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Abstract

On-line nuclear magnetic resonance spectroscopy (on-line NMR) is a powerful technique for reaction and process monitoring.

Different set-ups for direct coupling of reaction and separation equipment with on-line NMR spectroscopy are described. NMR

spectroscopy can be used to obtain both qualitative and quantitative information from complex reacting multicomponent mixtures

for equilibrium or reaction kinetic studies. Commercial NMR probes can be used at pressures up to 35MPa and temperatures up to

400K. Applications are presented for studies of equilibria and kinetics of complex formaldehyde-containing mixtures as well as

homogeneously and heterogeneously catalyzed esterification kinetics. Direct coupling of a thin-film evaporator is described as an

example for the benefits of on-line NMR spectroscopy in process monitoring.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Flow nuclear magnetic resonance (NMR) spectros-

copy is a fascinating tool for engineering studies to ob-

tain both qualitative and quantitative information from

complex reacting multicomponent mixtures for equilib-

rium or reaction kinetic studies [1–11]. On-line coupling

of NMR spectrometers was primarily developed in the

field of HPLC [12–14] and SFC [15] using NMR as an

analytical detector with high spectral dispersion. Flow
NMR probes are also used for high-throughput NMR

spectroscopy [16,17]. In other applications, low field on-

line NMR spectroscopy [18] is applied for process

monitoring and quality control using chemometrics for

evaluation.

In many technical processes, complex multicompo-

nent mixtures have to be handled, e.g., in reaction and

separation equipment. There is a need to study these
mixtures and gain insight into their behavior in the
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processes. Once the physicochemical behavior of such

mixtures is understood, predictive models for their
properties can be developed which are needed to design

reactors or separation equipment, like distillation, ex-

traction, or absorption columns. For on-line studies in

engineering applications under process conditions, flow

NMR can be used across a wide range of temperatures

and pressures nearly non-invasively, where other ana-

lytical methods suffer from insufficient resolution of

different components.
Flow NMR spectroscopy allows one to investigate

reaction processes almost in real time and under process

conditions, in a wide range of temperatures and pres-

sures [19–22]—commercial NMR probes presently for

0.1–35MPa and 270–350K (Bruker) and 0.1–3.0MPa

and 270–400K (Varian), respectively. A further exten-

sion of this range is the focus of on-going research. The

flow cells typically have an active volume of 60–120 ll
and a total volume of about 120–240 ll.

For many engineering and physicochemical applica-

tions a ‘‘non-invasive’’ analytical technique is desirable,

which does not disturb process conditions like pressure,
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temperature, or composition during sampling and
analysis. On-line NMR comes close to this ideal when

thermostated tubing and pieces are used. Samples can

rapidly be transferred to the place of detection. The

typical delay time of on-line monitoring with 1H NMR

spectroscopy is below one minute compared to 5–10min

using conventional 5mm tubes (sample preparation,

shimming).

Although deuterated solvents play an important role
for lock, shim, and reference purposes in NMR, they are

not tolerable for most process engineering applications

and physicochemical studies. Even a 5–10% addition to

the system is usually not acceptable due to its cost when

working with considerable sample amounts. Further-

more, deuterium can cause unwanted isotope effects

which may falsify the results [23]. Intense signals of

non-deuterated solvents can be reduced by solvent
suppression techniques [24]. Commonly used solvent

presaturation techniques are not recommended for

quantitative studies as they can lead to magnetization

transfer between analyte protons. Alternatively, selec-

tive saturation techniques such as WET can be used [25],

particularly for flow experiments. Furthermore, working

with deuterium-free samples excludes field-frequency

stabilization (lock). Despite this, due to the excellent B0-
stability of modern NMR magnets, acquisition times of

several hours without lock can be realized without

substantial line-broadening.

Field homogenization (shimming) normally relies on

deuterium in the solvents. Shimming of deuterium-free

samples can be accomplished by an automatic shim

process with proton shim maps (1H field mapping)—[26–

28]. A pulsed field gradient (PFG) NMR probe and
gradient amplifier are required for this method although

on some spectrometers the homospoil circuit can be

used. Field mapping works reliably (normally in less

than 1min), even for concentrated samples or solvent

mixtures, for which solvent peaks have the same order

of magnitude as analyte peaks and even under flow

conditions.

