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Abstract XI

Abstract

Liquid mixtures of formaldehyde, water, and butynediol are complex multicomponent
systems, since formaldehyde forms oligomers with both water and butynediol. NMR
spectroscopy was used to determine the species distribution in these mixtures, and the

'H and 3C-NMR spectra of the ternary system were fully assigned.

Two models of the chemical equilibrium in these mixtures were developed: one based on
mole fractions and one based on activities. Both models rely on quantitative 3*C-NMR
spectroscopic data of the species distribution. The experimental conditions ranged from
293 K to 366 K in temperature, from 0.10 g gt to 0.27 g g! in overall formaldehyde

mass fraction, and from 0.05 g g'! to 0.50 g g'! in overall butynediol mass fraction.

A predictive model of the physico-chemical equilibrium was derived and validated from
the activity-based model of the chemical equilibrium. Vapor-liquid equilibrium measure-
ments in mixtures of formaldehyde, water, and butynediol were conducted at 393 K and
413 K for the validation, with formaldehyde mass fractions from 0.1 g g'* t0 0.2 g g! and
butynediol mass fractions from 0.05 g g! to 0.35 g g''. Residue curves were computed

to illustrate the distillation behavior of the system.

A reaction kinetic model of the reactions of formaldehyde and butynediol was established
from 'H-NMR spectra obtained after mixing aqueous solutions of formaldehyde and
butynediol, extending the equilibrium model. The experiments were performed in simple
NMR tubes, as well as in a special micro-mixer NMR probe. The new reaction kinetic
data spanned temperatures from 293 K to 328 K and pH values from 3 to 6. Moreover,
the data base of reaction kinetic data for the reactions of formaldehyde and water was

expanded to faster kinetics.






Kurzfassung XIIT

Kurzfassung

Mischungen aus Formaldehyd, Wasser und Butindiol sind komplexe Mehrkomponenten-
systeme, in denen Formaldehyd sowohl mit Wasser als auch mit Butindiol Oligomere
bildet. Mit Hilfe der NMR-Spektroskopie wurde die Speziesverteilung in diesen Mischun-
gen bestimmt, und die Signale in den 'H- und '3C-NMR-Spektren des terniren Systems

wurden vollstdndig zugeordnet.

Es wurden zwei Modelle fiir das chemische Gleichgewicht in diesen Mischungen entwi-
ckelt: eines auf der Grundlage von Molenbriichen und eines auf der Grundlage von Akti-
vitaten. Beide Modelle wurden auf Basis von quantitativen '3 C-NMR-spektroskopischen
Daten der Speziesverteilung entwickelt. Die Versuchsbedingungen lagen im Temperatur-
bereich von 293 K bis 366 K, mit Formaldehydanteilen von 0,10 g g-! bis 0,27 g ¢! und
mit Butindiolanteilen von 0,05 g g'! bis 0,50 g gt

Aus dem aktivitatsbasierten Modell des chemischen Gleichgewichts wurde ein Vorher-
sagemodell des physikalisch-chemischen Gleichgewichts abgeleitet und validiert. Fiir die
Validierung wurden Dampf-Fliissigkeits Gleichgewichtsmessungen in Mischungen aus
Formaldehyd, Wasser und Butindiol bei 393 K und 413 K durchgefiihrt, mit Formalde-
hydanteilen von 0,1 g g'! bis 0,2 g gt und Butindiolanteilen von 0,05 g g-! bis 0,35 g g!.
Es wurden Riickstandslinien berechnet, um das Destillationsverhalten des Systems zu

veranschaulichen.

Anhand von 'H-NMR-Spektren, die nach dem Mischen von wéssrigen Losungen von
Formaldehyd und Butindiol erhalten wurden, wurde ein reaktionskinetisches Modell
fiir die Reaktionen von Formaldehyd und Butindiol erstellt, das das Gleichgewichtsmo-
dell erweitert und komplettiert. Die Experimente wurden sowohl in einfachen NMR-
Rohrchen als auch in einem speziellen Mikromischer-Probenkopf durchgefiihrt. Die neu-
en reaktionskinetischen Daten umfassten Temperaturen von 293 K bis 328 K und pH-
Werte von 3 bis 6. Dariiber hinaus wurde die verfiigbare Datenbasis der reaktionskineti-
schen Daten fiir die Reaktionen von Formaldehyd und Wasser um schnellere Kinetiken

erweitert.
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1 Introduction 1

1 Introduction

Formaldehyde is a highly reactive C1 building block that is widely used in the chemical
industry. One of its applications is the synthesis of butynediol, an important interme-
diate in the C4 value added chain. Butynediol is produced by reacting acetylene with
aqueous formaldehyde solution (Reppe chemistry [52]), resulting in a mixture of butyne-
diol, water, and formaldehyde. To purify butynediol, formaldehyde has to be separated
from this mixture, usually by distillation. However, this process is complicated by the
fact that formaldehyde forms oligomers both with water and with butynediol, affecting
the vapor-liquid equilibrium behavior of the system. Therefore, modeling the properties
and behavior of this system requires accounting for the oligomerization of formaldehyde.
This is essential for designing and optimizing the production processes of butynediol and

its derivatives.

Previous works [2, B, 26, 29, 30, B3] 35, 41 43, 48, 53] have already established a
clear understanding of the reactions between formaldehyde and water. Models exist
for calculating the distribution of species in chemical equilibrium, as well as for the
time-dependent behavior after disturbing the equilibrium. These models are available
based on both mole fractions and activities. While the mole fraction-based models
are easy to implement and describe the species distribution in the liquid phase equally
well, the activity-based models can be used to describe vapor-liquid equilibria in a

thermodynamically consistent manner.

The objective of this work is to develop an understanding of the species present in the
ternary system as well as their quantification under equilibrium conditions and after its
disturbance. Prior to this study, equilibrium models for reactions of formaldehyde with
monoalcohols such as methanol [29] 30, 33, 48] and 1-butanol [I8] as well as some equi-
librium data for the reactions of ethylene glycol [8] with formaldehyde were available in
the literature. Reactions of formaldehyde with butynediol have never been investigated

before.

For the quantification of the formaldehyde oligomers, NMR spectroscopy is the preferred
method [8], 22] 26, 29] B0, 43| [45], 50, (3|, 56], 58] because the species cannot be isolated
and the spectrometer does not require calibration, as the signal areas are directly pro-

portional to the number of nuclei responsible for the signals.



2 1 Introduction

This work is structured into five chapters, the first being this introduction and the last
being showing the conclusions that were drawn from the results of this work.
deals with the elucidation of the occuring species in the ternary mixtures of
formaldehyde, water, and butynediol. A complete assignment of the signals in the 'H-
and BC-NMR spectra to the components occuring in the system is provided. Based on
quantitative 13C-NMR spectra, a model of the species distribution under equilibrium

conditions has been developed.

presents the development of a predictive physico-chemical model of the vapor-
liquid equilibrium in ternary mixtures of formaldehyde, water, and butynediol. The
model was developed based on the findings in [Chapter 2l The model is validated by
experiments using a special type of thin-film evaporator. Calculated residue curves
are shown which allow conceptual feasibility studies for distillation processes involving

formaldehyde, water, and butynediol.

In [Chapter 4] the investigations of the reaction kinetics in mixtures of formaldehyde,
water, and butynediol are described. The resulting reaction kinetic model is based on
'H-NMR spectra that were taken after mixing a concentrated aqueous formaldehyde

solution with an aqueous butynediol solution.
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2 Chemical Equilibrium

2.1 Introduction

In this chapter, the studies of the chemical reactions between formaldehyde and bu-
tynediol are described. As butynediol is solid at ambient temperature and water-free
mixtures of formaldehyde and butynediol are difficult to prepare and to handle, all ex-
periments were performed in the ternary system formaldehyde + water + butynediol.
The 'H- and 3C-NMR spectra of these mixtures are elucidated and chemical equilib-
rium constants for the reactions of formaldehyde with butynediol are determined from

quantitative BC-NMR spectroscopic investigations of the species distribution.

2.2 Chemical reaction system

In the system formaldehyde + water 4+ butynediol, both water and butynediol undergo
formaldehyde addition reactions. The reactions occur in acidic, neutral, and basic envi-
ronment without requiring catalysts. Formaldehyde (FA) and water (W) yield methylene
glycol (MGy) [61]:

Kmay
CH,O + H,0 ——= HO(CH,O)H (1)
— = ~—
FA W MG

Poly(oxymethylene) glycols (MG,,) are formed in further reactions [61]:

Kwua,

CH,0 + HO(CH,0),  H —=% HO(CH,0) H (1)
—_—— N —
FA MG, -1 MG,

Due to the presence of two hydroxyl groups and the butynylene group in butynediol the
addition to the carbonyl group of formaldehyde yields poly(oxymethylene) hemiformals

of the general structure
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Figure 1: Oligomerization reactions of butynediol with formaldehyde yielding
poly(oxymethylene) hemiformal. (—) addition of a vacant butynediol hy-
droxyl group to formaldehyde, (- -) chain propagation reactions, black arrows:
independent set of chemical reactions, gray arrows: dependent reactions.

H-(OCH,),~0-CH,-C=C-CH,-0-(CH,0),,~H

which are labeled here as BYD,, ,,. BYDg, is butynediol and no oligomer. BYD,, ,,, and
BYD,,.,, are the same molecule. In the following the convention BYD,,,,, with n > m is

used to label that species.

Figure 1] shows a mechanistic picture of the oligomerization reactions in the system
formaldehyde + butynediol. BYDg( can react with formaldehyde on both ends yielding
BYD; . In the reverse reaction there is only one way to form BYDgo from BYD,,
namely by cleavage of the only CH,O group. The number of possible reaction sites for
each reaction is shown by the number of arrows. BYD;y can react with formaldehyde
yielding BYDs oy or BYD; ; depending on whether the occupied or the non-occupied end
adds to formaldehyde. In the reverse reactions there is one way from BYDy to form

BYD; y, but there are two ways from BYD;; to form BYD; . This argument can be
continued, cf.

Formally two types of reactions are distinguished: 1) the addition of an unoccupied end
to formaldehyde (solid arrows in [Figure 1)) with the general equation
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Kn.0on.1
—nbend

CH,O0 + H-(OCH,), -O-CH,-C=C-CH,-OH

——
FA BYD,.0
H-(OCH,), -O-CH,-C=C—CH,-O-CH,-OH (I11)

BYD, .1

and 2) the addition of an occupied end to formaldehyde (dashed arrows in |[Figure 1))

with the general equation

CH,0 +H-(OCH,),_,-0-CH,-C=C-CH,-0-(CH,0),,-H Lo tmonm,

—
FA BYDyn-1.m
H-(OCH,),-0-CH,-C=C-CH,-0-(CH,0), -H (IV)

BYDn.m

In these equations, the subscript of the chemical equilibrium constant K, 1 ,,cn.m de-
notes which molecules are involved in the reactions. Obviously n and m can be ex-

changed so that K,,_1 mcenm is equal to Kpn1omn-

In the following, a mole fraction-based model for the calculation of the species distribu-
tion in the system formaldehyde + water + butynediol is presented. A corresponding
activity-based model is given in the Supporting Information. The chemical equilibrium
constants of the Reactions (lIf) to are expressed using mole fractions x;:

ITMG
Koo = o em 1)
Tw * TFA
TMG,,
Kig, =—" for n>2 (2)
TMG,-1 " TFA
IBYD,,
K3 oona =0 for n>0 (3)
IBYD,,o " TFA
TBYDp.m
qu—l.men.m = ; for n>2Am>0 (4)

TBYDp-1.m * LFA

The enumeration chosen here for the reactions of butynediol with formaldehyde
and is complete as there is a complete symmetry between the species, i.e no differ-
ence between BYD,, ,,, and BYD,,,,,. According to Hess’ Law not all of these equations
are independent. In one possible choice of independent reactions is indicated.
The reactions which are not needed for equilibrium calculations are labeled with gray

arrows.



6 2 Chemical Equilibrium

The chemical equilibrium constants K* represent equilibria of the

n.0-n.

, and K7

types 1) and 2) described above. In the present work only two constants K%, and

-l.men.m

KEYDJ will be determined from the experimental data. All K?,_ , and K? , _

will be related in the following to these two constants. The relation is non-trivial as the

number of ways in which a certain compound can be formed may differ for the different

reactions, cf. [Figure 1]

Generally, chemical equilibrium constants are the ratio of the rate constant of the for-
ward reaction k* to the rate constant of the reverse reaction k-, in this case

K5y, K5y 2

et atadind (5)

€T _ xT —
KBYD,l = and KBYD,2 =

FByD .1 FEyD 2

It is assumed that on the molecular level the rate constants of forward or backward
reactions involving BYD species only depend on the type of the hydroxyl group which
adds to formaldehyde or is formed by cleavage respectively. That assumption will be
justified later by the experiments. For a later comparison with other alcohols containing
only one hydroxyl group the chemical equilibrium constants Kgyp, and Kgyp , are
related to a reaction of one hydroxyl group with formaldehyde. As BYDg( contains two
equal hydroxyl groups, the rate constant for the formation of BYD; g from BYDg, is
twice as large as the rate constant for the formation of BYD;; out of BYD;y which
has only one vacant hydroxyl group. Following the same argument, the cleavage of
one formaldehyde from BYD;; yielding BYD o is twice as fast as the cleavage of one
formaldehyde from BYD, o yielding BYDg . This results in

2 . k+,1‘
" BYD,1 -
KO.Oel 0= 7 -z 2. KBYD,l (6)
1 kBYD,l
L kgyp, 1
Kigor1= m =5 Kgyp (7)

Consequently, the chemical equilibrium constants for the reactions of BYD,,,, with
formaldehyde are derived from K3, and K§,p, , respectively by using prefactors which

depend on molecule symmetry. The equations used here for the calculation of the
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chemical equilibrium constants in the system formaldehyde + butynediol are as follows:

Kyoon: =2 Kgyp, for n=0 (8)
K3 oo = % 'KEYD,I for n=1 (9)
Kfoony =1-Kiyp,  for  n>2 (10)
Kyt monm =2 Kgypo for (n-1=m)A(m=>1) (11)
Kiormenm =5 Kiypa  for  (n=m)a(m22) (12)
Ky g monm =1 Kiypo for (n=2>m)A(m>0) (13)

These considerations can also be transferred to the formation of poly(oxymethylene)
glycols in the system formaldehyde + water in Reactions ([l and . But as water and
all the poly(oxymethylene) glycols are symmetric, the prefactors cancel out. As shown
later, a direct comparison of chemical equilibrium constants with the ones of water,

butynediol, and other alcohols with one hydroxyl group is however possible.

