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ABSTRACT

The widespread application of mid-infrared (MIR) spectroscopy for process monitoring is currently limited by the
poor transmission of MIR light through fibre optics. In this work, the performance of a novel and robust MIR
spectrometer has been evaluated for practical deployment in a pilot plant or production environment. The
spectrometer utilises a Sagnac interferometer design containing no moving parts and is directly attached to an
attenuated total reflectance probe, eliminating the need for fibre optics. The quantitative performance of the
spectrometer for the in situ analysis of ternary solvent mixtures was assessed. The predictions obtained by partial
least squares were accurate (root mean square error of prediction of < 1 % w/w) and comparable to those of a
benchmark Michelson-based spectrometer with a fibre-coupled probe, which is more amenable to process
development in a laboratory or pilot plant. Calibration transfer between the two spectrometers was performed
using the spectral space transformation method to mimic the scenario of the scale-up of a process from the
laboratory to pilot scale or from a pilot plant to production scale, where the two different MIR instruments might
be deployed. The ability to perform in situ reaction monitoring with the robust Sagnac-based spectrometer was
then demonstrated. Spectra acquired during an esterification reaction were resolved using multivariate curve
resolution, to produce concentration profiles of each component. These results demonstrate the suitability of this
rugged spectrometer for quantitative in situ monitoring of liquid processes, opening up new opportunities for
process monitoring in the MIR region.

1. Introduction

which inhibits the ability to locate instruments away from harsh process
environments. Silica fibre optics cannot be used for MIR applications

Mid-infrared (MIR) spectroscopy is a molecularly specific form of
optical spectroscopy. It produces highly defined spectra with distinct
peaks, and functional groups can easily be identified [1,2]. This can
provide a major advantage in process analysis, and the use of MIR
spectroscopy to monitor a variety of different reactions has been
demonstrated. Examples include esterification reactions [3], polymeri-
sation reactions [4-8], bioprocesses [9-11], active pharmaceutical
ingredient manufacturing [12], and the kinetics of consecutive organic
reactions [13]. Some commercially available fibre-coupled MIR spec-
trometers have been designed for in situ reaction monitoring. These in-
struments utilise Michelson interferometers, and are fibre-optically
coupled to probes typically containing diamond attenuated total
reflectance (ATR) crystals. The main limitation of process MIR spec-
troscopy is the difficulty in transmitting MIR light through fibre optics,
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because they are not transparent in the MIR region. Chalcogenide
glasses and polycrystalline silver halide fibre optics can transmit in the
MIR region. However, the usable length of fibre optics manufactured
from these materials is limited to around 5 m. This is because the
attenuation of light is high due to absorption and scattering, both of
which increase with distance. Silver halide fibres also have short life-
times, as they become opaque with time. This has limited the wide-
spread application of MIR spectroscopy in process monitoring [1,
14-18].

To overcome the challenges associated with the transmission of MIR
light through fibre optics, a miniaturised MIR spectrometer with a probe
directly attached has previously been demonstrated for on- and in-line
reaction monitoring [15,19]. Chalcogenide fibres were used within the
probe to direct the radiation to the spectrometer unit, and the radiation
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was dispersed onto the detector using a diffraction grating. As the length
of fibre required was reduced by attaching the probe directly to the
instrument, less light was lost through attenuation. However, the spec-
trometer lacked the robustness required for process monitoring. MIR
sensors that do not employ fibre optics have been developed for process
monitoring, but are generally only suitable for analysis of specific
components [1,20].

An alternative to the standard Michelson interferometer is the
Sagnac interferometer, which contains no moving parts [21-23]. Light
from the sample is split into two beams, and instead of varying the
pathlength with moving mirrors, the beams are directed around a loop
interferometer in opposite directions. Any noise present from vibration
is eliminated, as it will have the same effect on both beams. The Sagnac
interferometer is therefore extremely robust, and has even been utilised
in space applications [21,24]. A spectrometer has been developed by
Keit Ltd. for process monitoring, utilising a Sagnac interferometer with a
detector array [23,25]. The whole interferogram is formed simulta-
neously on the detector array and the robustness of the interferometer
allows an ATR probe to be attached directly to the spectrometer, elim-
inating the need for any fibre optics. These features provide a potential
solution to the problems associated with the use of MIR spectroscopy in
process analysis. Recently, the Sagnac-based spectrometer has been used
to monitor solute concentration during a crystallisation process in an
oscillatory baffled reactor [26]. However, the performance of the
spectrometer has not been evaluated against more typical MIR spec-
trometers used for process analysis, such as the Michelson
interferometer-based design.