In samples that are reacting, the physicochemical
properties like magnetic susceptibility, pH, or electrolyte

concentration may change considerably during an ex-

periment. This can lead to solvatochromic peak shifts of

analytes, reference material, and solvents. Due to a de-

fined cell contour and design, NMR flow probes are

quite insensitive to changes in magnetic susceptibility of

the sample, so that shimming or tuning of the probe

during a sample change or a reaction kinetical experi-
ment is not required in almost all cases. This is a major

advantage compared to NMR using sample tubes.

Few restrictions concerning the chemical nature and

corrosiveness of the studied fluids arise in flow NMR

spectroscopy. Solutions containing up to 20 mass%

sulfuric acid or almost pure acetic acid were so far

successfully investigated by NMR spectroscopy in our
laboratory, mostly under elevated temperatures (up to
400K) and pressures (up to 3.0MPa).

Whereas most NMR experiments aim at obtaining

qualitative information, additional requirements have to

be fulfilled in order to acquire reliable spectra suited for

quantification, cf. [29–31]. Provided that frequency in-

dependent magnetic saturation is attained, NMR peak

areas can be used directly for quantification without

further calibration [32–35].
For quantitative NMR experiments under flow

conditions, the effect of flow can be understood as a

contribution to the overall magnetic relaxation in the

detection volume—assuming complete pre-magnetiza-

tion of all nuclei of interest. The theory of flow NMR

is well documented in reviews [36–38] and papers on

special topics like signal enhancement in flowing liquids

[39–41]. In order to achieve full Boltzmann distribu-
tion, a prerequisite for quantitative measurements, the

sample must reside longer than 5 times the spin lattice

relaxation time of the slowest relaxing nucleus T1;max

inside the pre-magnetization volume of the magnetic

field prior to detection. This is accomplished by

adjusting the flow rate _VVflow to T1;max and the pre-

magnetization volume of the NMR probe to a value

given by

_VVflow;max ¼
Vpremagn

5 � T1;max

: ð1Þ

With a typical proton T1 time of 2 s at 300K and a

pre-magnetization volume of 150 ll the maximum flow

rate is around 0.9ml min�1.

Compared to 1H NMR, additional precautions have
to be taken in quantitative 13C NMR (e.g., inverse-gated

decoupling)—[42]. To maximize the signal-to-noise ratio

per unit time, it is common to use excitation flip angles

in 13C NMR spectra according to the Ernst condition

[43–45]. Pulsing under the Ernst angle is generally not

recommended for quantitative spectroscopy. Neverthe-

less, in special cases when differences in T1 are small for

the investigated nuclei, only small quantitative errors are
made so that the method is applicable. In investigations

of ternary formaldehyde–water–methanol mixtures re-

liable quantitative results were achieved despite using

the Ernst angle method [46].
2. Experimental section

The majority of experiments described in the present

work were carried out at the University of Stuttgart

using a 400MHz NMR spectrometer (Unity Inova 400,

Varian, Palo Alto, USA) equipped with a modified
1H{13C,15N} inversely detected, triple resonance, PFG,

microflow probe with an active detection volume of

95 ll which can be used in a pressure range up to

3.0MPa and temperatures between 253 and 403K.
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Other experiments were performed at the University
of T€uubingen with a 400MHz NMR spectrometer (ARX

400, Bruker, Rheinstetten, Germany) equipped with a
1H{13C} inversely detected SFC flow probe with an

active detection volume of 120 ll. The probe was espe-

cially designed for pressures up to 35MPa and temper-

atures between 273 and 353K.

2.1. Infra structure

The experiments in Stuttgart were carried out in

vented cabins (about 4m� 3m� 1m), located in the

immediate vicinity of the NMR spectrometer, allowing

safe handling of hazardous chemicals. The supercon-

ducting magnet (Oxford Instruments 400/54 narrow

bore) used for the experiments has a static magnetic

stray field of 1.0mT at 224 cm and 0.5mT at 280 cm
from the center of the magnet. No interference was

observed between the magnet and the laboratory in-

struments when positioned outside the 0.5mT line. Re-

cent developments have led to actively shielded magnets

with an extremely low stray field (0.5mT at 100 cm) [47]

which can be used in cases with lack of laboratory space.