2.3 Experiments

2.3.1 Chemicals

Aqueous stock solutions of formaldehyde were prepared by dissolving paraformaldehyde
(95-100 %, Merck) in ultrapure water at elevated temperature. A detailed procedure is
described by Hasse [33]. The ultrapure water was produced by a Milli-Q integral wa-
ter purification system from MerckMillipore, Darmstadt, Germany. Butynediol (99 %,
Sigma-Aldrich) was purified by recrystallization with diethyl ether from ethyl acetate
as described by Pyatnitsyna et al. [51].

2.3.2 Experimental setup

All experiments were carried out in sealed 5 mm pressure resistant NMR tubes from
WILMAD, Vineland, NJ, USA to avoid loss of substance during the experiments. A
399.83 MHz proton resonance frequency NMR spectrometer (Unity Inova 400, Varian,
Palo Alto, USA) equipped with a Varian 400 AutoSW PFG 4 nuclei probe head was
used to acquire NMR spectra. The temperature measurement in the spectrometer was

calibrated by chemical shift difference with methanol and ethylene glycol respectively [7].

Quantitative BC{'H}-NMR spectra were acquired with an inverse gated decoupling

sequence to avoid the nuclear Overhauser effect. The following acquisition parameters
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Table 1: Overall mass fractions of the samples used for the chemical equilibrium mea-

surements.
Sample ig) /ggt i’%\r;l) /geg! i’l(gnxlf)D /g8’
I 0.27 0.63 0.10
11 0.21 0.49 0.30
11 0.15 0.35 0.50
v 0.19 0.76 0.05
\V4 0.18 0.72 0.10
VI 0.16 0.64 0.20
VII 0.14 0.56 0.30
VIII 0.10 0.40 0.50

were chosen: acquisition time 5 s, relaxation delay 80 s, pulse width 90°, 512 scans or
more. The longest T}-time in the system was determined to be about 9.6 s by inversion

recovery experiments and hence well below the chosen relaxation delay.

2.3.3 Sample preparation and experimental program

Ternary mixtures of formaldehyde, water, and butynediol were prepared gravimetrically
from an aqueous formaldehyde stock solution and recrystallized butynediol using a pre-
cision balance (Mettler Toledo XS603S, Greifensee, Switzerland). The formaldehyde
content in the stock solution was determined titrimetrically by the Na,SO5; method [61].
About 0.7 ml of the liquid mixture were filled into the NMR tube. Prior to spectra
acquisition, the tube was stored in the spectrometer for at least 10 h at the desired

temperature to equilibrate the mixture.

Quantitative 13C-NMR spectra were acquired at 293 K, 315 K, 339 K, and 366 K. Over-
all mass fractions of formaldehyde cover the range from 0.10 g g=! to 0.27 g g~!, mass
fractions of butynediol from 0.05 g g~! to 0.50 g g~!. An overview of the studied samples
is given in [Table 1| The temperature range resulted from experimental limits, the con-
centration ranges were motivated by the concentrations at which industrial butynediol

processes operate.

2.3.4 Peak assignment

For the analysis of the NMR spectra, all hydrogen and carbon signals were assigned.
Quantitative 'H- and '3C-NMR spectra were acquired for mixtures with different formal-

dehyde and butynediol concentrations. These spectra allow a first grouping of signals to
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different molecules, especially in the C-NMR spectra. The position of the correspond-
ing nuclei in the molecules and the oligomer chain lengths were determined by additional
HSQC and HMBC sequences. Furthermore one experiment with formaldehyde-3C,ds
in D,O was carried out to establish an assignment of the triple-bonded carbon nuclei.
A comprehensive overview of signal assignments is given in and 3]

Table 2: 'H chemical shifts for a mixture of formaldehyde, water, and butynediol
(W =027 g, #0053 g g, 200, =0.20 g g1, T = 293 K, pH = 6.82,
reference: TMSP). An explanation of the nomenclature used for the peak as-
signment is given in the text.

'H (400.40 MHz)

5 / ppm assignment

4.28 (s) Hpyp, o

429 (t,5J =18 Hz) Hpyp, |

4.28-4.30 (m) Hyp o 1> 2

4.34-4.38 (m) Hpyp, ,nom>1

435 (t,°J =1.8 Hz) FHyyp,

4.36 (s) Hpyp, |

4.83 (s) Hye,

4.85 (s) Hiyp, » 720

4.88-4.89 (m) Hy ,n23
"Hgyp, , ,n22, m20

4.89 (s) Hyq,

4.91 (s) Hgyp, , »n>0, m>3

4.92 (s) Hbyp L, 1m0

4.93-4.96 (m) Hyg,, n>3, nf2+1>i>2

Hgyp, ,m23, m20, n>522

A 'H- and a 3C-NMR spectrum of an example mixture containing formaldehyde, wa-
ter, and butynediol is shown in together with the used nomenclature for the
labeling of carbon nuclei. The nomenclature used for the peak assignment is explained
in the following, cf. also [Figure 21 The superscript a labels carbon in the ethynylene
(-C=C-) group. The superscript 3 labels methylene groups next to the ethynylene
group. Superscript arabic numbers indicate methylene groups in the CH,O chain on
both sides of the ethynylene group. The position of the superscript differentiates the
location of the nuclei in BYD,,,,,. A superscript on the left side stands for the n-side of
the molecule, a superscript on the right side for the m-side. These sides are in principle
equivalent as exchanging all corresponding indices does not change the molecule. But in
unsymmetrical molecules it matters on which side a specific group is located. A detailed

discussion of the peak assignment is given in the Supporting Information.
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Table 3: '3C chemical shifts for a mixture of formaldehyde, water, and butynediol
(@ =027gg !, 20 =053 g g, i, =0.20 g g7, T =293 K, pH = 6.82,
reference: TMSP). An explanation of the nomenclature used for the peak as-

signment is given in the text.

13C (100.68 MHz)

d / ppm assignment d / ppm assignment

52.34 Chyp, oo 10> 2 85.05 Ciyp, >4

52.36 Chyp, 86.13 “Clyy o

52.39 B Chypy. 87.41 Ciyp, .

56.76 Chyp, > 1> 2 87.75 Clyp,,

56.79 SChyp, 87.81 Clyp,,

56.83 Chyp, , 87.84 Clyp, o >4

57.45 8Chyp, , 88.27 'Cra,
Chyp, ,» 123 88.80 'Crc,

57.48 *Chyp, 88.83 Ciyp . >0

57.52 Chyp,, 89.06-89.10 1Cyy , >4

57.72-57.85 FChyp ,m23, m20 Ciyvp, ,n20, m>3
Chyp, 123 89.82 "Chyp,

82.99 *Chyp, s 124 89.88 'Chyp, .. m>1

83.03 *Chypy., 91.38 2Cyic,

83.09 *Chyp, 91.91 2Cyia,

83.33 *Chyp, o 91.94 2Chyp,,.» M 20

84.28 *Cpyp, N 24 02.08-92.64 Cyg 125, nf2+1>i>2

84.32 *Cgyp, ‘Cgyp, 24, m20, n-1>i>2

84.38 *Ciyp, | 93.00 "Chyp,,

84.62 *Cvp, | 93.05 'Chyp,. ., m>1

84.72 “Cliyp, 93.56 'Chypy,

84.81 'Cyia, 93.61 'Chyp,.,» m>1

84.96 Ciyp, 93.78-93.84 'Cpyp ., n>4, m>0

85.02 Ciyp, |

In the present work only the 3C-NMR spectra are used for the quantitative evaluation

as TH-NMR spectra have obvious shortcomings like peak overlaps, baseline distortions

(cf. also [Figure 2)) and structure information (cf. [Tables 2] and [3). The 'H-NMR

spectra are interesting for quantitative evaluation in reaction kinetic studies as they can

be collected faster. As in the present study only equilibria were investigated, only the

BC-NMR spectra were taken into account for the determination of chemical equilibrium

constants. The spectra also contain redundant information. Thus, not all peaks were

used for the quantification of the reacting species.
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2CBYD21ICBYD21BCBYD21 C;YD21 1CMG5 2CMG5 3CM65 2CMG5 1CMG5
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(b)
Figure 2: (a) 'H-NMR and (b) 3C-NMR spectrum and nomenclature for a mixture

of formaldehyde, water, and butynediol (:%(F? =027 g g1, i(wm )=053¢g g,

:E](gn;)D =0.20 g g, T' =293 K, pH = 6.8, reference: TMSP). Only signals used
for the modeling of chemical equilibrium constants are labeled: a=*Cgyp, ,
b= Ciyp g0 ¢="Cpypyer 4= Ciyp,gr €="Cryn,,r = Ciypy s 85°Cpypy
h:aCl%YDM’ 11:1 C%YDQ{ IJ:O[CBYDQ‘N k= Cyp,,» =*Cgyp,,» m='Cpyp, >
n=Cyg,s 0= Cya,s P='Ciay-
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2.3.5 Quantitative analysis of the spectra

Quantitative information can be in principle obtained from methylene carbon signals in
bound formaldehyde (CH,O segments), from methylene carbon signals in the butynediol
skeleton and from the signals of triple-bonded carbon nuclei. The latter show the best
resolution to distinguish the number of CH,O both to the n- and to the m-side in
BYD,,,,. That means that the chemical shift of the triple-bonded carbon nuclei is
influenced by both chains whereas the methylene carbon nuclei rather see what happens
on their side of the molecule but know little or nothing about the other side of the

molecule.

For the estimation of chemical equilibrium constants, peaks which belong to a single
species and preferably do not overlap with other signals were chosen. The peaks used
for the estimation procedure are shown and labeled in [Figure 2bl Resulting from the
discussion above the signals of triple-bonded carbon (peaks a to 1) were used for BYD,, ,,,.

For MG, the signals of the outer methylene groups (peaks n to p) were used.

Spectra processing was performed with the software MestReNova (version: 8.1.4,
Mestrelab Research S.L., Santiago de Compostela, Spain) using automatic phase correc-
tion and a third order polynomial for baseline correction. As some signals are slightly

overlapping, peak deconvolution (Lorentzian shape) was applied to the spectra.

Preliminary studies with the quantitative 13C spectra showed that the proportionality
constants relating peak areas and mole numbers are not the same for all carbon atoms in
the BYD-containing products. The signals of a-carbons in BYD,, ,,, are about 10-15 %
larger than those of the g-carbons. The carbons in the groups 5CBYDM and 'Cgyp
(n = 1,2,3...) have similar proportionality constants. These results do not depend
on the transmitter frequency. It is assumed that the proportionality constants are the
same among the same type of carbon atoms, namely methylene or triple-bonded carbon.
This argument holds as the signal area ratios of 1CBYDm:ICBYDM, BCBYDw:5CBYDz07

(0% iyeY (0% . « 3
Cayp, -“Ciyp, - a1d C3yp, :Clyp,, are in good agreement.

Peak area ratios (; were generated among the same type of carbon signals by dividing
the peak arcas A; of the labeled peaks in by the peak area of unconverted

butynediol BYDg . The following ratios were determined:
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IBYD; o Ap + A
= = 14
CBYDI.O TBYDy Aa ( )
Ag + Ao
CBYD, = ZBYDgo o 27 (15)
LBYDg.o A,
TBYDs Af + Ag
= = 16
CBYD3.0 TBYDy, Aa ( )
IBYD; 1 Ap
_ L1 _ 27 17
CBYD: 4 P— A, ( )
X 21 Ai + A;
CBYDQ,l = BYD. = ! (18)
LBYDg.o Aa
A+ A
CBYD3,1 = ZB¥Des = u 1 (19)

ITBYDg.o A,

The MG, contain no triple-bonded carbon and the methylene signal of BYDgq is

strongly influenced by other signals. However the CH,O signal of bound formaldehyde

in BYD, o suits as a reference since it is quite well separated from other signals and the

carbons 'Cy;q and 'Cgyp  are chemically very similar. The reference to BYDy is

obtained by multiplication with [Kq. (14)| according to the following equations:

2.4 Modeling

_ A

e CBYD:

Ao

= 9. Am ’ CBYDLO
AP

_ xMGl
CMG1 -

TBYDy.o

_ TMG;
CMG2 -

LBYDo.o

_ TMGs3
CMGg -

IBYDg.o

= 9. Am ’ CBYDLO

2.4.1 Independent set of reactions

(20)
(21)

(22)

To model the chemical equilibrium in the studied system, a set of independent reaction

equations is required. The set of independent reactions which is chosen here was already

introduced in the discussion along [Figure 1| (black arrows). The chemical equilibrium

constants of the dependent reactions are not required for calculations of the chemical

equilibrium in the studied mixtures but they can be obtained from the constants reported
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here, e.g.

TBYD

T _ 2.1
K2.o<_>2.1 =
IFA  TBYDa

TBYDy 1 TBYD; 1 TFA * TBYD:

TFA " TBYD11 ZLFA " TBYDi IBYDas.o

T
_ Kac . K1A0<—>1.1
- 1.1-2.1 K
1.0<2.0

xT
KBYD,l

— X
=2 KBYD,2 o KT
BYD,2

= KEYDJ- (23)

This is in agreement with

The chemical equilibrium constants of the reactions of formaldehyde with water accord-
ing to and are adopted from Hahnenstein et al. [30] who give a temperature
dependent correlation for their calculation. The results from the present study justify
this as shown below. As the reaction mechanism is formulated here in a different way,
the chemical equilibrium constants from Hahnenstein et al. [30] were converted. The
procedure is described in the Supporting Information for the case of the activity-based
model. The conversion for the mole fraction based model follows the same arguments

and is not repeated here.

