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Abstract

The integrated molar absorption coefficients for OH) (3655 cm™), & OH)
(Q branch at 1176 cm™ or whole bands), [UCC,,y) + KOH)] (Q branch at
1344 cm™ or whole bands) and Y CH) (752 cm™) were determined at 342 K,
by recording infrared spectra of pure gaseous phenol at different partial
pressure (from 0 to 33 Pa). The integrated molar absorption coefficients (&)
values were obtained with a good reproducibility and the relative uncertainty
on the given values is below 2%. The influence of water on the integrated
molar absorption coefficients of phenol has been investigated in a large range
of N4/ Npenoy Values (from 0.5 to 6.1 and from 44 to 94) using distinct setups.

-water/ *“phenol

The infrared spectra of a gas mixture containing a constant amount of phenol
and different amount of water were recorded (closed cell) whereas in dynamic
condition (under flow) the water partial pressure was kept constant at 1.3 kPa
and the phenol partial pressure was increased from 0 to 30 Pa. It is here
demonstrated that, at 342 or 355 K, the presence of water does not affect the
epsilon values of {OH) and [/(CC,;,,) + {OH)] bands.

Keywords

Phenol Gas, Integrated Molar Absorption Coefficients Determination,
IR Spectroscopy, Phenol-Water Interaction, Phenol Gas Quantification

1. Introduction

Due to the recent emergence of bio-fuels, oxygen rich bio-oils are increasingly
processed together with fossil resources in classical Fluid Catalytic Cracking unit
after a preliminary hydro-deoxygenation step (HDO) has been performed [1]
[2]. However, even after such a treatment, bio-fuels still contain oxygenated mo-
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lecules, notably phenolic compounds issued form lignin fragment degradation
[1] [3] [4]. Unfortunately, phenol and phenolic compounds are known to be
very hazardous for both health (toxic and mutagenic) and environment [5] [6].
It is thus important to control their emission at both the exit of engines powered
by 2" generation bio-fuels and at the outlet of the online catalytic converters.
However, before controlling and establishing legal standards for the concentra-
tion of emitted phenol and related molecules, it is fundamental to ensure the
ability to perform a reliable measurement of the concentration of such com-
pounds in the gas phase. Spectroscopic methods are interesting candidates as
they allow both temporal and spatial analysis, a crucial point in the specific case
of engine emission and catalytic converter exhaust gases.

Several studies have already been devoted to the spectroscopic analysis of
phenol. Assignment of the infrared bands for gaseous, liquid and solid phenol
has been elucidated by Evans [7] and completed by Bist ef a/. [8]. Unfortunately,
data related to the integrated molar absorption coefficients (&) of the characteris-
tic bands of gaseous phenol are not yet available, which up to now impedes its
quantification.

More recently, the interaction between water and phenol has been studied by
infrared spectroscopy. Mikami and coworker [9] [10] have shown that for clus-
ters of phenol and water with molar ratio n(eau)/n(phenol) = 1 to 3, the OH)
vibration of phenol shifts to lower wavenumbers with extent ranging from 133 to
312 cm™" upon increasing water proportion. This phenomenon was attributed to
a weakening of the phenol (O-H) bond during the formation of a hydrogen
bond between water and phenol [9]. Similar results have been obtained by Hart-
land et al [11]. Indeed, the Raman study of a phenol:water (1:1) cluster has evi-
denced a shift of —134 cm™ of the phenol {OH) band. Moreover, the authors
also reported that the OH) vibration is the most affected by the cluster forma-
tion. The CO) shows a much smaller shift of +12 cm™ while the other vibrations
modes [UCC,,,), ACH)] are only weakly perturbed (from -0.4 to + 3.6 cm™).
These results were confirmed by ab-initio and DFT calculations for another
phenol:water (1:4) cluster [12]. The former study also predicts an increase of the
intensity of the phenol OH) band by a factor 38. This appears consistent with
results from Watanabe ef al [10] who experimentally showed an increase of the
intensity of the OH) groups by a factor 5 and 11 for a (1:1) and a (1:3) phe-
nol:water cluster respectively. However, as highlighted by Shimamori et al. [13],
the phenol-water clusters in the above cite studies were generated using a su-
personic jet expansion. Consequently, the vibrational temperature of the cluster
is approximately 100 K that is far from that encountered in typical conditions
used for chemical analysis of interest in the present paper. Furthermore, the au-
thors have shown that an increase of the vibrational temperature from 140 to
175 K induces a decrease of the shift towards lower wavenumbers (50 cm™ be-
tween the cold and the warm (1:2) phenol:water cluster). Thus, the literature
clearly highlights the requirement of evaluating the influence of water content

