrease after the reaction
started; 2) a constant drop of signal during the whole measurements. The
first drop of signal can be explained by the exothermic hydrogenation reac-
tion and the change of the Boltzmann distribution. A reaction temperature
increase of 5 ◦C can already decrease the equilibrium magnetisation by 2%.
Once the reaction reaches higher conversion, this effect becomes smaller as
the system thermally equilibrated back to the magnet temperature (37 ◦C).
The constant signal drop during the whole experiment is likely due to liquid
evaporation and the gas flow. As the amount of liquid decreases only around
3% during the reaction, is not significant enough to have a big influence on
the reaction rate. Although, when investigating slower reactions in a batch
setup, this process might become an important factor.

In addition to the classic spectroscopic approach to follow the conversion
by a simple pulse acquire experiment, the heterogeneous reaction can also be
studied by following changes in the T2 distribution by measuring a CPMG
echo train. After each proton acquisition, a T2 distribution was obtained
from a CPMG measurement. In order to obtain comparable time-resolved
T2 reaction data, the CPMG decays were subsequently inverted by inverse
Laplace transformation with a fixed α-value during the regularisation. The
results are shown in figure 4. Before the reaction started, there are two differ-
ent major T2 components, with T2,1 = 125 ms and T2,2 = 322 ms, observed.
A potential explanation for these two populations is that an increased sur-
face interaction of the C-C double-bond slows down the exchange between the
surface and bulk species, so that the rapid two-phase exchange model [30, 31]
does not apply and two individual species can be obtained. Alternatively,
the enhanced surface interaction can slow down the exchange between pores
of different size and lead to different relaxation regimes. Once the reaction
started only one broad T2 peak is observed, which can be correlated with the
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the hydrogenation of 1-octene in 0.3 wt% Pd/TiO2.

10



high reaction rate and signal averaging over the measurements at this time
point. Once the reaction reached about 50% conversion, two major species
can be observed again with T2,3 = 192 ms and T2,4 = 580 ms. In this case
the first could be connected to unreacted olefin, that spends a higher average
time on the surface and the latter with the newly formed alkane that is less
interacting and therefore has a longer relaxation time. Upon reaction com-
pletion, only one dominant T2 component with T2,5 = 526 ms is obtained. As
the product is expected to interact less with the surface, the observation of
only one averaged major species suggests that it follows the rapid two-phase
fast exchange model. These time-resolved in situ T2 measurements in com-
bination with the classical spectroscopy data are quite unique and enable
the study of reaction kinetics and change of surface properties. Low field
NMR machines (B0 < 0.5 T) generally do not have the spectral resolution
to investigate complex reactions and high field spectrometers (B0 > 4 T) are
limited by their increased internal magnetic field gradient effect in porous
material and power limitations for acquiring CPMG echo trains. Medium
field benchtop NMR systems are a good compromise to obtain information
from both, spectroscopy and relaxometry. Other measurements on the het-
erogeneous system were performed to further show the potential of medium
field spectrometers to investigate reactions in porous materials. In order to
understand changes in surface interactions during the reaction, T1–T2 cor-
relation plots were acquired before and after the reaction and are shown in
figure 5. In agreement with the kinetic CPMG data, two different T2 regions
are observed for 1-octene (T1/T2 = 10 and T1/T2 = 2). Interestingly, both T1

values are within the same order of magnitude. Only one peak (T1/T2 = 2.6)
is obtained from octane. When comparing this value to the two ratios of
1-octene this data suggests, in correlation with previous reports[13, 14], that
one species (T1/T2 = 10) has a higher affinity to the surface, whereas the
other (T1/T2 = 2) has a lower surface interaction compared to the product.
Generally, one would expect that the alkane has a lower surface affinity than
the alkene due to the missing OH–π or metal–π interactions between the
C=C double bond and hydroxyl groups or the palladium on the surface of
the catalyst. When recalling the previously proposed hypothesis that one of
the two alkene species is more influenced by the surface interaction, whereas
the other component is more dominated by the bulk part, this observation
becomes more understandable. The alkane peak instead represents the over-
all average of all species in the porous material. Another common parameter
of interest for heterogeneous reactions are mass transport properties of the

11



10-3 10-2 10-1 100 101

T1  (s)

10-3

10-2

10-1

100

101

T 2 (s
)

T1/T2=10

T1/T2=2.6

T1/T2=2

Figure 5: T1–T2 relaxation correlation plots obtained from 1-octane before (}) and n-
octane (}) after the reaction in 0.3 wt% Pd/TiO2 was completed. The diagonal line
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Figure 6: AGPSTE attenuation plots obtained from 1-octane (•) before and n-octane (∗)
after the hydrogenation reaction in 0.3 wt% Pd/TiO2 was completed. Straight lines were
obtained after fitting the data to equation 1. The plotted self diffusion values are presented
as obtained after fitting the data.

system obtained from PFG NMR studies. Due to the rapidx reaction, the
self diffusion values of the reactant and products in the porous sample could
only be investigated before and after the reaction. The results are presented
in figure 6. The signals of the starting material and the product could be
attenuated by two orders of magnitude. Both decays can be described by
a single component diffusion, D1-octene = (1.33 ± 0.03) × 10−9m2s−1 and
Doctane = (1.47 ± 0.03) × 10−9m2s−1. The self-diffusion coefficient is re-
duced compared to the bulk value due to catalyst tortuosity. The diffusion
coefficients of 1-octene and octane are the same order of magnitude; however,
the diffusion coefficient of 1-octene is approximately 10% smaller. Previous
reports probed the surface diffusion of 1-octene in θ-Al2O3[32]. In our re-
ported system such diffusion components were not observed. As they have a
low population and slow diffusion coefficients, signal-to-noise limitations of
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the benchtop system and the low available gradient strengths of the instru-
ment limit the chances of probing such a species. When investigating systems,
where the difference of diffusivity of the starting material and the product is
greater or where the mass transport of a substrate between particles plays
an important role, this combined methodology has a great potential and it
can enable the correlation between reactivity and mass transport phenomena
from a simple benchtop NMR system.

4. Conclusions

1H NMR spectra of liquids obtained from a medium field NMR magnet
in a porous, heterogeneous catalyst material are able to compete with those
obtained from high field machines due to reduced magnetic susceptibility
line broadening effects. This was exploited to investigate the reduction of
1-octene in 0.3 wt% Pd/TiO2 as an example reaction. Besides the chemi-
cal conversion information to the desired octane, the extent of isomerisation
could also be studied. Furthermore, time-resolved T2 studies allowed changes
in the surface interaction of the substrates with the porous material to be
probed. Additionally, the benchtop NMR spectrometer was also used to in-
vestigate changes of surface interaction strength of reactants and products
by measuring T1/T2 ratios and changes in mass transport from PFG NMR
experiments. The high information content obtained from such a small sam-
ple can help to better understand newly developed catalyst materials in the
future. Due to an increased mobility of those benchtop systems, they can
also be used to combine NMR with other techniques, like total neutron scat-
tering, as recently demonstrated [33]. From these combined approaches one
can obtain an even deeper insight into physicochemical processes occurring
within pores and help to improve the optimisation of new heterogenous cat-
alyst materials in the future.
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