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Diffusion weighted magnetic resonance imaging
for temperature measurements in catalyst
supports with an axial gas flow†

Mojtaba Mirdrikvand, *a Harm Ridder,b Jorg Thöming b and Wolfgang Dreher a

In situ thermometry of catalytic gas phase reactions allows the determination of temperature profiles in

catalyst beds. In NMR imaging systems used for measuring the chemical composition of species in model

reactors, temperature measurements by NMR spectroscopy are technically challenging and confined to a

rather low temperature range. In this study, an optimized NMR in situ technique is proposed, which will al-

low the determination of the temperature distribution in highly exothermic reactions on structured cata-

lysts. Diffusion weighted magnetic resonance imaging (DW-MRI) was successfully applied as an alternative

method for temperature measurements commonly performed by chemical shift measurements using eth-

ylene glycol. DW-MRI applied with different diffusion sensitizing gradients allows high-resolution imaging

of the temperature dependent diffusion coefficient, without the need for high spatial homogeneity of the

magnetic field. Using 3D DW-MRI on ethylene glycol, glycerol, and the temperature stable ionic liquid Pyr13

[TFSI] (decomposition temperature of 400 °C) as NMR thermometers, measurements were performed in a

temperature range from 20 to 160 °C. The proposed method can be used in reaction engineering ap-

proaches performed in NMR systems.
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1. Introduction

In the chemical industry, a large number of processes include

reactions driven by heterogeneous catalysts. Heterogeneous

catalysts are consistently involved with complex gas–solid or

liquid–solid interfaces that occur in pores and channels of the

catalyst supports. This complex nature leads to an uneven dis-

tribution of temperature and composition in exothermic reac-

tion systems such as the Sabatier process, Fischer–Tropsch

synthesis or hydrogenation reactions.1,2 Therefore, proper in

situ characterization methods are of great interest to extract vi-

tal information from these processes and to validate numeri-

cal simulations at the micro- and macro-scale. The latter helps

to achieve higher process efficiency and reduced industrial

costs and to predict possible risks in large-scale reactors. In

particular, measuring temperature profiles in the radial and

axial directions of a reactor filled with catalysts helps to better

understand the variation of temperature in the catalyst body,

define realistic values for boundary conditions in numerical

simulations, and reduce the threat of thermal runaway by

predicting the formation of hot spots in reactors.

Different techniques have been applied to measure the

temperature of monolithic catalysts under reaction condi-

tions. Conventional tracers give limited point-wise informa-

tion about the temperature by inserting thermocouples

through the catalyst body.3 Unlike conventional methods,

other in situ techniques including infrared thermography,

near-infrared diffuse transmittance tomography, and X-ray

diffraction (XRD) are non-invasive and the use of them has

grown tremendously in recent years.4–7 However, all these

methods have certain limitations, especially when an opaque

reactor is studied.8–11 Nuclear magnetic resonance (NMR)

methods are another well-known non-destructive approach

for the quantitative characterization of transport processes

and chemical reactions in chemical engineering. NMR is even

more advantageous when a spatially resolved study of opaque

reactors is performed. Moreover, NMR allows measurements

of many different process characteristics such as tempera-

ture, velocity, diffusion and composition of species under

identical reaction conditions.

NMR thermometry is based on the measurement of indi-

rect parameters such as chemical shift differences, relaxation

times of longitudinal magnetization, self-diffusion coeffi-

cients, and signal intensities. All these parameters can affect

the NMR signal in case of a variation in temperature.

Among the aforementioned approaches, localized NMR

spectroscopy and magnetic resonance spectroscopic imaging

(MRSI) are most often the methods of choice to analyze the
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perature sensors were placed in the reactor, allowing an esti-

mation of the temperature stability during the

measurements. Optimized 3D DW-MRI acquires images with

a high spatial resolution using different diffusion sensitizing

gradients corresponding to different diffusion weightings.

The acquired NMR data were analyzed automatically to accel-

erate the evaluation of the NMR data in a robust and reliable

way.