on the phenol integrated molar absorption coefficients in conditions of interest
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for classical chemical analysis (ie. T = RT).

As a consequence, the present study will be first devoted to the measurement
of & values of representative IR bands [{OH), {OH) and YCH)] for dry ga-
seous phenol. In a second step, the influence of water vapor on the previously
determined values will be investigated by varying the water:phenol molar ratio
in a large range. In both case, the measurements will be done in the 340 - 360 K

range.

2. Experimental Setup and Methods
2.1. Measurement of Integrated Molar Absorption Coefficients

As shown in Figure 1, the experimental setup was made of a gas cell (optical
path = 20.1 cm) equipped with a pressure gauge (0 - 10 Torr). The cell was con-
nected via two ways valves, on one side, to a flask containing pure crystallized
phenol in equilibrium with its vapor pressure. On the other side, the cell is con-
nected to a calibrated volume (1= 2.78 mL) being itself connected to an adsorp-
tion/vacuum line. As shown in Figure 1, the gas cell was entirely thermo-regulated
at 342 K using Thermocoax™ heating cable and further insulated with alumi-
num foil (not shown). The measurement of the temperature was performed via a
thermocouple placed between the heating cable and the gas cell.

Prior to the experiment, the setup was evacuated until a residual vacuum of
107° mbar was reached. Then, increasing phenol vapor pressures (from 0 to 33 Pa
Le. from 0 to 12 pmol/L at 342 K) were introduced in the gas cell and left for sta-
bilization during at least 5 minutes before infrared spectra were recorded. Spec-
tra were recorded on a Nicolet Nexus FT-IR spectrometer, equipped with an
MCT detector, by collecting 32 scans at a 0.5 cm™" resolution. For each stabilized
pressure about five spectra of the phenol gas phase were recorded to improve the
accuracy of the final results. Finally, the gas cell was evacuated overnight before
the experiment was reproduced.

The IR integrated molar absorption coefficients were determined using the

Beer-Lambert law for solutions:

Calibrated volume 0-10 Torr Phenol
pressure gauge Balloon
& )}
Water
adsorption line  <— '
/Vacuum line Heating cable
J
OOCO0OO
e i
20.1cm 1
KBr KBr
window window

Figure 1. Scheme of the experimental setup used under “static” conditions.
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A= J.:A(v)dv =¢IC

where A(V), ¥ & ¢ and C denote respectively the absorbance, the wavenumber
(in cm™), the integrated molar absorption coefficient (in L-pumol-cm?), the
optical path (in cm) and the phenol concentration (in pmol-L™).

The ¢ for the selected bands were calculated directly using the slope of the
curves A = f(Cpenol gas) determined by linear regression using the LINEST func-
tion of Excel. The uncertainties on the & values were estimated from the product
between the standard error on the slope (again provided by LINEST) and a con-
fidence factor provided by the Student Law. In the present study, the confidence

interval was fixed to 95%.

2.2. Influence of Water Vapor on the Integrated Molar Absorption
Coefficients

The influence of the water vapor has been studied under both “static” and flow
conditions. The experimental procedures followed in each condition are de-

scribed below.