2.4.2 Parameter fit

The chemical equilibrium constants Ky, and K§yp, are fitted to the experimental

peak area ratios (; defined by [Egs. (14)[ to|(22)l This was done for every experiment

individually using the software gPROMS (version: 3.6, Process Systems Enterprise Lim-
ited, London, UK). Only species of MG,, with 1 <n < 10 and BYD,, ,,, with 0 < n+m < 10
are taken into account in the model as oligomers with more CH,O groups are present
only in negligible amounts. In the fit, the deviations between the experimental ;™ and
the calculated (¢ are minimized using the maximum likelihood method [6], 23]. For
obtaining the calculated peak area ratios, first true mole fractions were calculated from
the overall mole fractions Z; of formaldehyde and butynediol and the values K3y, ; and
K&yp - The latter are varied in the iteration of the fit to improve the value of the goal
function. The relation between overall and true mole fractions is given in the Support-
ing Information. A constant relative variance model was assumed for the experimental

signal area ratios.
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The temperature dependency of the chemical equilibrium constants Kgyp, ; and Kgyp

is described by the van’t Hoff equation

ey B;
in K3 (T) = At (24)

The parameters A; and B; were fitted to the (; of all available experiments simultane-

ously according to the method described above.

2.5 Results and discussion

The peak area ratios determined in the NMR experiments are presented in at
the end of this section. Ratios of mole fraction-based chemical equilibrium constants

can be directly determined from the peak area ratios, e.g.

Kioo11  (BYDi4

= (25)

K0.0<—>1.0 C}%YDLO
The ratios of K1A061.1/K0.0<»1.07 K2‘OH2.1/KO.OHI.07 and K1.1~2.1/K1.092.0 are shown in
[Figure 3for all experiments. Their values are approximately 0.25, 0.5, and 2 respectively.
Larger deviations occur only when oligomer concentrations are very low, e.g. for BYDy
in the samples IV and V| resulting in a low signal to noise ratio. These results confirm

the assumption that the constants are dependent on each other, cf. also the discussion
along [Eqgs. (8) to|(13)}

The results for K&y, and K&yp, , are presented in for both the single fits to
the experiments (symbols) and the correlations (lines). The mean absolute percentage

deviation (M APD) of the temperature correlation to the single experiment fits

1 N K§ingle _ Kgorrelation
MAPD = — - — -100 26
N 7; Kismgle % ( )

where N is the number of experiments are 4 % for Kgyp, and 9 % for Kgypo- The
parameters A; and B; of of the chemical equilibrium constants for the system
formaldehyde + water + butynediol are given in [Table 4 The standard deviations o; of
the parameters A and B are obtained by the maximum likelihood method as described
for the fit procedure. Between 293 K and 393 K the standard deviations in the chemical
equilibrium constants are about 25 % for Kgyp, , and 75 % for K§yp ,. The higher value
in the deviation of Kgyrp,, Is in agreement with the fact that Kgyp,, is derived from

rather small concentrations of longer oligomers.
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Figure 3: Ratios of mole fraction-based chemical equilibrium constants directly de-
termined fI'OHl the NMR, data: (A) K1.1<—>2.1/K1.0<—>2.07 (0) KQ.O(_,Z_]_/KO_O(_,]_.Q,

(0) Ki1.001.1/Ko0o1.0-
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1000 T /K™

Figure 4: Chemical equilibrium constants from parameter fittings: (0) KZyp,
(o) K&yp o, (—) temperature dependent fit.

The rather high values arise from the variances for (; which depend on the quality of
the peak deconvolution and the uncertainties in the formaldehyde analytics of the stock
solution and the gravimetric sample preparation. The latter ones are negligible since
a typical value of the standard deviation of the overall formaldehyde concentration in
the formaldehyde stock solution is about +1 %o and the uncertainty in the gravimetric

preparation is about +0.3 %o. The major contribution comes from the spectra analysis.
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For high and well separated peaks the uncertainty in (; is estimated to be about +5 %.
For small peaks and overlapping peaks it even is +20 % or more. The temperature also
influences the quality of the spectra. At high temperatures the signal to noise ratio is

lower as the population difference of excited and ground state decreases.

Table 4: Parameters for the calculation of chemical equilibrium constants for the sys-
tem formaldehyde + water 4 butynediol according to and their stan-
dard deviations o.

A BJK o4 op/K o, Jom Ref.
K, 22,325 2579.0 21.4 [57]
K¢a, -2.31051 3139.9 -26.1 [30]
K¢, -2.4334 30394 -25.3 [30]

Kiyp,  -2.225 33926 0176 559  -282 %05 this work
Kion,  -2.334 30324 =+0.554 +175.7  -25.2  +1.5 this work

Figures @ and @ show the peak area ratios obtained from the correlations for Kgyr,
and Kgyp, over the corresponding experimental peak area ratios. The MAPD of the
calculated to the experimental peak area ratios are 2 % for (gyp, ,, 5 % for (gyp, o, 20 %
for (Bypy.4; 6 % for Cpyp, 1, 12 % for (pyp, ., 19 % for (pyp, ., 4 % for Qua,, 6 % for Cuc,,
and 14 % for (uq, respectively. The increase of the deviations for components with high
CH,O content also results from the decreasing mole fractions and the lower signal to
noise ratio in the NMR spectra. The good agreement for the (yg, justify the adaption
of the chemical equilibrium constants from Hahnenstein et al. [30] for the reactions of

formaldehyde with water.

As an example, [Figure 6| shows the experimental and the calculated results for the
species distribution in a mixture of formaldehyde, water, and butynediol at 293 K. The
bars show the fraction of the overall formaldehyde bound in the different species in MG,,
(white) and BYD,, ,,, (gray). Absolute deviations of the calculation from the experiment
range from -2 to +12%. The overall mole fraction of water is about 15 times higher than
the overall butynediol concentration. However, approximately half of the formaldehyde
is bound to butynediol. The results for the activity-based model are comparable to
the mole fraction-based model. For the sake of a better reading they are given in the

Supporting Information.

Furthermore, the results from the present study for the reactions of formaldehyde with
butynediol are compared to literature data for the corresponding reactions of formalde-
hyde with other alcohols and water. shows the chemical equilibrium constants
for the reactions of formaldehyde with water [30], butynediol, methanol [30] (ME), and
1-butanol [18] (BU) at 293 K. The value of K§,p,, is about 15 % lower than the value

of the chemical equilibrium constant Ky, for the first addition of 1-butanol to form-
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Figure 6: Species distribution in a mixture of formaldehyde, water, and butynediol
(Zpa = 0.164 mol mol™', Zw = 0.784 mol mol™', Zgyp = 0.052 mol mol ™",

T =293 K).
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aldehyde. The fact that butynediol contains two hydroxyl groups doubles this value
according to for the addition of butynediol to formaldehyde so that K§ .., is
just 4 % lower than the equilibrium constant Ky for the addition of methanol to form-
aldehyde. On the other side the equilibrium constants of the chain propagation reactions
are approximately the same for the reactions of formaldehyde with poly(oxymethylene)
glycols and poly(oxymethylene) hemiformals of butynediol, 1-butanol, and methanol. In
these reactions the non-reacting side of the molecules has no influence on the chemical

equilibrium constant.

The reaction enthalpy Arh for Reactions [[| to [[V] is estimated from the corresponding
chemical equilibrium constants:

Aph=-B-R (27)

where B is the parameter of the temperature correlation in and R the gas
constant. For the chain propagation reactions with formaldehyde and butynediol the
reaction enthalpy is —25.2 kJ/mol. The standard deviation is 1.5 kJ/mol. From the
literature, values of the reaction enthalpies for the chain propagation reactions in the
systems formaldehyde + water [30], formaldehyde + methanol [30], and formaldehyde
+ 1-butanol [I§] are calculated from the converted chemical equilibrium constants (cf.
Supporting Information) in the same way. They range between -22.8 kJ/mol and
-25.3 kJ/mol. Thus, they are similar to the ones in [Table 4 This is expected as

the reactions are very similar.
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Figure 7: Values of K? for reactions of formaldehyde with water [30], butynediol,
methanol [30], and butanol [I8] at 293 K.
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3 Vapor-Liquid Equilibrium

3.1 Introduction

Vapor-liquid equilibrium models for mixtures containing formaldehyde, water, and
methanol have been presented in many studies, among others [1H5, [14] [15], 19} B33, 34,
411, [42], [46], 47, [49]. The activity-based model of the chemical equilibrium from the pre-
vious study, cf. part [A] of the Supporting Information, also implicitly contains a model
of the physical equilibrium between liquid and vapor phase. The model is predictive
since it does not contain any parameters fitted to vapor-liquid equilibrium data with

formaldehyde and butynediol.

To the author’s knowledge, no experimental vapor-liquid equilibrium data for systems
containing formaldehyde and butynediol have been published before this study. There-
fore, the vapor-liquid equilibrium in the system formaldehyde + water + butynediol
was studied experimentally in this work in a special type of thin-film evaporator which
is known to be suited for determining vapor-liquid equilibria of reactive formaldehyde-
containing mixtures [1H5], B3], 34], 4], 42]. The data are used for the validation of the

predictive model mentioned above.

In residue curves for the overall ternary system formaldehyde + water + bu-
tynediol are presented. These curves allow conceptual feasibility studies for distillation

processes involving formaldehyde, water, and butynediol.

3.2 Vapor-liquid equilibrium model

Figure 8 shows a scheme of the vapor-liquid equilibrium model in the system formalde-

hyde + water + butynediol including the chemical reactions.

The reaction of formaldehyde with water yielding methylene glycol, cf. Reaction ,
takes place both in the vapor and in the liquid phase. Following Maurer [40], it is as-

sumed that no poly(oxymethylene) glycols with n > 1 are present in the vapor phase,



24 3 Vapor-Liquid Equilibrium

K vapor
FA  + W = MG,
FA w MG, BYD,,
A
FA w MG, BYD,,
Kﬂ
FA  + W = MG,
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FA  + MG, = MG,
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FA +  BYD,,, =—xlwoems= BYp
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Figure 8: Schematic of the reactive vapor-liquid equilibrium model considering the
chemical reactions in the system formaldehyde + water + butynediol.

due to their low vapor pressures. Adapting that argument, only monomeric butyne-
diol (BYDy,) is considered here in the vapor phase. As a consequence, reactions of

formaldehyde with butynediol are only considered in the liquid phase.

Activity-based chemical equilibrium constants K¢ are used for the calculation of the
species distribution in the liquid phase. The equilibrium constants were taken from the
results of the preceding study of the chemical equilibrium, cf. part [A] of the Supporting
Information. The phase equilibrium of the components present in both phases is modeled

using the extended Raoult’s Law

pj XY =P Y Z = FA, W, MGl, BYD0.0 (28)

where p; is the vapor pressure of component 7, z; the true mole fraction of component ¢
in the liquid phase, v; the activity coefficient of component ¢ in the liquid phase, p the
pressure, and y; the true mole fraction of component ¢ in the vapor phase. Ideal vapor
phase is assumed and the Poynting correction is neglected. As activity-based chemical
equilibrium constants are used for describing the liquid phase reactions, the model is
thermodynamically consistent. Reaction ([l) occurs in both phases. The corresponding
chemical equilibrium constants are connected by following Maurer [46], cf.
Eq. (67) in the Supporting Information. The calculation of activity coefficients and

pure component vapor pressures is also shown in part [A] of the Supporting Information.
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In the model and the calculations of this work, true concentrations are used. For the
presentation of the experimental data and the comparison with the model predictions
overall concentrations are used. Mass fractions are used for the latter rather than mole
fractions. This facilitates the presentation of the results of the studied mixtures in which
butynediol has a much higher molar mass than formaldehyde and water. To differentiate
mass fractions in the symbol notation, the superscript (m) is used, e.g. f,(??, in contrast

to mole fractions where the superscript is omitted, e.g. Tga.

All calculations in this work were performed with the software gPROMS (version:
3.6, Process Systems Enterprise Limited, London, UK) taking into account poly(oxy-
methylene) glycols up to n = 10 and poly(oxymethylene) hemiformals up to n +m = 10.

3.3 Experimental

3.3.1 Experimental plan

To remove formaldehyde from aqueous, alcoholic solutions, high temperatures are fa-
vorable [47]. However, at temperatures above 423 K decomposition of butynediol can
occur [IT]. Therefore, the vapor-liquid equilibrium measurements in the present work
were carried out at 393 K and 413 K in a concentration range which is interesting for the
present applications: 95%? ranging from 0.1 g g7! t0 0.2 g g~! and 5%1(3121()1) from 0.05 g g1

to 0.35 g gL

3.3.2 Experimental setup

For the vapor-liquid equilibrium measurements a thin-film evaporator was used which
already has been successfully used for the measurements of vapor-liquid equilibria in
formaldehyde containing systems [IH5]. Since apparatus and measurement procedure

are already well described (see also [33],34]), just a short outline is given here.

The apparatus consists of a rotating coil which spreads a preheated, equilibrated liquid
feed on the inner surface of a stainless steel tube surrounded by a heating jacket. Af-
ter partial evaporation and equilibration, vapor and liquid phase are separated, cooled
down and collected into glass vessels. The temperature was measured with a PT100
thermometer in a siphon for the liquid phase. Nitrogen back pressure was used to
regulate the pressure both in the apparatus and the feed vessel. The accuracy of the
temperature measurement was +0.05 K, the accuracy of the pressure measurement is
+0.1 kPa.
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To keep the residence time for equilibration high and the disturbance of the chemical
equilibrium in the liquid phase low, the following experimental parameters were chosen:
feed flow rate below 30 mL h=! (cf. Hasse [33]), rotation rate of the coil 30 rpm, volume
ratio of condensed vapor phase to liquid phase about 1:8. The estimated resulting
residence time is about 2 min. It is known [34] for the system formaldehyde + water
that this residence time is sufficient to reach chemical equilibrium in the vapor phase
at the temperatures chosen here. Since the amount of butynediol in the vapor phase is

negligible (cf. results), the considerations also hold for the system with butynediol.

3.3.3 Chemicals and sample preparation

Aqueous formaldehyde stock solutions were prepared by dissolving paraformaldehyde
(95-100 %, Merck) in ultrapure water at elevated temperature. A detailed procedure is
described by Hasse [33]. The overall formaldehyde mass fraction in the stock solution
was determined titrimetrically by the Na,SO5; method [61]. The ultrapure water was
produced in a Milli-Q integral water purification system from MerckMillipore, Darm-
stadt, Germany. Butynediol (99 %, Acros Organics) was purified by recrystallization
with diethyl ether from ethyl acetate as described by Pyatnitsyna et al. [51].

Ternary mixtures of formaldehyde, water, and butynediol were prepared gravimetri-
cally from an aqueous formaldehyde stock solution and recrystallized butynediol using
a precision balance (Mettler Toledo XS603S). For chemical equilibration the ternary
mixtures are stored in the feed vessel of the thin-film evaporator for at least two hours

at measurement temperature.

