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The eﬀect of CO2 on the polyurethane synthesis between a polyol and an isocyanate was studied by in situ near
infrared spectroscopy in a newly developed instrumented foaming equipment. In particular, first two solutions,
namely a polyol/CO2 solution and an isocyanate/CO2 solution were formed at high pressure and then, upon
mixing, the synthesis was promoted, still under pressure. Near infrared spectroscopy in reflection mode was used
to monitor both CO2 sorption in the polyol and in the isocyanate and the polyurethane synthesis under pressure.
Results revealed a significant slowing down eﬀect by the sorbed CO2, apparently due to two concurrent mechanisms, namely catalyst deactivation and dilution.

1. Introduction

sustainable and safer, with zero ODP and the lowest global warming
potential (GWP = 1) among known blowing agents [1]. As a drawback,
CO2 solubility is lower than HCs and, in order to reach concentrations
suitable for foaming, high pressures have to be utilized, thereby increasing the processing complexity. High-pressure CO2 foaming, however, proved very eﬀective with thermoplastics, where utmost performances in terms of cell number densities have been reached:
microcellular and, more recently, nanocellular foams have been produced, characterized by improved thermal insulating and mechanical
properties as compared to standard cell-sized foams [2]. So far, thermosetting foams stay orders of magnitude behind, in terms of cell size.
Because of the environmental concerns and of the encouraging
performance in producing microcellular and nanocellular foams with
thermoplastic polymers, CO2 has most recently attracted a growing
industrial interest as a PBA for PUs [3]. In order to use CO2 as a PBA (to
be solubilized at high-pressure in the polyol and/or isocyanate) in
polyurethane foaming, it is fundamental to understand the behavior of
the reacting system in the presence of CO2. In particular, CO2 may play
a critical role in the diﬀerent reactions involved in the polyurethane
synthesis.
The eﬀect of the CO2 presence (in particular, in supercritical conditions) in a reacting system has been largely reported in the literature,
resulting an additional parameter to manipulate reaction kinetics. For
instance, Stassin et al. [4] reported the eﬀect of CO2 in supercritical

In the processing of thermosetting polyurethane foams (PUs), the
nature and the amount of the blowing agents have a fundamental role
in defining the cellular structure and, in turn, the properties of the
foam. Since the introduction of PUs at the beginning of last century
until the late 1950 s, CO2 derived from the blowing reaction of isocyanate with water has been used as a blowing agent [1]. Here, water is
the chemical blowing agent (CBA) and CO2 is the product of the
blowing reaction, which is concurrent to the polyurethane synthesis
reaction. CO2 does not, in fact, solubilize in the polyol and the isocyanate phases prior to foaming: conversely, it gradually forms and
inflates the bubble at relatively low pressures. Large PUs production
also utilized chlorofluorocarbons (CFCs) (in the late 1950 s) and hydrochlorofluorocarbons (HCFCs) (at the beginning of 1990 s) as physical
blowing agents (PBAs), then replaced by hydrocarbons (HCs) (e.g.
pentane) because of their negative environmental impact [1]. PBAs,
diﬀerently from CBA, are mixed at ambient temperatures and pressures
to form liquid solutions with the polyol and/or isocyanate phases and
then become available in the gaseous state when the system is brought
to super-saturation conditions, typically by the temperature rise following the exothermic synthesis reaction. Although cheap and with
zero ozone depletion potential (ODP), HCs use was limited by their
inherent flammability [1]. In this context, CO2 is considered more
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conditions on the kinetics of ring-opening polymerization of ε-caprolactone. Authors observed a slowing down of the polymerization reaction, ascribed to the occurrence, in presence of CO2, of a carbonation
reaction responsible for a positive volume of activation and a higher
energy of activation as compared to polymerization in a regular hydrocarbon solvent. In particular, the tin alkoxide initiator responsible
for the growth of the polycaprolactone chains was carbonated by
compressed CO2, as verified by infrared spectroscopy. Tiltscher et al.
[5] showed that catalyst deactivation occurred during a gas-phase reaction, when hexene oligomers with low volatilities deposited on the
catalytically active surface. Performing the reaction at the same temperature, but above the critical pressure prevented the deposition of
these oligomers and the ensuing catalyst deactivation. The readiness of
CO2 to interact chemically with proton-containing nucleophiles, such as
water, alcohols and primary, secondary and tertiary amines was used to
develop switchable systems [6,7]. The reversible binding between CO2
and primary, secondary and tertiary amines is well known in literature,
for example in CO2 capture processes [8–10] and it has been shown of
potential interest in other areas such as in catalytic processes, where
CO2 is simultaneously used as solvent and as a protecting group for
amines. Examples include the ring closing metathesis and the hydroaminomethylation of secondary amines [11,12] . Only a few studies
have been reported so far on the eﬀect of high-pressure CO2 on polyurethane synthesis. A hint to the retardation eﬀect by CO2 on PU
synthesis is given in a patent on the eﬀect of a specific surfactant on the
properties of a PU foam [13], whereas, in a paper on PU foaming by
high-pressure CO2 [14], it was found that the time needed to reach
adequate viscosities for foaming increased significantly with CO2 content in the reacting system.
In the attempt to use high pressure CO2 as a PBA in PUs foaming, a
throughout and scientifically grounded study has to include the following ingredients: (i) sorption thermodynamics and mass transport
properties of the CO2 with both the polyol and the isocyanate; (ii) the
eﬀect of the CO2 concentration on the PUs synthesis kinetics; (iii) a new
processing procedure to cope with the two very diﬀerent time scales of
the foaming O(0.01–1s) (O order of magnitude) and the gelling reaction
O(1–10 min). The usual PUs synthesis, in fact, occurs via the concurrent
blowing and gelling reactions O(1–10 min), while foaming by pressure
quenching the PBA is much faster (as faster as possible to decrease
bubble size). In this context, sorption thermodynamics and mass
transport properties have been reported in [15,16], while this work
deals with the eﬀect of CO2 on the diﬀerent reactions involved in the
PUs synthesis. A new processing procedure has been recently introduced and will be the object of a forthcoming paper.
In this paper, we present the use of FT-NIR spectroscopy in diﬀuse
reflection mode both to monitor in situ CO2 sorption and the curing
under CO2 pressures of a polyurethane formulation. To do so, we
adopted an instrumented pressure vessel, recently introduced by our
group purposely to study polyurethane foaming by high-pressure CO2
[17].