2. Theory and method

The effect of diffusion on the NMR signal amplitude was al-

ready recognized in an early publication by Hahn.25 Stejskal

and Tanner proposed accurate diffusion measurements by in-

corporating a pair of diffusion sensitizing gradients into a

spin echo sequence (cf., Fig. 1).26 Diffusion characterized by

the diffusion coefficient D causes the damping of the NMR

signal amplitude according to

S = S0·e
−b·D (1)

where S and S0 are the signal amplitudes measured with and

without diffusion sensitizing gradients, respectively. The so-

called “b-value” b, which determines the strength of diffusion

weighting, is given by
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with the gyromagnetic ratio ³, the gradient strength G, the

duration · of each diffusion sensitizing gradient, and the de-

lay � between the gradient pulses (cf. Fig. 1). The diffusion

coefficient D can be determined by fitting the signal intensi-

ties, which are measured in at least two scans with different

b-values, to eqn (1).

To estimate the temperature dependence of the diffusion

coefficient D, different approaches are reported in the litera-

ture. For instance, in case of self-diffusion of ethylene glycol,

the temperature dependence of the diffusion coefficient can

be predicted based on the following equation validated by

Mitchell et al.:27
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with the pre-exponential factor A0, the activation energy Ea
and the universal gas constant R.

For glycerol, the glass transition temperature of T0 =

−93.15 °C has to be considered, leading to the following rela-

tion proposed by Tomlinson:28
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As described by Lesch et al.,35 a similar consideration can

be done for temperature stable ionic liquids, where the

temperature of the catalyst bed in reaction engineering 

approaches.8,12–15 To perform these experiments, very thin 

glass-made capillaries or capsules, referred to as “NMR ther-

mometers”, are filled with a probing liquid. In each volume 

element (voxel), the chemical shift difference between differ-

ent spectral peaks of the probing liquid is determined. The 

temperature can be measured using the known relation be-

tween temperature and the chemical shift difference between 

two peaks. Therefore, the method does not depend on an ex-

ternal reference.

In reaction engineering, ethylene glycol has been used as 

a temperature probe in catalyst supports, measuring the 

chemical shift difference between the OH and the CH2 

signals.8,14–16 It could be shown that the measurements were 

in very good agreement with simulations of temperature pro-

files in a heterogeneous catalytic reaction.17 However, the ap-

plicability of this approach is limited by the liquid's boiling 

point (197.3 °C at ambient pressure) and the limited separa-

tion of both signals caused by the decreasing chemical shift 

difference with increasing temperature. Additionally, MRSI 

highly depends on the spatial homogeneity of the static mag-

netic field, which limits the applicability of the method at el-

evated temperatures, where the spectral peaks overlap one 

another and hamper accurate temperature measurements. 

Thus, only temperatures up to 150–160 °C can be measured 

by the MRSI of ethylene glycol.

Therefore, an alternative method is essential to extend the 

temperature range and overcome the need for high field 

homogeneity. For biomedical MRI, several techniques have 

been proposed for temperature mapping. In particular, the 

temperature dependence of the chemical shift, the diffusion 

coefficient or the spin–lattice relaxation time T1 of water has 

been exploited for spatially resolved temperature measure-

ments in humans and animals.18–22 Since diffusion weighted 

MRI (DW-MRI) has found widespread use in biomedical and 

clinical MRI,20,23 numerous fast DW-MRI pulse sequences 

have been developed.24 Hence, DW-MRI can be a solution for 

temperature measurements in an extended temperature 

range using NMR thermometers filled with liquids exhibiting 

high boiling points, such as glycerol (boiling temperature of 

289 °C) or ionic liquids (chemical decomposition at tempera-

tures above 400 °C).

