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Abstract

In many chemical engineering processes, mixtures occur whose composition is not
well known. Simulations of processes with such poorly specified mixtures are basi-
cally unfeasible, as thermodynamic models require knowledge of the speciation. As a
workaround, pseudo-components can be introduced, which are generally defined using
ad-hoc assumptions. In a previous series of works, we have developed and tested a
method for quantifying the group composition of poorly specified mixtures based on
simple NMR experiments, without having to solve the much more complicated task of
quantifying all species. This method has been extended recently to a rational method
for defining pseudo-components in poorly specified mixtures. In the present work, this
method is combined with several thermodynamic group-contribution methods. The
resulting thermodynamic models were applied to various poorly specified mixtures and
used for solving two typical tasks from conceptual fluid separation process design: a)
solvent screening for liquid-liquid extraction processes and b) simulation of open evap-

oration processes. The results show excellent agreement with those obtained using the
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complete information on the speciation, which was known for the studied test mixtures

but disregarded in applying the new approach.

Introduction

Modeling and simulation are essential for process development and optimization. In the
present work, we focus on fluid separation processes, namely liquid-liquid extraction and
distillation. For modeling such processes, information on the phase equilibria is needed,
which is typically supplied in the form of models of the Gibbs excess energy G¥, such as
NRTL," UNIQUAC,? or the group-contribution method UNIFAC.*¥ These models, as well
as all other thermodynamic models, require a complete specification of the composition of
the studied mixture. However, there are many applications in which information on the
composition is lacking, e.g., in petroleum engineering,® bioprocess engineering,” and waste-
water treatment.®

A common approach to circumvent this problem is the introduction of pseudo-components,
which can be done in a discrete manner® ™ or using continuous thermodynamics.** How-
ever, in both cases, the definition of pseudo-components is usually based on ad-hoc as-
sumptions regarding the nature and number of pseudo-components. Moreover, such pseudo-
component methods are typically tailored for the description of a specific class of mixtures
- and they often require carrying out tailored experiments as a basis for the modeling, such
as measurements of the so-called true boiling point curve of crude oil, which is used in
petroleum engineering for defining pseudo-components by introducing a certain number of
temperature cuts. 107

We have recently introduced a new generic way to define and quantify pseudo-components
that is free from ad-hoc assumptions.’® It is based on a series of previous papers, in which we
have introduced a method for quantifying the group composition of poorly specified mixtures

based on simple NMR experiments.1%23



Nuclear magnetic resonance (NMR) spectroscopy is a non-invasive analytical technique
frequently used for elucidating and quantifying components in mixtures.?*2? However, for
complex mixtures, the complete elucidation and quantification of the components may be
practically infeasible. The task is much easier if only structural groups are identified and
quantified instead of the components. The basis for identifying structural groups from NMR
spectra is that the position of a peak in an NMR spectrum, the so-called chemical shift,
directly depends on the environment of the respective nucleus, i.e., the structural group to
which the nucleus that gives rise to the peak belongs.”"

In our first works,™"3 the quantification of the group composition was carried out using
standard 'H or 13C NMR experiments. Using additionally *C distortionless enhancement
by polarisation transfer (DEPT) NMR experiments,® as done in subsequent work,® is ben-
eficial, as this enables reliable discrimination of the substitution degree of the carbon atoms,
which is valuable information for group-contribution methods. The NMR method that yields
the group composition of a poorly specified mixture is designated as NMR fingerprinting in
the following.

The sole NMR fingerprinting was recently extended to a method for defining and quanti-
fying pseudo-components in poorly specified mixtures.™® For this purpose, in addition to the
NMR fingerprinting, also '3C pulsed-field gradient (PFG) NMR experiments®™# were car-
ried out, which enable assigning self-diffusion coefficients to structural groups. The results
are usually displayed in a so-called diffusion-ordered spectroscopy (DOSY) map, where the
chemical shifts of the groups are displayed over their self-diffusion coefficients. As groups
on the same molecule have the same self-diffusion coefficient, this technique can reasonably
cluster the identified groups into pseudo-components. These pseudo-components may be
identical to actual components, but groups of different components with similar diffusion
coefficients may also be clustered into the same pseudo-component. A K-medians algorithm
was used for the clustering, and the optimal number of clusters (pseudo-components) K was

