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ABSTRACT

An infrared reflection-absorption spectroscopy (IRAS) technique has been
developed to study the structure of adsorbed surfactant layers on coal. Owing
to the optical properties of coal, negative as well as positive absorption
bands are observed in the recorded spectra which depend on the angle of
incidence (@) and the polarization of the incident radiation. Theoretical
calculations make it possible to predict the changes in absorbance with 8 and
polarization. These changes are a function of the optical properties of the
coal and the adsorption layer. The application of the IRAS method to studies
of the adsorption layer is presented for several systems, i.e., adsorption of
sodium laurate and a nonionic surfactant on cocal. In addition, the oxidation
layer produced during low-temperature oxidation of coal has been investigated.
The results obtained indicate that the IRAS method has an enormous potential
for use in determining the structure of an adsorption layer on coal after
different treatments.

INTRODUCTION

Systematic studies of coal structure have been carried out in recent
years. Since coal is a mixture of various organic and inorganic compounds
which are non-crystalline and mostly insoluble, the standard analytical
methods of structural determination are of little use. Thus, spectroscopic
techniques such as transmission infrared (1,2) and NMR (3,4) are usually
applied to characterize the structure of coal and its derivative products.

In most coal cleaning processes, such as froth flotation, the coal
surface properties play an important role. Diffuse reflectance (DR) (5,6) and
attenuated total reflection (ATR) (7,8) in infrared, and x-ray photoelectron
spectroscopy (XPS) (9) are very surface-sensitive techniques and, hence, have
been used to study the coal surface. Nevertheless, the study of the surface
structure of coal is very difficult because the recorded spectra are the sum-
mation of the spectra of heterogeneous bulk coal and those of the surface layers.

In the present paper, the structure of surface layers on coal has been
studied using the infrared reflection-absorption spectroscopy (IRAS) tech-
nique. To date most of the IRAS studies have been done to study metals
surfaces (10-13) which strongly reflect the incident beam. Coal, on the other
hand, shows low reflectivity relative to metals, and interpretation of the
recorded spectra in terms of an oriented surface structure is more compli-
cated. However, the theoretical analysis presented in this paper makes it
possible to predict the changes in the absorbance of polarized light, which
makes it easier to interpret the recorded spectra. Moreover, as shown in this
work, the IRAS method provides a means of distinguishing the spectrum of the
thin surface layer from that of the substrate, and provides a means of
examining the flat surface of a large coal slab directly after treatment.
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EXPERIMENTAL

Preparation of Thin Layer

Coal slabs 10x30 mm in size were cut by means of a diamond wheel using
water as the cooling medium. The coal sample was from a Pittsburgh seam in
West Virginia. Each specimen was wet-polished with emery paper (No. 600 and
1200) and washed in water in an ultrasonic bath.

For the study of adsorbed layers, the samples were immersed into 100 ml
of 2x10™% M solution of nonylphenolpolyethyleneglycol ether with a pH of 7.2 +
0.2 for 5 minutes or 12 hours, and for 1 hour in 100 ml of 10-3 M sodium
laurate with a pH of 6.0 + 0.2. After adsorption, the samples were removed
from solution, dryed at room temperature and placed into the FTIR spectrometer
to record the spectra.

Low-temperature oxidation of the coal specimens was carried out at 125°C
in air for a period of 24 hours. The oxidized sample was examined spectromet-
rically and then treated with barium hydroxide (0.05 M) to change the surface
carboxyl groups to ionic form. The spectrum of the sample was recorded again
after this treatment.

The reagents used were nonylphenolpolyethyleneglycol ether (Tergitol NP-
9), a nonionic surfactant obtained from Union Carbide Corporation, with an
average of 9 ethylene glycol groups per molecule. The sodium laurate was
obtained from Pfaltz and Bauer, Inc. Both reagents were used as received with
no further purification. Double distilled water produced in an all-glass
still was used in all the experiments.