2. Experimental
2.1. Materials
A polyether polyol (Table 1) and polymeric methylene diphenyl
diisocyanate (PMDI) (Table 2) were supplied by DOW Chemical Italy
S.r.L. (Correggio, RE, Italy) within the LIFE13-ENV/IT/001238 project
[3] and used “as received”. In particular, tertiary amine-based catalysts
were included within the polyol formulation (e.g. Pentamethyldiethylenetriamine and Dimethylcyclohexylamine). High purity grade CO2
(99.95% pure) was supplied by SOL (Naples, Italy).
2.2. Experimental set-up
As described in details in [17], in situ FT-NIR spectroscopic investigation of CO2 sorption and polyurethane curing were conducted by
using Frontier™ NIR spectrometer (Perkin Elmer Inc., Waltham, MA,
USA) equipped with a tungsten halogen source, a CaF2 beam splitter, a
FlexIR™ NIR Fiber Optic reflectance probe (PIKE Technologies, Inc.,
Madison, WI, USA) and an InGaAs detector. The probe was housed
beneath a high-pressure-tight sapphire window (Precision Sapphire
Technologies, Vilnius, Lithuania) placed on the bottom plate of a 1 L
pressure vessel (Fig. 1a and 1b). The sapphire window was in contact
with an optical glass cylindrical sample holder, placed inside the
pressure vessel, containing the polyol or the PMDI, kept separate by a
rubbery impeller, during the CO2 sorption test. The rubbery impeller,
after sorption, is allowed to mix the two reactants by a lab mixer
connected to the impeller via a high-pressure bearing, to study curing
under pressure. This experimental set-up has been recently introduced
by some of the authors and represents an unique experimental tool to
thoughtfully study polyurethane foaming under high pressure [17]. It is
worth of note that, as the PU reactions are exothermal, some degree of
non-isothermicity cannot be excluded. In this framework, the presence
of solubilized CO2 aﬀects the reaction kinetics, as observed, and the
heat capacity of the reacting medium, as well, in turn aﬀecting the
temperature evolution of the system. Both factors contribute concurrently to the diminishing of the temperature rise by reaction as the
amount of solubilized CO2 increases. The experimental apparatus is not
designed, in the present configuration, to measure the temperature
profile evolution of the reacting matter, which could be an important
point for further development.
2.2.1. Sorption
Raman spectra of neat PMDI and PMDI/CO2 solution at a CO2
pressure of 2 MPa and 35 °C were collected in order to investigate
possible interactions between the PMDI and the dissolved CO2. After
16 h-contact, neither peak shift nor peak modification of the PMDI/CO2
solution with respect to the neat PMDI were detected, revealing that no
interaction or reaction occurred (data not reported).
During the sorption tests, the polyol (or the PMDI) was poured in
the glass cylindrical sample holder, and a metal reflector (with a path
length of approximately 0.5 mm) was placed on top of the sample
(Fig. 1c). The two reactants are lightly colored transparent viscous liquids and the reflector is necessary in order to return the near-infrared