found from maximizing the silhouette score. 134



With the procedure so far described, the ratio of the different groups in all K pseudo-
components can be determined - but not the absolute numbers of groups in each pseudo-
component. However, the information on the self-diffusion coefficient of the pseudo-components
from the PFG NMR experiments can also be used to determine the molar mass of the
pseudo-components and, thereby, the absolute numbers of groups in the components. Such
a procedure is possible since a component’s diffusion coefficient and molar mass are closely
related. This relation is encoded in all methods for estimating diffusion coefficients, which
typically consider the diffusion coefficient of a solute at infinite dilution, which is identical
to the self-diffusion coefficient of the solute. In Ref.,"® the Stokes-Einstein Gierer-Wirtz es-
timation (SEGWE) model®**¢ was used to estimate the molar masses from the self-diffusion
coefficients of the pseudo-components. In a recent study, it was found that the SEGWE
model is the best semi-empirical model for predicting self-diffusion coefficients.””

These steps finally result in a quantitative representation of the unknown components
in a mixture by K pseudo-components Uy, described by their structural group composition.
The obtained numbers for the structural groups of type ¢ in pseudo-component k, denoted
by v, 1, may have non-integer values as several true components with different concentrations
can be lumped into a single pseudo-component. However, this does not hinder the appli-

cation of the results for predicting many thermodynamic properties, such as normal-boiling
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points,®® vapor pressures,? critical properties,“” or even quantum-chemical descriptors*! and

342 using respective group-contribution methods. Hence, this procedure

activity coefficients
allows the prediction of thermodynamic properties of mixtures without the need to elucidate
the unknown components’ molecular structure. Such modeling generally requires mapping
the group distribution scheme used in defining the pseudo-components to that used in the
thermodynamic group-contribution method, which is a task that usually can be solved.

In summary, the quantitative analysis of group compositions via NMR fingerprinting

together with a rational approach for defining pseudo-components yields, in principle, all

pieces of information that are required for modeling processes with poorly specified mixtures



— without the need to elucidate and quantify all true species, which can become highly
elaborate in practice.

In the present work, we demonstrate the applicability of this approach for predictive
thermodynamic modeling of poorly specified mixtures - and the usefulness of the resulting
models for fluid separation process design.“? For this purpose, the phase behavior of various
poorly specified mixtures was predicted. The results were used for solvent screening for
liquid-liquid extraction processes and for simulating open evaporation processes by predict-
ing residue curves. All this is done without knowing the exact composition of the mixture.
The group-contribution method UNIFAC®4 was used to predict the activity coefficients for
the phase equilibrium calculations. Furthermore, a method for the description of the vapor

839 of the pseudo-components, which is needed for the description of vapor-liquid

pressure
equilibria, was employed. Note that although only liquid-liquid equilibria and vapor-liquid
equilibria are considered in this work, the methodology can also be extended to other types
of phase equilibria, like solid-liquid equilibria or vapor-liquid-liquid equilibria, straightfor-

wardly; the only prerequisite for doing so is that suitable group-contribution methods for

the respective relevant fluid properties are available.

Methods

Overview of the Workflow

Figure|l|summarizes all steps of the procedure applied in the present work. The methodology
for NMR fingerprinting and the pseudo-component method, cf. upper part of Figure 1], were
adopted from prior work;*® the main contribution of this work is the application of the
respective results together with thermodynamic group-contribution methods for predicting

phase equilibria and simulating thermal separation processes, cf. lower part of Figure [1]
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Figure 1: Schematic overview of the workflow applied in the present work. The NMR
fingerprinting method and the pseudo-component method were adopted from prior work."®
Their results were used to simulate liquid-liquid extraction processes and predict residue
curves for open evaporation processes with poorly specified feeds.



NMR Fingerprinting and Pseudo-Component Method

No experiments were carried out in the present work. The NMR-spectroscopic information
of the studied mixtures required for the NMR fingerprinting, namely the *C NMR and '3C
DEPT NMR spectra, was taken from previous work."®

The NMR fingerprinting was based on the approach of our previous work,™® in which
the groups identified in the fingerprinting were already mapped to groups of UNIFAC.#4
Additionally, in this work, also a mapping of the groups determined in the fingerprinting to
the groups of the method of Refs.®®3% for the prediction of vapor pressures was carried out.
For technical details, we refer to the Supporting Information.