2.2. Flow scheme

Fig. 1 shows a typical on-line set-up for NMR studies

of reacting systems. A dosing pump P1 (HPD Multi-

therm 200, Bischoff Chromatography, Leonberg, Ger-

many, 0.1–20ml min�1 flow rate, thermostated hastelloy

pump head) was used to transport the sample from the

reactor C1 to the NMR probe. A 10 lm filter (F1) was

used to prevent dust and solid precipitate from entering
the system. Before entering the NMR spectrometer, the
P1 V3

V1

V2

PI
1

flush

F1

V8 V7

C1 C2

Fig. 1. Typical set-up for on-line NMRmeasurements. C1, laboratory reactor

V2, back pressure regulator; V3, shut off valve; V4, variable back pressure re

pressure transducer; NMR, thermostated flow probe of NMR spectrometer;

tubing 1=1600 OD.
flow was split. This allowed a quantitative flow rate in
the NMR probe (0.1–1.5ml min�1) while the flow rate in

the transfer line was high enough to allow a rapid

sample transfer. The bypass could be adjusted by a

variable back pressure regulator V4 (M420, Upchurch

Scientific, Oak Harbor (WA), USA). The back pressure

regulator V2 (1.72MPa, Upchurch) was only used to

give a constant resistance to the pump P1. For the

measurement of pressure prior to the NMR an ultra low
volume pressure transducer (PIR2, XT-190M 3.0MPa,

Kulite Semi-Conductor Products, Leonia (NJ), USA)

was used.

Care has to be taken as high pressure can damage the

NMR flow probe. Dust particles or precipitating solids

are particularly dangerous as they can block the tubing.

Filters, pressure relief valves (V5, 0.7MPa and V6,

1.75MPa in Fig. 1, U456, Upchurch), pressure control,
automated pump switch off, were therefore used in all

set-ups. Mass flow rates were determined with a balance

close to the reactor. For this purpose the flow was

routed (via V7 and V8 in Fig. 1) to a (pressurized)

container C2 on the balance.

2.3. Hyphenation

For the connections between the reactor and the

NMR only inert media like stainless steel, Hastelloy or

PEEK were used. A choice of tubing with small inner

diameter (ID) results in short delay times but high

pressure drops. The tubes leading to the NMR were

typically 0:0200 ID, while wider tubing (0:0300 ID) was

used to the return to the reaction cell. PEEK material

was chosen in most cases due to its good mechanical
properties, chemical resistance and biocompatibility.
V4

V5

NMR
split

V6

PIR
2

; F1, inlet filter; V1, (tee) purging valve; P1, thermostated dosing pump;

gulator for split adjustment; V5, V6, pressure relief valves; PI1, PIR2,

V7, V8, tee valves, C2 container on balance for mass flow control. All
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All lines were thermostated. For this purpose, the lines
were mounted inside insulated silicon tubing filled with

heat transfer medium which was connected to the

cryostat via tees. Most parts in contact to the solution

were also thermostated. The total hold-up of the de-

scribed system (reactor–NMR–reactor) was experimen-

tally determined to be (4.72� 0.14)ml including filters,

tubing, pump, valves, pressure transducer, and the

NMR flow cell.

2.4. Residence times

The delay time between a change in the reactor and

the according change of the NMR signal is an important

parameter in online studies. Of special importance is the

question of precisely when reliable data can be obtained

after the initialization of a reaction. It was shown ex-
perimentally that this time is in the order of 2–4min for

the experiments carried out in the present work, which is

short compared to the reaction times of the experiments.

The non-ideal flow of the sample from the reactor to

the active region of the NMR probe is described by the

residence time distribution (RTD) function. This de-

scribes the transfer and spreading of the sample on its way

to the active detection region as a result of laminar flow in
the lines, stagnant regions (pressure gauge), and back

mixing (pump head). The RTD function can be obtained

from pulse tracer or step tracer experiments, where either

a concentration pulse or a concentration step is produced

in the reactor and the NMR-signal is monitored. The

desired time-dependent concentration in the reactor (an-

alytical signal sreactorðtÞ) can be reconstructed from the

NMR-signal sNMRðtÞ, if the RTD function is known.
Methods for the deconvolution of sNMRðtÞ to determine

sreactorðtÞ are described elsewhere in the literature [48].

