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The ammoniation of fatty acid produces fatty amide, as well as unstable ammonium salt, whose compo-
sition profile can vary with off-line sampling. This makes the analysis and determination of reaction kine-
tics challenging. In-line FT-IR spectroscopy removes the need for sampling, but requires calibration of the
reacting system at reaction conditions, which is complicated by the near-instant formation of ammonium
salt. In this work, we demonstrate the development of a calibration method which overcomes the com-
plexities posed by both off-line and in-line analysis. This is achieved by taking only eight off-line samples
for determination of the more stable components and formulating mass balances of the reactive system
for each in-line acquired FT-IR spectrum. This allows for the determination of the rapidly fluctuating salt
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content. The essential assumptions underlying the mass balances and the resulting calibration are based
on a qualitative examination of the reaction system through principal component analysis. Put together,
this enables in-line calibration of the system at reaction conditions, achieving relative errors below 10%
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1 Introduction

The production of base chemicals from renewable resources is
of critical concern in the future to reduce the need for fossil-
based feedstocks. The production of fatty amides from fatty
acids, traditionally sourced from waste plant oil or animal fat,
is the perfect embodiment of such a sustainable manufactur-
ing strategy. These fatty amide compounds are an important
class of base chemicals mainly used as lubricants’™ and in
the production of fatty amines, as well as in the production of
several types of fatty amine based surfactants.™®

Fatty acid reacts with ammonia to fatty amide and water in
an equilibrium reaction, where at higher temperatures of
about 250 °C, the fatty amide dehydrates further to give the
fatty nitrile,” usually further accelerated by using a metal oxide
catalyst.”® At lower temperatures, the fatty acid can also react
with ammonia in an acid-base reaction to form the fatty acid
ammonium salt.” The possible reactions of fatty acid with
ammonia are illustrated in Fig. 1.
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using partial least squares regression.

There is some debate in literature concerning the reaction
mechanism for the amide formation, where the ammonium
salt formation is sometimes considered to be a reaction inter-
mediate between the acid and the amide reaction step,”*°
while other researchers have also proposed it to be a side
reaction.®!" In this work, the formation of ammonium salt is
represented as a side reaction as shown in Fig. 1, following the
findings suggested by Charville et al.'* A possible reason for
the debate can be the relative instability of the ammonium
salt: while the fatty acid sodium salt precipitates as a solid
with a high decomposition temperature, the ammonium salt
is readily transformed back to acid and ammonia.’ The for-
mation of ammonium salt is exothermic and disfavored at

(e}
RJ\NHz + HyO
o / amide
)]\ + NH3
R OH
O
acid \ )J\ NH4*
R (oX
salt

Fig. 1 General reaction scheme for the production of fatty amides from
fatty acid. R corresponds to a largely saturated hydrocarbon chain with
8-22 carbon atoms, potentially with one ore more double bonds.

This journal is © The Royal Society of Chemistry 2025
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elevated temperatures. For instance, Bizhanov et al. observed
only up to 2 mol% at 300 °C with titration.*®

The rapid formation and decomposition of the ammonium
salt depending on the readily shifting acid-base equilibrium
complicates the analysis of the reaction mixture and conse-
quently the development of mechanistic and kinetic models of
the reaction, which are necessary to enable process improve-
ment. As the ammonium salt is unstable, especially compared
with the more stable amide, it is likely highly dependent on
the ammonia pressure in the reactor, which is itself a function
of temperature. Withdrawing a sample from a reactor contain-
ing ammonia at reaction conditions, and thereby reducing
temperature and pressure, will quickly shift the acid-base
equilibrium. This of course will have implications on the
ammonium salt composition, as it can then decompose to
give fatty acid and ammonia in ex situ samples. Along with pro-
viding possible erroneous sample composition, ex situ
measurements can also lead to safety issues due to ammonia
flashing from the sample into the air.

An elegant solution to this issue would be to switch from
off-line analysis to an in-line technique, for instance FT-IR
spectroscopy. In-line analysis allows real-time monitoring of
the reaction, measuring a new data point every few seconds. It
is a safe and non-invasive measurement technique, where the
measurement probe is installed in the reactor and no
sampling is required. The reaction equilibria are not altered by
removal from the reaction temperature and pressure, and the
stability of the sample is no issue. Furthermore, the amount of
data gathered in a single experiment is significantly greater for
in-line analysis than off-line sampling.”>™** However, cali-
bration of the in-line spectroscopic system is complicated by
the unknown and changing composition of the reaction
mixture. The calibration has to be carried out at reaction temp-
erature, as temperature affects IR spectra. Thus, a calibration
carried out at room temperature may not be valid at reaction
temperature. Even at milder reaction temperatures such as
120 °C, ammonium salt is reactive. It can easily decompose to
the acid, and while the reaction to amide is still slow at these
temperatures, amide also forms, as we illustrate in this study.
Therefore, while the FT-IR calibration has to be carried out in-
line at reaction temperature, it needs to take into account the
reaction occuring during this calibration. To be able to do so,
assumptions have to be formulated based on a deeper under-
standing of the reactive system and the reactions and equili-
bria governing it.