Table [1| summarizes the structural groups distinguished in this work together with the
mapping to the groups of UNIFAC®# and the method of Refs.®®3Y Furthermore, Table
also indicates the assignment of each group to regions of chemical shift, taking into account
the substitution degree of the carbon atoms, which was obtained by considering 3C DEPT
NMR spectra.



Table 1: Mapping of groups identified and quantified by NMR fingerprinting based on 3C
and 3C DEPT NMR to those from Refs.®®3% and UNIFAC.®*4 Carbon atom classification:
P primary, S secondary, T tertiary, Q quaternary). The numbers in parentheses correspond
to the group identifiers in the publications of the original methods, 4585944

BC NMR chem-

_ , . Carbon Nannoolal®®# label UNIFAC#44 1abel
ical shift region
P CH3 (1) CH3 (1)
S CH2 (4) CH2 (2)
0-60 ppm T CH (5) CH (3)
Q C (6) C 4
S CH2 (7) + OH(P) (35/36)* CH2 (2) + OH (14)
60-90 ppm T CH (7) + OH(S) (34) CH (3) + OH (14)
Q C (7) + OH(T) (33) C (4) + OH (14)
S/T  CH=CH (58) CH=CH (6)
90-150 ppm Q C=C (58) C=C (70)
150-180 ppm Q COOH (44) COOH (42)
~180 ppm T CHO (52) CHO (20)
Q CO (51) CH3CO (18) / CH2CO (19)
& If the number of carbon atoms in the pseudo-component is less than five, group 36 was used,

otherwise group 35 was used, as recommended in Refs.83?

The quantification of the groups was done by a manual integration of the respective peaks
in the quantitative 3C NMR spectrum, as described in our prior work.*®

The method used for the quantitative definition of pseudo-components based on the NMR
fingerprinting and the diffusion coefficients measured by ¥C PFG NMR experiments was
also adopted from prior work."® From this, the composition of each poorly specified mixture
was obtained, cf. Supporting Information for details. Three mixtures were considered in
the present work as examples (details are given below). Their composition was known
from gravimetric preparation, but that information was not used in the study except for a

comparison of the results. Hence, we label them as poorly specified mixtures in the following.

Simulation of Liquid-liquid Extraction Processes

The studied poorly specified mixtures were considered as feeds of a single-stage liquid-liquid

extraction described with an equilibrium-stage model. The task was to compare the per-
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formance of different extracting agents for a constant feed/solvent mass ratio. The process
can either be considered as a batch or a continuous process. Eight common solvents from
different chemical classes were considered as extracting agents; the essential requirement
was that they exhibit a miscibility gap with water, which was the solvent in all studied
mixtures, at the considered temperature, which was T' = 298.15 K. The partitioning of all
(pseudo-)components in thermodynamic equilibrium was calculated based on the isoactivity

criterion:

! v (T, x') =" v"(T,x2"); i=1.N (1)

where x;/ and x;” are the mole fraction of (pseudo-)component 7 in the raffinate (water-rich
phase’) and the extract (extracting agent-rich phase”). v,/ and ~,” are the activity coefficients
in the raffinate and extract phase, respectively, which were calculated using UNIFAC®4
based on the estimated composition for the poorly specified mixtures. For comparison only,
all calculations were also carried out using the true composition of the studied mixtures.

Numerical details for the calculations are given in the Supporting Information.

Prediction of Residue Curves

Residue curves are often used to model single-stage open evaporations, where the vapor
phase is continuously removed. The residue curve thereby describes the composition of the
liquid phase over time, which is considered to be always in thermodynamic equilibrium with
the removed vapor phase.*? This process is described by the Rayleigh-equation.*®#? The
pressure was 1 bar in all calculations in the present study.