In this work, the performance of the novel Sagnac-based MIR spec-
trometer is assessed in several scenarios to mimic practical deployment
in process monitoring. Quantitative analysis of ternary solvent mixtures
was first demonstrated as an example of monitoring a typical hydro-
carbon mixing or blending operation. Partial least squares (PLS) models
were built to predict the concentrations of each solvent present in the
mixtures, and the predictions were compared to those obtained using a
Michelson-based MIR spectrometer, which was fibre-coupled to a dia-
mond ATR probe. The Sagnac-based spectrometer is designed for use in
a pilot plant or production environment, whereas the Michelson-based
spectrometer with a fibre coupled probe is more amenable to process
development in a laboratory or pilot plant. Therefore, calibration
transfer between the two spectrometers was performed to mimic the
scale-up of a process from the laboratory to pilot scale or from a pilot
plant to production scale, where the two different MIR instruments
might be deployed. The purpose of calibration transfer is to maintain
accurate predictions from a model built with data from one instrument
or condition when it is applied to data acquired using another instru-
ment or condition. This avoids the need to build a new calibration
model, saving time and resources [27-29].

The suitability of the Sagnac-based MIR spectrometer for in situ re-
action monitoring was then evaluated. The spectrometer was used to
monitor the esterification reaction between acetic anhydride and butan-
1-ol, with a pyridine catalyst, forming butyl acetate and acetic acid. This
reaction was selected as it is simple and well-studied [19,30-35].
Multivariate curve resolution alternating least squares (MCR-ALS) was
utilised to resolve the pure component spectral and concentration con-
tributions from the mixture spectra collected during the course of the
esterification reaction [30,36-38].

2. Experimental
2.1. Instrumentation

The Sagnac-based MIR spectrometer used in this work was the Echo+
prototype spectrometer (Keit Ltd., Didcot, UK). The probe is directly
attached to the spectrometer unit and has an ATR crystal made of
amorphous material transmitting infrared radiation (AMTIR-1), a type
of chalcogenide glass. The light source is an etched silicon wafer micro-
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electromechanical systems (MEMS) device, and within the instrument,
light is guided using only mirrors and solid light pipes. An amorphous
silicon-based microbolometer detector array, designed for use in ther-
mal imaging cameras, is utilised in the instrument. The spectrometer
unit is compact, measuring 204 mm x 97 mm x 32 mm, and the
attached probe is 257 mm long, with a diameter of 25 mm. The in-
strument covers the range 800 — 2000 cm ™! with a nominal resolution of
16 cm™ L.

The performance of the Sagnac-based spectrometer for the in situ
analysis of liquids was compared to that of the MB3000 spectrometer
(ABB, Zurich, Switzerland), a Michelson-based Fourier transform
infrared (FTIR) spectrometer with a polycrystalline silver halide fibre-
coupled diamond ATR probe (Art Photonics, Berlin, Germany) that is
12.7 mm in diameter. The spectrometer covers the range 485 -
8500 cm ™!, and the range 600 — 1900 cm ™ is available with the probe
used (due to the light throughput of the fibre and diamond ATR crystal).
The nominal resolution can be altered from 1 — 64 cm™!, and 16 cm™!
resolution was used for comparison to the Sagnac-based spectrometer.

2.2. Materials and methods

2.2.1. Basic performance assessment

A basic comparison of the Sagnac- and Michelson-based spectrome-
ters was first carried out. A single spectrum of acetone (> 99.8 %, VWR,
Fontenay-sous-Bois, France) was measured using each spectrometer.
With both instruments, a single scan was performed, and a background
spectrum of air was measured before analysis. The acquisition time for
the Sagnac-based spectrometer was 1.5 s, and for the Michelson-based
spectrometer it was 0.8 s. The signal to noise ratio was calculated for
each spectrum by dividing the height of the peak at approximately
1360 cm ™! by the standard deviation of the noise over the region 960 —
1040 cm .