3.3.4 Sample analysis

The overall formaldehyde mass fraction was determined titrimetrically by the Na,SO4
method [61]. The overall mass fraction of butynediol was determined by gas chromatog-
raphy (HP 6890, Hewlett-Packard) with a Rtx®-Wax column (cat.no. 12454, Restek)
and a thermal conductivity detector. 200 pL of 1,4-Butanediol (99 %, Acros Organics)

were used as internal standard with 1 mL of the sample to be analyzed. The settings

are reported in

The gas chromatograph was calibrated with mixtures of known composition. Mixtures
of water + butynediol and formaldehyde 4 water + butynediol were used for the cali-

bration. The preparation of these mixtures was performed as described above.

The overall butynediol concentration was determined ten times for each sample.

The mean standard deviation of the determined mean value in the liquid phase is
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Table 6: Settings of the gas chromatograph.

Injection volume 0.2 nL

Inlet temperature 250 °C
Helium flow rate 0.9 mL min™!
Split ratio 30:1

Temperature program 0.5 min at 100 °C
20 °C min~! up to 250 °C
4 min at 250 °C

Detector temperature 250 °C

Reference flow 20 mL min~!

Column + makeup flow 7 mL min~!

+0.0003 g g '. The relative accuracy of the butynediol concentration is 2 %. The
determination of the overall formaldehyde concentration was carried out at least three
times for each sample. The standard deviation of the determined formaldehyde mass
fraction is about £0.0001 g g~!. The relative accuracy of the formaldehyde concentration

is 3 %. The water content was determined from the summation equation.

3.4 Results and discussion

In general, few butynediol was found in the vapor phase due to its low vapor pressure.
In most experiments, the experimental mass fraction of butynediol in the vapor phase
just reaches the detection limit of ca. 0.0010 g g~!, in some experiments the amount of
butynediol is not measurable. The results of the vapor-liquid equilibrium measurements
are given in [Table 7. The experiments in which butynediol could not be detected in
the vapor phase are flagged with an asterisk. also shows the predictions of
the model described above. They were obtained by specifying the temperature and the

overall liquid composition.

Even though the new experimental data was not used in the model development, a
comparison of the model predictions with the new data show excellent agreement. The
deviations of the overall mass fraction of formaldehyde in the vapor phase and the
pressure are 3.6 % and 0.6 %, respectively. Since butynediol was detected merely at
concentrations around the detection limit, the average deviation of the mass fraction in
the vapor phase is quite high (19.2 %) compared to the one of formaldehyde. On the
other hand, regarding mole fractions, the highest experimental fraction of butynediol in
the vapor phase is 6.2 10-4 mol mol™* which has a negligible contribution to the total

pressure. The deviations in the formaldehyde mass fraction and the pressure reported
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Figure 9: Vapor-liquid equilibrium in the system formaldehyde + water + butynediol

at 393 K. (0) liquid phase composition, (o) experimental vapor phase com-
position, (A) predicted vapor phase composition, (—) tie line.

here are not higher than the deviations which were observed for the system formaldehyde
+ water [4I]. Thus, changing any parameters of the model was not considered in the

present work.

igure 9[shows the results of two selected experiments at 393 K to illustrate the influence

of butynediol in the liquid phase on the formaldehyde mass fraction in the vapor phase.

Squares represent the composition of the liquid phase. They are connected to the
composition of the corresponding vapor phase (circles) via tie-lines. The mass fraction
of formaldehyde in the liquid phase is approximately the same in both experiments.
However, the butynediol fraction differs significantly. The more butynediol is in the
liquid phase, the less formaldehyde is in the vapor phase. This is a result of the strong
binding of formaldehyde to butynediol which is described very well by the model, cf.

the results of the previous chapter.
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3.5 Residue curve maps

3.5.1 Introduction

For the illustration of the vapor-liquid behavior in the studied system, residue curves
were calculated at constant pressure. The residue curves are the trajectories of the liquid
phase composition obtained upon evaporating a liquid mixture slowly in an open still.
They are closely related to distillation lines and can be used as an approximation for
feasibility studies of distillation processes [62]. Mathematically, a differential-algebraic
problem has to be solved which is described by the Rayleigh Equation [27]. In the case
of a reactive distillation the equation can be formulated with overall mole fractions [60]

according to

dz;
dr

—Fi-7;  i=FAW (29)

where 7 can be considered as a dimensionless time. In the overall ternary system form-
aldehyde + water 4 butynediol the residue curves are then described by solving the

following expression starting at an arbitrary overall composition:

dzpa _ TFA — YFA (30)
dzw  Tw - 9w

3.5.2 Results and discussion

The residue curve maps for the system formaldehyde + water + butynediol at 100 kPa
and 400 kPa are shown in [Figure 10

There are two azeotropic points in the binary system formaldehyde + water. The one
next to pure formaldehyde is an artifact of the model since at this overall composition
formaldehyde is present in very long poly(oxymethylene) glycol chains which crystallize
at the given conditions. Neither the formation of a solid phase nor the formation of
oligomers with n > 10 is considered by the model. In practice the azeotrope replaces

pure monomeric formaldehyde in the diagram.

All residue curves start in the other formaldehyde + water azeotrope (unstable node,
global low boiler) and end in pure butynediol (stable node, global high boiler). Pure
water and the second binary azeotrope are saddles in the diagram. Following the residue
curves at 100 kPa starting from a point near the global high-boiling formaldehyde -+
water azeotrope but at lower formaldehyde concentration, formaldehyde is depleted

initially. Coming to higher butynediol concentrations, formaldehyde is however enriched



3.5 Residue curve maps 31

1.0 100 kPa

(b)

Figure 10: Residue curve maps for the system formaldehyde + water + butynediol.
(a) 100 kPa, (b) 400 kPa. (e) singular point.
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again because of the strong formaldehyde binding ability of butynediol [10], cf. also the
discussion along [Figure 9

At 400 kPa, and thus higher temperatures, the global high-boiling azeotrope is located
at a higher formaldehyde concentration since generally the oligomer chains in the liquid
become shorter with rising temperature. Thus, following again residue curves below the
unstable azeotrope, the depletion of formaldehyde is even stronger. Following the same
argument, formaldehyde is also weaker bound in the poly(oxymethylene) hemiformals

with butynediol.
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4 Reaction Kinetics

4.1 Introduction

In many processes with formaldehyde-containing mixtures, also reaction kinetic effects
play a role [16], 17, 20), 21, 37, 45, 49, 55, 56, 59]. Information on reaction kinetics is
only available for the reactions of formaldehyde with water [29, [33] 35, 48], but not
for those with butynediol. There is also information on the kinetics of the reactions of
formaldehyde with mono-alcohols (methanol [29, 48], 1-butanol [I§]), but the reactions
with diols, such as butynediol have never been studied before. Recently, Kircher et
al. |38 have proposed a generalized equilibrium constant for oligomerization reactions of
formaldehyde with alcohols, but this approach cannot be extended in a straightforward

manner to reaction kinetics.

This chapter finally deals with the experimental determination of the reaction kinetic
rate constants for the oligomerization reactions of formaldehyde with butynediol using
NMR spectroscopy. Besides kinetic experiments in NMR tubes, some NMR experiments
have been carried out using a novel micro-mixer NMR probe [12, 13} [32] that enables
to study fast reactions with time constants well below 1 min. The investigations were
performed in the system formaldehyde + water + butynediol, as in the chapters before.
Therefore, a kinetic model for the reactions of formaldehyde with water is needed for

the evaluation of the results.

To keep the presentation in the main part concise, the experiments with the micro-mixer
NMR probe are described in the Appendix section of this chapter. The kinetic model
of the reactions of formaldehyde with water was taken from Hahnenstein et al. [29].
Furthermore, some experiments in the system formaldehyde + water were carried out
with the micro-mixer NMR probe, at conditions where these reactions are so fast that
it is difficult to study them with other methods. The new experimental results are as
well reported in the Appendix and confirm the reaction kinetic model of Hahnenstein
et al. [29].
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4.2 Reactions

The reaction equations have already been discussed in [Section 2.2 However, it is con-
venient to illustrate the reactions in the reaction kinetic context using reaction kinetic
constants k instead of equilibrium constants K. Reactions (I}) to (IV]) become

Kic,
CH,O + H,0 = HO(CH,0)H (V)
N—— S—— kMGl
FA %% MGy
Kicn
CH,O + HO(CH,0), |H == HO(CH,0),H  n>1 (V)
N—— kilGn ——————
FA MGp-1 MGn

+
kn.O«—»nAl
- s

CH,O + H-(OCH,),-O-CH,-C=C-CH,-OH

N—— n.0en.1
FA BYDy.0
H-(OCH,),-O-CH,-C=C-CH,~-O-CH,~OH  n>0 (VII)
BYDy.1

+
n-1l.men.m

CH,O0 + H-(OCH,),_,~O-CH,-C=C-CH,-0-(CH,0), -H

N—— n—-l.men.m
FA BYDn—lAm
H-(OCH,),-0-CH,-C=C-CH,-O-(CH,0),-H  n>1,m>0 (VIII)
BYD.,.m

In the study of the chemical equilibrium, two types of reactions were distinguished in the
scheme shown in - and this classification is kept here: firstly, the addition of an
unoccupied end to formaldehyde (displayed as solid arrows in and secondly, the
addition of an occupied end to formaldehyde (presented as dashed arrows in .
In the chemical equilibrium model, the path on which a certain molecule is formed out of
formaldehyde and butynediol does not matter. However, in the reaction kinetic context

the path does matter so that all possible reactions need to be considered.

The superscripts above the reaction arrows in Reactions (VII) to (VILI) denote the rate

constants k* and k-

n—-1l.m<n.m n—-l.menm

of the forward and backward reactions and their
subscript denote which molecules are involved. Obviously, n and m can be exchanged
so that k'

n—-l.m<n.m

+
m.n—-loman:

is equal to k All of them are expressed as functions of
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four general rate constants kgyp . kgyp s Fpypo, and kgyp,, the subscript denoting
the reaction type (Reactions (VII) and (VIII))). The type of reaction and the symmetry

relations depicted in [Figure 1] cf. are used to relate the rate constants

k* and k- on the one side to the rate constants kjvp 1, kgyp 15 Fiyp.os

n—-1l.m<n.m n-1l.m<n.m

and kéYD,z on the other side:

hoont =2 kBypa for n=0 (31)
hoont = kiypa for n>1 (32)
moont = 2-kpypg for n=1 (33)
moonl = Kpypa for n#*l (34)
-Lmeonm = 2 KByD 2 for (n=1=m)Aa(m=>1) (35)
-Lmenm = FByD 2 for (n=1>m)A(m=>0) (36)
n-Lmeonm = 2 KByD 2 for (n=m)A(m=>2) (37)
n-Lmeonm = FBYD 2 for (n=1>m)A(m=>0) (38)
The rate constants are related to the chemical equilibrium constants K; by
K- (39
kj

This is consistent with the definition of the chemical equilibrium constants in [Egs. (8)
to |(13), In the present work, was used to calculate the backward reaction

constants k; from the forward reaction constants &} and the equilibrium constants K.
In the formaldehyde + butynediol system, Kgyp 1 and Kpyp2 from are used

as shown in the following example for the first reaction in [Figure I}
2k

k+
0.01.0 _ BYD,1

Ko opo1.0= =2-Kpyp, (40)

koow1o  Keypa

The task of this work is finding an expression for k., and ki p -

4.3 Kinetic model

The rate equations used here to calculate time-dependent component amounts n; are

formulated similar to previous works [18] 29, [47, [48]:

dni 2R v
P = Mot Z (Vi,j kf H gjl l’]|) (41)

lGEj
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In this rate expression, the equilibrium reactions shown in the previous section are
separated into forward and backward reactions and R is the number of equilibrium
reactions, n is the total molar amount of substance, v; ; is the stoichiometric coefficient
of component ¢ in reaction j, k the rate constant of the model for reaction j, and
the mole fraction of component [. E; is the set of the components on the reactant side

in reaction j. As an example, the change of the amount of BYD, ¢ is given in [Eq. (42);

N
1 dnpyp,, kivp

_ +
=2 Kkgyp,1 - TFA - TBYDo — *TBYD; o

Ntot dt Kgyp
k/.+

BYD,1

+
— kByD1*TFA " TBYD, + 2 *TBYD;

Kgpyp 1

k+
BYD,2 (42)

.
— kBypa* TFA " TBYD, + “TBYDy,

Kpyp,2

Analogously to the equilibrium model, the components considered in the model are FA,
W, MG,, with 1 <n <10, and BYD,, ,,, with 0 < n+m < 10. Longer oligomers are not con-
sidered since their concentrations can be neglected. Chemical equilibrium constants and
rate constants for the reactions of formaldehyde with water yielding poly(oxymethylene)
glycols, cf. Reactions and , were taken from Hahnenstein et al. [29] 30] who have
used three independent chemical equilibrium constants, namely Ky , Kfjq,, and Kfjq
with n > 3, as well as two independent rate constants k’f\r/[él and k’;\r/[én with n > 2. Here,
the superscript x indicates that the constants refer to the model based on mole-fractions.
However, as the mechanism of the addition reactions in the formaldehyde + water sys-
tem is formulated differently in this work than in that of Hahnenstein et al. [29, 30], the
parameters of the literature model had to be converted. How this was done is shown in
[Section 4.7.5] The converted parameters are reported in The chemical equi-
librium constants of the reactions of formaldehyde with water and formaldehyde with

butynediol were calculated using an Arrhenius type equation [10, 30]:

K; =exp (Aj - leJK) (43)

The rate constants depend also on the pH value. The rate constants of the forward
reactions in the formaldehyde + water system were calculated using the following equa-
tion [29):

Ch B.
k:;-r/s‘1 = (1 +Cp; - 107 4+ exp (C’Q’j - T;I]{) . 10+pH) - exp (Aj ) ) (44)
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Table 8: Parameters of the reaction kinetic model for mixtures of formaldehyde + water

+ butynediol. Parameters from literature models were converted to fit into
the present model as explained in the Appendix.