When relatively slow processes are monitored, it is

sufficient to correct the NMR time by the mean resi-

dence time �ttres of the probe in the system between the

reactor and the NMR-probe according to

sreactorðtÞ ¼ sNMRðt þ �ttresÞ; ð2Þ

where �ttres is determined by a pulse tracer experiment.

Alternatively, step tracer experiments also yield char-

acteristic time segments. ttrans is the transfer time, which
is defined as the time until the first significant change of

concentration is observed in the NMR experiment. The

delay time tdelay is found as the time after which the

detected tracer concentration has risen from zero to its

stationary value. The time span between ttrans and tdelay is
called dwell time tdwell. When only results from step

tracer experiments are available, �ttres in Eq. (2) can be

calculated as ttrans þ ðtdwell=2Þ to a first approximation as
long as the monitored reaction time is long compared to

any of these times.

For homogeneously reacting systems, the reaction

does not only take place in the reactor, but also in the
system connecting the reactor and the NMR-probe. In
this case, the time of the NMR acquisition is directly the

time for which the solution has reacted, and, hence the

time used in the evaluation of the reaction kinetics (as

long as the NMR data acquisition is started upon ini-

tialization of the reaction at t ¼ 0). However, reliable

NMR data can only be obtained after the delay time

tdelay, when the solution in the NMR probe is completely

replaced by sample from the reactor after the pertur-
bation.

As an example, Fig. 2 shows original NMR data from

a kinetic experiment in which chemical processes after

the dilution of an aqueous formaldehyde solution were

monitored. NMR data collection was started at the time

of dilution. During the transfer time ttrans, although the

reaction has already started, NMR spectra show the

composition of the initial mixture, subject to some per-
turbations. During the dwell time tdwell NMR spectra

stem from poorly defined mixtures of the reacting so-

lution and the initial solution and must not be used for

evaluation. The first reliable NMR spectra are only

obtained after the delay time tdelay. It is important to

minimize the delay time tdelay in order to be able to

monitor reactions shortly after their initialization, which

usually gives the densest information on the process.
As an alternative to continuous flow, stop flow

techniques can also be used to monitor homogeneous

reactions. That is, the pump can be switched off after the

reacting mixture was transferred to the NMR. Thus,

also for those experiments the knowledge of the delay

time tdelay is important as the flow must not be stopped

before that time has elapsed. However, continuous flow

has some advantages over stopped flow such as keeping
a steady state of pressure and temperature in the NMR

flow probe or controlling the viscosity of the studied

mixture. In addition constant supply of new sample

from the reactor typically provides more representative

data.

It should be mentioned that the dwell time tdwell as
defined above is not equal to the dwell time of nuclei in

the active detection region, which is commonly used to
adjust the pulse repetition time. The latter is only a

consequence of flow within the NMR detection cell,

defined assuming a plug flow pattern and thus shorter

than the above-mentioned dwell time tdwell.
3. Application 1: Formaldehyde containing systems

3.1. Background

Formaldehyde (CH2O, FA) is one of the most im-

portant chemical intermediates. It is used in aqueous,

methanolic solutions where formaldehyde is almost en-

tirely chemically bound to the solvents, forming meth-

ylene glycol (HOCH2OH, MG), poly(oxymethylene)



Fig. 2. NMR data from a reaction kinetic experiment and its evaluation. Dilution of a formaldehyde–water mixture (0.340 g g�1 FA) with water

(mass ratio 1:1) at 293K, pH 6.89 [51]. (A) Changes of NMR peak area fractions vs time (dilution at t ¼ 0) and fit by a reaction kinetic model. Open

symbols are not used for the fit. (B) Concentration changes during reaction in the reactor (qualitative). (C) Replacement of solution according to the

RTD function measured independently. The delay time tdelay is the sum of the transfer time ttrans and the residence time tdwell in the probe.
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glycols (H(OCH2)nOH, MGn, n > 1), hemiformal
(HOCH2OCH3, HF), and poly(oxymethylene) hemi-

formals (H(OCH2)nOCH3, HFn, n > 1). The reactions

leading to these oligomers make aqueous, methanolic

formaldehyde solutions complex systems containing

more than 20 components in significant amounts.