2.2.2. Analysis of solvent mixtures

Quantitative in situ analysis of a set of solvent mixtures was carried
out using the Sagnac- and Michelson-based spectrometers. Sixteen
calibration samples and six test samples were prepared, containing
varying concentrations of acetone (> 99.8 %, VWR, Fontenay-sous-Bois,
France), ethanol (> 99.8 %, VWR, Fontenay-sous-Bois, France) and ethyl
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Fig. 1. Concentrations of solvents in ternary mixtures with calibration samples
shown in grey and test samples shown in red.



C. McFarlan et al.

acetate (> 99.5 %, Sigma Aldrich, Steinheim, Germany). The composi-
tions of the mixtures were chosen to span the range of a ternary diagram
(Fig. 1), and are detailed in the Supplementary Information (Table S1).
Three repeat measurements were collected for each sample, which were
analysed in a random order, and each measurement was an average of
19 scans (the number acquired by the Sagnac-based spectrometer in
30 s).

2.2.3. Esterification reaction

125 mL of acetic anhydride (99+%, Acros Organics, Geel, Belgium)
was added to a 250 mL reaction vessel (Reactor-Ready, Radleys, Essex,
UK), which was stirred at a speed of 150 rpm using an overhead stirrer
(Eurostar digital, IKA, Oxford UK). The probe of the Sagnac-based
spectrometer was inserted into the reaction vessel and spectra were
recorded every 1.6 s throughout the reaction. Each spectrum consisted
of a single scan, and the average of every sixteen spectra was calculated
prior to performing MCR-ALS to reduce the amount of noise in the
concentration profiles. The reaction was initially performed at 40 °C, as
this has previously been shown to be effective [19], and was then
repeated at a higher (50 °C) and lower (20 °C) temperature. For each
reaction, the vessel was heated to the desired temperature using a water
jacket and allowed to equilibrate at this temperature for 5 minutes.
10 mL of pyridine (> 99 %, Sigma Aldrich, Steinheim, Germany) was
added, and the mixture was allowed to equilibrate for another
5 minutes. 121 mL of butan-1-ol (99 %, Acros Organics, Geel, Belgium)
was then added and the reaction was allowed to progress for an hour.

Spectra of pure acetic anhydride, butan-1-ol, acetic acid (99 — 100 %,
Sigma Aldrich, Steinheim, Germany) and butyl acetate (> 99.5 %, Sigma
Aldrich, Steinheim, Germany), each consisting of a single scan, were
collected at 40 °C for reference. The temperature profile of the reaction
at 40 °C was recorded using a thermocouple with a data logger
(YC747UD 4 Channel Data Logger Thermometer, YCT), which was
inserted into the reaction mixture. To confirm the accuracy of the
compositions obtained by MCR, a 1:1 molar mixture of acetic acid and
butyl acetate was prepared and five spectra each consisting of a single
scan were acquired at room temperature. This sample represents the
expected composition of the reaction mixture at the end of the reaction.

2.3. Data analysis

2.3.1. PLS1 models

For the spectra of the solvent mixtures acquired using each spec-
trometer, PLS1 models were built for each component using PLS Toolbox
version 8.2.1 (Eigenvector, Washington, USA) in MATLAB 2016b
(MathWorks, Massachusetts, USA). The spectra of the calibration sam-
ples were used to build the models, and the models were used to predict
the concentration of each component present in the test samples. The
spectral range 800 — 1600 cm ™! was used to build the PLS1 models and
mean centring of the data was carried out prior to modelling. Models
were also built using the full useable spectral range of each instrument.
A custom method of cross-validation was used based on contiguous
blocks, where each block contained the three repeat measurements of
each sample. Calibration samples 1 — 3 (the pure solvents) were included
in every calculation, to give a total number of thirteen tests. The number
of latent variables to include in each model was chosen by examination
of bias/variance plots of C1 (where C1 is a scaled combination of the
Euclidean norm of the regression vector and the root mean square error
of calibration (RMSEC)) against the Euclidean norm of the regression
vector, as described by Kalivas and Palmer [39], along with plots of root
mean square error of cross validation (RMSECV) against the number of
latent variables.