Measurement

The infrared spectra were recorded on a Perkin-Elmer Model 1710 FTIR
spectrometer with an MCT detector using an external reflection attachment
(Spectra Tech, Inc) with a single reflection. A wire grid polarizer (Harrick
Scientific Company) was placed before the sample and provided polarization
selection. The spectra were taken at &4 cm™1 resolution by co-adding 64 scans
in the 4000-500 cm~1 region. The unit of intensity is given in terms of
-log(R/Ry), where R and Ry, are the reflectivities of the samples after differ-
ent treatment and freshly exposed coal, respectively. The transmission
spectra of lauric acid and coal in KBr pellets, and chloroform solution of
Tergitol NP-9 were prepared and measured in the standard way.

Calculation of Reflection-Absorbance

Figure 1 shows a model of the three-phase system investigated and the
interaction of an electromagnetic wave with the system. The optical proper-
ties of each phase are characterized by the complex refractive index n; = nj +
ikj, where nj is the real refractive index and kj is the absorption constant.
The thin film has a thickness, dj.

The theoretical calculation of the intensity of an absorption band in the
reflection spectra is described in several papers (l4-17). 1In this paper, a
recently reported (17) theoretical analysis was used. The calculation was
made for the following data: for ambient (air) n; = 1.0 and k] = 0; for the
adsorption layer of lauric acid, ng = 1.5 and kg' = 0.3 at 1705 cm'l; and for
the adsorption layer of a nonionic surfactant, ng = 1.5 and ky''= 0.38 at 1103
cm~l. The thickness of the adsorbed monolayer was assumed to be 5x10~9 m.
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The optical constants of coal were calculated to be n3 = 2.05 and k3 = 0.02
at 1800 cm™*. These latter data were obtained on the basis of transmission
spectra of KBr pellets of coal and measurements of the ratio of reflectivities
of p- and s-polarization at different angles of incidence. These particular
optical data for the three phases are only approximations of the real values
and were chosen to simulate the optical properties of adsorption layers on coal.

RESULTS AND DISCUSSION

Adsorption of Nonylphenolpolyethyleneglycol Ether on Coal

The infrared transmission spectra of the coal and nonionic surfactant
used in this study are shown in Figures 2 and 3, respectively. Figure 4 shows
the reflection spectra of the thin surface film of Tergitol NP-9 on the coal
after 12 hours of treatment time in a 2x10~% M solution. Since the absorbance
was measured in terms of -log(R/Ry), any spectrum recorded showed the effect
of the treatment. It should also be noted that no spectrum is recorded after
only 5 minutes of treatment, indicating slow adsorption kinetics. It is shown
that the intensity of the absorption bands vary with the polarization and the
angle of incidence. The negative absorption bands observed in the recorded
spectra are not unique for the system studied in the present work. Others
were theoretically predicted (14,18) for low-absorption substrates and
observed experimentally for water (16) and cuprous sulfide (17) substrates.

In order to explain the changes in IRAS spectra observed, theoretical
calculation of the absorbance for the system has been carried out, and the
results are shown in Figure 5. The solid lines represent the changes of
absorbance (A) at 1100 cm'l, as a function of the angle of incidence for both
s-polarization (Al) and p-polarization (Aj;). This calculation was performed
for an isotropic layer of the nonionic surfactant. The experimental points
obtained after 12 hours of adsorption from the 2x10™*M solution are shown as
circles and crosses for s- and p-polarization, respectively. In general, a
reasonable agreement between the experimental results and the theoretically
predicted values is observed. For s-polarization, negative absorption bands
are predicted and, in fact, only negative bands are observed. For s-
polarization which has electric field components which are only parallel to
the interface plane (Figure 1), only those molecular groups that have
transition moment components parallel to the substrate surface can interact
with the incidence radiation, allowing absorption to be observed. The
difference between the relative intensity ratios of the observed bands in IRAS
(Figure 4, s-polarization) and transmission spectra (Figure 3) indicates that
adsorbed molecules are oriented on the surface of coal.