This work aims to study the ammoniation of fatty acid to
ammonium salt and to fatty amide at 120 °C with in-line FT-IR
spectroscopy. We present an in-line calibration method of the
reactive system at reaction conditions to quantify acid, amide
and salt in the reaction mixture. This is achieved by first
gaining a deeper understanding of the reactive system through
qualitative chemometric analysis of the reaction with principal
component analysis (PCA) applied to the FT-IR spectra. This
allows us to formulate assumptions which are used to perform
the in-line calibration at reaction conditions, whose predictive
capabilities are subsequently validated experimentally. The
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experimental approach followed in this study can also be
widely applied to similar reactive systems where in-line
measurements can provide an added advantage.

2 Methods

2.1 Experimental

Purified oleic acid (75% oleic acid (C18:1), linoleic acid
(C18:2) 12%, palmitic acid (C16) 2%, stearic acid (C18) 2%)
from VWR and water-free ammonia (pure, Gerling Holz & Co.)
were used for the reaction. Oleic amide (>65%, TCI, impurities
mostly amides of other chain lengths) was used in combi-
nation with oleic acid for the binary experiments. Sodium
oleate, the sodium salt of oleic acid (>97%, TCI) was used for
recording a pure component IR spectrum of an oleic acid salt,
as no pure ammonium oleate was available commercially.

A 3 L stainless-steel batch reactor (Biichi, type 4, with
baffles) with a custom-made flange on the reactor side was
used for the experiments as illustrated in Fig. 2. The single-
bounce ATR probe with diamond crystal (9.5 mm AgX
DiComp) of the FT-IR spectrometer (ReactIR 15, Mettler-
Toledo) was inserted through the flange into the reactor so
that it would be covered by the reaction liquid at all times. The
reactor was stirred at 500 rpm. With calculated mixing times
below 0.5 s in the turbulent regime, uniform mixing within
the reactor was assumed over the course of the hours-long
experiments. It was ensured that the probe position had no
effect on the measurements. Before starting an experiment,
the fatty acid in the reactor was deaerated by purging with
nitrogen. To start the experiment, ammonia was fed via a
Bronkhorst mass flow meter and controlled with a flow control
valve (Badger) at pressures up to 8 bar through a dip tube,
ensuring good gas-liquid contacting. The reactor temperature
was controlled at 120 °C during all experiments. The pressure
in the reactor headspace - which built up slightly due to the
formation of water - was logged during all experiments.
Physical samples for off-line analysis of the reaction mixture
were taken from the bottom of the reactor.

Mass Flow Controller
S
A

Ammonia Feed

Stirrer

FT-IR Probe

Liquid Level 8
(In-line)

Batch Reactor
(Biichi, type 4)

Data Collection
Reactor Flange

Fig. 2 Set-up for in-line measurement of oleic acid ammoniation.
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Analysis of the off-line samples was carried out with
GC-FID (Shimadzu GC-2010 Plus) with a 30 m dimethyl polysi-
loxane column (Shimadzu, SH-Rtx-1, 0.32 mm ID). 100 mg of
the sample was dissolved in 1 mL of 2-propanol (98%, Boom
Laboratoriumleverancier). The oven temperature was ramped
from 150 °C to 250 °C over 10 min and kept constant at 250 °C
for 15 min. This GC-analysis allows to separate amide and
acid, however, all ammonium salt present in the sample
reverts back to acid, which means the measured acid fraction
is the sum of salt and acid present in the sample. The amide
content can be reliably determined with this method (see ESI,
Table S21). The pure component FT-IR spectra of oleic acid,
oleic amide and sodium oleate were measured off-line at room
temperature with a Thermo Scientific iS50 ATR instrument.

2.1.1 Experimental procedure. All reactions were moni-
tored with the FT-IR spectrometer, which recorded a new spec-
trum every 16 s with a resolution of 2 cm™. A background
spectrum was taken before every experiment in an empty
reactor flushed with nitrogen.

Experiments with the reactive mixture and ammonia were
performed starting from pure oleic acid. One experiment was
performed for calibration, and one with a similar procedure
for validation of the calibration. For both experiments, 2 kg of
oleic acid were added to the reactor and heated while purging
with nitrogen to remove any water dissolved in the system.
Once 120 °C was reached, nitrogen was shut off and the
reactor was closed, the reactor was at a starting pressure of 1
atm.

2.1.1.1 Calibration experiment. To the 2 kg of oleic acid at
120 °C, 7 g of ammonia were added with a feed rate of 1.05 g
min~"'. This feed rate was chosen as it led to no temperature
rise during ammonia dosing from the exothermic salt for-
mation and the temperature of the reactor stayed stable at
120 °C. After the dosing of ammonia, the mixture was left to
react without addition of any ammonia or taking of samples,
this will subsequently be called a “reaction plateau”. The
length of these plateaus varied from 20 min to 40 min. At the
end of a reaction plateau, a sample was taken from the reactor
for off-line-analysis and determination of the amide content.
Directly after taking a sample, the next ammonia dosing step
was started. The first six dosing steps dosed 7 g of ammonia
each, the seventh 14 g and the eighth 21 g, so that at the end
of the experiment, 77 g of ammonia had been dosed in total,
which corresponds to 75 mol% of the initial 2 kg of oleic acid.