Equation A B 4 Cy Cs Source
Kie,  (43) 2325 2579 [29]
K, 2.31051  -3139.9 [29]
K, 24334 -3039.4 129
K&y, 2,225  -3392.6 I10]
Kiup s 2.334  -3032.4 [10]
s (a4 8962 1913 870 -16.5801 0 129]
ko 20.795 5972 247.3  -0.838 3102 [29]
kyen, ([17) 16.5248 4443.23  9.486E-03 4.00 this work
ks 21.8238 6584.64  0.2691 3 this work

4.4 Experiments

4.4.1 Chemicals

Aqueous stock solutions of formaldehyde were created by dissolution of paraformalde-
hyde (95-100 %, Merck) in ultrapure water at high temperatures. The overall formal-
dehyde concentration in the stock solutions was always around 0.33 g g~!. High formal-
dehyde concentrations are needed to get high amounts of long-chained oligomers. The
overall concentration of formaldehyde in the aqueous solution was determined by the
sodium sulfite method [61] (uncertainty usually below 2 %). For the individual experi-
ments the pH value of the formaldehyde solution taken from stock was adjusted to the

desired value using small amounts of formic acid or sodium hydroxide.

The ultrapure water was produced using the Milli-Q integral water purification system
from MerckMillipore, Darmstadt, Germany. Butynediol (99 %, Sigma-Aldrich) was re-
cristallized with diethyl ether from an ethyl acetate solution, following the methodology
described by Pyatnitsyna et al. [51]., to achieve purification. In the experiments, butyne-
diol was used in aqueous solution at concentrations of about 0.67 g g=!. The solutions
can be stored at room temperature without precipitation of butynediol. The solutions
were prepared gravimetrically using a high precision balance (Mettler Toledo XS603S).

The uncertainty in the butynediol concentration in the stock solution is below 1 %.

4.4.2 Experimental setup and procedure

The experimental investigations of reaction kinetics were carried out using 'H-NMR

spectroscopy. In principle, quantitative 3C{'H}-NMR, spectroscopy would have been



38 4 Reaction Kinetics

attractive due to its higher dispersion, but the acquisition time is too high to monitor the
fast reactions that are of interest here. 13C{'H}-NMR spectroscopy was only applied for
a single test measurement that was carried out at conditions where the reaction kinetics

in the studied system are slow. This experiment is described in [Section 4.7.6| in the
Appendix.

The reactions were started by dilution of aqueous formaldehyde solutions with aqueous
butynediol solutions. In most experiments this was done outside the NMR spectrometer
and the reacting sample was inserted in the NMR spectrometer in a 5 mm NMR sample
tube to monitor the kinetics. These experiments are described here. A few additional
experiments were carried out using a micro-mixer NMR probe that allows to reduce

the delay time between the mixing and the start of the kinetic monitoring. These

experiments are discussed in [Section 4.7.1]in the Appendix.

An NMR spectrometer with a proton resonance frequency of 399.83 MHz (Unity Inova
400, Varian, Palo Alto, USA) was used for all experiments. For the experiments with
the sample tubes, it was equipped with a Varian 400 AutoSW PFG 4 nuclei probe.
The acquisition parameters were: acquisition time 2.5 s, relaxation delay > 2.5 s, pulse
width 10°, 1 scan per spectrum. The temperature measurement in the spectrometer was
calibrated by chemical shift difference with methanol and ethylene glycol respectively [7].

The uncertainty of the temperature measurement is 1 K.

The liquid mixtures of formaldehyde + water and water + butynediol were stored in
closed glass vessels that were placed in a thermostatted bath on a magnetic stirrer
for at least one hour before starting the experiment. The mixing mass ratio of the
aqueous formaldehyde solution and the aqueous butynediol solution was chosen based
on preliminary NMR experiments to ensure reasonable accuracy of the quantitative
evaluation of the signals. Small amounts of formic acid or sodium hydroxide were added

to the formaldehyde + water mixture to adjust the pH value.

To start the reactions, the water + butynediol mixture was added to the formaldehyde
+ water mixture by a syringe. After 5 s of magnetic stirring, about 0.7 mL of the
reacting mixture were filled into a NMR tube using a syringe and put into the spec-
trometer immediately. The NMR tube and the syringes were preheated in an oven at
reaction temperature. The time between the mixing of the two substances and the start
of the NMR measurement was measured by a stop watch. This procedure may have
caused temperature shifts beyond the experimental uncertainty of the temperature mea-
surement. They level out in the thermostatted NMR probe but may have influenced
the starting phase of the kinetic measurements. The mass of both mixtures was deter-
mined by differential weighing. The resulting uncertainty of the overall mole fractions

of formaldehyde and butynediol in initial solution is below 2 % and 1 %, respectively.
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Figure 11: 'H-NMR spectrum of a mixture of formaldehyde + water + butynediol
in chemical equilibrium (200 = 027 g g !, & = 053 ggt, 700, =
0.20 g g7', T' =293 K, pH = 6.8, reference: TMSP). The peaks designated
with A, B, and C’ and C” were used for the quantification. C”’ is between

C’ and C”. C” and C” cannot be deconvoluted and were evaluated together.

After the kinetic measurement, the pH value was measured (pH Meter 713; electrode:
LL Unitrode Pt 1000, Metrohm). The uncertainty due to small changes in the pH value

during the measurements is about +0.2.

4.4.3 Quantitative analysis of the NMR spectra

'H and C-NMR spectra for the system formaldehyde + water + butynediol have been
discussed in detail in and all peaks have been assigned [10]. Therefore, only
those aspects of the spectra that are relevant for their quantitative evaluation in the
present work are discussed here. shows a 1H-NMR spectrum of a mixture of
formaldehyde + water + butynediol in chemical equilibrium. In [Figure 11 two signals

A and B and a group of signals C are labeled that were used for the quantification.

Peak A is the signal of the methylene groups in butynediol. Peaks B, and the peak group
C stem from methylene groups in oligomers that are located next to the butynylene core:
peak B stems from oligomers with n = 1 methylene group bound to the considered side
of the core, the peak group C stems from oligomers for which n > 1. In the spectrum in

Figure 2 two peaks can be distinguished in that group: C’ for which n = 2 and C” for
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which n = 3. Also signals from oligomers with n > 3 lie in the spectral region C. Due to
the strong overlap, it is difficult to deconvolute the individual peaks in the area, which

is why they were lumped into the signal C that was integrated as a whole.

The peaks A, B and C contain reaction kinetic information about the decay of the
butynediol concentration and the formation of oligomers. The areas were quantified
using the software PEAXACT (version: 4.0.0, S-PACT GmbH, Aachen, Germany) with
indirect hard modeling (IHM) [40]. With the IHM method, parametrized peak func-
tions (Lorentz/Gauss curves) are fitted to the spectra. The number of fitted functions
was determined from the spectrum of the mixture at the end of the experiment. The

parameters of the peak functions were then fitted to each spectrum individually.

From the peak areas Aa, Ap, and Ac, peak area fractions (gyp,1 and (gyp2 were calcu-
lated and related to mole fractions of individual species, taking into account the number

of hydrogen atoms that cause the corresponding signals:

10
Covpa = As _ 2ByD,, + Xio0 TBYD,, (45)
T A 2-TBYDy,
10 10— 5
_Ac ¥-2 Xm0 TBYD,.,, + 2p-2 TBYD, , 16
(Byp2=— = (46)
Aa 2-TBYD,

4.5 Determination of the model parameters

The rate constants kgyp , and kiyp, were fitted to the time-dependent experimental
peak area ratios (gyp 1(t) and (gyp2(t) for each experiment individually using the soft-
ware gPROMS. In the fits, also the chemical equilibrium constants Kgyp,; and Kgyp 2,
cf. were adjusted, as even small differences in the representation of the equili-
bria can lead to large errors in the fit of the kinetic constants. The four fit parameters
kﬁYD,p kEYD,m Kgyp,1, and Kpypg2 were obtained by minimizing the sum of squared
absolute deviations between the experimental ;™ and the calculated (M°d using the
least squares method. Thereby, the initial amounts of species in the reacting mixture
were calculated from the true composition of the initial formaldehyde + water mix-
ture assuming equilibrium taking into account the dilution with the water + butynediol

mixture. Hence, at ¢ = 0, there are no butynediol oligomers.

4.6 Results and discussion

A typical result of a kinetic measurement in the system formaldehyde + water + bu-
tynediol is depicted in [Figure 12| The experimental results for (gyp1 and (gyp2 are
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Figure 12: Experimental and calculated peak area fractions after mixing an equili-

brated formaldehyde solution (:igi?stock = 0.3367 g g ') with aqueous bu-

tynediol (zv), = 0.6006 g g71); mass ratio — 2.275:1. T = 293.15 K,
pH = 4.35. (o) (yp,1, (2) (Byp,2 see [Egs. (45) and [(46), (——) reaction
kinetic model.

compared to model results obtained using the correlations for all of the four fit param-
eters, cf. [Table 8 The correlations for k:]*B‘YD1 and k%YDg are introduced later in this
section. Both curves start in the origin of the diagram, as there is only butynediol but
no butynediol oligomers. The curve shape of (gyp o differs from that of (gyp;. Since
initially formaldehyde-free reaction sites of BYD react with formaldehyde, cf. Reac-
tion (VII), the chain propagation reactions represented by Reaction are delayed.
This results in a sigmoid curve shape for (gyp 2. The corresponding figures for all other
experiments are presented in the Supporting Information. The Supporting Information

also contains a table showing the full set of specification of all experiments.

gives an overview of the results for the kinetic constants and the equilibrium
constants obtained from the fits. shows a comparison between the equilibrium
constants determined from the individual fits to the kinetic 'H-NMR spectroscopic data
from the present work and the equilibrium model that was established in our previous
work [I0] based on dedicated equilibrium experiments with 3C-NMR spectroscopy. As
can be seen from [Figure 13| the agreement between the two sets of results is generally
good. Remaining deviations should not be over-interpreted as the goal of the present
study was not to get new data on the equilibrium constants - they were obtained as a
collateral result. As a consequence, the equilibrium constants from the present work are

subject to considerable uncertainties, especially when small peaks had to be quantified,

as it is the case for K3y, ,. Allin all, the comparison shown in confirms both
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the results from the previous work, cf. or Ref. [10/as well as the experimental
method and the evaluation method used here. For completeness, also shows
the results that were obtained in the present work in the kinetic experiments with the

micro-mixer NMR probe. These results are discussed in the Appendix.

Figure 14| shows the results for the rate constants kjyp, and kjyp, obtained from
the individual fits to the reaction kinetic data from the present work. The results

obtained from the experiments in the NMR tubes as well as those from the experiments
with the micro-mixer NMR probe are shown. They cover temperatures between 293 K
and 328 K, the pH value is between 3 and 6. The observed dependence of the rate
constant on the pH value with a minimum is typical for oligomerization reactions of
formaldehyde [18, 25, 29, [48]. The data scatter, especially those for k];iDQ that were
obtained from data on small overlapping peaks, but clear trends can be discerned. A

quadratic expression for modeling the dependence of the data on the pH value combined

Table 9: Overview of experimental conditions and results of the fits of the reaction
kinetic constants and equilibrium constants to the individual experiments.

NMR probe T /K pH kl;’\fD,l kl;{/ED,Q KE’XQ;DJ Klg’;D,Q
tube 293.15  3.09 4.62 0.40 11507 3063
3.283 4.39 0.57 12068 2147

3.514 3.50 0.40 10991 3661

4.35 3.61 0.39 12544 6029

4.717 4.01 1.61 12025 3515

4.8 4.31 1.08 12205 5190

303.15  3.54 6.76 1.94 7614 1968

4.53 6.51 2.88 8429 2448

4.87 8.81 6.96 8944 2228

313.15  3.33  12.49 1.58 6026 2017

3.88  10.30 4.05 5768 1689

4.51  10.57 6.47 5986 1719

micro-mixer 313.15  3.61 9.24 2.03 3995 1468
4.2 9.27 3.28 4189 1562

5.864 12.81 14.92 3648 1475

tube 323.15  3.04 15.85 3.65 4390 1292
3.3  16.29 2.72 4536 1379

4.36  17.68 8.63 4088 1260

micro-mixer 323.15 4.5 16.42 8.63 2844 1041
5.755 22,76 18.45 2680 757

tube 328.15 3.32 2238 4.07 3995 999
4.29 19.24 14.59 3800 1137
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with an Arrhenius type expression for modeling the temperature dependence was used:

o B
kB’YD7i = exp (A - _T/K +Cy - (pH - 02)2) (47)

The parameters A, B, (', and C5 of were determined from a fit to the data by
multiple linear regression of In kzg%ﬂ.. The results are reported in The results
of the correlation are shown in as solid lines. Fair agreement within the strong
scattering of the data is observed. The mean average percentage deviation (MAPD) is

7 % for kiyp, and 36 % for kyyp . A summary of the model parameter values is given

in [lable &

As stated above and described in more detail in the Appendix, a single kinetic experi-
ment was carried out in a test tube with quantitative 3C{'H}-NMR spectroscopy. The
results of this experiment are shown in and were not used for the model
development. Excellent agreement of the measured and the calculated species distri-
bution is found. In particular, also the maximum in the concentration of BYD;, and
the minimum in the concentration of MG is correctly predicted. The shown maximum
in the concentration of BYD;  and the minimum in the MG, concentration cannot be
observed in the peak area fractions that were used for the model development, cf. also

Figure 12| This is because the individual species are lumped together into (gyp; and

CBYD,2-

4.7 Appendix [Chapter 4

4.7.1 Experiments with the micro-mixer NMR probe

shows the experimental setup that was used for the experiments with the
micro-mixer NMR probe to extend the database for the systems formaldehyde + water
and formaldehyde + water 4+ butynediol. The two solutions which are to be mixed were
filled into two syringe pumps (260D, Teledyne Isco) that were connected to the micro-
mixer NMR probe which was placed in the same NMR spectrometer that was used also
for the other experiments (see Section Experiments). For a detailed description of the
probe, see Refs. 12, [13] [32. Pumps, capillaries, as well as the micro-mixer NMR probe
were thermostatted to the desired temperature. At the outlet, the mixture was either
discarded or led to a thermostatted vessel for the pH measurement. Two Coriolis flow
meters (mini CORI-FLOW™ M12, Bronkhorst High-Tech) were installed in the feed

lines to obtain data on the mass flows of the mixtures from which their mass ratio was
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Figure 13: Chemical equilibrium constants. a) Kgyp ; and b) Kgyp ,. Symbols: values

obtained from the fits to the reaction kinetic experiments, (o) tube experi-
ments, (A) micro-mixer experiments, (——) equilibrium model [10)].
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Figure 14: Rate constants for the reactions of formaldehyde with butynediol. (a) re-

action with an unoccupied end according to [Eq. (VII)| (b) reaction with

an occupied end according to [Eq. (VIII); (blue) 293 K, (orange) 303 K,
(green) 313 K, (red) 323 K, (brown) 328 K, (o) tube experiments, (A ) micro-

mixer experiments, (——) reaction kinetic model.
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Figure 15: Results from a test measurement carried out with BC-NMR spectroscopy.
Ratios of true amounts to overall amounts for butynediol and reaction
products of butynediol with formaldehyde (red) and reaction products

of water with formaldehyde (blue). An equilibrated aqueous formalde-

hyde solution (97:1(;2) = 0.2955 g g7!) was diluted with aqueous butynediol

(202, =0.6526 g g1), the mass ratio was 2.414:1. T = 293.15 K, pH = 4.18.
(0) BYD0.0, (V) BYDLO, (A) BYDl.l, (<]) BYDQ.O, (D) BYDQ.I, (D) BYD&Q,
(0) MGy, () MGa, (0) MGs, (—) reaction kinetic model.

calculated. The temperature was measured in the probe with a calibrated platinum

resistance thermometer with an uncertainty of 0.2 K.