2.2.1. “Static” Conditions

In this case, the setup is the one described at Section 2.1. Prior to the experi-
ment, the setup was evacuated until a residual vacuum of 107° mbar was reached.
Then, a phenol vapor pressure of 11.95 Pa (Ze. 4.20 umol/L at 342 K) was intro-
duced in the gas cell and left for stabilization during at least 20 minutes before
recording infrared spectrum. In the next steps, known amounts of water vapor
were successively introduced in the gas cell using the calibrated volume. Four
introductions of water vapor have been done to reach a n(H,0)/n(PhOH) ratio
from 1.1 to 6.1. For each condition several spectra (between 7 and 15) were rec-
orded to improve the accuracy of the final result (spectrometer and conditions
described in Section 2.1). Finally, the gas cell was evacuated overnight before
another experiment was performed. For this last experiment, the initial phenol
vapor pressure was increased to 27.07 Pa (ie. 8.47 pmol/L at 342 K) and the
n(H,0)/n(PhOH) ratio was varied from 0.6 to 3.4.

2.2.2. Dynamic (Flow) Conditions

As shown in Figure 2, the experimental setup was made of a gas cell (optical
path = 24.4 cm) connected to a system allowing the preparation of gas mixtures
based on Argon (carrier and dilution gas), water and phenol. The phenol partial
pressure was varied from 0 to 30 Pa (ie. 0 to 11.3 umo/L at 355 K) by changing
the temperature of the saturator from 306 to 313 K and the water partial pres-
sure was fixed to 1.3 kPa by using a CEM-system provided by Bronkhorst®. All
the setup was thermo-regulated at 355 K using Thermocoax™ heating cable and
further insulated with aluminum foil to avoid phenol and water condensation.
As for static conditions, the measurement of the temperature was performed via

a thermocouple placed between the heating cable and the gas cell.

DOI: 10.4236/ajac.2019.101002

12 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2019.101002

T. Onfroy, O. Marie

Ar [:
4L—‘
H,0

Water UTH “loor13%
m B
> > >
PhOH
0-300 ppm

PP Thermo-
FT-IR spectrometer regulated
\ Gas Cell

Figure 2. Scheme of the experimental setup used for measurement under dynamic condi-
tions.

More precisely, for each of the four phenol partial pressures, more than 20
spectrum of the gas phase have been recorded without water vapor and then in
presence of water. In these conditions, the n(H,0)/n(PhOH) ratio was varied
from 44 to 94.

Spectra were recorded on a Nicolet iS50 FT-IR spectrometer, equipped with

an MCT detector, by collecting 64 scans at a 0.5 cm™' spectral resolution.

2.2.3. Methodology

Since complementary experiments were performed with cells presenting distinct
optical paths and taking into account that the n(H,0)/n(PhOH) ratio varied in a
broad range (0.6 to 94) using these distinct cells, it was decided to investigate the
ratio between two bands (one involving OH vibration modes and one assigned
to CH vibration modes [7] [8]). This “normalization” allows a more precise de-
termination of the impact or not of the water content. Then, in the following,
several ratios have been calculated:

In static conditions:

A(5(OH)) A(1176cm™)  A(v(CCyy)+(OH))  A(1344cm™)

A(7(CH))  A(752cm™) : A(7(CH)) ) A(752cm™)
In dynamic conditions:

A(5(OH)) A(1176cm™)  A(v(CCyy)+5(OH))  A(1344cm™)

A(7(CH))  A(881em™) o A(7(CH)) " A(881cm)

1

The detector whose windows only allowed analysis above 800 cm™ imposed

the choice of the band at 881 cm™ even though less intense than the one at 752

cm™l

2.3. Bands Integration

Table 1 lists the vibration modes of interest in the present study and indicates

the integration range (similar base line limits) for each band or group of bands.
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Table 1. Integration and baseline limits of different selected vibration modes [7] [8].

UCCng)  UCCyny)

Vibrati OH OH
Ilnf::i::n AOH)  + &OH) + AOH) Qé‘f)ranih hie balds HCH)  ACH)
A
Qbranch whole bands
Bands positions 1355 + 1344 + 1184 + 1176 +
o 3655 1344 1176 752 881

(em™) 1335 1168
Integration and 3657.2 1345.2 1365.0 1177.8 1194.0 752.6 882.6
baseline limits - - - - - - -