The composition of the liquid samples taken could be cal-
culated from the off-line GC-analysis and an ammonia mass
balance, and related to the in-line FT-IR spectrum taken at the
time of sampling. The calculation method for the eight
samples taken is explained for the first sample. The assump-
tions made for this calculation are justified in subsection 3.2
and are not covered in detail in this section. At the time ¢, that
the first sample was taken, the information shown in Table 1
on the reaction mixture is available, where 7naciq,inic i the
initial amount of oleic acid added to the reactor, myy, is the
amount of ammonia added at the time # and Xymnjge Was
measured from the off-line sample.
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Table 1 Measurable information on reactor content at time of first
sample

Time of sample 1 Tacid,init [MO]] My, in reactor [g] Xamide [—]

t 7.005 7.05 0.006

Assuming that all ammonia added to the reactor has
reacted with acid (see subsection 3.2), it will either react to
amide or to salt. The acid content in sample 1 is then

Nacid,i = Macid,init — MINH, i (1)

with 7 = 1. The rest of the acid has reacted. The amount that
reacted to amide was measured with GC, so the amount of salt
in sample 1 is calculated with (i = 1)

Ngalti = Macid,init — Macid; — Mamide,i (2)

The composition of the other seven samples can be calcu-
lated accordingly for i = 2,...,8. An overview of the sample com-
position is given in the ESI (Table S3).

2.1.1.2 Validation experiment. To validate the calibration
performed, a similar experimental procedure was carried out.
Now, 77 g of ammonia was dosed in nine dosing steps instead
of eight, and only one off-line sample was taken after the last
dosing step. The salt and amide composition was measured
only for this single sample. For the rest of the samples, the
acid content can be determined from eqn (1).

2.2 Analysis of FT-IR spectra

The raw spectra collected during the experiments were further
processed using PLS Toolbox Version 8.8.1 (Eigenvector
Research, Inc.) running under Matlab R2018b (The
MathWorks). PLS_Toolbox is able to visualize the several
hundred spectra collected during the experiments. Different
chemometric analyses can be performed with this program as
well, such as principal component analysis (PCA) and partial
least squares (PLS) analysis.

The raw FT-IR spectra collected during reaction were
measured at wavelengths from 4000-650 cm™", though mostly
noise was measured from 4000-3000 cm ™" due to instrumental
limitations. The spectra of acid, amide and salt show the most
variation in the spectral range of 1820-950 cm™", so only data
in this spectral range was considered for further analysis. To
prepare the raw spectra for chemometrical analysis, different
pre-processing methods were applied to the spectra. The pre-
processing methods for each specific analysis are specified
during their discussion in section 3.

3 Results and discussion
3.1 General calibration strategy

The general approach for the calibration procedure developed
in this work is covered in this section. An important first step
is to identify and assign the IR bands characteristic for the
reaction system.

This journal is © The Royal Society of Chemistry 2025
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3.1.1 Band assignment. The position of the characteristic
bands of the pure components of acid, amide and salt were
measured off-line at room temperature, shown in an overlay in
Fig. 3. As no pure ammonium salt was available due to its
instability, sodium salt was used, as the position of the COO™
band is not influenced by the salt counter ion.">*¢

Now, the characteristic C—=O stretch vibration of the car-
boxylic acid dimer is at a wavenumber position of 1710 cm™
and that of the carboxylic acid monomer at 1750 em™" (nearly
invisible at room temperature'’).'® The oleic amide has two
characteristic peaks, the C=0 stretch vibration at 1650 cm™
and the N-H deformation at 1620 cm™".'*?° The COO™ asym-
metric stretch vibration of the sodium or ammonium oleate is
at 1550 cm™ .'® The characteristic peaks of the pure com-
ponents are close together and slightly overlap, but are separ-
ate and identifiable.

3.1.2 Calibration with an unstable component. With the
characteristic bands of the pure components identified, the
next step is to develop a calibration strategy, an overview of
which can be seen in Fig. 4, and explained further below.

An intuitive approach to calibration is to measure mixtures
of known concentrations of the pure components. These are
acid, amide and salt, as the concentrations of water and
ammonia are negligible in the system, as will be shown in sub-
subsection 3.2.1. With proper safety measures it was possible
to withdraw eight samples from the system. However, as the
salt is unstable and readily converts to acid and ammonia, the
only compound reliably quantifiable in these samples is the
more stable amide. Measuring mixtures of acid, amide and
salt at 120 °C in the reactor leads to reaction, as the salt can
decompose to acid and ammonia and form amide and water.
Thus, the presence of the unstable component has to inform
the calibration strategy. One approach is to perform the cali-
bration for an unreactive partial system and extrapolate to the
complete, reactive system. At 120 °C, acid and amide do not
react significantly, so performing a calibration for the binary
system is possible, as shown in the ESI S1.F However, the extra-
polation from this calibration to the reactive system containing

0.5
Amide

—— Acid
0.4 Sodium salt

. 03

0.2

%

=3

0.1
1800 1700

1600 1500 1400 1300 1200
Wavenumber [cm!]