Table 1
Composition of the polyether polyol.
Components

Molecular weight (Mw) (Da)

Functionality (f)

Parts (%)

Glycerin initiated polyether polyol
Amine initiated polyether polyol
Sorbitol initiated polyether polyol
Sucrose/glycerin initiated polyether polyol
Catalysts
Surfactant

1000
500
700
500
/
/

Low
High
High
High

95

Polyol contains 0.2% water and polydispersity index (PDI) is 1–1.5; viscosity = 15150 mPa.s (25 °C); data from the supplier.

3
2

M.R. Di Caprio, et al.

Table 2
Properties of the PMDI.
Component

Equivalent weight

NCO content (%)

Functionality

Viscosity mPa.s (25 °C)

Acidity as %HCl

PMDI

135

31.1

2.7

190

0.02

Data from the supplier.

light to the collecting probe (transflectance sampling). The sample
holder is then placed in the pressure vessel onto the sapphire window
(Fig. 1d) and then the pressure vessel is closed. After reaching the
testing temperature, in this case 35 °C, CO2 pressure is increased up to
the saturation pressure (in the range from 0 to 4000 kPa) and kept for a
suﬃcient amount of time, until equilibrium.
FT-NIR spectra were recorded automatically at regular time interval
of 5 min using Perkin Elmer TimeBase software, in the spectral range
4000–10000 cm−1 with a resolution of 4 cm−1 and 32 scans. It is worth
of note, here, that sorption monitoring by infrared spectroscopy has
been already reported [18] and requires, for a quantitative analysis,
calibration by known concentrations. In our case, we measured sorption
by a coupled gravimetry-axisymmetric drop shape analysis (see Ref.
[19] for the details) on the two reactants, as reported in Refs. [15,16].
The FT-NIR acquisitions allowed us to detect the combination bands as
due to CO2 sorption. The area under the monitored peaks was integrated and directly correlated to the amount of CO2 sorbed in the
polymer according to Beer-Lambert Law through univariate analysis by
using Perkin Elmer TimeBase software. Subtraction of the spectrum of
the initial reactant (polyol or PMDI), with no dissolved CO2, from all of
the spectra allowed to remove the contribution of other bands that
overlap with the combination band of CO2. Further details on the calibration method for quantitative evaluation are reported in Section 3.1.
2.2.2. Curing
In order to monitor the PU curing, polyol and PMDI (1:1.15 by
weight) were gently cast in the sections of a glass cylindrical sample
holder formed by the sample holder itself and the blades of a rubber
impeller, which prevents the premature mixing of the two reactants
(see Fig. 1e). The sample holder was then placed in the pressure vessel
onto the sapphire window and secured by the Teflon coupling (see
Fig. 1f). The pressure vessel is then pressurized and sorption is