2.3.2. Calibration transfer

Calibration transfer was performed to make the spectra of the solvent
mixtures acquired using the Sagnac-based spectrometer resemble those
acquired using the Michelson-based spectrometer. The measurements of

Vibrational Spectroscopy 135 (2024) 103747

calibration samples 1, 2, 3, 8, 9 and 10 acquired using the Sagnac- and
Michelson-based spectrometers were used to calculate a transfer func-
tion between the two spectrometers by spectral space transformation
(SST) [40]. The transfer samples were chosen to include each of the pure
components and three ternary samples. SST was performed in MATLAB
using the algorithm described by Du et al. [40]. Five singular values
were included in the SST model. The spectra acquired using the
Sagnac-based spectrometer were interpolated in MATLAB prior to
calculating the transfer function so that the wavenumbers of the mea-
surements matched the spectra acquired on the Michelson-based spec-
trometer. Interpolation was carried out using the MATLAB “interpl”
function with the “spline” method.

The PLS1 models built using the calibration spectra acquired on the
Michelson-based spectrometer (described in Section 2.3.1) were used to
predict the compositions of the test spectra acquired using the Sagnac-
based spectrometer. Root mean square error of prediction (RMSEP)
values were calculated, and the results obtained with and without SST
were compared to assess the effect of calibration transfer on the PLS
predictions.

2.3.3. Multivariate curve resolution-alternating least squares

GUIPRO software, developed by Gemperline and Cash [38], was
used to perform MCR-ALS and obtain the concentration profiles and
spectra of each component within the esterification reaction mixture
spectra acquired using the Sagnac-based spectrometer. GUIPRO allows
the application of penalty functions to the ALS constraints to alter the
hardness/softness with which the spectral and concentration constraints
are applied.

GUIPRO version GP 2016b was used in conjunction with MATLAB.
The spectra of the reactions at 40, 50 and 20 °C were concatenated into a
single spectral matrix before GUIPRO was performed. The spectral re-
gion between 1070 cm ™! and 1170 cm ™! was also removed since the
absorbance of acetic anhydride was very high (up to 2.1) in this region.
Pyridine was not included when building the model due to its low
concentration. The reference spectra collected at 40 °C were used as
spectral equality constraints. The concentration equality constraints for
butan-1-ol, acetic acid and butyl acetate were set to zero in the regions of
time when only acetic anhydride and pyridine were present. Non-
negativity was applied to the spectra and concentration profiles. A
spectral constraint sensitivity (with possible values ranging from 0.01 —
20) of 0.1 (soft) was used and a concentration constraint sensitivity of 20
(hard) was used. The maximum number of iterations was set to 500 and
the convergence tolerance was set to 1 x 1074,

To assess the performance of the model, the estimated pure
component spectra were used to calculate concentration profiles for the
reference 1:1 mixture of the products by classical least squares (CLS).
The five spectra of the reference mixture were averaged prior to per-
forming CLS.

3. Results and discussion
3.1. Basic performance assessment

Spectra of acetone acquired using the Sagnac- and Michelson-based
spectrometers are displayed in Fig. 2. In the spectrum acquired using
the Sagnac-based spectrometer the absorbance of the three largest peaks
(at 1220, 1360 and 1710 cm™') was lower (approximately 0.4 — 0.6
compared to 0.6 — 1.1), but the spectra are otherwise similar in the re-
gion 800 — 1600 cm L. The differences observed in absorbance are likely
to be due to both pathlength and resolution, as the absorbance of the
smaller peaks (at 910, 1090 and 1420 cm’l) is the same in both spectra.
The nominal resolution was set to 16 cm™! for both instruments, which
gave one data point every 8.28 and 7.71 cm™! for the Sagnac- and the
Michelson-based spectrometers, respectively. Above 1600 cm™!, the
light throughput of the fibre-coupled probe to the Michelson-based
spectrometer was low, producing large variations in absorbance.
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Fig. 2. Single scan of acetone obtained at a nominal resolution of 16 cm™!

using the Michelson-based spectrometer (red) and the Sagnac-based spec-
trometer (blue). The dashed vertical lines denote the region used for
data analysis.