In all cases, the vapor phase was treated as a mixture of ideal gases. Furthermore, the
pressure dependence of the chemical potential in the liquid phase was always neglected. The

vapor-liquid equilibrium was therefore modeled by extended Raoult’s law:

pzS(T) Z; %(T,w) =py;=p;; t=1.N (2)



where p? is the vapor pressure of the pure component i, z; and y; are the mole fraction of
7 in the liquid and vapor phase in equilibrium, respectively, and p; is the partial pressure of
component ¢ in the vapor phase. The activity coefficients v; in the liquid phase were again
calculated with UNIFAC.#4

For the fully specified mixtures, which were modeled as a reference here only, the vapor
pressure of the pure components p} was calculated using the Antoine equation with param-
eters taken from the Dortmund Data Bank (DDB).*¥ Some of the considered components
have very low vapor pressures, so that no data were available. In these cases, the vapor
pressure of the component was set to zero, cf. Supporting Information for details.

For the poorly specified mixtures, the vapor pressure p} of the pseudo-component k was
estimated using the group-contribution method of Refs.®®% If the estimated vapor pressure
was pp < 1071 bar at T = 373 K, it was set to zero. A detailed description of the calculation

of the vapor pressures is given in the Supporting Information.

Overview of Studied Mixtures

Table [2| gives an overview of the three mixtures that were considered as feed mixtures in the
application examples studied in the present work. The information on the feed mixtures was
adopted from Ref.'¥ - no NMR experiments were carried out in the present work. All mix-
tures are aqueous solutions that contain a cocktail of diluted substances (the mole fractions
of all other components were below 0.038 mol/mol) - a situation that is often encountered,
e.g., in biotechnological processes. We emphasize that the general methodology proposed
here is not limited to such mixtures, and we plan to demonstrate the applicability to other
types of poorly specified mixtures in future work.

The fact that diluted aqueous mixtures were studied has several consequences for the
application of the methodology. Firstly, it explains why the study was carried out with 3C

NMR spectroscopy. Secondly, the high dilution poses challenges for spectroscopy, which can,
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however, be overcome by sufficiently long measuring times. In the present work, the lowest
solute concentration was about 0.006 mol/mol, cf. Table , for which a successful quan-
tification of the structural groups was still possible.X® A general indicator for the expected
uncertainty of the integration is the signal-to-noise ratio (SNR), which depends, among other
things, also on the used NMR device and experimental parameters like the number of scans.
On the other hand, the high dilution in the solvent water facilitates the application of the
SEGWE model for predicting diffusion coefficients at infinite dilution in a known solvent.
As the concentration dependence of diffusion coefficients can be very strong, it was not
neglected, despite the low concentrations of the solutes. To account for it, a reference com-
ponent was used. For details, see Ref.'® The reference components were randomly chosen in
the three studied mixtures.

In the application examples that were studied here, we simply assume that the reference
component is the component to be separated from the unknown mixture. This is motivated
by the fact that in separation processes with poorly specified mixtures, the target component
to be separated is always known - and also its concentration in the feed mixture is usually
known. As the focus of the present study is on the application side, the reference component
is labeled with T (target) in the following, cf. Table

The fact that a priori information on the solvent and a reference component was used
does not indicate a general limitation of the methodology: if this information is not directly
available, samples of poorly specified mixtures can, in general, be diluted with a known inert

solvent and also a reference component can be added gravimetrically.

11



Table 2: Overview of the mixtures studied in this work. All mixtures are diluted aqueous
solutions; the solvent water is not explicitly included in the table. z; and M; are the mole
fraction and the molar mass of the true components i, respectively, which were known from
the preparation of the samples; 27! and MP*® are corresponding numbers for the pseudo-
components U predicted based on NMR fingerprinting. The dashed lines indicate which true
components were lumped into the pseudo-components by our approach. Target components
are labeled with (T), see text.