conducted for a defined period. After sorption, the two reactants are
mixed for the reaction to occur by operating the impeller with a mixing
shaft connected to a lab mixer by a high-pressure bearing [17]. The
curing reaction was conducted, still under pressure, for a suitable
amount of time, until completion.
The curing reaction, at several CO2 pressures and 35 °C, was monitored by collecting spectra automatically at regular time interval of
20 s (fast NIR monitoring) with a resolution of 4 cm−1 and 8 scans, after
mixing at 250 rpm for 10 s until the end of the curing.
Various implementations of vibrational spectroscopy have been
successfully applied to study heterogeneous catalytic reactions with the
objective of identifying intermediates and determining catalytic reaction mechanisms involved in the polyurethane synthesis [20]. In the
field of synthesis under CO2, when polyurethane synthesis is monitored
by FT-NIR spectroscopy, it is possible to detect, among others, the NCO
band decrease and the NH band (of the urethane group) formation and
increase allowing for a quantitative analysis of the curing process [21].
In order to meter a known CO2 amount in the two PU formulation
components, sorption time as well as CO2 pressures were varied. The
total CO2 amount sorbed within the two phases (PMDI and polyol, separate by the rubbery impeller, see Fig. 1e) at a certain CO2 pressure
after a given sorption time was calculated by assuming: (i) a Fickian
behavior for the two phases, (ii) constant thickness and gas diﬀusivities
(PMDI/CO2 and polyol/CO2 mutual diﬀusivities) and (iii) one-dimensional transport problem (sorption occurs by diﬀusion through the top
surface, while no flux is assumed to occur at bottom and lateral surfaces) [22]. Solubility and diﬀusivity data were gathered, for the two
compounds, in [15,16]. With these assumptions, the well-known error
function describes the CO2 concentration profiles as a function of time
elapsed after instantaneous pressurization. The average CO2 fraction at
each sorption time, for each phase, can be calculated after integration
of said profiles. When mixing the two CO2-laden fluids (a polyol/CO2
Fig. 1. Pictures of the adopted instrumentation.
(a) Assembly of the high-pressure PU foaming
equipment, showing the mixing head and the gas
evacuation system; (b) detail of the probe and
the sapphire windows placed at the bottom plate
of the pressure vessel (top view). (c) and (d) set
up for the sorption tests (light gray box): (c)
sample holder with the polymer (PMDI in this
image) and the reflector and (d) positioning of
said sample holder inside of the pressure vessel.
(e) and (f) set up for the curing tests (dark gray
box): (e) sample holder with the rubbery impeller that keeps separate the two reactants for
sorption and (f) details of the Teflon coupling of
the sample holder with the sapphire window; the
light comes from the NIR probe. See [17] for
details.
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Fig. 2. FT-NIR spectra of (a) polyol and
(b) PMDI before (black line) and after (red
line) exposure for 3 days at CO2 at
4000 kPa and 35 °C. The inset shows a
detailed view of the two CO2 combination
bands at 4950 and 5070 cm−1. Spectra are
shifted vertically for clarity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

solution and a PMDI/CO2 solution), the PU synthesis reaction is allowed to start. Due to the diﬀerent time scales of sorption O(10 h) and
of reaction O(10 min), we assumed the sorption that may occur after
mixing negligible. Furthermore, immiscibility of the components excludes the possibility of CO2 exclusion upon mixing [23]. Hence, the
average CO2 weight fraction in the reacting mixture, w̄CO2 , was calculated by weight-averaging the CO2 fractions sorbed within the two
phases before mixing [22].
3. Results and discussion
3.1. Sorption
FT-NIR spectra of polyol and PMDI before and after exposure for
three days at 4000 kPa of CO2 and 35 °C are reported in Fig. 2a and b,
respectively. Sorption time was selected, based on diﬀusivity data
[15,16] and on the sample amount, to attain equilibrium. According to
previous studies [24], FT-NIR spectra of pure CO2 show combination
bands due to the coupled Fermi resonance. In Fig. 2, spectra of the
samples exposed to CO2 reveal combination bands at 4950 cm−1
(ν1 + 2 ν2 + ν3) and 5070 cm−1 (2 ν1 + ν3) [24]. In the following, the
combination band at 4950 cm−1 is selected to estimate, via the BeerLambert law and by using gravimetric data retrieved in [15,16], the
amount of CO2 sorbed in the polymeric phases [18].
The detailed time-evolution of FT-NIR spectra of CO2 sorption
monitoring in the polyol, at 4000 kPa and 35 °C, and the diﬀerence
spectra are reported in Fig. 3(a) and (b). Fig. 3c reports the evolution of
the integrated area under the combination band of CO2 (ACO2) at
4950 cm−1. ACO2 attains equilibrium after ca. three sorption days and
eq
the equilibrium value, A CO2
, can be evaluated as the average value of
the final plateau. Assuming a linear dependence (Beer-Lambert law)
between ACO2 and weight fractions of the CO2 [25] and the sample
thickness, L, constant, FT-NIR kinetics data can be utilized to calculate
the mutual polyol/CO2 diﬀusivity, D, by fitting data with the first term
approximation of the Fickian model [26]:

ln 1

A CO2
8
= ln 2
eq
A CO2

D 2t
L2

The evaluation of the limiting slope of ln 1

(1)
A CO2
eq
A CO2

vs. t for the

diﬀerent tests conducted on both the polyol and PMDI at diﬀerent
pressures and at 35 °C allowed to measure D of 1.01∙10−6 cm2/s for the
polyol/CO2 system and of 2.3∙10−6 cm2/s for PMDI/CO2 at 4000 kPa, in
agreement with those retrieved with coupled gravimetry – ADSA
[15,16]. It is worth of note, here, that evaluation of diﬀusivity by the