Thermodynamic and kinetic data are needed to de-

velop predictive models of the physicochemical proper-

ties of formaldehyde containing solutions which are
used in the design of reactors and separation equipment,

like formaldehyde distillation and absorption columns

[23,49,50]. For this purpose quantitative information on

chemical equilibria and reaction kinetics of all species is

needed. Due to the chemical similarity of the functional

groups of individual oligomer species, formaldehyde

containing systems are an excellent example for dem-

onstrating the benefits of the extreme high spectral dis-
persion of NMR spectroscopy. No other analytical

technique can distinguish between different components

in this case. Beyond this, NMR is fast enough to obtain

quantitative information required for kinetic studies in

these systems.

Chemical equilibria of ternary mixtures at various

temperatures have been investigated recently in our

laboratory using a simple set-up for stop-flow NMR
experiments at elevated pressures [51]. In addition,
reaction kinetics were studied for the binary systems
formaldehyde–methanol and formaldehyde–water well

as recently for some ternary systems formaldehyde–

water–methanol at various temperatures and under

pressure [52].

3.2. Experimental

The reactions were studied by a dilution of concen-
trated equilibrated solutions, e.g., with pure solvent

(perturbation of the system). Such reactions are readily

carried out in stirred glass reactors as long as the vapor

pressure at the higher temperature does not exceed

normal pressure. Most of the investigations presented

here were carried out in a fully thermostated 250ml

stirred flat flange glass cell equipped with thermostated

pressure equalized 100ml dropping funnel and KPG
stirrer. Reactions of mixtures with boiling pressure

above p ¼ 0:1MPa were carried out under a helium

atmosphere at p ¼ 0:5MPa in a fully thermostated

custom made stainless steel reactor with thermostated

dropping funnel.

The preparation of the formaldehyde solutions and

adjustment of the pH has been described elsewhere

[46,51]. Approximately 100 g of formaldehyde solution
was filled into the reactor. About the same amount of
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pure solvent was filled into the reservoir. Care was taken
to clear the tubing from remaining samples of previous

experiments by rinsing. All sample amounts were de-

termined by back weighing (�0.01 g). Both liquids were

thermostated for 0.5–4 h in the reaction cell and in the

dropping funnel depending on the kinetics of the system

under investigation. Under fast stirring the pure solvents

were poured into the stock solution (within not more

than 15 s) and NMR acquisition was started at the same
time.

For formaldehyde–water kinetics a pseudo 2D pulse

sequence (one dimensional 1H NMR vs time) was used—

predominantly without solvent suppression to avoid

unwanted signal suppression of formaldehyde species.

Experiments yield T1 values of 3–4 s for 1H and 6–8 s for
13C at 383K resulting in flow rates in the range of 0.45

ml min�1 for 1H and 0.22ml min�1 for 13C according to
Eq. (1). For lower temperatures, T1 values are signifi-

cantly shorter so that the flow rates can be increased.

Typically a single transient per spectrum was recorded,

equal to an acquisition time of 3.8 s per spectrum. In

total 40–70 spectra were obtained over 30–240min, de-

pending on the kinetics. The kinetics of methanolic and

ternary formaldehyde mixtures were recorded in the

same way.
In all cases overlapping NMR signals were quantified

by peak deconvolution. For that purpose a MATLAB

based tool was developed in our group. It uses a four

parameter Lorentz-Gauss function for representing

NMR peaks. The program is especially suited for semi-
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Fig. 3. 400MHz 1H NMR spectra of formaldehyde in water (0.340 g g�1 FA

spectrum without solvent suppression. (B) Water suppression using WET w

shape, duration 47ms, 40Hz bandwidth).
automatic studies of large sets of spectra, e.g., from re-
action kinetic experiments [52].

Where solvent suppression was necessary, a WET

pulse sequence with a p/2 Gaussian shaped excitation

pulse was used, ensuring a narrow and monotone falling

Gaussian excitation profile on each peak side without

‘‘wiggles.’’ The smallest allowable distance of the exci-

tation frequency to the closest analyte signal was de-

termined before solvent suppression was used on this
signal. Fig. 3 shows an example in which effective water

suppression is obtained with the excitation frequency

35Hz offset from the main solvent frequency. As can be

seen in Fig. 3A, for the original spectrum, a quantitative

evaluation of the spectrum is impossible due to unusual

phase errors due to radiation damping of the water

signal, whereas with solvent suppression a smooth

baseline is obtained (Fig. 3B), allowing quantitative
spectral deconvolution.