(cm™) 3653.5 1342.6 1322.0 1174.0 1160.0 751.6 879.4

3. Results and Discussion

3.1. Pure Gaseous Phenol

Figure 3 presents the evolution of the infrared spectra of pure gaseous phenol as
a function of the phenol concentration. The Y OH), [(CC,,,) + AOH)] and
&OH) (Figure 3(a)-3(c)) are vibration-rotation modes whose symmetry is at

ring

the origin of the specific shape of these vibrations Ze. a central sharp peak (Q
branch) and two lateral bands (P and Q branch). According to the spectra, OH)
bands are at 3661, 3655 and 3648 cm™, [UCC,,y) + AOH)] bands at 1350, 1344
and 1335 cm™ and &OH) bands at 1184, 1176 and 1168 cm™. All these values
are in good agreement with Evans results [7]. The Y CH) vibration mode
(Figure 3(d)) gives a sharp band at 752 cm™ as also previously reported [7] [8].
As evidenced by Figure 3, whatever the vibration modes OH), [(CC,,,) +
& OH)], OH) or Y CH), the positions of the bands are not affected by an in-
crease of the phenol concentration. In addition, the development of extra bands
was not detected. This suggests that phenol molecules are isolated (e without

interaction with other phenol molecules) and could be considered as monomers.

(a) 3655.6 (b) 1344 un:?l |7_»1
3 3661 pmol L ) '
s 17 8 74
(] ° ©
) 7.4 o
N &
£ £
3 2
B . 2
! i} e
T T T 1
3690 3680 3%0 3660 l;3650 3_(1340 3630 3620 1360 1340 1320 1300
avenumber (cm) Wavenumber (cm-')
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Figure 3. Evolution of: (a) YOH); (b) UCC,,,,) + XOH); (c) AOH) and (d) CH) bands
as a function of the phenol concentration (0.0; 2.8; 5.6; 7.4 and 11.7 umol-L™"). Spectra
recorded under static conditions.
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Indeed, according to previous works [11] [14], the formation of dimers or tri-
mers would induce a large shift of the OH) band to lower wavenumbers. In
addition, based on the results from Ksigzczak et al. [15], it was calculated that at
342 K and with the highest phenol pressure (ie. 33 Pa), no more than 3% of the
phenol molecules are implied in the formation of dimers. Thus, in the following,
the formation of phenol oligomers will be neglected.

Figure 4 represents the evolution of the area of the selected IR bands as a
function of the phenol concentration. The results clearly show a linear evolution
of the area as a function of the phenol concentration. Furthermore, data points
arising from two different experiments (full vs open similar symbol) present a
close evolution that underlines the good reproducibility of the results. This is
confirmed by the & values calculated for both experiments (Table 2) whose con-
fidence interval recovers for each band or group of bands. Taking into account
the reproducibility of the results and aiming at improving the accuracy of the &
values, it was decided to recalculate it from the whole experimental points. Re-
sults are presented in the third column of Table 2.

As evidenced by Figure 4(a) and Figure 4(b) and Table 2, the integration of
the whole band for both the [(CC,;,,) + {OH)] and the {OH) one, rather than
the Q branch only, increases the sensitivity by a factor 10 and 7 respectively. This

0.20 0.05 0.10 Togre ] 0012
1184+1176 R?=0,9737 1350+ 1344 R2=0,97
1oe - ]
+1168 cmt A8 ©* +13350m? 4 0.010
016 1 g 1176 cmt s K e | 0.04 0.08 1 g 1344cm 5
— | & R=09726 _ | p ’R?=0,964 0008
".g 0.12 " w=ossn| 003 T 0.06 B
S * S 0.006
g P 3 ,:"« ¥
£ 0.08 - 0,7 2 b 0.02 2004 -
< 4 A R2=0,9683 < ’ 0964 0.004
R 1 2
g (3
004 1 2% L 0.01 0.02 - i3 0.002
(a) ' (b)
0.00 ‘ ‘ ‘ 0.00 0.00 ¥ ‘ . ‘ } 0.000
0 3 6 9 12 0 6 9 12
[PhOH] (umol/L) [PhOH] (umol/L)
0.012
R2=0,949
<@ 752cmt % g
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oe 3655cm? /e
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__0.008 | Y
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S 0.006 | b4 38
3
g /
< b H R2=0,971
0.004 - i o
o [ 3
0.002 { 2 g
© (c)
0.000 T T T
0 3 6 9 12

[PhOH] (umol/L)