The aim of this work is to support the hypothesis that 

DW-MRI can be used as a tool for determining temperatures 

in broad and high temperature ranges. Since DW-MRI is 

more robust against magnetic field inhomogeneities as com-

pared to MRSI, temperature measurements by DW-MRI 

might also be an interesting alternative for temperature 

ranges in which MRSI of ethylene glycol can be applied. A 

comparison of MRSI and DW-MRI, which displays the depen-

dency of MRSI on field inhomogeneities, is included in the 

ESI.† An optimized DW-MRI sequence was applied to mea-

sure the diffusion coefficient and, thus, the temperature 

using three NMR thermometers filled with ethylene glycol, 

glycerol or the ionic liquid Pyr13 [TFSI]. MRSI of ethylene gly-

col was used for comparison. Furthermore, fiber optical tem-



diffusion coefficient for the ionic liquid Pyr13 [TFSI] can be

described by
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with the glass transition temperature of T0 = −112.15 °C.

For each liquid, the corresponding diffusion–temperature 

dependence is used, so the acquired data can be compared 

over the whole temperature range to the literature data.

Mapping the local diffusion coefficient and consequently 

the temperature by DW-MRI is of great use in engineering 

science, e.g. for temperature measurements in a model reac-

tor filled with an opaque catalytic material. However, for such 

applications, the pulse sequence used for DW-MRI has to be 

chosen carefully. First, a 3D spatial resolution is required to 

avoid restriction as to the geometry and position of the NMR 

temperature probes. Second, pulse sequences with a spin 

echo preparation period should be used to allow diffusion 

sensitization and avoid signal losses caused by magnetic field 

inhomogeneities. Third, data acquisition with a multi-echo 

train will reduce the minimum total measurement time be-

cause more spatial encoding steps can be performed per exci-

tation. Fourth, for the echo train, radiofrequency (RF) 

refocusing should be preferred over gradient refocusing be-

cause a rather low B0 homogeneity and thus short effective 

transverse relaxation times T2* are expected for experimental 

setups such as NMR compatible model reactors.

Following these requirements, a 3D DW-SE-U-FLARE se-

quence (diffusion weighted spin echo ultrafast low angle 

rapid acquisition with relaxation enhancement)29,30 was 

implemented (cf., Fig. 1). After the 90° excitation pulse, uni-

polar diffusion sensitizing gradients of strength Gd and dura-

tion · are applied prior to and after the 180° refocusing

pulse. Optionally, slice selection gradients can be applied if

the object does not fit into the FOV and only a certain part of

the object is to be measured (zoom). The diffusion weighted

transverse magnetization is refocused with a train of RF

pulses with flip angle ³. After Nd dummy cycles used to stabi-

lize the echo amplitude, Npe1 echoes are acquired under a

read gradient, each sampled with different spatial phase

encoding using the phase encoding gradient Gpe. In Npe2 ex-

periments, additional spatial phase encoding is applied prior

to the echo train for the spatial resolution in the slice direc-

tion. Displaced U-FLARE exploiting only one echo parity was

used to avoid image artifacts in case of off-resonance

effects.30

3. Materials

This section describes the chemicals used as NMR thermom-

eters and the design of the NMR-compatible vessel as a

model reactor, which was used for measurements at fixed

temperature points.

3.1. Chemicals

Three liquids were investigated as NMR thermometers. Ethyl-

ene glycol (≥99.7% purity, VWR International GmbH, Ger-

many) was used as the reference substance. Ethylene glycol was

also used for MRSI measurements for comparison with DW-

MRI. However, since the rather low boiling point of ethylene

glycol limits its fields of application, liquids with higher boiling

point or high decomposition temperature are needed. Thus,

glycerol (≥99.5% purity, Carl Roth GmbH, Germany) and

1-methyl-3-propylpyrrolidinium bis3trifluoromethylsulfonyl)-

imide (Pyr13 [TFSI]) (99% purity, ionic liquids technologies

(IoLiTec) GmbH, Heilbronn, Germany) were chosen as

Fig. 1 Scheme of the DW-SE-U-FLARE sequence (not to scale). The four rows display the applied radiofrequency pulses and the detected echo

signals as well as the gradient pulses used for diffusion weighting and spatial localization. All acronyms are explained in detail in the text.



measured with a resistance thermometer at the inlet of the

setup.