3.3. Results and discussion

1H and 13C assignments of the formaldehyde–water

and formaldehyde–methanol species were validated with

1D and 2D NMR experiments and confirm literature

data [23,53,54]. Equilibrium species distributions of
various ternary mixtures of formaldehyde–water–meth-

anol were investigated using 13C NMR spectra. It was

demonstrated in repeatability and reproducibility stud-

ies, that typical errors in NMR peak area fractions in

those experiments are in the order of �0.3% [46].
ppm4.74.84.95.0

E1

E2

M 3

E3

M 4+

M '5+

E4+

A

B

, pH 2, 293K) with peak and structural assignment. (A) Section of the

ith the transmitter frequency as indicated by an arrow (p/2 Gaussian
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3.4. Reaction kinetics

Fig. 4 shows proton NMR data taken during a typ-

ical kinetic study of a formaldehyde–methanol mixture,

which was diluted with pure methanol at T ¼ 373 K and

p ¼ 0:5MPa. The NMR data was used to develop a

thermodynamically consistent reaction kinetic model,

which uses a second order model in activities for each of

the oligomerization reactions [51]. To determine the re-
action kinetic constants, NMR peak area fractions were

calculated from the model for each time step in a kinetic

run and compared to the experimental data. The num-

bers for the kinetic constants were adjusted to give a

good fit. A typical result is shown in Fig. 4, where the

concentration of methylene glycol increases after dilu-

tion, while the oligomer concentrations (higher

poly(oxymethylene) hemiformals HF2, HF3þ) decrease
with time. More details are given elsewhere [51,52].
4. Application 2: Rapid evaporation of formaldehyde

solutions

4.1. Background

The amount of formaldehyde which can be dissolved

in water or methanol is limited due to precipitation of

solid long chained oligomers. In order to obtain highly

concentrated liquid formaldehyde solutions the species

distribution has to be shifted from the equilibrium val-

ues to predominantly shorter oligomers. This can be

achieved in a thin-film evaporator, which allows high

evaporation rates at low residence times and moderate
temperatures [55]. The evaporator was directly coupled
Fig. 4. Reaction monitoring in a formaldehyde–methanol solution (0.466 g

(mass ratio 1:1), observed by 400MHz on-line 1H NMR spectroscopy. Com

(solid lines)—[51]. Assignment of methylene groups based on existing literatu
to the NMR spectrometer in order to monitor the spe-
cies distribution in the highly concentrated bottom

product under various process conditions up to 80

mass% formaldehyde. The experiments serve as an ex-

ample for process monitoring with NMR spectroscopy.

4.2. Experimental

The thin-film evaporator used for the experimental
work (QVF, Mainz, Germany, Miniplant DN50) had an

inner diameter of 50mm and a wiped film length of

300mm. The experimental set-up is shown in Fig. 5. The

evaporator was operated at pressures of about 5–10 kPa

and high evaporation rates. A controlled valve mem-

brane pump (BF414-1002, Telab GmbH, Moers, Ger-

many) was used to continuously withdraw the bottom

product. PTFE tubing was used which offers the ad-
vantage of being transparent, allowing the observation

of any clouding or solid precipitation.

Experiments for direct process monitoring of the

bottom product under various process conditions (e.g.,

evaporator pressure, temperature, feed flow rate, or

evaporation ratio) were performed in single pass flow

mode represented in Fig. 5 using the valve position

‘‘normal operation’’ in which P3 pumps freshly with-
drawn solution to the NMR. As the pump P2 was op-

erated with slightly larger flow rate, some excess solution

was discarded into container C4 via tubing T1. The re-

flux from P3 was collected in container C3 via tubing

T3+T4.

For kinetic measurements, to monitor the aging of

the bottom product, the sample was recycled through

the NMR with valves V2 and V3 in position ‘‘loop op-
eration.’’ In this position P3 takes out the sample from
g�1 FA, 373K, 0.5MPa He, pH 4) after dilution with pure methanol

parison with a thermodynamically consistent reaction kinetic model

re [46] (The labels (E1, etc.) are described in Fig. 3).