Mz/ Mipred/ :Uz/ xpred/

Mixture Components i 4 4 . _1
g mol g mol mol mol mol mol

2-propanol (T) 60.10 - 0.033 0.034
o pectome (Uy) 5808  48.08 0038 0046
1,4-butanediol (U,) 90.12  145.21 0.035 0.022
Cacetic acid (Us) 60.05 7211 0033 0029
1,4-dioxane (T) 88.11 - 0.006 0.006
q Cyclohexanone (Uy) 9815 o447 0012 0012
glucose (Ug)~ 180.16 919.08 0.015 0.034
citric acid (Uy) 192.12 0.025
acetonitrile (T) 41.05 - 0.022 0.022
Cacetone (Uy) 58.08 5171 0.016 0017
Cacetic acid (Uy) 60.05 7106 0015 0013
1-propanol (I~J5) 60.10 85 96 0.015 0.021
qpZpropanol (Us) 600 0015 o
cyclohexanone (Uy) 98.15  115.96 0.009 0.007
14-butanediol (Us) ~ 90.12 14890 0.010  0.006
malic acid (Usg) 134.09 948.36 0.008 0.000
xylose (Us) 150.13 0.007
“ascorbic acid (U;) 17612 313.85 0.006  0.004
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Additional results for the quantification of the structural groups based on NMR finger-
printing are presented in the Supporting Information.

The results presented in Table [2f show that the NMR fingerprinting in combination with
the pseudo-component method works well. The true compositions of the mixtures and the
respective predicted compositions agree well in most cases. There are considerable discrep-
ancies in the predicted molar masses of some components that are, however, mainly caused
by deficiencies of the SEGWE®% model, as shown in Ref.™® In the SEGWE model, the
only property of the solute that is taken into account for the prediction of the molar mass
is the solute’s self-diffusion coefficient. On the one hand, this simplicity makes the SEGWE
model attractive. On the other hand, improvements might be obtained by, e.g., considering
information on the chemical nature of the solute in the diffusion model. Hence, developing
advanced methods for predicting diffusion coefficients would be highly desirable also for the
present methodology. Still, the good agreement of the predicted and the true compositions
shows that the method works well also with the SEGWE model. It is noted that for the
components labeled with (U) in Table [2 no information on the true nature and concentra-
tion was used to determine the predicted values, whereas, as explained above, for the target
components (T), the mass fraction and the nature was assumed to be known. Still, as the
predicted molar masses are used for the prediction of the mole fractions, also the mole frac-
tion of the target component T is a prediction, albeit a much simpler one than for the other
components U. Since water and the target component were assumed to be known here, they
were treated as true components in the calculations (e.g., using Antoine parameters from

the DDB® for calculating the vapor pressure).
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Results and Discussion

Solvent Screening for Liquid-liquid Extraction Processes

The simulation study of liquid-liquid extraction processes with poorly specified feeds that
was carried out in the present work represents the scenario of a solvent screening. The aim
of the processes is to remove a known target component T from a poorly specified aqueous
mixture by an extracting agent E, which has to be selected from a list of candidates. For
simplicity, both the temperature and the mass ratio of the extracting agent and the feed
were kept constant and set to T' = 298.15 K and mg/mr = 5, respectively. However, our
approach easily generalizes to other temperatures and mass ratios. Eight common solvents
that have a wide miscibility gap with water were considered as extracting agents: 1-octanol,
1-decanol, toluene, hexane, decane, dipropyl ether, ethyl propionate, and 3-octanone. The
extension to other extracting agents is straightforward.

The selectivity is quantified by the separation factor ar of the target component, which
compares the distribution of the target component on the coexisting phases in thermody-

namic equilibrium with the respective distributions of all identified pseudo-components Uy:

() o

=
8
=N
El

lzale
3
&
Ed

where the double prime indicates the extract phase and the prime denotes the raffinate phase.
The numerator is the partition coefficient of the target component and the denominator is
the partition coefficient of all other components (except water) lumped together. The yield
is:

Yr = (4)

n + nif
where nt refers to the mole number of the target component. For comparison, these quanti-

ties were also calculated for the fully specified mixtures, i.e., using the complete knowledge
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of the composition of the mixtures, cf. Table 2] These results are called ground truth in the
following.

In Figure [2], the results for the extraction of the target component T=2-propanol from
mixture I (cf. Table , are shown. A very good agreement between the predictions (open
symbols) and the ground truth (closed symbols) is found for all extracting agents; this holds

for both the separation factor ar (Figure [2|left) and the extraction yield Yt (Figure [2[right).
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Figure 2: Separation factor ar (left) and extraction yield Yr (right) of target component
T=2-propanol in a single-stage liquid-liquid extraction process with mixture I (cf. Table ,
as feed F for different extracting agents E at T" = 298.15 K and mg/mr = 5. Closed
symbols: results for the fully specified feed. Open symbols: predictions for the poorly
specified feed using NMR fingerprinting and the pseudo-component method. In some cases,
the prediction is so good that the two symbols become indistinguishable.