Therefore, the region 800 — 1600 cm ™! (shown by the vertical dashed
lines) was used to build the PLS and SST models. The calculated signal to
noise ratios were 180 for the Michelson-based spectrometer and 107 for
the Sagnac-based spectrometer; both values are high enough for the
peaks to be clearly distinguished and to be used for quantitative analysis.

3.2. Solvent mixture analysis

The spectra of ethanol, acetone and ethyl acetate acquired using (a)
the Sagnac-based spectrometer and (b) the Michelson-based spectrom-
eter are shown in Fig. 3. The dashed vertical lines define the region used
for data analysis. The spectra obtained of each solvent with the two
spectrometers were as expected [41]. The peaks in the spectra acquired
using the Sagnac-based spectrometer have slightly lower absorbance (up
to 0.2 less) than those acquired using the Michelson-based spectrometer.
There is significant overlap of the peaks for each solvent, particularly
ethyl acetate, which overlaps with ethanol at 1050 cm ! and acetone in
the regions 1200 — 1300 cm™! and 1350 — 1400 cm™!. Therefore,
multivariate analysis is required to obtain quantitative information from
the spectra.

The RMSECV, RMSEC and RMSEP values for the predicted versus
actual concentrations of the solvent mixtures for each model built using
the spectral range 800 — 1600 cm ™ * are displayed in Table 1. The values
for the models built with the useable spectral range of each instrument
are also shown for comparison; 800 — 2000 cm ™! and 600 — 1600 cm ™!
for the Sagnac- and Michelson-based spectrometers, respectively. The
mean and standard deviation (n = 3) of the predicted concentrations for
each test sample are provided in the Supplementary Information
(Table S2-S5). In the range 800 — 1600 cm’l, the RMSECV, RMSEC and
RMSEP values for both instruments are low (less than 1% w/w),
demonstrating that accurate predictions could be obtained by all
models. The RMSEP values for the models built using the Michelson-
based spectrometer were slightly lower than those for the Sagnac-
based spectrometer (0.48 — 0.53 % w/w compared to 0.58 — 0.83 %
w/w), and the RMSECV and RMSEC values follow a similar trend.
Additionally, one more latent variable was required for the models built
using the Sagnac-based spectrometer.

Inclusion of the spectral region 600 — 800 cm ™! had little effect on
the predictions obtained using the Michelson-based spectrometer, as
little spectral information was present in this region. For the Sagnac-
based spectrometer, inclusion of the full spectral range slightly wors-
ened the predictions (by 0.11 — 0.39 % w/w), however fewer latent
variables were required for acetone and ethanol (three and four
respectively, compared to five). For ethyl acetate, six latent variables
were required but the RMSECV and RMSEC values were lower (by 0.30

Vibrational Spectroscopy 135 (2024) 103747

—_~
&
~

3>
>

Ethanol

Acetone

—_
[e=)
T

Ethyl acetate

=4
oo
T

f=4
[=)}
T

=
i
T

Absorbance

=3
[N}
T

f=4
(=]
T

J\J&Ao A‘\\

600 800 1000 1200 1400 1600 1800 2000
-1
Wavenumber/cm

(b)

A
A

LSE

1.0

Absorbance

600 800 1000 1200 1400 1600 1800 2000
1

Wavenumber/cm™

Fig. 3. Spectra of ethanol (blue), acetone (green) and ethyl acetate (orange)
obtained using (a) the Sagnac-based spectrometer and (b) the Michelson-based
spectrometer. In both cases, spectra were acquired at a nominal resolution of
16 cm ™! and 19 scans were averaged. The dashed lines show the region used for
data analysis.