In addition to NMR measurements by MRSI and DW-MRI,

an MRI compatible gallium arsenide based fiber optic tem-

perature monitoring system (FOTEMP-4, Weidmann Technol-

ogies Deutschland GmbH, Dresden, Germany) was used for

accurate temperature measurements near the catalyst sup-

port. The sensor was placed in the vessel with a 10 cm dis-

tance from the honeycomb monolith (cf., Fig. 2). The sensor

was primarily used as a safety monitoring element and to

check the temperature stability during NMR measurements.

3.3. NMR measurements

A 7 Tesla preclinical NMR imaging system (Biospec 70/20,

Bruker Biospin GmbH, Ettlingen, Germany) equipped with a

gradient system BGA12S2 (441 mT m−1 maximum gradient

strength in each direction, 130 ¿s rise time) was used for all

measurements. A quadrature birdcage RF coil (inner diame-

ter of 72 mm) was used for RF excitation and signal detec-

tion. The NMR pulse sequences were implemented using the

software platform Paravision 5.1.

DW-MRI. SE-DW-U-FLARE was used with the following pa-

rameters: FOV = 48 × 48 × 48 mm3; matrix size of 128 × 64 ×

16, slice thickness of 48 mm; 4 averages to increase the SNR

with Nd = 5, 6, 7, or 8 to suppress the remaining instabilities

of the echo amplitudes; Npe1 = 64, interecho delay of 5.3 ms

with centered phase encoding in the U-FLARE echo train,

Npe2 = 16, repetition time TR = 3 s; 90° slice selective

refocusing pulse. Different sets of measurements, each with

four b-values, starting at 50 s mm−2 and with an equidistant

increment of the applied gradient of �b = 250, 1000, 2000,

5000, and 15 000 s mm−2 were used to account for the large

range of diffusion coefficients measured for different liquids

at different temperatures. For each set of measurements, only

four b-values were used in the interest of a short total

Fig. 2 Scheme of the setup for thermometry using aligned NMR thermometers in the monolith support and an optical temperature monitoring

system. 3D DW-MRI enables spatially resolved temperature measurements from the catalyst bed using NMR thermometers. Arbitrary slices can be

analyzed from 3D images to determine the temperature.

alternative NMR thermometers. The choice of the ionic liquid 

was due to its high decomposition temperature (above 400 °C), 

which facilitates temperature measurements for a variety of re-

actions taking place up to this level. The liquids were each 

filled into capillaries (OD = 0.7 mm, ID = 0.55 mm) made of bo-

rosilicate and then sealed by melting the edges.

The capillaries were aligned through the channels of a cor-

dierite honeycomb monolith used as a catalyst support 

(length: 38 mm, diameter: 25 mm, 600 cells per square inch 

(cpsi); NGK, Poland). In some experiments, two capillaries 

were used for each probing liquid to assess the consistency 

of the measured data for individual capillaries in a thermally 

homogenous system.

Ambient temperature was used as a starting point. Then, 

the temperature was increased in different steps. At each step, 

waiting for a time of approx. 45 minutes was necessary, until 

the fiber optical thermometer indicated that steady state is 

achieved. After the steady state was achieved, the NMR mea-

surements were performed as described in section 3.3.

3.2. Model reactor

An NMR compatible model reactor (length: 80 cm, inner di-

ameter: 26 mm) was developed to operate under elevated 

temperature conditions in the MRI scanner. Pressurized air 

was heated up and led into the vessel to obtain the desired 

temperature. It was preferred to use this external heating 

mechanism over heating by reaction, as each reaction is 

only applicable in a specific temperature range. Further-

more, possible spatial temperature inhomogeneities due to 

an inhomogeneous concentration profile can be avoided. 

The setup was also equipped with a cooling system to pre-

vent damage or detuning of the RF coil. For this purpose, a 

bank of PTFE tubes, in which a hydrogen-free coolant was 

circulating, was used. A cryostatic temperature regulator was 

used to cool the coolant to −5 °C. The air temperature was



measurement time. During data processing, the best suited

set of b-values was used for each combination of liquid and

temperature. The measurement time for each scan with four

b-values was ∼13 min.