Figure 4. Evolution of the area of: (a) J/OH) at 1184; 1176 and 1168 cm™ (diamond
symbol) and JOH) at 1176 cm™ (square symbol); (b) UCC,,,) + &OH) at 1350; 1344
and 1335 cm™ (diamond symbol) and UCC,,g) + &(OH) at 1344 cm™ (square symbol) (c)
ACH) at 752 cm™ (diamond symbol) and OH) at 3655 cm™" (circle symbol) as a func-
tion of the phenol concentration. Open and full symbols correspond to the 1* and 2™ ex-
periment respectively.
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Table 2. Integrated molar absorption coefficients (&) values of selected bands in L-umol™
cm? calculated from spectra recorded under static conditions.

Bands positions (cm™) 1* experiment 27 experiment Experiment 1 and 2
3655 (2.828 +/-0.065)-107  (2.854 +/—0.063)-107°  (2.845 +/— 0.045)-10°
1344 (3.064 +/- 0.061)-10°  (3.093 +/—0.051)-10°  (3.083 +/— 0.038)-10°

1350 + 1344 + 1335 (3.999 +/— 0.080)-10™*  (3.945 +/— 0.064)-10™*  (3.964 +/— 0.049)-10"*
1176 (1.124 +/- 0.022)-10™*  (1.100 +/— 0.017)-10™*  (1.109 +/— 0.013)-10"*
1184 + 1176 + 1168 (7.90 +/- 0.17)-10™  (7.66 +/— 0.11)-10™  (7.742 +/— 0.095)-10~

752 (4.97 +/- 0.11)-10°  (5.138 +/— 0.096)-107°  (5.079 +/— 0.072)-107°

could be very helpful to improve the accuracy of chemical analysis, however the
choice of the right € value and its associated integration range will for sure de-
pends on the application. Indeed, the integration of a large spectral window in-
creases the probability of overlapping with bands arising from other molecules.
As an example, the phenol band at 1350 and 1335 cm™ superimpose with bands

from water.

3.2. Influence of Water Vapor on the Integrated Molar Absorption
Coefficients Values of Phenol

3.2.1. Analysis under Static Conditions

In this study, stable pressure of phenol was introduced into the gas cell via the
phenol flask (11.8 or 24.1 Pa) and increasing water partial pressure was then in-
troduced into the cell via the calibrated volume (see Figure 1). As shown on
Figure 5(a) and Figure 5(b), the {OH) and [/CC,,,) + & OH)] vibration
modes at 1176 and 1344 cm™' are not affected by the introduction of water. In-

ring

deed, the bands position remains constant at +0.01 cm™ while Figure 5(b)
clearly shows the development of the bands of gaseous water. Figure 5(c) also
indicates an absence of influence of water on the {OH) vibration band position
that remains constant at 3655.8 cm™ even if the strong band from water at
3656.1 cm™" limits the accuracy of the measurement. In addition, no extra band
associated to water-phenol cluster was observed. These results suggest that, un-
der our experimental conditions, interactions between water and phenol are not
strong enough to induce noticeable perturbation of the observed vibration mod-
es. Indeed, according to the literature, the strong shift of the OH) band [9]
[11] [12] and the smaller one of the {OH) and the [{CC,,,) + {OH)] bands
[12] is related to the formation of H-bonds between phenol and water that wea-
ken the phenol intrinsic (O-H) bond.

The evaluation of the influence of the water vapor pressure on the integrated
molar absorption coefficients has been done by following the evolution of the
ratio between the area of a given band, possibly affected by the presence of water
and the one of a CH band, known to be unaffected by water [11] [12] as a func-
tion of the water partial pressure (for more detail see experimental part). This

methodology was applied in order to get rid of the phenol concentration decrease
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Figure 5. Spectra recorded for different water-phenol mixtures with [Phenol] ~4.2
pmol-L™". (a) &OH); (b) UCC,,,) + AOH) and (c) YOH) region. From bottom to top:
N/ Mypenot = 0 (pure phenol); 1.1; 2.3; 4.3 and 6.1.

effect that takes place during the successive introduction of water vapor. Indeed,
the area of the whole phenol bands slightly decreases after each water introduc-
tion (see Figure 5), which prevents from a direct conclusion regarding the in-
fluence of water on the & values.