1100 1000

Fig. 3 Pure component spectra of oleic acid, oleic amide and sodium
oleate at room temperature in the relevant spectral range obtained with
off-line FT-IR.
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Fig. 4 The step-by-step calibration strategy followed in this work. The
dotted box represents the scope of this work. The step from “assump-
tions for calibration” to “final calibration” is illustrated in more detail in
Fig. 5.

salt proved impossible as the presence of salt changes the
spectra significantly. The salt band is close to the amide bands
as seen in Fig. 3 and slightly overlaps with them. Therefore a
calibration of the three components has to be carried out in
the reactive system by dosing ammonia leading to in situ salt
formation.

In-line calibration of unstable components has been suc-
cessfully performed in the literature with multivariate curve
resoultion (MCR). This technique attempts to break down a set
of (mixture) spectra into a linear combination of their pure
component spectra, which may represent real pure component
spectra. These pure component spectra can be used to calcu-
late the concentrations of the pure component in newly
measured mixture spectra as long as the spectroscopic signals
are a linear response of their respective concentrations.”">?
MCR has been previously successfully used to develop a
(nearly) calibration-free evaluation tool for a range of reactions
with unstable intermediates.>*">> However, MCR did not lead
to good calibration models in this work, as the spectra do not
correlate linearly to the pure components, likely due to the
nonlinear spectral effects of hydrogen bonding; for example
due to the shifting equilibria between the acid monomer-
dimer™® and between the acid-amide dimer’®>® over the
course of the reaction.

To find a different approach for calibrating the system, a
qualitative chemometric analysis of the system is performed
with PCA, to gain a deeper understanding of the occurring
reactions and the spectral response. The findings of this ana-
lysis are discussed in-depth in subsection 3.2. They serve as a

Analyst, 2025, 150, 3690-3700 | 3693
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basis for justifiable assumptions on the general system and
reaction behavior. The step from “assumptions for calibration”
to “final calibration” in Fig. 4 is visualized with more detail in
Fig. 5.

The amide content in the eight samples withdrawn during
the calibration experiment could be determined off-line. The
amount of ammonia supplied to the system during the cali-
bration experiment was carefully controlled and recorded at
every stage. Assuming that all free ammonia in the system
reacts (see subsubsection 3.2.1), a mass balance could be for-
mulated based on the general reaction scheme in Fig. 1; each
molecule of ammonia can react with an acid to either amide
or salt. This gives the mixture composition of the three com-
pounds at the eight sampling points (Fig. 5). It is technically
possible to perform a PLS calibration based on only the eight
spectra at these sampling points. However, as expected, the
quality of the calibration was not satisfactory (see ESI,
Fig. S21). Instead, the composition of the eight spectra at the
sampling points was used as basis for the next step towards
calibration. Together with assumptions on the slow formation
of amide at a reaction temperature of 120 °C (subsubsection
3.2.2), a mass balance could be performed on the spectra close
to the sampling point. This gives the mixture composition of
the three compounds in all 187 spectra around the sampling
points. A PLS calibration with these 187 spectra as input led to
a satisfactory calibration quality. The calibration can be used
to carry out in-depth kinetic studies of fatty acid ammoniation.

3.2 Qualitative description of the reaction system

In order to be able to carry out an in-line calibration following
the general strategy presented in subsection 3.1, several
assumptions have to be made, which are based on the qualitat-
ive analysis of the reaction system in this section.

Off-line Analysis
Of Amide (GC-FID)

Mass Balance

—0 8

Controlled NH,

Feeding

Assumptions on Composition of ~Mass ~ Assumptions on
Salt Reaction Rate 8 Spectra Balance Amide Reaction

= l Rate

Composition of
PLS Regression

187 Spectra

Final Calibration

Fig. 5 Workflow from assumptions based on qualitative analysis of the
system to calibration.
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It is expected that the formation of ammonium salt from
acid and ammonia as an acid-base reaction is very quick, and
that the formation of amide and water from acid and
ammonia is comparatively slow at 120 °C. To verify this, an
experiment was performed as described in subsection 2.1; a
total of 4.5 mol of ammonia was dosed step-wise to 7 mol oleic
acid at 120 °C, to obtain a range of different mixtures of acid,
salt and - especially at the later stages of the experiment —
amide. Between each dosing step a ‘reaction plateau’ was
applied, in which no ammonia was dosed and the system was
left to react. The dosing steps of ammonia took about
5-10 min each, and the complete experiment 5 h. The raw
FT-IR spectra obtained during this experiment are shown in
Fig. 6a. The color gradient changes over the course of the reac-
tion, the legend relates to the number assigned to each spec-
trum, taken every 16 s. Especially at later times (orange and
yellow spectra), the formation of amide becomes apparent
with the appearance of a peak at 1650 cm ™.