MRSI. An optimized 3D MRSI pulse sequence was used

and the data were evaluated as described in detail in a previ-

ous publication.14 The main experimental parameters were: 

echo time TE = 350 ¿s (delay between RF excitation and the 

start of data acquisition), FOV = 63 × 63 × 126 mm3, matrix 

size: 42 × 42 × 42 with spherically reduced k-space sampling, 

repetition time TR = 12.5 ms, and one average yielding a total 

measurement time of 7 min 32 s.

4. Results and discussion

This section is divided into three main parts. In the first part, 

the automatic evaluation of DW-MRI images and the proce-

dure to obtain diffusion coefficients are described. In the sec-

ond part, the results are compared to the literature and theo-

retical predictions. Finally, we suggest a strategy for the 

selection of b-values to make the measurement procedure 

more efficient.

4.1. Automatic data analysis

The MRSI data sets were analyzed using an in-house devel-

oped IDL (interactive data language, version 7.0, Exelis Visual 

Information Solutions, Bolder, USA) software program. After 

apodization with a Hamming function and Fourier transfor-

mation along the three spatial directions, the matrix pencil 

method (MPM)31 was used to fit the data for the ethylene gly-

col capillaries. The temperature was determined from the 

chemical shift values of the two signals detected by the MPM 

method.14,16 Since the highest B0 homogeneity is given in the 

iso-center of the magnet, the temperatures were determined 

for three central slices of the ethylene glycol capillaries using 

the temperature dependent chemical shift differences in the 

MRSI data. These values were compared to the values deter-

mined in the same slices of the 3D DW-MRI data for the 

three thermometers. No significant temperature differences 

between the three slices were observed.

The reconstructed DW-MRI images were stored as 32 bit 

data with the Paravision 5.1 software package. Fig. 3 depicts 

the generated diffusion weighted images of the thermome-

ters. An in-house developed MATLAB (R2017b, The 

MathWorks, Inc., Natick, USA) script was used for automated 

data analysis of the images in order to locate the capillaries in 

each slice, select the central position and pick the regions of 

interest (ROIs) for the thermometers. To this end, a noise fil-

ter was applied to better visualize the images (cf., Fig. 3) and 

detect the centers of the capillaries, while the signal intensity 

of the images stays intact for further evaluations. The images 

of slices close to the iso-center of the magnet and possessing 

the lowest b-value were used to define the ROIs in each data 

set for further data analysis. Next, the signal intensities within 

the selected ROIs were added to obtain a value for the total 

signal intensity. To further increase the accuracy, the slices lo-

cated far from the iso-center were also re-analyzed by examin-

ing the neighboring slices to ensure that no physical shift of

the thermometers has occurred and the central peak of each

capillary was correctly chosen. Note that the size of ROIs re-

mains constant for a given capillary during the analysis. For a

central slice of the ethylene glycol capillary, the spatial signal

distributions around the signal maxima are illustrated in

Fig. 4 for four different b-values. Note that the four 3D surface

plots are uniformly scaled, but the same color map is used in

each subfigure for better visibility.

Finally, the temperature dependent diffusion coefficients

were estimated for each capillary by fitting the signal intensi-

ties determined for different b-values to eqn (1).

4.2. Diffusion coefficients

In this section, the diffusion coefficients measured at differ-

ent temperatures are shown and compared to the literature

data. After the thermal steady state was achieved and prior to

the DW-MRI measurements, the temperature values were

measured by MRSI of ethylene glycol with a standard devia-

tion of ∼1.5 °C.

4.2.1. Ethylene glycol. The measured diffusion coefficients

for the ethylene glycol thermometers and the literature

values27,32 are plotted in Fig. 6a. The curve predicted by

Mitchell et al. based on theoretical assumptions27 (eqn (3)) is

also superimposed as a theoretical curve. The diffusion coef-

ficients observed in the current study are in strong agreement

Fig. 3 Diffusion weighted images for the three NMR thermometers

filled with ionic liquid Pyr13 [TFSI] (top right), ethylene glycol (middle)

and glycerol (bottom left) measured at a temperature of 78 °C. The

images were measured with different diffusion weightings using

b-values of 50, 2050, 4050, and 6050 s mm−2 (�b = 2000 s mm−2) for

a–d, respectively. Note that the differences in signal intensity corre-

spond to the different diffusion coefficients of the three liquids. The

signal intensities are plotted versus b-values in Fig. 5.



with the experimental values published in the literature. In 

addition, the results match the prediction from the theory.27 

The observed agreement between experimental data, litera-

ture values and theory proves the accuracy of DW-MRI.