Table 1
RMSECV, RMSEC and RMSEP for the PLS1 models built using spectra of solvent
mixtures acquired using the Sagnac- and Michelson-based spectrometers.

Spectrometer Component  Number RMSECV  RMSEC RMSEP
of latent /(% w/ /Gw/ /(% w/
variables w) w) w)
Michelson- Acetone 4 0.48 0.42 0.50
based (800 - Ethanol 4 0.69 0.56 0.53
1600 cm ™) Ethyl 4 0.49 0.43 0.48
acetate
Sagnac-based Acetone 5 0.66 0.55 0.58
(800 — Ethanol 5 0.93 0.73 0.83
1600 cm ™) Ethyl 5 0.77 0.63 0.68
acetate
Michelson- Acetone 4 0.47 0.42 0.64
based (600 — Ethanol 4 0.57 0.47 0.45
1600 cm ™) Ethyl 4 0.55 0.48 0.46
acetate
Sagnac-based Acetone 3 0.78 0.68 0.76
(800 — Ethanol 4 1.07 0.90 1.22
2000 cm™ 1) Ethyl 6 0.47 0.38 0.79
acetate

and 0.25 % w/w respectively) than when the region 1600 — 2000 cm !
was excluded. The increase in the RMSEP values observed upon inclu-
sion of the region 1600 — 2000 cm ™! may be because the inclusion of
noise in this region outweighs the benefit of including the carbonyl
peaks. As the differences were not large overall, these results demon-
strate that the reduction of the spectral range was not particularly
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detrimental to the performance of the models. The overall accuracy of
the predictions demonstrates that the Sagnac-based spectrometer is
suitable for the quantitative in situ analysis of liquids.

3.3. Calibration transfer

To mimic the scenario of the scale-up of a process from the labora-
tory to pilot scale or a pilot plant to production scale, where different
MIR instruments might be deployed, the ability to transfer a calibration
model built with data from the Michelson-based spectrometer to data
acquired using the Sagnac-based spectrometer was explored. To remove
differences in the data spacing between the two instruments, interpo-
lation was performed. However, calibration transfer is necessary in
addition to interpolation as the differences between the spectrometers
produce differences in the spectral response. SST was selected as the
method of calibration transfer, as it is less sensitive to the choice of
transfer samples than direct standardisation and is simpler to implement
than piecewise direct standardisation [42]. The spectra of test sample 2
acquired using the Sagnac-based spectrometer with interpolation only
and with interpolation followed by SST are shown in Fig. 4, along with
the spectrum of test sample 2 acquired using the Michelson-based
spectrometer for comparison. With SST, the spectra acquired using the
Sagnac-based spectrometer closely resemble the spectra acquired using
the Michelson-based spectrometer. Slight deviations were present below
850 cm ™! due to noise in the baseline in this region of the spectra ac-
quired using the Sagnac-based spectrometer.

The RMSEP values for the PLS1 predictions of the test spectra ac-
quired using the Michelson-based spectrometer, the Sagnac-based
spectrometer after interpolation and the Sagnac-based spectrometer
after interpolation and application of SST are displayed in Table 2. The
PLS1 models built using the Michelson-based spectrometer in the region
800 — 1600 cm~* were used for all predictions. Without SST, the RMSEP
values obtained using spectra acquired on the Sagnac-based spectrom-
eter were significantly higher than the RMSEP values of the spectra
acquired on the Michelson-based spectrometer (5.75 — 9.24 % w/w
compared to 0.48 — 0.53 % w/w). As expected, this demonstrates that
interpolation alone is insufficient to allow the model built with the
Michelson-based spectrometer to be applied to data acquired using the
Sagnac-based spectrometer. With SST, the RMSEP values obtained using
the Sagnac-based spectrometer decreased to produce values comparable
to those obtained using the Michelson-based spectrometer (0.69 —
1.14 % w/w). These results clearly demonstrate the effectiveness of SST
for transferring calibration models between different instruments.