Fig. 5. Experimental set-up for NMR process monitoring of a thin-film evaporator (focus on bottom product B). C1, feed solution; P1, dosing pump;

M, wiper motor; TFE, thin-film evaporator; D, distillation product; C2, low volume collector for bottom product; pump (P2) control; V1, outlet

valve; P2, controlled-valve membrane pump; T1, T2, PTFE tubing; V2, three way valve for loop operation (see text); V3, three way valve for purge;

P3, thermostated dosing pump; V4, back pressure regulator; V5, shut off valve; F1, filter 10lm; V6, variable back pressure regulator; V7, V8,

pressure relief valves, NMR, thermostated NMR flow cell; V9, pressure control valve; T3, T4, thermostated PEEK tubing; C3, thermostated vessel

with magnetic stirrer; F2, filter 10 lm; C4, collecting container on balance. H1, condenser for distillation product; C5, low volume collector for

distillation product; P4, controlled-valve membrane pump; C6, container for distillation product; H2, cooling trap; P5, membrane vacuum pump;

V10, pressure control.
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container C3 via F2. The solution is completely looped

back to C3 via tubing T3+T4. In case of the highly

concentrated mixtures, flow NMR spectroscopy is risky

due to the high viscosity of the samples and danger of

rapid solid precipitation during the experiments. The

sample viscosity was continuously observed via the back
pressure indicated by PI1. Observation under flow is for

this reason more appropriate than acquiring at stopped

flow, where oligomer precipitation could not have been

detected. When clouding was observed, the valves were

adjusted to position ‘‘purge’’ and the whole system flu-

shed with water.

Kinetics of the changes in species distribution were

predominantly observed by 13C NMR spectroscopy. At
a total flow rate of 7.0ml min�1 (due to the wider inner

diameter of the tubing) and an NMR flow rate of 0.5ml

min�1 16–32 transients per spectrum were recorded,

equal to an acquisition time of 8–16min per spectrum.

Reaction kinetics were observed over about 2 h. Some
1H NMR spectra were recorded additionally with the

parameters given in Application 1.
4.3. Results and discussion

Fig. 6 shows typical results of a thin-film evaporator

experiment monitored by on-line NMR spectroscopy.

Fractions of CH2O in poly(oxymethylene) glycols are

plotted versus the number i of these segments in the
oligomers. The evaporator was fed with equilibrated

aqueous formaldehyde solution (30 mass% FA). The

evaporation rate was 70 mass% in that example.

The experimentally determined species distribution of

the feed is represented in Fig. 6A. The liquid bottom

product had a formaldehyde content of almost 80

mass% and a species distribution depicted in Fig. 6B.

After evaporation, the free solvent was nearly com-
pletely removed. The remaining water is almost entirely

chemically bound in the oligomers. The hatched col-

umns show the distribution of the formaldehyde to the

various oligomers in the fresh non-equilibrium bottom

product as experimentally determined by on-line NMR

spectroscopy. The black columns correspond to the

equilibrium state of the solution, predicted by a model



Fig. 6. NMR process monitoring of a rapid evaporation of aqueous

formaldehyde solution in a thin-film evaporator leading to a non-

equilibrated bottom product. (A) Feed species distribution: Fraction of

CH2O groups in poly(oxymethylene) glycols as experimentally deter-

mined by NMR. (B) Bottom product species distribution. 76.9 mass%

formaldehyde in water. Hatched columns indicate non-equilibrium

distribution as experimentally determined by NMR. Species distribu-

tion of equilibrated bottom product from model calculations is rep-

resented by black columns.
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[46]. This distribution can not be observed by flow
NMR as solid precipitation occurs before equilibrium is

reached. It should be noted that the species distribution

of the fresh non-equilibrium bottom product is almost

the same as that of the feed solution, as can be seen by

comparing Figs. 6A and B. Only the methylene glycol

content is decreased by evaporation due to its high

volatility. Upon storage the liquid bottom product turns

slowly into colorless, solid paraformaldehyde. This
process can take several hours. Reaction kinetics in the

bottom product were also recently studied by means of
13C NMR spectroscopy [55].
5. Application 3: Hetero- and homogeneously catalyzed

ester formation

5.1. Background

Reactive distillation can be favorable both for the re-

action (increased conversion) and the separation (cir-

cumventing azeotropes). The combination of reaction

and distillation in one unit, however, leads to complex

process behavior which is difficult to model. Reliable re-

action kinetic data are the key to success in the design and
scale-up of these integrated processes. Reactive distilla-

tion is also interesting for producing esters [56,57].
In the present work the butyl acetate esterification
was studied.