Figure |3| shows the corresponding results for extracting the target component T=1,4-
dioxane from mixture II. Again, for both the separation factor ar (Figure [3| left) and the
extraction yield Y (Figure [3] right), excellent agreement between the predictions (open
symbols) and the ground truth (closed symbols) is found for all extracting agents. Note that
the pseudo-component method could not distinguish glucose and citric acid here, which were
lumped into a single pseudo-component (62), cf. Table [2, The fact that, nevertheless, good
results were obtained demonstrates that the approach is robust with respect to the definition
of the pseudo-components. We assume that this is because the clustering of the identified

structural groups is based on physics, namely on information on self-diffusion coefficients.

15



While glucose and citric acid are chemically different, they differ not so much regarding their

interactions with water and their molar mass.
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Figure 3: Separation factor ap (left) and extraction yield Yr (right) of target component
T=1,4-dioxane in a single-stage liquid-liquid extraction process with mixture II (cf. Table ,
as feed F for different extracting agents E at T = 298.15 K and mg/mp = 5. Closed symbols:
results for the fully specified feed. Open symbols: predictions for the poorly specified feed
using NMR fingerprinting and the pseudo-component method.

In Figure [4] the results for mixture III with the target component T=acetonitrile are
shown. For both the separation factor ar (Figure {4| left) and the extraction yield of the
target component Y1 (Figure {4| right), excellent agreement between the ground truth and
the predictions is found for all studied extracting agents. In some cases, the differences are
even indistinguishable in Figure[d This is particularly interesting since the mixture contains
nine components that were assumed to be unknown, which were lumped into a total of seven
pseudo-components by our algorithms, cf. Table 2l Again, this shows the robustness of the

approach.
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Figure 4: Separation factor ar (left) and extraction yield Yt (right) of target component
T=acetonitrile in a single-stage liquid-liquid extraction process with mixture IIT (cf. Table,
as feed F for different extracting agents E at T' = 298.15 K and mg/mp = 5. Closed symbols:
results for the fully specified feed. Open symbols: predictions for the poorly specified feed
using NMR fingerprinting and the pseudo-component method. In some cases, the prediction
is so good that the two symbols become indistinguishable.

Simulation of Open Evaporation Processes

In the following, results for an open evaporation process are shown. The results are presented

over the evaporation ratio 3:

521_W (5)

where n" is the number of moles in the residue and n™° the initial value of that property.
The simulations were performed until the number of moles n" in the residue approached the
total amount of non-volatile components; cf. Supporting Information for details.

Figure [5| shows the boiling temperature T' of the three test mixtures during the open
evaporation process at p = 1 bar. The overall agreement of the calculations for the fully
specified mixtures (solid lines) with the predictions based on NMR fingerprinting and the
pseudo-component method (dashed lines) is good in all cases. However, for mixture I,
the boiling temperature is underestimated for low evaporation ratios, which is presumably
because the vapor pressure of Uy (representing acetone, cf. Table D is overestimated. The
influence of U; on the boiling temperature is then reduced due to its fast evaporation,

cf. also Figure [0l In the Supporting Information, the predicted vapor pressures of the
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pseudo-components based on the group-contribution method used here=®

are compared
to the vapor pressures as calculated by the Antoine equation. In general, considerable
differences were obtained between these two calculations, which is presumably a two-fold
problem: first, the prediction accuracy of the molar masses is not sufficient in some cases,
and second, the group-contribution method for the prediction of the vapor pressure is not
accurate enough. However, the impact of these false predictions is moderate as the order in
which the components evaporate is correctly described in most cases, cf. Figures S.1-S.3 in
the Supporting Information, and the qualitative behavior of the vapor pressure curves are
well predicted.