The feed mixtures were stored in the thermostatted pumps for at least one hour to ensure
equilibration. After switching on the pumps, the system was purged for about 10 min.
During this time, the mixture leaving the probe is first discarded; then, it is collected
for the pH measurement. High feed flow rates were used to obtain a short time delay
between the mixing and the detection in the NMR coil. The total flow rate of the two
pumps was 1 mL min-! in all experiments. The kinetic measurements were carried out
after stopping the flow. This was done by swithching the four-way valve and stopping
the pumps. The time at which this was done is considered as ¢t = 0 of the experiment.
The pressure in the system was controlled by a nitrogen reservoir connected to the liquid
outlet and measured at several points in the system. The pressure was about 2 bar and
is not reported for the individual experiments as its influence on the results for the

liquid phase reaction kinetics is small. The following acquisition parameters were used
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Figure 16: Experimental setup of NMR experiments with the micro-mixer NMR probe.

to generate 'H-NMR spectra: acquisition time 0.5 s, relaxation delay > 1.5 s, pulse

width 10°, 1 scan per spectrum.

4.7.2 Analysis of the NMR spectra obtained with the

micro-mixer NMR probe

'H and 3C-NMR spectra of the mixtures formaldehyde + water and formaldehyde +
water + butynediol are well understood, cf. for example Refs. [10, 29, 44. However,
'H-NMR spectra generated with the micro-mixer NMR probe show broader signals due
to field inhomogeneities which result in strong signal overlapping. Therefore, examples
of spectra of the studied systems taken with the micro-mixer NMR probe are shown
in The spectra are dominated by a large, broad peak from hydrogen nuclei
of water and all hydroxyl groups. The position of this peak strongly depends on the

temperature and the pH value.

The used nomenclature for the non-interchangeable hydrogen is also depicted in
The methylene groups in the butynylene group (-CH,-C=C-CH,-) are labeled
with a superscript 5. Methylene groups in the CH,O chain on both sides of the bu-
tynylene group are indicated with superscript Arabic numbers. The position of the
superscript indicates the location of the nuclei in BYD,,,,. A superscript on the left
side represents the n-side of the molecule, while a superscript on the right side repre-
sents the m-side. These sides are equivalent because exchanging corresponding indices

does not change the molecule. However, in unsymmetrical molecules, the location of a
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Figure 17: 'H-NMR spectra taken with the micro-mixer NMR probe. (a) Mixture
formaldehyde + water + and butynediol; i(Fil) = 0229 g g™, i:g}l ) =
0.568 g g1, ) = 0.203gg!, T = 313.15 K, pH = 4.2, reference:
6(*Hyg,) =0 ppm. (b) Mixture formaldehyde + water; i(FIZl) =0.178 g g1,
:ig,f/n) =0.822 g g7t, T'=323 K, pH = 4.0, reference: 6('Hy,, ) =0 ppm. The

labels A-G and A*-C* are explained in and .
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Table 10: 'H chemical shifts for a mixture of formaldehyde and water (i(FrX)

0.178 g g1, f&n) =0.822 g g7, T =323 K, pH = 4.0, reference: J('Hy,q )
0 ppm). All peaks stem from methylene groups: A* from MG, B* from
chain ends of MG,,, n > 1 and C* from middle groups in MG,,, n > 2, that
are not connected to hydroxyl groups.

TH (400.40 MHz)
Peak 0 / ppm Assignment

A 0.00 'Hyg,
B~ 0.06 'Hyq ,n>2 (end)
Cr 0.12 “Hyq ,n23, n/2+1>i>2 (middle)

Table 11: 'H chemical shifts for a mixture of formaldehyde + water + butynediol
@) = 0229 g g, 20 = 0568 g g1, #00, = 0203 g g, T = 313.15 K,
pH = 4.2, reference: 0('Hy; ) =0 ppm). An explanation of the nomenclature
used for the peak assignment is given in the text.

IH (400.40 MHz)

Peak 0 / ppm Assignment

A ~0.55 Hpyp, ,, n>0

B ~047 PHyp ,n, m>1
C 0.00 'Hyg,

D 0.02 Hbyp ,n>0

E 0.06 'Hyg , n>2 (end)

"Hgyp, >, n 22, m>0 (end)

0.09 'Hgyp, ,n22, m>0 (inner)

0.12 “Hyq ,n23, n/2+1>i>2 (middle)
THgyp, > n23, m>0, n>j>2 (middle)

0

specific group matters. A more detailed discussion of the peak assignments has already
been given in Ref. [10 or part [A] of the Supporting Information, so that here only an
overview of the resulting peak assignments for the micro-mixer NMR probe is given in

Tables 10 and 11l

The peak area fractions (gyp,1 and (gyp 2 were calculated and related to mole fractions
of individual species, taking into account the number of hydrogen atoms that cause the

corresponding signals:

10
Ap TBYD,, + 2n=0 TBYDy 1

QBYD,l = = 10 (48)
AA 2- TBYDo,o T Zi:l ITBYD;
10 10— 5
Covp.s = Ac _ o2 Xm=0 LBYDym + Lnza TBYD, (49)
BYD,2 — A - 2 10
A “TBYDgo  2i=1 TBYD;
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In the system formaldehyde + water, cf. [Figure 17p| and [Table 10, peak A* is the
methylene signal obtained from MG;. Peak B* contains the signals of the methylene

groups at the chain ends of longer oligomers. Peak C* contains the methylene signals
of the methylene groups that are not connected to hydroxyl groups.

The peak area fractions were calculated and related to mole fractions as follows:

Cax ITMG,
. = = 50
a Car + (- +Cor 22 (n-7ma,,) (50)
10
CB* CB* _ 2- Zn=2 TMG,, (51)

Tt Gt b T (0 ang,)
Yors((n-2) - zya,)
* = 1 - * = * = -
e e = Co Yoli(n-ave,)

(52)

4.7.3 Results for the system formaldehyde + water +
butynediol obtained with the micro-mixer NMR probe

The numerical results of the 5 kinetic experiments in the system (formaldehyde + water
+ butynediol) that were carried out with the micro-mixer NMR probe are presented in
the Supporting Information. Also plots showing (gyp,; and (gyp 2 as a function of time
for all experiments are given in the Supporting Information. The evaluation of these
results was done as described in the previous section and the kinetic and equilibrium
constants obtained from that evaluation are included in well as in
and [14] In general, they fit together well with the results obtained from the experiments
in the sample tubes. The exception are the results for the equilibrium constant Kgyp
that are systematically below the results from the literature and those from the sample
tube (cf. [Figure 13p). A detailed analysis of these deviations has not been carried
out as the main goal of the experiments was the determination of rate constants and
the equilibrium constants are only a collateral result of the fit. It is not claimed that
the micro-mixer NMR probe is a particularly useful instrument for measuring chemical

equilibrium constants.

4.7.4 Results for the system formaldehyde + water obtained
with the micro-mixer NMR probe

The micro-mixer NMR probe is useful for studying fast reaction kinetics. Therefore, it
was used for experiments in the system formaldehyde + water at conditions where the
reactions are so fast that no quantitative data on the reaction kinetics was available so
far. In all experiments, aqueous formaldehyde solutions were diluted with water and

the resulting shift of the oligomer distribution towards smaller oligomers was monitored.
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t/s

Figure 18: Results from a reaction kinetic experiment in the system formaldehyde +
water carried out with the micro-mixer NMR probe. Dilution of a formalde-
hyde solution (ig&l) =0.3401 g g~!) with water (mass ratio 1.1:1); T' = 343 K,
pH =4.6. (O) Ca+, (o) (g, (A) (c+, (—) reaction kinetic model. The peak
area fractions refer to signals of methylene groups in MGy ((a+), at the end
of MG,, n>2 ((g+) and in the middle of MG,, n >3 ({c+).

The experiments were carried out as described in [Section 4.7.1] The numerical results
of the 10 kinetic experiments in the system formaldehyde + water are presented in the
Supporting Information. An example for the results is presented in [Figure 18 where
the peak area fractions of methylene groups in MGy ((a+), at the end of MG,, n > 2
((g+) and in the middle of MG,, n > 3 ({¢+) are shown as a function of time. It is
remarkable that good quantitative kinetic data could be obtained for a kinetic process
with a time constant of the order of only 10 s. Additionally, shows the result
of the converted model of Hahnenstein et al. [29]. The model describes the experimental
data very well. Similar plots for the other experiments are presented in the Supporting

Information.

The rate constants of the poly(oxymethylene) glycol formation, cf. Reaction (VI), ob-
tained from the fits to the new experimental data are shown in where they are
compared to experimental results from the literature as well as the model of Hahnenstein
et al. [29]. Tt can be seen from that the new data substantially extend the
range for which experimental reaction kinetic data in the system formaldehyde + water
are available. It also becomes clear that the new data fully confirm the predictions by
the model of Hahnenstein et al. [29] that was based on a fit to the other data shown in
[Figure 19 The new data is also in line with the previous data. This is also confirmed by
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Figure 19: Rate constants for the formation of poly(oxymethylene) glycols using mole
fractions. Empty and filled symbols are converted rate constants taken
from Hahnenstein et al. [29]. Empty symbols: rate constants from density
measurements. Filled symbols: rate constants from NMR measurements.
Half-filled symbols: new measurements with micro-mixer NMR probe this
work. (O) 275 K, (o) 283 K, (2) 293 K, (v) 303 K, (¢) 313 K, (<) 323 K,
(>) 333 K, (0) 343 K, (—) reaction kinetic model.

the results for 313 K, where data from the present work and from Hasse and Maurer [35]

are available.

4.7.5 Conversion of parameters of models of the system

formaldehyde + water

Hahnenstein et al. [29] have modeled the oligomerization reactions in the system form-
aldehyde + water not with monomeric formaldehyde as reacting species but have used

methylene glycol instead. I.e., instead of Reaction (VI)), the following reaction was used:

+,%

Eyic,
MG,,_; + MG, — MG, + W (IX)

MGnp,

For describing the chemical equilibria, both approaches are equivalent, and the equilib-

rium constants can be converted using |Eq. (53

Kffa(;n = Kf\c/[:;n 'Klic/lc}l (53)
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where K7 is the equilibrium constant used in the present work and refers to Reac-
tion (VI), Ky, is the equilibrium constant used by Hahnenstein et al. [29] and refers
to Reaction (VI)), and K3y, 1s the equilibrium constant of Reaction (V), which is the

same in both models.

Not only the equilibrium model but also the kinetic models of Hahnenstein et al. [29]
and that from the present work can be mapped onto each other assuming that the
Reaction (V) is much faster than the other reactions and can be considered to be in
equilibrium. For an equivalence of the two kinetic models, the following equation must
be fulfilled:

+,,% 4T
MG, TMGp_ 1 " TMG, = kMGn *TFA * TMG,_q (54)

Assuming that Reaction is in equilibrium, one can find that:

kG, = ki, - Ka, - ow (55)

Taking into account that the experiments that were used for the parameterization of

the model of Hahnenstein et al. [29] were carried out at comparatively low overall form-

aldehyde concentrations, [Eq. (55)| can be simplified further:
Fnic, ¥ kaic, - Kia, (56)

Eq. (56)| was used for the calculation of the kinetic constants of the present model k’f\r/[én
as they are reported in [Table 8 from those of the model of Hahnenstein et al. [29] ky;¢i".

4.7.6 Kinetic experiment with BC-NMR spectroscopy

For testing the kinetic model developed in the present work, a single kinetic experiment
was carried out in a test tube using quantitative PC{*H}-NMR spectroscopy with inverse
gated decoupling, which yields spectra with much more structural information than the
TH-NMR spectra - however at the expense of long acquisition times or signal to noise
ratio. Therefore, this experiment was carried out at conditions, where the reaction
kinetics are slow (293 K and pH 4). Acquisition parameters for this experiment were:

acquisition time 2.5 s, relaxation delay > 27.5 s, pulse width 65°, 2 scans per spectrum.
The analysis of the spectra was similar as described in [Section 2.3.5|
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5 Conclusions

The occuring species in mixtures of formaldehyde, water, and butynediol were eluci-
dated by NMR spectroscopy. Only poly(oxymethylene) glycols and poly(oxymethylene)
hemiformals have been observed. Acetals or other condensation products were not found

under the conditions of the performed experiments.

Two models were developed to describe the chemical equilibrium in these mixtures: one
based on mole fractions and the other on activities. Quantitative 3C-NMR spectra
were the basis of the models. These models use two independent chemical equilibrium
constants: one constant for the addition of an initially formaldehyde-free hydroxyl group
of butynediol to formaldehyde and one constant for chain propagation reactions. The
models are based on statistical considerations as butynediol contains two chemically
identical hydroxyl groups. The activity-based model has also been used successfully
in the second chapter to predict vapor-liquid equilibria without the need of fitting any

parameters to the measured vapor-liquid equilibrium data from this work.

It was observed that the chemical equilibrium constants for the chain propagation reac-
tions are all very similar regardless of the alcohol present in the hemiformal. This was

the basis to start a general approach of modeling chemical equilibrium constants [3§].