0.7p
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0.6 Sagnac after SST
—— Michelson
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03F
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02F
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Fig. 4. Spectra of test sample 2 acquired using the Sagnac-based spectrometer
after interpolation only (blue) and after interpolation and application of SST
(orange), compared to the spectrum acquired using the Michelson-based spec-
trometer (green). Spectra were acquired at a nominal resolution of 16 cm ™! and
19 scans were averaged.
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Table 2

RMSEP values for the PLS1 models built using calibration spectra acquired with
the Michelson-based spectrometer and test spectra acquired with the Michelson-
based spectrometer, the Sagnac-based spectrometer with interpolation only, and
the Sagnac-based spectrometer with interpolation followed by SST.

RMSEP/(% Spectrometer used to acquire test spectra with pre-processing

w/w) employed

Component Michelson- Sagnac-based Sagnac-based
based spectrometer with spectrometer with
spectrometer interpolation interpolation and

SST

Acetone 0.50 9.24 0.69

Ethanol 0.53 5.75 1.14

Ethyl 0.48 7.77 0.96

acetate

3.4. Esterification reaction monitoring

The performance of the Sagnac-based spectrometer was then
assessed for the in situ monitoring of an esterification reaction between
acetic anhydride and butan-1-ol at three different temperatures. The
spectra collected during the esterification reaction at 40 °C are shown in
Fig. 5. The absorbance of the acetic anhydride peaks at approximately
1800 cm ™! (C=0 stretch), 1000 em 'and 1100 cm ™! (C-O stretch), and
900 cm ™! decreased significantly during the reaction, and the product
peaks at 1750 cm ™! (arising from the overlapping C=O0 stretch of acetic
acid and butyl acetate) and 1250 cm ! (C-O stretch of butyl acetate)
increased in absorbance. The spectrum of butan-1-ol has a relatively low
absorbance and the peaks are obscured by the other components. Due to
the significant peak overlap present, MCR-ALS was used to decompose
the reaction spectra into their pure component contributions.

The estimated concentration profiles of the reactions carried out at
40, 50 and 20 °C (determined using the concatenated spectra of the three
reactions) are shown in Fig. 6(a), (b) and (c), respectively. The con-
centrations are relative, representing the contribution of each estimated
pure component spectrum to the total absorbance (with values scaled
with respect to the first spectrum of the dataset). At the start of the re-
action, only acetic anhydride (blue) was present. A slight decrease in
concentration was observed in each plot at approximately 10 minutes
before butan-1-ol was added, due to the addition of pyridine. For the
reaction performed at 20 °C, the concentration of acetic anhydride ap-
pears to be above 1 before the addition of pyridine, as the spectra
measured at 20 °C differ slightly to the reference spectra (which were
acquired at 40 °C) and the density is higher at lower temperature.

When butan-1-ol (green) was added (time = O minutes) to the
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Fig. 5. Spectra acquired of the esterification reaction at 40 °C using the Sagnac-
based spectrometer. Measurements were performed every 1.6s and each
spectrum is the average of 16 scans. Blue represents the start of the reaction and
yellow represents the end of the reaction.
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Fig. 6. Estimated concentration profiles (by GUIPRO) of components present in the reaction mixture spectra collected during the esterification reactions at (a) 40 °C
with temperature profile, (b) 50 °C and (c) 20 °C. A time of 0 minutes denotes when butan-1-ol was added.

reaction at 40 °C, the relative concentration of acetic anhydride halved
and became equal to that of butan-1-ol. The concentrations of the two
reactants then decreased at the same rate, rapidly in the first fifteen
minutes. The difference observed in the estimated concentrations of the
two products is due to the dependency of the absorbance on molar
density [43-45], as butyl acetate has a larger volume per mole than
acetic acid. The temperature profile of the reaction mixture is overlaid
with the concentration estimates in Fig. 6(a). Initially the temperature
was stable at 40 °C but when butan-1-ol was added, the temperature
sharply decreased to around 20 °C. However, the reaction is exothermic
and the temperature rapidly increased, reaching almost 65 °C before the
water jacket was able to gradually cool the reaction mixture.