4.2.2. Glycerol. The diffusion coefficients obtained in the 

current study and literature values26,28,33,34 are plotted in 

Fig. 6b. The proposed fit of Tomlinson is also shown (eqn 

(4)) with the fitted curve from the current data (R2 = 0.99) as 

solid and dashed lines, respectively. The data measured in 

the current study shows very good agreement with the litera-

ture values and the fitted curve from Tomlinson. The high ac-

curacy obtained in the measurement enables the use of glyc-

erol as a standard NMR thermometer for reactions that occur 

at a maximum temperature of <290 °C at ambient pressure.

4.2.3. Ionic liquid. The measured diffusion coefficients for 

the ionic liquid Pyr13 [TFSI] are depicted in Fig. 6c. This fig-

ure also contains the results of molecular dynamic simula-

tions performed by Lesch et al.35,36 as well as the Vogel–

Tammann–Fulcher (VTF) function37 (eqn (5)) to predict the 

temperature dependence of the diffusion coefficient. The dif-

fusion coefficients published by Nicotera et al. were also 

added in the figure.38 The diffusion coefficients measured by 

DW-MRI match the experimental data from the literature and 

show a good agreement with the VTF fits (R2 = 0.98) and MD 

simulation data. Thus, the chosen ionic liquid is a promising 

liquid as a NMR thermometer for reactions taking place up 

to 400 °C, a temperature range that is of great interest for

studying reactions such as methanation or Fischer–Tropsch

reactions.

4.3. Selection of b-values

Since the diffusion weighted signal decays by a factor of

exp3−b·D) and the diffusion coefficients D of the three liquids

vary from each other, appropriate diffusion weighting

(b-values) should be applied in order to measure D with high

precision. An efficient prediction of the optimal diffusion

weighting leads to a better design of experiments and thus a

shorter total measurement time. In the following, we analyze

the use of the different sets of b-values for DW-MRI of the

three NMR thermometers. In addition, a comparison between

the theoretical assumptions and the applied gradient

strengths at each temperature point is conducted. To do this,

a theoretical assessment was conducted via the Cramer–Rao

Lower Bound Theory (CRLB)39 to predict the optimal �b

values for a given diffusion coefficient if four b-values and a

simple exponential model are used. The CRLB values describe

the minimum error of estimated parameters of a model func-

tion fitted to experimental data. The results of the analysis are

illustrated in Fig. 7a, where the CRLB errors are plotted versus

the diffusion coefficients for the different �b values. Basically,

with increasing temperature, the desired �b decreases. This is

due to higher diffusivity of the liquids as a result of lower vis-

cosity at higher temperatures. During the measurement, an

Fig. 4 Signal intensities around the signal maxima for the ethylene glycol thermometer based on the DW-MR images using b-values of 50, 2050,

4050, and 6050 s mm−2 for a–d, respectively (cf., Fig. 3).



online analysis of the fitted curves was conducted in order to 

calculate the fitting error for a specific set of b-values. The 

lowest fitting error was used to determine the optimum diffu-

sion weighting at each temperature. The �b values applied for 

the three liquids at different temperatures are illustrated in 

Fig. 7b. The determined optimal �b values are in very good 

agreement with the CRLB predictions. Thus, Fig. 7 gives a 

straightforward choice of appropriate �b values in diffusion 

measurement for the different NMR thermometers.

4.4. General discussion and outlook

The results of the study confirm that the proposed DW-MRI 

method works very well and can measure the temperature of 

the catalyst bed. The spatially resolved method enables in-

plane measurements of the temperature to provide correct 

values for boundary conditions in numerical simulations. 

Three liquids were studied in order to propose three NMR 

thermometers, which target different temperature ranges for 

heterogeneously catalyzed reactions.