Free butynediol has a strong ability to bind formaldehyde into oligomers due to its
two hydroxyl groups, which increase the probability of a successful reaction to form
oligomers. The value of the chemical equilibrium constant for the reaction of formal-
dehyde and butynediol can be compared to that for the reaction of formaldehyde with
methanol although from the homologous series of monoalcohols a decreasing ability can
be observed [38].

These effects have an impact on the vapor-liquid behavior in the system. Long-chained
oligomers are formed with high formaldehyde concentrations, while strongly bound form-
aldehyde is formed with high butynediol concentrations. High pressures and tempera-
tures are required to shift the equilibrium towards monomeric formaldehyde for separa-

tion.

Finally, the model has been extended with expressions for the reaction kinetics of the

oligomer formation reactions of formaldehyde with butynediol on the basis of 'H-NMR
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spectroscopic experiments. The developed model is compatible with a previous model of
the reaction kinetics of formaldehyde with water and with methanol [29]. Despite the low
resolution of components in the "H-NMR spectra compared to the BC-NMR spectra,
the results of the model are remarkably good. The results presented here contribute
to the data basis for developing a unified approach for describing reaction kinetics in
formaldehyde solutions of water and alcohols, for which Kircher et al. [38] have recently
laid the foundations by describing a unified equilibrium model. The extension of that

model to reaction kinetics is still an open task to be tackled in future work.

The new micro-mixer NMR probe [9, 12| [13] B2] was found to be useful for reaction
kinetic studies with time constants down to about 10 s. The 'H-NMR spectra from
this probe do not have the quality of spectra acquired with standard 'H-NMR probes
but are sufficient for a quantification, even in complex systems as the one studied here.
In particular, this probe was also used for reaction kinetic experiments in the system
formaldehyde + water, which extend the previously available data to faster processes.

The new data confirm the reaction kinetic model of Hahnenstein et al. [29].
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Supporting Information

A Chemical equilibrium

A.1 Overall and true mole fractions

In this work overall mole fractions Z; and true mole fractions z; are used in the calcu-
lations. The overall mole fractions describe the composition neglecting the true species
that occur in the system. The relation between overall and true mole fractions is as

follows:

TEA + L0 (1 Tna,) + Xiso Lo<j<i((1+7) - ZBYD, ;)

i‘FA = s (57)
j?w _ Tw t Zz’>0('xMG¢) (58)
S
Feyvn = TBYDg, + 250 EOSjSi(xBYDi,j) (59)
s :]‘+Z(i‘xMGi)+Z Z ((i+7)-rBYD,,) (60)
>0 >0 0<5<e

A.2 Activity-based modeling

In the activity-based model, the chemical equilibrium constants are calculated not using
mole fractions but activities a; which are the product of the mole fractions x; and the
activity coefficients «;. The following equations replace to|(4)|
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KaG MG, . MG, (61)
¥ =
! Tw - TFA YW *YFA
ITMG MG
K. - n . TMGn for n>2 (62)
TMGpo1 " TFA TMGn-1 ~YFA
X
S pony = ——bed . __TBYDus for  n>0 (63)
IBYD,o " LTFA VBYD,o ~VJFA
a TBYDn.m 'BYDn.m

= : for n>2Am>0 (64)
TBYDp-1.m " TFA  VBYDyo1.m ~ VFA

The constants Kfj, and Kfj, are adopted from Kuhnert et al. [42] who also give a
UNIFAC [24] model of the activity coefficients ;. Parameters and details concerning the
UNIFAC model are given in a following section. The interdependency of the constants
Koo, and K2

a is in full analogy to the mole fraction-based model according

l.menm

to[Eqgs. (8)[to|(13)|using two independent constants K3y, ; and K§yrp, , and a respective

temperature function according to [Eq. (24)|

A.3 Conversion of chemical equilibrium constants for

the reactions of formaldehyde + water

In the literature [2], Bl [8 18, 26] 29 30, 41H43, [45] 46, (0, 53, [61] commonly a conden-
sation mechanism for the formation of poly(oxymethylene) glycols MG,, is used. This
mechanism differs from the addition mechanism in Reactions [I] and [T in the way that

the chain propagation reactions are formed by the reaction of MG,,_; and MGg:

Kmay

CH,0 + 1,0 ——= HO(CH,0)H (X)

— —— [ —

FA \%W% MGy

K,

HO(CH,O0)H + HO(CH,0), | H === HO(CH,0) H + H,0 (XI)

e e Ve
MGy MG -1 MG, W

Ott [47] combined kinetic models for the systems formaldehyde + water and formalde-
hyde + methanol for the ternary system formaldehyde + water + methanol and showed
that the addition mechanism gives better results for the modeling of reaction kinetics.
The addition mechanism is selected for the later extension of the model by reaction
kinetics. Since the literature [42] only gives the activity-based equilibrium constants for

the condensation mechanism, they have to be converted as described by Ott [47].
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The activity-based chemical equilibrium constant for the addition of water to formal-
dehyde Ky, in the liquid phase is calculated from the chemical equilibrium constant
in the vapor phase KK/?&. These constants are linked by the extended Raoult’s Law

Py = p;-x; -7 according to

vap _  YMG, . pe

MG s yw D (65)
= Kyig, p° (66)
S . (<)
- Ky, - G P (67)
Pra " Pw

K}, is taken from Kogan [39] and was also used in the works of Ott [47] and Kuhnert et
al. [42]. The chemical equilibrium constants K3y, for the chain propagation reactions

are calculated according to

KIC\L/IGH = K&én ‘Kf\l/[c;l (68)

where Ky, is taken from Kuhnert et al. [42]. The correlations of the vapor pressures

are given in [Table 12]

Table 12: Vapor pressure of pure components according to In(pf/kPa) = A;+ B; /(T /K+

component A; B; C; D; E;, F;
formaldehyde [42] 14.4625 -2204.13 -30.15 0 0 0
water [42] 16.28%6  -3816.44 -46.13 0 0 0
methylene glycol [42]  17.4364  -4762.07 -51.21 0 0 0
butynediol [54] 136.6922 -16190.00 0 -16.119 6.81-10°® 6

A.4 Peak assignment

In the 'H-NMR spectrum (see [Figure 2| top), the peaks from 4.28 to 4.30 ppm result
from methylene hydrogen next to triple-bonded carbon on a side where no addition to
formaldehyde occurs, namely HgYDnAo with n > 0. The main signals in this region are
a singlet at 4.28 ppm which belongs to BYDg and a triplet at 4.29 ppm with a °.J-
coupling constant of 1.8 Hz which belongs to BYD; . All HBBYDW0 signals with n > 2 are
below this triplet but with lower intensities. All other signals of methylene hydrogen
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next to the triple-bonded carbon are localized between 4.34 and 4.38 ppm. The triplet

of BHBYDLO is recognizable but not separated from other signals.

The signals of bound formaldehyde are found above 4.80 ppm on the top of a very
broad water and hydroxyl signal. At 4.83 ppm the signal of 1HMGl is located beside
a signal of HlngDw1 with n > 0 at 4.85 ppm. From 4.86 to 4.90 ppm the signals of
'"Hyq, with n > 2, "Hpyp  with n > 2, and Hify, ~ with m > 2 are superimposed.
These are methylene hydrogen signals of the outer CH,O units which do not differentiate
significantly whether water or butynediol added to formaldehyde. At 4.92 ppm a signal
of H113YDM with n > 0 is not fully separated from a signal of H113YDn,m withn > 0and m > 3.
These signals arise from the CH,O groups which are directly connected to butynediol
and are not superimposed by signals of MG,,. The peaks from 4.93 to 4.96 ppm arise
from the remaining methylene groups of formaldehyde oligomers both with water and

with butynediol and cannot be clearly assigned.

The carbon spectrum shown in (bottom) shows no baseline distortion, in con-
trast to the hydrogen spectrum. Furthermore, much more signals are separated from
each other in the C-NMR spectrum as compared to the 'H-NMR spectrum. In the
high-field part of the spectrum from 52 to 58 ppm, signals of methylene carbon nuclei
next to triple-bonded carbon CﬁBYDn’m (n,m > 0) are found. Peaks appear in groups
of three. The three peaks from 52.34 to 52.39 ppm are assigned to carbon nuclei of
poly(oxymethylene) hemiformals with one unoccupied end, on the side where no CH,O
chains are present, namely CBBYDH'O. The next three peaks from 56.76 to 56.83 ppm
correspond to oligomers with one CH,O group to one side and arbitrary numbers of
CH,O groups to the other side, CBBYDn‘l. This argument can be continued for the next
peak groups. The distance between these groups decreases with increasing chain length
as the carbon nuclei become less influenced by the outer CH,O units. This results in
the overlap of signals with four and more CH,O units to one side. Inside these groups
the number of CH,O groups on the opposite side influences the chemical shift but the
resolution is less due to the larger distance inside the molecule. In the group from
52.34 to 52.39 ppm the peaks correspond to CgYDO‘O, CgYDLO, and CgYDnAo (n >2) with

increasing field strength. The other peak groups are assigned analogously.

The peaks from 83 to 88 ppm almost exclusively arise from triple-bonded carbon nuclei.
Only the highest peak in the spectrum at 84.81 ppm belongs to 1CMGl. Due to the fact
that the distance to both formaldehyde chains in BYD,, ,,, is relatively short, the signals
of the triple-bonded carbon nuclei are influenced by both sides. In this region of the
spectrum the following molecules can be distinguished: BYDg (peak a), BYD; o (b, ¢),
BYDs, (d, e), BYDs, (f, g), BYD, o with n >4 (very small next to d and e), BYD;
(h), BYD2; (i, j), BYDs; (k, 1), and BYD,,; with n >4 (very small next to k and 1).
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The signal of BYD, 5 can be seen between peaks n and h but due to the low signal to

noise ratio it cannot be said if signals of other oligomers are superimposed.

All peaks above 88 ppm arise from bound formaldehyde. The signal of 1CMG2 is located
at 88.27 ppm. At about 88.8 ppm two signals of C%YDM (n>0) and 'Cyq, (p) overlap.
Signals of Cify, (>0, m>3) and 'Cy  (n >4) from 89.06 to 89.10 ppm, which
are also outer CH,O units, are not separable from each other. These carbon nuclei
which have at least one CH,O group between the f-carbon are no more influenced by
the chain length of the other side. While the [-carbon signals in the high-field part
show a slight differentiation of the chain length to the opposite side (groups of three
signals), it can be generally concluded that the chemical shift of signals from bound
formaldehyde with a superscript above 1, namely CiBYDn_m (n>0,m>2 142>2),is
not influenced by the chain length of the opposite side. The first CH,O carbon in the
chain ('Cgyp, ) can at least differentiate if there is a formaldehyde chain on the other
side or not. The signals of 'Cpyp , 'Cgyp, , and 'Cygyp,  are at 89.82 (m), 93.00,
and 93.56 ppm respectively. The signals with formaldehyde on the other side, namely
1CBYD1‘m, 1CBYD2’m, and 1CBYD3'm each are about 0.05 ppm in the low-field direction.
The peaks ranging from 91.38 to 92.64 ppm belong to formaldehyde bound in chains
both with water and butynediol and include all formaldehyde carbon which is bound in
the middle of the chains.

A.5 UNIFAC groups and interaction parameters

The group assignment and the parameters for the calculation of activity coefficients
with UNIFAC are shown in and [14] respectively. All values of the interaction
parameters a;;, the size parameters I?;, and the surface parameters Q; with 7, j <5 were
taken from Kuhnert et al. [42]. The extension of the formaldehyde + water system to
include butynediol results in the addition of the C=C group to the parameter matrix.
Interaction parameters for the water group with the C=C group (as¢ and ag4) were
fitted to binary VLE data [30] in the system water + butynediol. The literature data
and the fit results are shown in . As proposed by Maurer [46], the methylene
glycol group (HO(CH,O)H) is assumed to behave like water so that

G56 = Q46 Qg 5 = Q6,4 (69)

All remaining UNIFAC parameters were taken from further literature 28] [31], [63].
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Figure 20: Experimental [30] and calculated vapor-liquid equilibrium in the system
water + butynediol with new interaction parameters. (0) 368.15 K,
(>>) 363.15 K, (<) 358.15 K, (¢) 353.15 K, (v) 348.15 K, (&) 343.15 K,
(o) 338.15 K, (0) 333.15 K, (—) UNIFAC model.

A.6 Parameter fit and results

The chemical equilibrium constants Ky, | and Kgyp, , were fitted in full analogy to the
mole fraction-based model for every single experiment. The temperature dependence
of the equilibrium constants was regressed with Microsoft Excel according to
in a subsequent step. The results of the fitting are shown in [Figure 21| and [Table 15

The mean absolute percentage deviation (MAPD) of the temperature correlation to the

single experiments are 5 % for Kgyp, and 8 % for Kgyp o, which is comparable to the

Table 13: UNIFAC interaction parameters a;; / K for the system formaldehyde + water
-+ butynediol.

: ] 1 2 3 4 5 6
1 0 2806 1564 3535 3535 727.8¢
p 9237.7 0 8336  867.8 189.21 -156.57°
3 086.5  251.5 0 1318 1318 2089 ¢
4 999.1  -254.51 300 0 189.52  88.35¢
5 -999.1 59.2 300 -191.82 0 88.354
6 68.95 ¢ 173.77b -72.88¢ 321524 321.524 0

@ Hansen et al. [3I] ° Wittig et al. [63] ¢ Gmehling et al. [28]
4 this work



A .6 Parameter fit and results

69

Table 14: UNIFAC group assignment with size (R;) and surface (Q);) parameters. [42]

group number 1 2 3 4 ) 6
group % OH CH,0 CH, H,0O HO(CH,O)H C=C
R; 1 09183 0.6744 0.92 2674 1.0613 @
Qi 1.2 0.78 054 14 294 0.784 @
FA 1

W 1

BYD 2 2 1
MG, 1

MG, 2 n-1 1

BYD,, ., 2 n+m 2 1

@ Gmehling et al. [28]

results of the mole fraction-based model. The uncertainty in K3y, and K%y, is

estimated to be in the same order as Ky, and Kgyp, , (25 % and 75 % respectively

between 293 K and 393 K).

RN
o
S

10’

Figure 21: Chemical equilibrium constants from parameter fittings: (O) K¢

I
2.8

L
3.0 3.2 3.4

1000 T /K™

BYD,1>

(o) KRypos (—) temperature dependent fit.