Figure 6(a) and Figure 6(b) present the evolution of the A(1176 cm™")/A(752
cm™) ratio and the A(1344 cm™)/A(752 cm™) ratio as a function of the water
partial pressure for two different phenol partial pressure (Ze. 12 and 24 Pa respec-
tively). For information, the first conditions corresponds to [PhOH] = 4.2 umol-L™
and the second one to [PhOH] = 8.5 pmol-L™". For each water pressure the cal-
culated ratio presents some non-negligible variations that are attributed to er-
ratic variations of the area of chosen bands and not to any instability of the sys-
tem. Indeed, Figure 6(c) shows the evolution of the A(1176 cm™)/A(752 cm™)
ratio with time (from 13 to 19 measurements under similar conditions) for
which spectra were recorded under three different water partial pressure (i.e. 0;
27 and 70 Pa) and a phenol partial pressure “fixed” at 12 Pa. It appears clear,
from this figure that the A(1176 cm™)/A(752 cm™) ratio does not follow a mo-
notonous evolution and provides evidence for an erratic distribution of experi-
mental data due to repeatability uncertainty. This conclusion is in agreement
with a lower distribution of experimental points when increasing the phenol
pressure (Figure 6(a) to Figure 6(b)). Indeed, the higher area of IR bands re-
sulting from a higher phenol partial pressure induces an improvement of the
signal to noise ratio and thus a decrease of the reproducibly uncertainty.

As a consequence, Figure 6(a) and Figure 6(b) also show that the calculated

ratios are unaffected by increasing the water partial pressure. This result may
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Figure 6. Evolution of the ratio A(1176 cm™')/A(752 cm™) and A(1344 cm™)/A(752
cm™) as a function of the water partial pressure for a phenol partial pressure of (a) 12 Pa
and (b) 24 Pa; (c) Variation of the ratio A(1176 cm™)/A(752 cm™) as a function of time
(number of spectrum recorded under similar condition) with P .., = 12 Pa; P, = 0; 27
and 70 Pa.

‘water

have two rather distinct explanations. Either none of the integrated molar ab-
sorption coefficient of bands at 1176, 1344 and 752 cm™ are affected by the
presence of water or on the contrary the whole integrated molar absorption
coefficients are modified but by exactly the same factor. The later explanation is
however highly unlikely notably as it is known from theoretical calculations that
water molecules do not interact with CH group of phenol [10] [12] [13] [16].
Thus, modification of the dipolar moment of the CH groups should be only due
to inductive effect coming from the interaction between phenol (OH) group and
water via H-bonding that should have almost no influence on the & values of the
CH groups. It can be then concluded that the & values of the {OH) and
[UCC,;,y) + AOH)] bands at 1176 and 1344 cm™ are not affected by the pres-
ence of water. This conclusion is in agreement with the analysis of the infrared
spectra (no shift and no extra bands) that revealed very weak interaction be-
tween phenol and water in the present conditions.

The water and phenol pressures were chosen so that the n, /N henq ratio lies
between 1.1 and 6.1 (Figure 6(a)) and 0.6 and 3.4 (Figure 6(b)) that mostly
corresponds to ratios already studied in the literature [9] [11] [12]. These pre-
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vious studies evidenced [9] [11] or predicted [12] not only a shift of the (OH)
band upon increasing the water/phenol ratio from 1 to 4 but also an increase of
this {OH) band intensity [10] [12]. Nevertheless, none of these phenomena was
observed in the present study. Quite distinct measurement temperatures tenta-
tively explain these apparent discrepancies. Indeed, the water-phenol clusters
reported in previous works were generated by supersonic jet expansion. Conse-
quently, the vibrational temperature of the cluster is approximately 100 K [13]
that is far from 342 K used in the present study. At low temperature, the interac-
tion of water with phenol is highly favored and would explain why it is detected
at ~100 K and not at 342 K. This is supported by a conclusion from Shimamori
et al. [13] who showed that a small increase of temperature from 140 to 175 K
induces a strong modification of the H-bonded structure of a (1:2) phenol:water
cluster leading to a strong decrease of the OH) band shift. It is thus proposed
that in our present study, the more than 200 K higher temperature would not

induce any variation of the position and of the £values of the considered bands.