The same conclusion can be obtained from the spectroscopic results for p-
polarization. An intense absorption band is observed at 1103 em~! for pP-
polarization and at an 80-degree angle of incidence, while the calculated
values of absorbance, A , under these conditions is close to zero (Figure 5).
This discrepancy can be explained by consideration of the two components, E|lx
and E"z, of p-polarization of the incident beam (Figure 1). The theoretical
calculation of the Ajx and A||z components has been done in the same way as
reported recently (17), and the results are shown in Figure 5 as dashed lines.
According to this calculation, an intense positive absorption band should be
obtained at an angle of incidence of 80 degrees for molecular groups which
have transition moments parallel to the surface of the substrate. Since the
absorption band at 1103 em=! can be assigned to (C-0-C) stretching, the
presence of this intense absorption band in the recorded spectra indicate that

~the polyethylene glycol part of the adsorbed molecule is positioned parallel
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to the surface of the coal. However, the nonylphencl unit of the adsorbed
molecule is inclined to the plane of substrate.

Thin Layer of Lauric Acid on Coal

The adsorption was performed from 103 M solution of sodium laurate at pH
6.0 + 0.2. Under these conditions, the reagent exists in solution as lauric
acid (pK=4.7). It was found that a significant part of surfactant was
deposited on the coal surface from a thin film of solution during drying of
the sample.

The reflection spectra of the thin film of lauric acid on coal are shown
in Figure 6. Theoretical calculations performed for the coal-lauric acid
system (Figure 7) allow an explanation of the results obtained in a similar
way as was discussed for the non-ionic surfactant. Generally good agreement
is observed between the experimental data and the theoretical analysis. This
agreement also suggests that the lauric acid molecules in the thin layer on
the surface of coal are randomly oriented. Data presented in Figure 7 was

calculated for a thin layer of 50 A. Since the experimental intensities for
the absorption bands are nearly 5 times higher than those calculated, the
thickness of the lauric acid could be considered to be as thick as 250 A. The

real thickness of the lauric acid layer is probably much thinner. Various
reasons for the discrepancy between real and theoretically calculated values
have been discussed recently (17).

Low-Temperature Oxidation of Coal

During the oxidation, the following changes in the reflection spectra
(Figure 8) are observed: the bands at 1700, 1555 and 1180 em~l appear and the
intensity of the band at 1440 cm™* decreases. These results indicate that the
oxidation products, such as carbonyl and carboxyl groups (band at 1700 cm'l),
ionized -CO0~ groups (band at 1550 cm'l) and C-0 groups in ether, alcohol or
phenyl (band at 1180 cm'l), are formed while the aliphatic groups (band at
1440 cm™') present in the coal are oxidized.

The band at 1700 cm~! is markedly distorted due to the anomalous
dispersion of the refractive index of the oxidation products. Notably, band
shape distortion when using the reflection method has also been reported (19).

For p-polarization at a 70-degree angle of incidence, positive absorption
bands in the spectrum are observed. However, for the other measurement
conditions, i.e., different angles and polarization, only negative absorbances
are recorded (Figure 8). Hence, for oxidized coal samples, the negative and
positive absorption bands appeared at the same angle of incidence and
polarization as was found for the adsorption layer from solution (Figures &
and 6).

The barium hydroxide-treated oxidized coal sample shows intense
absorption bands at 1550 and 1400 cm~! (Figure 9). These bands can be
assigned to asymmetric and symmetric stretching vibrations of the COO group,
respectively. A notably strong increase in the intensities of these bands is
due to the change of the -COOH groups to the ionized -CO0~ form.

A significant increase in the intensity of the band at 1555 cm~! after
oxidation (Figure 8) relative to the band at 1440 cm~! could indicate that
the ionic groups -CO0™ which are formed during the oxidation process are
oriented with both of the oxygen atoms oriented toward the ambient (air).
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CONCLUSIONS

The infrared reflection-absorption spectroscopy (IRAS) method has been
developed for characterizing the surface layer on coal. The absorbance is
shown to be a function of the optical properties of the coal and the surface
layer, as well as of the angle of incidence and the polarization of the
incident beam.

The results obtained show that the IRAS method makes it possible to
determine both the chemical nature and the structure of the adsorbed layers on
the coal substrate.
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