3.2.1 Dosing of ammonia. The experiment can be divided
into ‘dosing steps’ with ammonia addition and ‘reaction pla-
teaus’ without ammonia addition. This section deals with the
qualitative analysis of the ‘dosing steps’.

a
0.7
1000
0.6
900
0.5 800 —
O 700 3
< 0.4 g
g v 600 =
£ 8
203 50 &
< 400 §
@
0.2 300
0.1 200
r 100
0
1800 1700 1600 1500 1400 1300 1200 1100 1000
b Wavenumber (cm ')
0.55 T T 5
Acid dimer (1710 cm™")
0.5 i 45
Salt (1550 cm™")
0.45 ——NHj3; feed 4
0.4 353
—~ R=h
0351 3 =
8 jer}
£ 0.3 5 c:,
2 3
S5 0.25 2 =
< g
0.2 15 §
0.15 1
0.1 0.5

0.05 0
0 50 100 150 200 250 300

time [min]

Fig. 6 Spectral response to stepwise dosing of ammonia to oleic acid
at T = 120 °C. (a) Raw FT-IR spectra during 5 h of reaction, spectrum
color represents the progression in time via the spectral scan number.
(b) Cumulative ammonia feed and absorbance of acid at 1710 cm™ and
of salt at 1550 cm™. The cumulative ammonia dosing [mol] is rep-
resented on the right y-axis.
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3.2.1.1 Acid-base reaction of ammonia and acid. The most
immediate change observed in the spectra in Fig. 6a is the for-
mation of salt from ammonia and acid. To illustrate the influ-
ence of the ammonia feed flow, the peak height of the absor-
bance of acid at 1710 cm™ and of salt at 1550 cm™" were
plotted as a function of time alongside the cumulative dosed
ammonia in Fig. 6b. This can be done without a calibration
and serves to illustrate how quickly salt is formed from acid
and ammonia. When ammonia is dosed, the acid band
immediately drops, and the salt band immediately increases.
This stops abruptly when the ammonia flow is turned off.
During the reaction plateaus, the height of the salt band
slightly decreases while the height of the acid band slightly
increases — this is due to back-reaction of salt to acid and
ammonia, and due to their further reaction towards amide.

During ammonia dosing, the formation of salt is so domi-
nant that it overwhelms all other spectral changes. This can be
visualized by performing a principal component analysis (PCA)
on the spectra of the first dosing step. PCA allows for the
reduction of the data set into a number of linear combi-
nations, the principal components, that can explain the largest
amount of variance of the original spectra.”® The results of the
PCA are shown in Fig. 8 and includes several spectra before
and after the dosing as well.

The PCA results can be found in Fig. 8. The first principal
component, PC1, explains 95.22% of the total spectral variance
for the time around the first dosing step. The scores in Fig. 8
show that PC1 is proportional to the dosing of ammonia to the
mixture over time (spectra index); the scores stay mostly flat,
and then increase suddenly when ammonia is fed and once it
is turned off, returns to a nearly flat line. The loadings in
Fig. 8 (right) indicate that the main change is the simul-
taneous consumption of acid and formation of salt (band at
1550 cm™") and that the second principal component reflects
only 0.18% of the spectral variance, mostly focusing on the
change in monomer and dimer of the acid. This confirms the
expectation that the addition of ammonia to the system causes
immediate and quick consumption of the acid and simul-
taneous formation of the salt.

3.2.1.2 Concentration of dissolved water and ammonia. As
shown in the previous section, nearly all added ammonia
immediately reacts - to the salt and with a slower rate towards
the amide. These three compounds are easily observed in the
spectra from their characteristic bands. The other two com-
ponents in the system, physically dissolved ammonia and the
water formed alongside the fatty amide, are not directly visible
in the spectra. Milella et al.*® identified the IR band positions of
H,0, NH; and NH," in an aqueous liquid solution, which are
assumed to be valid in an organic liquid solution as well. These
positions are 1640 cm™, 1111 em™" and 1458 cm™ for H,0,
NH; and NH," respectively. Max et al.*" identified the band posi-
tion of NH; at ca. 1100 cm™. These wavenumbers are investi-
gated in Fig. 7 for spectral changes relating to H,O, NH; and
NH,". The figure shows the first dosing step of ammonia to
pure oleic acid, as well as the first ‘reaction plateau’ (visible in
yellow), where ammonia dosing was stopped.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Spectral change induced by dosing NHz to pure oleic acid at
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The pure oleic acid spectrum is visible in dark blue. The
bands of physically dissolved water and NH," overlap with
bands that are present in the oleic acid spectrum itself and are
hard to distinguish. Considering NH," at 1458 cm™, it forms
at the same time as the carboxylate as shown in the previous
section; however, since the bands overlap with one of the oleic
acid, its change cannot be distinguished from the carboxylate
changing. Considering water, the temperature is 120 °C, water
likely evaporates out of the liquid mixture into the vapor phase
where it furthermore partially condenses at the poorly insu-
lated reactor lid, leading to the water concentration in the
liquid being likely close to zero. A band is present at ca.
1111 cm™", which increases during the dosing of ammonia
and becomes stable once ammonia dosing is turned off. While
this is at the correct spectral position for free ammonia, it
cannot be related to free ammonia as it is also present in the
pure oleic acid spectrum (dark blue). It is possible that this is
a baseline effect. The free ammonia concentration in the reac-
tion mixture is therefore nearly zero and small enough to not
cause a visible spectral change even during ammonia dosing.
Hence, free ammonia and water are not taken into account
during the calibration.