As expected, when the reaction was carried out at 50 °C, an increase
in the rate of reaction was observed, and when the reaction was carried
out at 20 °C a decrease in rate was observed. The initial rates of pro-
duction of butyl acetate for the reactions performed at 20, 40 and 50 °C
are shown in Table 3. The spectral estimates of each component (Fig. 7)
were similar to the reference spectra acquired at 40 °C, however slight
differences can be observed due to interaction of the components. The
ability to use the reference spectra as soft equality constraints during
MCR allows for this deviation and is an advantage of GUIPRO. The
GUIPRO model estimate accounted for 99.82 % of the variance in the
original spectra, demonstrating a good fit to the data.

The relative concentrations of the reference mixture of 1:1 acetic
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Table 3 acid:butyl acetate obtained by CLS using the spectral estimates from
Initial rate of formation of butyl acetate calculated from the concentration GUIPRO are displayed in Table 4. The values are similar to those at the
profiles estimated by GUIPRO for esterification reactions performed at 20, end of the reaction estimated by GUIPRO, confirming the estimates
40 and 50 °C. obtained using GUIPRO. The differences between the two sets of values
Reaction temperature (°C) Initial rate (min—") can be attributed to the presence of the reactants at low concentration at
20 0.035 the end of the esterification reaction due to incomplete conversion and
40 0.045 small differences in density arising from temperature (as the reference
50 0.063 mixture was analysed at room temperature). These results demonstrate
the effectiveness of the Sagnac-based spectrometer for measuring con-
centration changes throughout the course of a reaction and detecting
differences in reaction rate.
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Fig. 7. Estimated pure spectra (by GUIPRO) of components present in the reaction mixture spectra collected during the esterification reactions at 40, 50 and 20 °C
(solid lines) and reference pure component spectra at 40 °C (dashed lines).
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Table 4

Estimated relative concentrations, by CLS, of acetic anhydride, butan-1-ol, acetic
acid and butyl acetate present in spectra of 1:1 acetic acid:butyl acetate mixture
(by molarity), and the relative concentrations of each component at the end of
the esterification reaction performed at 40 °C, estimated by GUIPRO. All spectra
were acquired using the Sagnac-based spectrometer.

Component Relative concentrations in Relative concentrations at
1:1 (molarity) acetic acid: end of esterification reaction
butyl acetate mixture performed at 40 °C

Acetic —0.04 0.03

anhydride

Butan—1-ol 0.01 0.06

Acetic acid 0.41 0.33

Butyl 0.68 0.62

acetate

4. Conclusions

In this study, the suitability of a novel and robust MIR spectrometer
for quantitative in situ analysis of liquid processes was evaluated. Ac-
curate PLS predictions could be obtained using the Sagnac-based spec-
trometer for the analysis of ternary solvent mixtures, achieving RMSEP
values of < 1 % w/w. The predictive performance was comparable to
that of a benchmark fibre-coupled Michelson-based spectrometer. Cali-
bration transfer between the two spectrometers was shown to be effec-
tive, demonstrating the potential to deploy a model, built in the
laboratory or on a pilot plant, at pilot or production scale where a
different instrument might be used. For example, the Michelson-based
spectrometer with a fibre-coupled probe might be used in the labora-
tory or at pilot scale, with the Sagnac-based spectrometer deployed in a
pilot plant or production environment.

The esterification reaction between acetic anhydride and butan-1-ol
was successfully monitored at three different temperatures. Using MCR-
ALS, the spectra of the reaction mixtures were resolved into pure
component contributions and concentration profiles without the need
for calibration data, and it was possible to detect changes in reaction rate
when the temperature was varied.

Overall, this study demonstrates the effectiveness of a novel, robust
spectrometer design based on a Sagnac interferometer for the in situ
process analysis of liquids. This new spectrometer design provides a
solution to the major challenge of transmitting MIR light through fibre
optics, which has inhibited the widespread implementation of MIR
spectroscopy for process monitoring. The robustness of the spectrometer
makes it particularly suitable for integration into a vessel or process line
in harsh or hazardous conditions, including environments with high
vibration and flammable atmospheres (e.g., petrochemical and bulk
chemical processes). Therefore, the novel spectrometer offers the op-
portunity to deploy MIR spectroscopy more widely in industrial
scenarios.
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