above method does not require any calibration with actual weight
fraction data (just the assumption of validity of the Beer-Lambert law).
To use spectral information as a quantitative tool for CO2 sorption, a
calibration was performed based on data gathered with coupled
gravimetry – ADSA [15,16]. The procedure is described in Fig. 4,
eq
where, for both polyol and PMDI, A CO2
values at 2000 and 4000 kPa
and 35 °C are reported as function of CO2 sorption pressure. Data draw
a linear dependence with pressure, which can be described as
eq
A CO2
= m PCO2 where m is equal to 2.68∙10−4 cm−1/kPa for polyol and
1.53∙10−4 cm−1/kPa for isocyanate. This result allows us to interpret
curing results in a more consistent way, as it will be seen in the foleq
lowing. The inset in Fig. 4 shows A CO2
vs. w̄CO2 , collectively for both the
polyol and PMDI. Data fit nicely on a single line, proving that molar
absorptivity of CO2 is not aﬀected by the specific polymeric phase. This
is an important conclusion, that allows a more rigorous treatment of IR
data, as it will be shown in the following.
3.2. Curing
The measurement of the eﬀect of the diﬀerent CO2 concentrations
on the polyurethane curing reaction kinetics is the primary objective of
the present study, where FT-NIR is utilized to monitor the diﬀerent
isocyanate reactions taking place simultaneously in the standard PUs
formulations [27]. In particular, in the formulation utilized in the
present study, the following reactions take place: (i) the isocyanate and
the hydroxyl group react to give a carbamate (“urethane” in case of
high molecular weights) as the desired product; (ii) the isocyanate reacts with water to produce a carbamic acid, which breaks down into
carbon dioxide and a primary amine that reacts immediately with another isocyanate to form urea; (iii) three isocyanates react together to
give an isocyanurate (trimerization). For the sake of clarity, the chemical CO2 produced by the blowing reaction was considered negligible
in comparison with the CO2 dissolved within the two phases (polyol and
isocyanate) during the sorption stage. Hence, the isocyanate, characterized by the NCO group, readily detectable by NIR, is involved in
diﬀerent reactions and may be utilized to describe an overall reaction
rate, by following its consumption. Furthermore, the isocyanate and the
polyol react together (i) to produce PU which is characterized by the
NH(CO)O group where the NH vibration is also readily detectable by
NIR [21]. The PU production rate is, hence, quantifiable as well. To this
aim, collected spectra can be treated as described by the help of Fig. 5,
reporting the spectra of the single reactants/CO2 solutions (a and b),
collected before mixing (after 5 h of sorption time), a spectrum collected right after mixing the two components at 250 rpm for 10 s (c) and
a spectrum collected at the end of the curing reaction (after 2h, d). In
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Fig. 3. CO2 sorption monitoring in polyol at 4000 kPa and 35 °C: (a) time-evolution of FT-NIR spectra, (b) diﬀerence spectra, (c) integrated absorbance area ACO2
under the CO2 combination band at 4950 cm−1 as a function of sorption time and (d) fit procedure to evaluate D by Eq. (1). The monitored ACO2 area is indicated in
grey in (b) and the spectral acquisition time were: t0 = 10 h; t1 = 25 h; t2 = 38 h; t3 = 45 h; t4 = 52 h; tf = 60 h. In (a), spectra are shifted vertically for clarity.

eq
Fig. 4. Calibration of FT-NIR sorption in polyol (■) and PMDI (●). ACO2
vs.
eq
PCO2 by FT-NIR (this study) (open symbols) and w̄ CO2
vs. PCO2 as measured by
eq
eq
gravimetry-ADSA [15,16] (closed symbols) (ACO2 vs. w̄ CO2 as inset). Lines are
guide to the eye only.

Fig. 5. FT-NIR spectra of the single reactants (polyol (a) and isocyanate (b))
collected before mixing (after 5 h of sorption time), spectra collected right after
mixing the two components at 250 rpm for 10 s (c) and at the end of the curing
reaction (d), at 35 °C and at CO2 concentration of 0.05 g/g. Spectra are shifted
vertically for clarity.

this specific case, average CO2 weight fraction, w̄CO2 = 0.05 g/g, was
calculated by the procedure described in Section 2.2.2. Spectra reported
in Fig. 5 show that the NCO band at 4680 cm−1, characteristic of the
PMDI, does not completely disappear at the end of the cure, proving its
excess with respect to the polyol in the adopted formulation.