C4H9OHþHCOOCH3 �C4H9COOCH3 þH2O ð3Þ

The common quantitative analysis (gas chromatog-

raphy) suffers from long analysis runs. As a result, the

monitoring of rapidly changing compositions shortly

after starting the kinetic experiment is difficult and

valuable information is often lost. On-line 1H NMR

spectroscopy allows a fast and reliable analysis of all

reaction compounds with sufficient data point densities

for an accurate description of the reaction kinetics. It
also provides reliable quantitative data despite extreme

changes in composition during most of the experiments.

5.2. Experimental

For the investigation of homogeneous and heteroge-

neous acetate kinetics a small, custom made, fully

thermostated glass vessel with 30ml total volume was
used. The heterogeneous catalyst was Lewatit K2621.

The catalyst was freshly rinsed six times using 15–20 g

solution (n-butanol–acetic acid at equal molar ratio)

over a period of 10–15min for each rinsing. The reaction

was started in a freshly prepared solution of n-butanol
and acetic acid by addition of catalyst (homogeneous or

heterogeneous). The solution was withdrawn through a

10 lm filter. The further set-up was the same as shown in
Fig. 1, except that narrow tubing was used (0:0100 ID
sample supply, 0:0200 ID reflux), reducing the hold-up in

the lines drastically. The total sample volume in the

entire system was only 15ml. 35–40 1H NMR spectra

were acquired over a time of 6.5 h with single transients,

p/2 excitation pulse (4.5 ls), spectral width of 4000Hz

with 64 k data points.

The 1H NMR spectra show completely separated
peaks of oxymethylene groups in n-butanol (3.59 ppm)

and butyl acetate (4.04 ppm), which were used to mon-

itor the concentration of these species during the reac-

tion. The concentration of acetic acid was calculated

from the peak appearing at 2.00 ppm representing the

sum of the methyl peaks of acetic acid and butyl acetate.

The water concentration was determined from the OH

signal appearing between 9.00 and 3.80 ppm, depending
on the composition of the mixture. It was possible to

obtain the quantitative information from the mixtures

by direct peak integration.

5.3. Results and discussion

In Fig. 7 quantitative results from NMR studies of

homogeneously and heterogeneously catalyzed butyl
acetate kinetics are shown. At the same proton concen-

tration homogeneously catalyzed reactions are expected

to be faster than heterogeneously catalyzed reactions due

to the reduced accessibility of the active catalytic centers



Fig. 7. Homogeneously and heterogeneously catalyzed n-butyl acetate formation at 363K. Experimental mole fractions from on-line NMR for n-
butanol (black) and n-butyl acetate (open) are plotted vs time over 6.5 h for three different experiments. Feed: equimolar mixture of n-butanol and
acetic acid. Exp. 1, heterogeneous, 14.70 g feed, 4.85 g catalyst Lewatit K2621; exp. 2, heterogeneous, 14.10 g feed, 2.38 g catalyst; and exp. 3, ho-

mogeneous, 0.002 g g�1 conc. sulfuric acid (�10% of proton activity compared to exp. 1).
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in the solid heterogeneous catalyst. The effects of de-

creasing the catalyst amount as well as changing from

heterogeneous to homogeneous catalysis are clearly seen

in the figure and found to be as expected. It was shown in

test measurements that the accuracy of the NMR data is
equal or even better than that of GC analysis (cf. low

scatter of the data shown in Fig. 7). The major advantage

over GC analysis is that NMR data can be taken 1–2min

(delay time) after initialization at short intervals of typ-

ically 3–5 s compared to about 15–20min typically nee-

ded for a chromatogram. Also, faster kinetics than the

ones shown in Fig. 7 were successfully studied, with

equilibrium being reached in less than 10min.
A thermodynamically consistent reaction kinetic

model produced a good fit to the experimental data (cf.

Fig. 7), providing insights into the activities of hetero-

geneous catalysts [58].
6. Conclusion

It has been shown that on-line NMR spectroscopy is

an attractive technique for physicochemical and process

engineering studies, yielding reliable quantitative infor-

mation on mixtures in a fast non-invasive way. On-line

NMR spectroscopy is the method of choice for investi-

gations of chemical equilibria and reaction kinetics of

complex reacting multicomponent mixtures [46,51,55].
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