Comparing the values obtained in the current study and 

the corresponding data reported in the literature, DW-MRI 

shows a high accuracy in temperature measurements at ele-

vated temperatures. The reproducibility of this approach has 

been proven by using different capillaries filled with the 

same liquids and repeating measurements at certain temper-

ature points three times. The results obtained for the three 

probing liquids show the broad applicability of the applied 

method. Which liquid will be the NMR thermometer of 

choice will depend on the specific applications. Even though 

ethylene glycol was mainly used for reference temperature 

measurements by MRSI, DW-MRI of ethylene glycol has 

proven its value for a temperature range <160 °C, in particu-

lar, in case of a low B0 inhomogeneity. Glycerol with its much

lower diffusion coefficients requires strong b-values and is

thus hardware demanding, particularly at low temperatures.

However, glycerol will enable measurements at higher tem-

peratures due to its boiling point of 289 °C and the large

changes in D for a given temperature difference, leading to

more precise results. The ionic liquid exhibits a moderate dif-

fusion coefficient (Dethylene glycol > Dionic liquid > Dglycerol). Al-

though the changes in D for a given temperature difference

are smaller than those for glycerol (cf. Fig. 6b and c), the high

decomposition temperature makes the ionic liquid a good

candidate for temperature measurements up to 400 °C. The

automatic analysis of the results is another advantage of the

current approach. The automatic analysis not only increases

the accuracy of the results, but it also helps to probe the tem-

perature in an arbitrary region of the 3D image as soon as

the diffusion weighted images are reconstructed.

The sets of b-values applied for the diffusion measure-

ments show that a steady reduction in the chosen �b is nec-

essary as the temperature increases. The three NMR liquids

have different thermodynamic properties, which hindered

the optimization of the measurements for a specific liquid

used in an NMR thermometer. Therefore, it will be necessary

to find an optimal selection of b-values for upcoming studies

with a certain liquid.

Compared to the promising work published by Koptyug

et al., in which the spin–lattice relaxation time T1 and the sig-

nal intensity were used to measure temperature using 27Al

MRI in Al2O3 samples,40 the current thermometry by DW-MRI

of probing liquids can be applied without using multinuclear

NMR hardware. However, since capillaries or capsules have

to be inserted into the catalyst support, the proposed ap-

proach is not completely non-invasive.

Fig. 5 Signal intensity versus b-value for Pyr13 [TFSI], ethylene glycol, and glycerol measured at 78 °C. The diffusion coefficient can be obtained by

fitting the values using eqn (1) (DPyr13[TFSI] = 1.40 × 10−4 mm2 s−1, Dethylene glycol = 4.34 × 10−4 mm2 s−1, and Dglycerol = 4.20 × 10−5 mm2 s−1, R2
>

0.98). Note that a small offset of the curve may occur due to the mean noise level of the image calculated in the magnitude mode. Optimal �b

values were chosen for fitting the data as discussed later in section 4.3.



Fig. 6 Diffusion coefficients of a) ethylene glycol, b) glycerol, and c) Pyr13 [TFSI] over temperature.



Indisputably, some improvements are necessary to apply 

the current method as a primary method for temperature 

measurement of heterogeneous catalysts. For instance, the 

DW-MRI sequence should be optimized, particularly to re-

duce the total measurement time and, thus, increase the time 

resolution of the temperature measurements. Additionally, 

the number of diffusion weighted experiments and the used 

b-values should be adjusted for a given NMR thermometer

and the temperature range of interest.

5. Conclusion

A 3D DW-MRI approach for temperature measurements in 

heterogeneously catalyzed systems was applied. Using MRSI of 

ethylene glycol as a reference, the applicability of the method 

was proven. To be able to increase the feasible temperature 

range, glycerol and the ionic liquid Pyr13 [TFSI] were investi-

gated as temperature stable liquids. In this way, measurements 

in broad and elevated temperature ranges are possible. The 

obtained results showed high accuracy and consistency with 

the

literature data. As compared to MRSI, the method is less sensi-

tive to spatial inhomogeneities of the static magnetic field and

allows rapid and robust measurements of high temperatures.
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