3.2.2 Reaction towards amide. The previous section
focused on the ‘dosing steps’ of the experiment described in
subsection 3.2, while this section focuses on the ‘reaction pla-
teaus’ without ammonia dosing. As the PCA in Fig. 8 shows,
during dosing of ammonia, all other spectral changes are over-
whelmed by the formation of salt. At 120 °C, the formation of
amide is slow, therefore it is not visible during the compara-
tively short ammonia dosing times and overwhelmed by the
energetically favored, exothermic formation of ammonium
salt. Once ammonia dosing is stopped, salt formation stops
instantly and other spectral changes become visible. This is
exemplified for the first and the last reaction plateau in Fig. 9.
The spectra of all reaction plateaus can be found in ESI S5.}
The color change in the spectra represents the change over
time; which shows there is little visible change. A plateau is
about 20-30 min long, aside from the last plateau, which is
55 min long. Every ammonia addition in-between the plateaus
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Fig. 8 PCA on the spectra of the first dosing step of ammonia. PC1 cor-
relates with the ammonia dosing and explains 95.22% of all spectral var-
iance. The data was pre-processed by taking its first derivative and mean
centering.
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Fig. 9 Raw spectra of the (a) first and (b) last reaction
between ammonia dosing.

plateau in-

1 and decreases the acid

increases the salt band at 1550 cm™
band at 1710 cm™". The amide bands are covered by the acid
and salt band, but especially during the later plateaus, the for-
mation of amide can be clearly observed. During the plateaus,
comparatively little spectral change can be observed, illustrat-
ing that the formation of amide is a slow reaction at 120 °C.
The salt peak shrinks slightly, while the acid peaks shifts
slightly to the right, showing formation of the amide. Some
change is seen in the fingerprint region around 1200 cm™" for
both the first and the last reaction plateau. The first reaction
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plateau in Fig. 9a shows minor changes around 1750 cm™,
indicating a shifting equilibrium between the acid monomer
and dimer. The most obvious change can be seen for the last
plateau in Fig. 9b around 1650 cm ™", indicating the formation
of amide, which was invisible during the dosing steps.

Before performing PCA, the spectra were pre-processed by
smoothing the spectra, baseline correction and mean center-
ing (see subsection 2.2). The PCA results are plotted in the rele-
vant range in Fig. 10 exemplary for the first and the last reac-
tion plateau. The PCA results for all plateaus can be found in
ESI S5.%

The left column of Fig. 10 gives the PCA scores for each
plateau. For each plateau, 2 or 3 principal components are the
suggested amount, shown here are PCAs with 2 principal com-
ponents, as the third component was usually comparatively
minor. The principal component 1 is able to capture more
than 87% of all spectral variance in all plateaus, and more
than 90% in all but plateau 3: This PC1 increases more or less
linearly over time (expressed by increasing spectral index, one
every 16 s). Especially at the later reaction plateaus, the load-
ings show that PC1 captures mainly amide, indicating an
approximately linear formation of amide over time, which was
used for the estimation of the amide rate of formation in the
ESI 4.1

The right column of Fig. 10 gives the loadings of the PCA
for each plateau. The loadings of PC1 during the first plateau
(Fig. 10b) resemble a spectrum containing a mixture of acid
and amide with bands at ca. 1710 cm™, 1650 cm™' and
1620 cm™. The “amide” contribution to the loadings of PC1

Scores
Loadings

04+
-0.04 ——Scores on PC 1 (96.76%) ——PC 1 (96.76%)
—— Scores on PC 2 (1.65%) ——PC 2 (1.65%)
-0.05 0.15
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Number Spectra Wavenumber (cm-1)

(a) First plateau scores (b) First plateau loadings

——PC 1(93.26%)
—PC2 (6.11%)
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Scores
o
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(c) Last plateau scores (d) Last plateau loadings

Fig.10 PCA on the first and last reaction plateaus in-between
ammonia dosing. The left column shows the PCA scores and the right
column the corresponding loadings.
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becomes more and more important over the course of each
plateau, until the acid contribution is apparently vanished
from the loadings in the last plateau (see Fig. 10d). At the later
plateaus, the disappearance of the salt band is directly corre-
lated with the appearance of amide in the loadings of PC1, see
Fig. 10d.

This qualitative analysis of the FT-IR spectra gathered while
step-wise dosing of ammonia to oleic acid at 120 °C demon-
strates that the consumption of acid and the formation of salt
are directly and immediately correlated to the dosing of the
ammonia; the acid-base reaction is very fast and is strong
enough to overwhelm any other spectral changes during dosing.
Outside the dosing of ammonia, in the “plateaus”, subtler spec-
tral changes become more apparent: the most relevant is the
slow formation of amide, which can be observed by principal
component analysis as one of the most important spectral
changes, and occurs slowly and approximately linearly.