Furthermore, in mixtures I and III, relatively high temperatures are predicted for high
evaporation ratios; in mixture I, this is mainly caused by pseudo-component Us (representing
1,4-butanediol, cf. Table , for which the vapor pressure is underestimated, cf. Figure S.1

in the Supporting Information. In mixture III, for high evaporation ratios, the non-volatile

components malic acid, xylose, and ascorbic acid accumulate in the liquid phase.
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Figure 5: Results from simulations of open evaporation processes at 1 bar for mixtures I - III
(cf. Table . The boiling temperature 7' is shown as a function of the evaporation ratio f3.
Solid lines: results for the fully specified mixtures. Dashed lines: predictions for the poorly
specified mixtures based on NMR fingerprinting and the pseudo-component method.
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Figure [6] shows the residue curves, i.e., the mole fractions of the components in the liquid
phase over the course of the process, for mixture I at p = 1 bar (cf. Table. In the left panel,
results for the fully specified mixture are shown, the right panel shows the corresponding
results obtained from NMR fingerprinting and the pseudo-component method. Overall, the
predictions agree well with the results obtained using the complete speciation of the feed.
The imperfect prediction of the composition of the feed (at § = 0) is mainly caused by errors
in the prediction of the molar masses. For instance, the underestimation of the molar mass
of acetone (represented by ﬁl) leads to an overestimation of its mole fraction. Similarly, the
mole fraction of acetic acid is underestimated because its molar mass is overestimated.

The maximum in the residue curve of acetic acid is also found for the pseudo-component
Us, which represents acetic acid, but the maximum is by far overpredicted. This is presum-
ably a consequence of the overprediction of the molar mass of acetic acid and problems of
the group-contribution method used to predict the vapor pressure of that component (cf.

Figure S.1 in the Supporting Information).
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Figure 6: Residue curves showing the liquid-phase mole fractions x; as a function of the
evaporation ratio 3 for mixture I (cf. Table , at p = 1 bar. Left: results obtained using the

full speciation. Right: predictions based on NMR fingerprinting and the pseudo-component
method.

Figure 7] shows the respective results for the residue curves for mixture II. The agreement
between the predicted residue curves and the ones calculated using the complete information

on the composition of the mixture is excellent for all components. Citric acid and glucose
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were lumped into a single pseudo-component (f]g), cf. Table ; therefore, only the sum of the
mole fractions of both components is indicated in both panels of Figure[7] A representation

with individual mole fractions is shown in Figure S.4 in the Supporting Information.
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Figure 7: Residue curves showing the liquid-phase mole fractions z; as a function of the
evaporation ratio 8 for mixture II (cf. Table , at p = 1 bar. Left: results obtained using the
full speciation. Right: predictions based on NMR fingerprinting and the pseudo-component
method.

We note that the concentrations of citric acid and glucose in the liquid phase for high
evaporation ratios are so high that, in practice, they would precipitate, i.e., an additional
solid-liquid equilibrium (SLE) would occur, which, however, was not considered here.

Figure [8] shows the respective residue curves for mixture III. A good agreement between
the predicted residue curves and those obtained using the full speciation is found for most
components. While the maximum in the concentration curve of 1,4-butanediol (Us) is well
predicted, as for mixture I, poor results are obtained for acetic acid (fjg), for which a strong
maximum is predicted, which is not found when the full speciation is used. The reasons are
the same as for mixture I: the poor prediction of the molar mass and the vapor pressure.
1-propanol and 2-propanol were lumped into a single pseudo-component (63); the same
holds for malic acid and xylose (Us), cf. Table . Therefore, only the sums of the mole
fractions of the respective true components are plotted in these cases, cf. Figure S.5 in
the Supporting Information for a plot of the individual concentrations. The lumping of 1-

propanol and 2-propanol is a good example for a lumping that is uncritical for the prediction
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of thermophysical properties. Also, the lumping of the two high-boilers, malic acid and
xylose, does not substantially affect the prediction of residue curves. As with mixture II, the
possible occurrence of an SLE was not considered here, although it might occur in practice

for high evaporation ratios.

1.0 acetonitrile (target) 10
acetone (U,)
0.8 acetic acid (U,) 0.8
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Figure 8: Residue curves showing the liquid-phase mole fractions z; as a function of the
evaporation ratio § for mixture IIT (cf. Table [2)), at p = 1 bar. Left: results obtained
using the full speciation. Right: predictions based on NMR fingerprinting and the pseudo-
component method.