Figures and @ show the peak area ratios obtained from the correlations for Kgyp

and Kgyp , over the corresponding experimental peak area ratios. The MAPD of the

calculated to the experimental peak area ratios are 5 % for (gyp, ,, 7 % for (gyp, ., 20 %
fOI‘ CBYD3407 8 % fOI‘ CBYDLU 11 % fOI‘ CBYD2,17 17 % fOl“ CBYD3,17 6 % fOl" CMGU 9 % fOI‘
CMma,, and 17 % for (ug, respectively.
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Figure 22: Calculated vs. experimental peak area ratios. (O0) BYD;q, (o) BYDyy,
(A) BYDg'o, (V) BYDl'l, (0) BYDQ.l, <<]) BYD3.1, (l>) MGl, (O) MGQ,
(x) MGs. (b) Zoom of (a).

Table 15: Parameters for the calculation of chemical equilibrium constants for the sys-
tem formaldehyde + water + butynediol according to [Eq. (24)]

A B Ref.
Ko, 116984 5233.2 39]
K&s 5019103 8345 [42)
Kgi  1312-102 5421 [42]
Kiyp, -8.136 4977.6 this work
Kiyp s -8.161 4589.4 this work

In the mole fraction-based approach it could be shown that the chemical equilibrium
constants for chain propagation reactions are the same for all studied alcohols. This
agreement is slightly disturbed when using the activity-based approach. At 293 K values
of Kfjq, = 1475, Kfj = 2845, and Ky, = 1797 are obtained for the chain propagation
reactions in the systems formaldehyde + water [42], formaldehyde + methanol [42], and
formaldehyde + butynediol (this work) respectively. A better agreement could probably
be obtained by adjusting the parameters of the UNIFAC model. Since there are several
degrees of freedom, i.e. parameters that were not fitted to formaldehyde containing
systems, left, it is probably possible to improve the agreement while not deteriorating

the description of the vapor-liquid equilibrium.
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B Reaction Kinetics

B.1 Experimental results of the tube experiments in

the system formaldehyde + water + butynediol

gives an overview of the conditions of the reaction kinetic experiments in
the system formaldehyde + water + butynediol carried out in the NMR tubes. The
numerical data for the time-dependent peak area fractions is given in an Excel file in
the electronic part of the SI. to show the results for (gyp1 and (gyp2

according to [Egs. (45)[and [(46)| for all experiments except for experiment T4 shown in

of the main part.

B.2 Experimental results of the micro-mixer

experiments in the system formaldehyde + water
+ butynediol

gives an overview of the conditions of the reaction kinetic experiments in the
system formaldehyde + water + butynediol carried out with the micro-mixer probe.
The numerical data for the time-dependent peak area fractions is given in an Excel file

in the electronic part of the SI. [Figures 39| to 43| show the results for (gyp1 and (gyp 2
according to [Egs. (48)[ and |(49)| for all experiments.

B.3 Experimental results of the micro-mixer
experiments in the system formaldehyde + water
gives an overview of the conditions of the reaction kinetic experiments in the

system formaldehyde + water carried out with the micro-mixer probe. The numerical

data for the time-dependent peak area fractions is given in an Excel file in the electronic



72 Appendix B Reaction Kinetics

part of the SI. to [62] show the results for (x+, (g+, and (¢~ according to
[Egs. (50)[to [(52)| for all experiments except for experiment FAW10 shown in [Figure 18

of the main part.
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-+ water

Table 16: Conditions of the reaction kinetic experiments in the system formaldehyde
+ water + butynediol carried out in the NMR tubes.

Experiment T / K pH :Z‘lgi) j](;()D (FA solutir(r)ljszs 11;2223 solution)
T1 293.15 4.8 0.3367 0.5998 2.327
T2 3.514 2.332
T3 3.283 2.292
T4 4.717 2.278
TS 3.09 2.289
T6 4.35 2.275
T7 303.15  3.54 0.3393 0.6686 2.395
T8 4.87 0.6656 2.323
T9 4.53 0.6667 2.403
T10 313.15 4.5 0.6656 2.358
T11 3.88 2.290
T12 3.33 2.352
T13 323.15 4.36 2.329
T14 3.3 2.303
T15 3.04 2.325
T16 328.15  3.32 2.315

T17 4.29 2.321
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Table 17: Conditions of the reaction kinetic experiments in the system formaldehyde
+ water + butynediol carried out in the micro-mixer probe.

Experiment T / K pH :%%IX) :Z'](;;l()D (FA solutir(r)ljszs ]3%’1]()) solution)
M1 313.15  3.61 0.3274 0.6734 2.323
M2 4.2

M3 5.864 0.3384 2.329
M4 323.15 4.5 0.3274 2.325
M5 2.755 0.3384 2.330

Table 18: Conditions of the reaction kinetic experiments in the system formaldehyde
+ water carried out in the micro-mixer probe.

~(m)

mass ratio

Experiment T /K pH TFA (FA solution : dilution)
FAW1 313.15 4.22 0.3401 1.104
FAW?2 4.28
FAW3 323.15 3.78 1.106
FAW4 4.01
FAW5 5.02
FAWG6 5.3 0.3274 1.101
FAWT 333.15 3.81 0.3401 1.107
FAWS 343.15 3.73
FAW9 4.6
FAW10 5)
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-+ water
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Figure 23: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16 (T1) (o) ¢gyp.1, (&) (ByD,2, (—) reaction kinetic model.
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Figure 24: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16[ (T2) (o) (syp,1, (&) (ByDp,2, (—) reaction kinetic model.
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Figure 25: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T3) (o) (gyp.1, (&) (Byp2, (—) reaction kinetic model.
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Figure 26: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T5) (o) ¢gyp,1, (&) (ByD,2, (—) reaction kinetic model.
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Figure 27: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16 (T6) (o) (gyp 1, (&) (yp2, (—) reaction kinetic model.
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Figure 28: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16[ (T7) (o) ¢syp,1, (&) (ByDp,2, (—) reaction kinetic model.
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t/ min

Figure 29: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T8) (o) ¢(gyp1, (&) (ByD2, (—) reaction kinetic model.

t/ min

Figure 30: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T9) (o) ¢gyp,1, (&) (ByD,2, (—) reaction kinetic model.
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-+ water

Figure 31: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T10) (o) (gyp 1, (&) (yp2, (—) reaction kinetic model.
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Figure 32: Experimental and calculated peak area fractions after mixing an equili-

brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T11) (o) ¢gyp1, (&) (Byp2, (—) reaction kinetic model.
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Figure 33: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16 (T12) (o) (gyp 1, (&) (yp2, (—) reaction kinetic model.
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Figure 34: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16 (T13) (o) ¢(gyp1, (&) (Byp2, (—) reaction kinetic model.
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-+ water

Figure 35: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T14) (o) (gyp 1, (&) (Byp2, (—) reaction kinetic model.

Figure 36: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16| (T15) (o) ¢Byp,1; (&) (BYD2, (—) reaction kinetic model.
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Figure 37: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16 (T16) (o) (pyp.1, (&) (Byp2, (—) reaction kinetic model.
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Figure 38: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 16 (T17) (o) ¢(gyp1, (&) (Byp2, (—) reaction kinetic model.
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Figure 39: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 17| (M1) (o) ¢gyp.1, (&) (Byp2, (—) reaction kinetic model.

Figure 40: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 17| (M2) (o) (gyp.1, (&) (Byp,2, (—) reaction kinetic model.
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Figure 41: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 17 (M3) (°) ¢gyp.1, (&) (ByD2, (—) reaction kinetic model.

Figure 42: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 17| (M4) (o) (gyp.1, (&) (Byp,2, (—) reaction kinetic model.
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-+ water

Figure 43: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 17| (M5) (o) (gyp.1, (&) (Byp2, (—) reaction kinetic model.
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Figure 44: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW1) (O) (ax, (o) (p+, (&) (c+, (—) reaction kinetic model.
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Figure 45: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW2) (O) Cax, (o) (g+, (&) (c+, (—) reaction kinetic model.
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Figure 46: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW3) (0) (ax, (o) (g*, (&) (c+, (—) reaction kinetic model.
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Figure 47: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW4) (O) Cax, (o) (g+, (&) (c+, (—) reaction kinetic model.

Figure 48: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW5) (O) (ax, (o) (p+, (&) (c+, (—) reaction kinetic model.
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Figure 49: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW6) (O) Cax, (o) (g+, (&) (c+, (—) reaction kinetic model.
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Figure 50: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAWT) (0) (ax, (o) (g*, (&) (c+, (—) reaction kinetic model.
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Figure 51: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAWS8) (O) (ax, (o) (g+, (&) (c+, (—) reaction kinetic model.
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Figure 52: Experimental and calculated peak area fractions after mixing an equili-
brated formaldehyde solution with aqueous butynediol. Conditions cf.
ble 18 (FAW9) (O) (a~, (o) (p*, (&) (c+, (—) reaction kinetic model.






Declaration

This dissertation contains material that has been published previously or that is included
in submitted publications. In the following, these publications are listed together with

a statement on the contributions of the author of the present dissertation.

e Berje, J., Baldamus, J., Burger, J., Hasse, H.: NMR Spectroscopic Study of Chem-
ical Equilibria in Solutions of Formaldehyde, Water, and Butynediol. AIChE Jour-
nal 63 (10), 4442-4450 (2017)

The author performed the experiments, developed the model and wrote the

manuscript.

e Berje, J., Baldamus, J., Burger, J., Hasse, H.: Vapor-Liquid Equilibrium of Mix-
tures Containing Formaldehyde, Water, and Butynediol. Fluid Phase Equilibria
490 (30), 101-106 (2019)

The author launched the thin-film evaporator after its set-up and performed or
supervised the experiments and residue curve calculations, developed the predictive

model and wrote the manuscript.

e Berje, J., Bracher, A., Baldamus, J., Burger, J., Hasse, H.: NMR Spectroscopic
Study of Reaction Kinetics in Mixtures of Formaldehyde, Water, and Butynediol.

submitted

The author performed the tube experiments and supervised the experiments with the

micro-maixer probe, developed the reaction kinetic model and wrote the manuscript.






Student theses

The following student theses were prepared under the supervision of the author of the

present doctoral thesis in the frame of his research:

e Kolano, M.: Konzeptioneller Verfahrensentwurf der destillativen Trennung von Ge-
mischen aus Formaldehyd, Wasser und Butindiol, Diploma thesis, Laboratory of

Engineering Thermodynamics (LTD), University of Kaiserslautern (2014).

e Urich, N.: Experimentelle Untersuchung des Dampf-Fliissigkeits Gleichgewichts im
System Formaldehyd + Wasser + Butindiol, Research project thesis, Laboratory
of Engineering Thermodynamics (LTD), University of Kaiserslautern (2015).

e Kriiger, N.: Experimentelle Untersuchung der Reaktionskinetik im System Formal-
dehyd + Wasser + Butindiol, Research project thesis, Laboratory of Engineering
Thermodynamics (LTD), University of Kaiserslautern (2016).






Curriculum

Name:

Birth place:

Nationality:
Education
1992 — 1996
1996 — 1998
1998 — 2002
2002 — 2005

Civilian service

2005 — 2006

Academical education
2006 — 2009

2009 — 2012

Professional activity
2012 - 2016

Since 2017

vitae

Jirgen Berje
Bremerhaven

German

Grundschule Stotel
Orientierungsstufe Loxstedt
Gymnasium Loxstedt
Gymnasium Wesermiinde

Degree: Allgemeine Hochschulreife
Gemeinde Loxstedt

Carl von Ossietzky Universitat Oldenburg
Major: Chemistry

Degree: Bachelor of Science (B. Sc.)

Carl von Ossietzky Universitit Oldenburg
Major: Chemistry

Degree: Master of Science (M. Sc.)

Research assistant

Laboratory of Engineering Thermodynamics
Technical University of Kaiserslautern

Prof. Dr.-Ing. Hans Hasse

Chemical engineer

Evonik Industries AG, Hanau (DE)



	Danksagung
	Abstract
	Kurzfassung
	Contents
	1 Introduction
	2 Chemical Equilibrium
	2.1 Introduction
	2.2 Chemical reaction system
	2.3 Experiments
	2.3.1 Chemicals
	2.3.2 Experimental setup
	2.3.3 Sample preparation and experimental program
	2.3.4 Peak assignment
	2.3.5 Quantitative analysis of the spectra

	2.4 Modeling
	2.4.1 Independent set of reactions
	2.4.2 Parameter fit

	2.5 Results and discussion

	3 Vapor-Liquid Equilibrium
	3.1 Introduction
	3.2 Vapor-liquid equilibrium model
	3.3 Experimental
	3.3.1 Experimental plan
	3.3.2 Experimental setup
	3.3.3 Chemicals and sample preparation
	3.3.4 Sample analysis

	3.4 Results and discussion
	3.5 Residue curve maps
	3.5.1 Introduction
	3.5.2 Results and discussion


	4 Reaction Kinetics
	4.1 Introduction
	4.2 Reactions
	4.3 Kinetic model
	4.4 Experiments
	4.4.1 Chemicals
	4.4.2 Experimental setup and procedure
	4.4.3 Quantitative analysis of the NMR spectra

	4.5 Determination of the model parameters
	4.6 Results and discussion
	4.7 Appendix Chap:KIN
	4.7.1 Experiments with the micro-mixer NMR probe
	4.7.2 Analysis of the NMR spectra obtained with the micro-mixer NMR probe
	4.7.3 Results for the system formaldehyde + water + butynediol obtained with the micro-mixer NMR probe
	4.7.4 Results for the system formaldehyde + water obtained with the micro-mixer NMR probe
	4.7.5 Conversion of parameters of models of the system formaldehyde + water
	4.7.6 Kinetic experiment with 13C-NMR spectroscopy


	5 Conclusions
	Literature
	Supporting Information
	A Chemical equilibrium
	A.1 Overall and true mole fractions
	A.2 Activity-based modeling
	A.3 Conversion of chemical equilibrium constants for the reactions of formaldehyde + water
	A.4 Peak assignment
	A.5 UNIFAC groups and interaction parameters
	A.6 Parameter fit and results

	B Reaction Kinetics
	B.1 Experimental results of the tube experiments in the system formaldehyde + water + butynediol
	B.2 Experimental results of the micro-mixer experiments in the system formaldehyde + water + butynediol
	B.3 Experimental results of the micro-mixer experiments in the system formaldehyde + water

	Declaration
	Student-theses
	Curriculum-vitae