3.3 Quantitative description of the reaction system

The next step after the qualitative description of the reaction
system in the previous section is to quantify the composition
of each of the reacting species. For this, the system has to be
calibrated. According to the Beer-Lambert law, absorbance is
linearly related to concentration. Without any other effects
such as molecular interactions or temperatures changes, the
mixture spectrum is a linear combination of the pure com-
ponent spectra and their respective concentrations.*
Following the general strategy laid out in subsection 3.1,
eight samples were taken during the calibration experiment
described in paragraph 2.1.1.1, which is similar to the experi-
ment discussed in the previous subsection 3.2, in which
ammonia is dosed step-wise to fatty acid at 120 °C. The amide
content in the samples can reliably be determined via GC (see
Table S2t), but as the ammonium salt reverts back to acid at
high temperatures, distinguishing between acid and salt with
GC is not possible. As shown in subsubsection 3.2.1, the reac-
tion of ammonia and acid towards salt is near instantaneous
and the concentration of free ammonia in the system is close
to zero. Therefore an assumption was made that all ammonia
that was added to the system had reacted. Since the ammonia
can only react to either amide or salt, a mole balance is
employed alongside the amide content determined via GC to
calculate the acid and salt content in the samples as shown in
subsection 2.1.1.1. The compositions of the samples over time
alongside the ammonia feed are given in Fig. 11a and in
Table S3.1 The spectra corresponding to these eight samples
are given in their relevant spectral range in Fig. 11b.
Calibrating the system with eight samples gives unrealistic
results, especially regarding the amide fraction; eight cali-
bration points are too few to accurately capture the system’s
behavior. The number of calibration points could be increased
by taking more physical samples, however, this is unpractical
as preparation for sampling requires time due to the safety pre-
cautions necessary for working with the system. The safer
option is to make assumptions on the system’s behavior based
on the qualitative analysis of the system in the previous
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Fig. 11 Samples and spectra used for calibration, with amide content
determined via GC-analysis and salt and acid content determined from a
mole balance with the added cumulative ammonia feed. (a)
Composition of samples taken during ammonia dosing and added
cumulative ammonia. (b) Spectra corresponding to samples in relevant
spectral range, color bar refers to spectral number (8 samples).

section, so that more spectra can be used for calibration. The
concentration of physically dissolved ammonia, NHj3, in the
reaction mixture, is constantly low and close to zero, even
during the dosing period (see 3.2.1.2) as the formation of
ammonium salt is rapid. In comparison, acid is present in
excess. That indicates that the formation of amide from acid
and free ammonia is limited by the ammonia concentration.
The rate expression for the formation of amide can therefore
be formulated using a pseudo-first order relationship.

dcamide

dt = TFamide = Kamide * CNH, = CONSt (3)

This means that the formation of amide is a linear process,
which is also the case when looking at the behavior of the
amide content over time in Fig. 11a. A linear function is fitted
through the data in Fig. S4,1 where it becomes apparent that
this is a reasonable approximation. This relationship allows to
calculate the amide content throughout the reaction despite
the unknown exact value of the ammonia concentration.

The amide content can be calculated and the acid and salt
content during the dosing steps can be computed from the mole
balances in eqn (1) and (2). As the amide formation is not per-
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fectly fitted by a linear function and as more complex spectral
changes occur, the calculation of the acid, amide and salt
content was only carried out for dosing steps which were close to
a sampling point so that the amide concentration was reliable.
For these dosing steps the content of acid, amide and salt were
calculated and used for calibration. This increases the spectra
available for calibration from 8 to 187, shown in Fig. 12.

The spectra are pre-processed by taking their first derivative
and mean centering them, while the corresponding compo-
sition data was mean centered. A partial least squares
regression (PLS) is carried out with PLS_Toolbox. PLS
regression employs the idea of data reduction by computing
latent variables (LV) similar to principal components in PCA,
and combines it with a regression step linking the LV to a
response variable of interest, such as the concentration of
acid, amide and salt in this case. A PLS model with four LVs is
developed based on the 187 spectra. The quality of the model
and its predictive qualities are assessed by applying the model
to (a) all 1112 spectra gathered during the calibration experi-
ment and (b) a validation experiment as described in para-
graph 2.1.1.2. The same experimental procedure was followed
for the validation experiment; step-wise addition of ammonia
to oleic acid at 120 °C. Only one sample was taken at the end
of the reaction, as the number of points with a known acid
content could be increased by closure of the mass balance fol-
lowing eqn (1). The comparison of the experimental compo-
sition (crosses) and the predicted concentrations (lines) for the
calibration and the validation experiment are shown in Fig. 13.
The circles represent the calculated acid content in the vali-
dation experiment based on the mole balance.