In Fig. 6 are reported details of the spectral regions of interest in this
work and highlights time-evolution of characteristic signals. In particular, Fig. 6a shows the wavenumber range 5000–4400 cm−1, where
the NCO peak appears at 4680 cm−1, while Fig. 6b shows the
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Fig. 6. Time-evolution of FT-NIR spectra (a and b), detail of the monitored peaks area (c and d) and integrated absorbance area of NCO (ANCO) and NH (ANH) bands (e
and f) at 35 °C and at CO2 concentration of 0.05 g/g. The monitored integrated areas are indicated in grey (c and d). Spectra at t0 represent the beginning of reaction
(after mixing), t1 and t2 are intermediate acquisitions (4 and 18 min for NCO band, 10 and 30 min for NH band), tf represents the acquisition when the integrated area
attains a constant value (ca. 33 and 57 min for NCO and NH bands, respectively). In (a) and (b), spectra are shifted vertically for clarity.

wavenumber range 8000–5500 cm−1, where the NH peak appears at
6700 cm−1. Correspondingly, Fig. 6c and d show in detail the monitored peaks area and Fig. 6e and f show the time evolution of ANCO and
ANH, respectively.
The reaction rates can be described by various kinetic models. In
particular, as typically done in the case of thermosetting polymers, we
adopted a phenomenological model that describes both homogeneous
processes and heterogeneous processes which are governed by phase-

boundary reaction mechanisms [28,29], namely:

d
= k(1
dt

where

)n

is the time-dependent relative conversion ( = 1

(2)
ANCO
,
A0NCO

where A0NCO is the initial absorbance area), k = Ae Ea /RT is the Arrhenius-type kinetic constant and n represents the reaction order. Integration of Eq. (2) for n = 1 [29] yields:
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Fig. 7. NCO relative conversion (α) (at 4680 cm−1) at 35 °C and (a) w̄CO2 = 0g/g , (b) w̄CO2 = 0.05g/g and (c) w̄CO2 = 0.07g/g as function of reaction time. Open
symbols are experimental data, lines are the fitting by Eq. (3).

=

f

(1

e

(3)

kt )

Fig. 7 shows the results of the fitting of NCO conversion kinetics for
selected w̄CO2 , evidencing the suitability of the selected simple model
for the reaction kinetics, while the results of the fitting procedure (i.e.
rate constant, k, and the final conversion f ) are collectively reported in
Table 3 for the whole range of investigated w̄CO2 . Kinetics data evidence
a strong eﬀect of w̄CO2 on the NCO consumption, with a minor eﬀect on
f
.
The w̄CO2 eﬀect on the NCO consumption rate can be also evaluated
by the conversion time, t c_NCO, as the time needed to reach 0.95∙αf, also
reported in Table 3. It is possible to note that t c_NCO increases monotonically with w̄CO2 , evidencing the slowing down of the PMDI

conversion by CO2. In particular, Fig. 8 shows the eﬀect of w̄CO2 on
t c_NCO, highlighting an apparent two-region process, with a decrease of
the CO2 eﬀect above 0.07 g/g. Below this critical value of w̄CO2 the slope
of the t c_NCO vs. w̄CO2 curve is 927 ± 69 min.g/g, while at larger w̄CO2 it
is equal to 330 ± 40 min.g/g. This occurrence will be more thoughtfully investigated in the following.
As described above, the urethane formation, characteristic of the
polyurethanes, is also readily observable by FT-NIR and the rise of the
associated peak can be utilized to monitor the curing kinetics. As the
urethane formation reaction involves the consumption of species involved in other reactions [27], it is easier to describe its kinetics in
terms of the urethane characteristic group (NH) formation, instead of

Table 3
Eﬀect of CO2 on NCO conversion: results of the fitting procedure.
PCO2 [kPa]
0
2000
4000
6000
7000
7500
8000
10,000
12,000

CO2 sorption time [hours]
0
5
5
5
5
5
5
5
5

w̄CO2 [g/g]
0
0.025
0.050
0.070
0.085
0.090
0.100
0.120
0.140

k [min−1]
0.941
0.126
0.110
0.075
0.066
0.065
0.063
0.059
0.056

± 0.056
± 0.063
± 0.009
± 0.005

* Where reported, standard deviations were evaluated on experiments performed in triplicate.

αf
*

0.886
0.688
0.828
0.731
0.771
0.941
0.863
0.767
0.595

tc_NCO [min]
± 0.043
± 0.13
± 0.036
± 0.14

4±1
24 ± 1.5
45
70 ± 2
80 ± 1
82
84
90
95
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Table 4
Eﬀect of CO2 on NH formation: results of the fitting procedure.