Conclusions

In this work, we have demonstrated that predictive thermodynamic modeling can be achieved
without knowing the full speciation of the mixtures. The basic idea is simple: we use NMR
spectroscopy to obtain a fingerprint of the poorly specified mixture, i.e., for obtaining quan-
titative information on its group composition (which is much easier than getting the full
speciation). Then we define pseudo-components based on information on diffusion coeffi-
cients from PFG NMR spectroscopy and use this information also for determining the molar
mass of the pseudo-components using the SEGWE®3% model. This gives us all we need
to apply thermodynamic group-contribution models to predict the properties of the poorly
specified mixture. This concept has been established in a previous paper™® and was applied

here for the first time to chemical engineering problems. Two examples were studied: the
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simulation of liquid-liquid extraction processes in a solvent-screening scenario and the sim-
ulation of open evaporation processes by the prediction of residue curves. In all cases, the
predictions for the poorly specified feeds were compared to results obtained using the knowl-
edge of the complete speciation of the mixtures, and excellent agreement was found. The
results show that the proposed methodology is a valuable tool for thermodynamic modeling
and simulation and allows reliable predictions without the need for elaborate component
elucidation of the full speciation.

The approach was only applied to aqueous mixtures, but there is no reason why it could
not be applied to non-aqueous solutions. On the contrary: for non-aqueous solutions, it could
be attractive to combine the information from *C NMR spectroscopy that was used here
with that from 'H NMR spectroscopy, which could further improve the results. Also, variants
based solely on *H NMR spectroscopy could be developed. The clustering of the structural
groups to pseudo-components currently relies only on measured self-diffusion coefficients; as
a result, components with very similar diffusion coefficients can be lumped into one pseudo-
component. To address this, e.g., the number of gradient steps and, thereby, the resolution of
the PFG NMR experiments can be increased, but also prior knowledge can be incorporated
if available.’® Furthermore, in future work, new NMR methods could be employed, e.g., the
REST*¥ method, which relies on relaxation encoding.

Furthermore, only mixtures were studied in which the components were highly diluted in
the solvent (always water here). This is no prerequisite for applying the NMR fingerprinting
and the definition of pseudo-components, but the absence of a component that is present
in large excess troubles the determination of the molar mass of the pseudo-components. If
such an excess component is not present, it can be added. The prerequisite for this would
be that the added component is miscible with the poorly specified mixture and non-reactive.
Furthermore, it is desirable to have one component of which the concentration is known.
This will be the case in most practical problems with poorly specified mixtures, e.g., the

concentration of a product in an otherwise poorly specified mixture. If this was not the
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case, such a component could be added to the mixture. In the present paper, this reference
component was designated.

The method depends on the quality of prediction methods that are needed at two points:
firstly, the SEGWE model for predicting diffusion coefficients is used to get the information
on the molar mass of the pseudo-components, and secondly, group-contribution methods are
used to predict the thermodynamic properties of interest. The quality of the latter methods
directly limits what can be achieved with the present approach. Luckily, many suitable
thermodynamic group-contribution methods are available for a large variety of properties.
Applying these methods in the present framework requires mapping the groups that can
be identified by NMR spectroscopy to groups considered in the thermodynamic method.
This may require some case-specific adaptions but will hardly pose fundamental problems.
We emphasize that also the flexibility on the NMR spectroscopic side can be used for such
adaptions and that we expect to see progress in the group assignment in NMR spectroscopy
by using machine learning.?!

The results from the present examples also show that even the best available semi-
empirical methods for predicting diffusion coefficients*” (the SEGWE model®**%) and a well-
developed method for predicting pure-component vapor pressures (the method of Refs.®®%%)
have critical deficiencies. Some of the most critical deviations observed in comparing our
predictions to those obtained using the full speciation resulted from deficiencies of these
models and not directly from the methodology presented here; hence, our methodology will
strongly profit from any future improvement of these models.

The present results were obtained based on NMR experiments with cryogenic high-field
instruments. In future work, the methodology should be adapted to use results from much
simpler and cheaper benchtop NMR spectrometers. Furthermore, the present work demon-
strates that the approach developed in Ref."® to solve the problem of modeling poorly speci-
fied mixtures is broadly applicable. It is also flexible and can be tuned to specific needs. More

studies should follow to elucidate and demonstrate the full potential of the new approach.
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