3.2.2. Analysis under Dynamic Conditions
In the previous section, the influence of water was considered at a temperature
representative for classical analytic conditions (T = RT) and phenol partial

pressures (P .., up to 24 Pa whereas the equilibrium vapor pressure is 37 Pa at

pheno
293 K [17]) enabling the quantification of phenol traces in the gas phase. How-
ever, the used water pressure (<75 Pa) is far from representative of either am-
bient air or combustion exhaust gases. Indeed, at 293 K, the water equilibrium
vapor pressure is 2.3 kPa [17] and in some specific case the water partial pres-
sure can reach 10 to 12 kPa notably at engine exhaust [18]. It was then important
to confirm the previous conclusion when higher water partial pressure is
present.

In this part, it was decided to increase phenol partial pressure (from 14 to 30 Pa)
and to collect infrared spectra at each pressure with or without water (P, = 0
or 1.3 kPa). For more detail see experimental part (Section 2.2.2). Figure 7(a)
thus presents the evolution of the A(1176 cm™")/A(881 cm™) ratio and A(1344
cm™')/A(881 cm™) ratio as a function of the phenol partial pressure with or
without water partial pressure. First, it is worth noting that under such a water
pressure, it was necessary to correct the area of the [(CC,;,,) + {OH)] band at
1344 cm™ from contribution of a small band at 1344 cm™ arising from gaseous
water. As observed in the previous section, the calculated ratios present varia-
tions in a larger extent. This variations have again been attributed to erratic var-
iation of the measured area and notably those of the {CH) band at 881 cm™'.
Indeed, this band is approximately 10 times smaller than that at 752 cm™. The
signal to noise ratio is then lower and induces a larger variation of the calculated
ratios. In addition, Figure 7(b) clearly shows the stability of the system since the
ratios can be considered constant taking into account the random fluctuation.

Furthermore, according to Figure 7(a) the calculated ratios do not depend on

the presence of water and whatever the phenol partial pressure. These last results
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Figure 7. Evolution of the (a) A(1176 cm™)/A(881 cm™) ratio and A(1344 cm™)/A(881
cm™) ratio as a function of the phenol partial pressure with or without water partial
pressure (P, = 0 or 1.3 kPa); (b) Variation of the ratio A(1176 cm™)/A(881 cm™) and
A(1344 cm™)/A(881 cm™) as a function of time (number of spectrum recorded under

similar condition) with P .., = 30 Pa; P, = 0 or 1.3 kPa.
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Figure 8. Evolution of the area of (a) {OH) at 1176 cm™' and (b) [{CC,,,,) + {OH)] at

ring

1344 cm™ as a function of the phenol partial pressure with or without water

confirm that, under our experimental conditions, the integrated molar absorp-
tion coefficients of the investigated IR bands are not influenced by the presence
of a large excess of water. Indeed, under our dynamic conditions, the N,/ henol
ratio was varied from 44 and 94. This important conclusion is further confirmed
by Figure 8 that shows the evolution of the average area of phenol bands at 1176
and 1344 cm™ as a function of the phenol partial pressure with or without water.
It clearly provides evidence that, whatever the phenol pressure, the bands area

values do not change in presence of 1.3 kPa of water.

4. Conclusions

The integrated molar absorption coefficients for {OH) (3655 cm™), {OH) (Q
branch at 1176 cm™ or whole bands), [{CC,,,) + AOH)] (Q branch at 1344 cm™
or whole bands) and ){CH) (752 cm™") were determined from infrared spectra of

pure gaseous phenol. The evalues were obtained with a good reproducibility and
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the relative uncertainty on the given values is below 2%.

The influence of water on the integrated molar absorption coefficients of
phenol has been investigated in a large range of n,../Npeno Values using distinct
setups (from 0.5 to 6.1 and from 44 to 94). It was demonstrated that, at 342 or
355 K, the presence of water does not affect the epsilon values of {OH) and
[UCC,,) + AOH)] bands.
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