Fig. 8. NCO conversion time (t c_NCO ) at diﬀerent w̄CO2 . Lines are only guide to
the eye.

reactants consumption (conversion). The assumptions adopted to derive
the simple kinetic model of Eq.2, in this case yield:

ANH = AfNH (1

e

kt )

(4)

where ANH is the integrated absorbance area of the NH peak at time t ,
f
0
= 0 , as no
and ANH
is the integrated absorbance area final value ( ANH
urethane is in the system at time t = 0 ) [30]. In this case, it is more
appropriate to express the degree of curing by normalizing with respect

PCO2 [kPa]

CO2 sorption time
[hours]

w̄CO2 [g/g]

k [min−1]

0
2000
4000
6000
6000
10,000
7000
7500
8000
10,000
12,000

0
5
5
5
12
1.5
5
5
5
5
5

0
0.025
0.050
0.070
0.079
0.079
0.085
0.090
0.100
0.120
0.140

0.735
0.162
0.102
0.076
0.063
0.065
0.066
0.062
0.063
0.056
0.050

± 0.025*
± 0.001
± 0.016
± 0.006

tc_NH [min]
5.6 ± 0.6
28.5 ± 3.5
57
73.5 ± 3.5
77
79
81 ± 2
83
87
95
103

* Where reported, standard deviations were evaluated on experiments performed in triplicate
f
, as follows:
to the final ANH

X(t) =

ANH
= (1
f
ANH

e

kt )

(5)

The experimental data and fitting by eq. (4), for selected w̄CO2 are
reported in Fig. 9, while the results of the fitting procedure are reported
in Table 4.
Fig. 10 collects all of the reaction kinetics fitting curves at the different w̄CO2 highlighting the important slowing down eﬀect by the CO2

Fig. 9. NH integrated absorbance area (ANH - at 6700 cm−1) at 35 °C and (a) w̄CO2 = 0g/g , (b) w̄CO2 = 0.05g/g and (c) w̄CO2 = 0.07g/g as function of reaction time.
Open symbols are experimental data, lines are fitting by Eq. (5).
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Fig. 10. Degree of curing X(t) of PUs reacted at diﬀerent w̄CO2 evaluated as a
function of the reaction time. Line represents the fitting of experimental data by
Eq. (5).

on PU synthesis.
The w̄CO2 eﬀect on the NH formation rate can be also evaluated by
the formation time, t c_NH , as the time needed to reach 0.95∙X (Fig. 11a).
It is possible to note that t c_NH increases monotonically with w̄CO2 . An
interesting question that may arise from these data regards the role of
the CO2 pressure and its supercritical transition. To this aim, we performed additional tests in which the same w̄CO2 is achieved at two
diﬀerent pressures, specifically below and above the critical pressure.
Achieving the same w̄CO2 at two diﬀerent pressures can be easily done
by adjusting the sorption time as reported in Section 2.2.2. In particular, Table 4 shows that w̄CO2 = 0.079 g/g can be achieved after solubilization at 10000 kPa for 1.5 h or at 6000 kPa for 12 h. Fig. 11b and
data reported in Table 4 rule out the eﬀect of the supercritical transition
and clarifies that, in our case, the controlling variable on the polyurethane synthesis is the w̄CO2 , not PCO2, as t c_NH does not change with
PCO2 (open symbols in Fig. 11b), at constant w̄CO2 .
As in the case of Fig. 8 (for the NCO conversion), Fig. 11a confirms
the apparent two-stage process, with a decrease of the CO2 eﬀect above
0.07 g/g. Catalyst deactivation [5,7] as well as dilution eﬀects [31,32]
have been reported in the underlying literature. With reference to the
former, in the specific case of catalyst deactivation by CO2, it has been
reported, for instance, a reaction between CO2 and 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) tertiary amine in 1-hexanol and 1-propanol
[7]. The mixture of amidine base and the alcohol reacts with CO2 to
form a high polarity ionic liquid with quaternary ammonium cations