The prediction based on 187 calibration samples shows a
similar general behavior for the composition profiles over time
for both the calibration and the validation experiment, reflect-
ing the similar nature of these experiments. The step-wise con-
sumption of acid and formation of ammonium salt during
ammonia dosing are clearly captured. The calibration experi-
ment is predicted well, as is the prediction of the validation
experiment. The acid content is overpredicted at the later reac-
tion times of the validation experiment. A reason for this could
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Fig. 12 187 spectra (samples and ammonia dosing steps) used for PLS
calibration. Spectra are not pre-processed and shown in the relevant
spectral range.
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Fig. 13 PLS prediction of the calibration (a) and validation (b) experi-
ment based on a PLS calibration of 187 spectra. Crosses denote experi-
mental data points, lines the predicted compositions, circles the acid
composition from a mass balance with the amount of ammonia dosed.

be inaccuracies in the data: calculating the composition of acid
and salt by closing the mole balance with the added cumulative
amount of ammonia means that the error of the ammonia mass
flow meter (MFM) influences the quality of the prediction
strongly. The effect the possible maximum error of the ammonia
mass flow meter has on the measured ammonia mole flow is rep-
resented in Fig. S3.1 The figure shows that the error of the MFM
has more pronounced influences on the measured ammonia
content and therefore the calibration at longer reaction times, as
the error is also cumulative. The behavior of amide formation is
overall realistic, as it shows a slow and steady, almost linear
increase as suggested from the PCA in Fig. 10. The behavior of
salt and acid during the reaction plateaus are similar to the plot
of the peak heights without calibration in Fig. 6b. During a
plateau, the salt content decreases over time, it reacts back to
acid and ammonia. Consequently, the acid content increases
over the course of a reaction plateau, but the slope of acid for-
mation is lower than the slope of salt consumption. This can be
explained by the formation of amide; some of the acid and
ammonia react further to form amide and water. As some acid is
formed during the plateau and its slope is not zero, the back
reaction of salt to acid and ammonia is not rate-limiting for the
formation of amide.

The quality of the calibration was assessed in a number of
ways, firstly using a parity plot available in Fig. 14. Secondly,
the error during the validation experiment is assessed by com-
paring the predicted and the observed acid composition. The
observed acid concentrations come from the closing of the
mass balance and the sample at the end of the reaction (as
shown with circles and crosses in Fig. 13). The root mean
square error (RMSE) of the acid concentration is calculated to
3.3mol%. Lastly, the quality is assessed with the root mean
square error of calibration (RMSEC) and the root mean square
error of cross validation (RMSECV), provided in Table 2, based
on the PLS2 model for the 187 calibration samples. The
RMSECV was calculated using random cross-validation with 10
splits and 5 iterations. The different assessment methods
demonstrate the encouraging quality of the calibration.
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Fig. 14 Parity plot of the 187 sample spectra used for calibration and
the modeled content based on the calibration. The black lines denote
+10% variation.

Table 2 Quality of calibration based on 187 samples assessed with
RMSEC and RMSECV in mol%

Error Acid Amide Salt
RMSEC 0.286 0.208 0.305
RMSECV 0.296 0.219 0.323

While the transferability of the calibration from one experi-
ment to the other should be investigated with further vali-
dation experiments such as in Fig. 13, the quality of the predic-
tion is encouraging considering the low number of samples
taken and the assumptions taken that led to a good prediction
of a complex reactive system that could only be calibrated in-
line. Despite multiple reaction equilibria and the formation of
unstable ammonium salt which prevent off-line calibration, a
calibration could be developed based on a mole balance and
eight samples analyzed with GC that can analyze the reaction
with an error lower than 10% as shown with the parity plot.

4 Conclusion

This work measured the reaction of fatty acid and ammonia to
salt or amide at 120 °C with in-line FT-IR analysis. The quali-
tative description of the system shows that the salt formation
is near instantaneous and all ammonia is converted, first
towards salt and later towards amide. The free ammonia con-
centration in the reaction liquid is found to be close to zero.
The formation of salt and the consumption of acid is spectrally
dominant during the addition of ammonia. Outside the
addition of ammonia, the slower formation of amide becomes
visible and proceeds in a nearly linear fashion as long as salt
acts as a buffer that keeps the free ammonia concentration at
the same, low value. It was shown that while ammonium salt
decomposes to acid and ammonia at higher temperatures and
therefore cannot be measured with GC-FID, the amide content
in an off-line sample can be reliably determined through such
a method. The amide content was determined for eight off-
line samples, and the corresponding acid and salt contents
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through mass balance. Calculating an estimated rate of amide
formation based on its near-linear rate of formation allows to
use 179 more spectra for calibration, which resulted in a PLS-
model with 4 LVs. The accuracy of the model was shown to
have an error lower than 10% and was validated experimentally
with a similar experiment. Further research could focus on
exploring the transferability of the findings to a wider range of
systems, such as those involving higher reaction temperatures.
Moreover, the implementation of such a calibration stragety in
a kinetic study can help develop more accurate models for the
ammoniation of fatty acids. In summary, this work shows that
gaining a deeper understanding of a reactive system at reaction
conditions through chemometric analysis can facilitate the
development of an in-line calibration and analysis method
suitable for unstable reactants such as ammonium salt.
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