and alkylcarbonate anions. In our case, catalyst deactivation can be
likewise due to the Lewis acid-base interaction between CO2, polyol and
tertiary amines (the catalytic species in the formulation under study).
With reference to the dilution eﬀect, a traditional physical chemistry
description of such a reacting system would be of a diﬀusion-controlled
one, where reactant molecules have to jostle their way through the
solvent but, when in contact, stay near each other for much longer, in
the so-called “cage eﬀect”. In our case, the swelling induced by CO2
sorption in the two phases (the polyol [15] and PMDI [16]) results in a
decrease of reactant concentration and a corresponding decrease of
reaction rate [32]. Here, we may speculate that both catalyst deactivation and dilution mechanisms are occurring concurrently, up to a
complete saturation of the catalytic sites by CO2 at 0.07 g/g in this
specific case. At higher w̄CO2 , the sole diluting eﬀect emerges. At w̄CO2
below 0.07 g/g both mechanisms concur to the eﬀect of w̄CO2 on t c_NH ,
linearly increasing with a slope of 990 ± 39 min.g/g in the 0–0.07
range, while at larger w̄CO2 , catalyst deactivation mechanism fades due
to saturation of catalytic sites by CO2 and only the dilution eﬀect is
active, with a corresponding reduced slope of the t c_NH vs. w̄CO2 curve
equal to 414 ± 10 min.g/g.
To prove this hypothesis and to separate the catalyst deactivation
eﬀect from the dilution eﬀect, further tests were performed on a polyolPMDI formulation in which no catalysts were included. Obviously, in
this case both t c_NCO and t c_NH are expected to increase with respect to
the case of the formulation with the catalyst. Here, the eﬀect of CO2 on
reaction kinetics would be solely due to the dilution eﬀect, and should
maintain a similar dependence of the high-w̄CO2 behavior of the catalyzed formulations. This is indeed the case, as reported in Fig. 12, where
a comparison is drawn between the catalyzed and non-catalyzed formulations, in terms of the eﬀects of w̄CO2 on t c_NCO and t c_NH (Fig. 12a
and b, respectively). Operating conditions and kinetics fitting results
are reported, for the non-catalyzed formulation, in Table 5.
In the case of the non-catalyzed formulation, the slope of the t c_NCO
vs. w̄CO2 curve is 300 ± 46 min.g/g, while for the t c_NH vs. w̄CO2 curve it
is 400 ± 23 min.g/g. Of course, as there is no catalyst to deactivate,
there is no threshold w̄CO2 value, in this case. Comparison of the slopes
of the formulation with catalysts above the catalyst deactivation critical
value of w̄CO2 , equal to 330 ± 40 and 414 ± 10, respectively for t c_NCO
and t c_NH seems a good proof of the proposed two concurring mechanisms. It is worth of note, here, that no foaming occurred during the
testing as the vessel was slowly pressure vented long after the curing
reaction has gone to completion. For this reason, after each curing kinetics experiment at several CO2 pressures and 35 °C, the sample was
always a compact PU product with high, bulk density. Further studies

Fig. 11. Eﬀect of CO2 on t c_NH ; data reported as a function of (a) w̄CO2 and (b) PCO2 (w̄CO2 vs. PCO2 as inset). Symbols are experimental data, lines are only guide to the
eye. Open symbols refer to tests performed at w̄CO2 achieved after sorption conducted at diﬀerent pressures (by adapting the sorption time): test conducted at
6000 kPa and 12 h of sorption (□), test conducted at 10000 kPa and 1.5 h of sorption (∇).
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Fig. 12. Eﬀect of CO2 on (a)t c_NCO and (b) t c_NH . Round and square symbols are experimental data for formulations with and no catalyst respectively, lines are only
guide to the eye.

References

Table 5
Eﬀect of CO2 on t c_NCO and t c_NH : results of the fitting procedure.
PCO2 [kPa]

CO2 sorption time [hours]

w̄CO2 [g/g]

t c_NCO [min]

t c_NH [min]

0
4000
8000

0
5
5

0
0.050
0.100

85
104
115

115
137
155

have to be conducted for detailed interpretation and modeling of such a
complex diﬀusion controlled reacting system. These studies can rely on
the availability of phases compositions, mutual diﬀusivities, degree of
swelling [15,16] and viscosities of the species involved in the reactions,
which, to our point of view, represent a unique, rich set of data.
4. Conclusions
Carbon dioxide sorption in polyol/PMDI system, under high-pressure, was studied by in situ near infrared spectroscopy. A kinetic analysis was performed on the polyurethane reacting system, at 35 °C and
still under CO2 pressure (up to 12000 kPa) and characteristic urethane
(NH group) and PMDI (NCO group) bands were monitored. Results
revealed, in the investigated experimental range, a significant slowing
down eﬀect of the sorbed CO2, apparently with two mechanisms: i) the
catalyst deactivation due to a reaction of tertiary amines with CO2 and
the polyol and ii) the dilution eﬀect due to swelling by CO2 sorption in
the two reacting phases. Above a weight fractions of ca. 0.07 g/g,
where, apparently, catalytic sites were saturated by CO2, only the
swelling by CO2 further contributed to the slowing down of the reaction
kinetics. This eﬀect has been confirmed by testing a PU formulation
without catalysts. Finally, it has been proved that the sorbed CO2
weight fraction is, in fact, responsible for the observed eﬀects, not the
pressure. In particular, apparently, the transition to the supercritical
state of the outer CO2 in contact with the polymeric phases is not relevant to the reactions analyzed in this work.
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