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Surface Characterization of Activated
Charcoal by X-Ray Photoelectron
Spectroscopy (XPS): Correlation with
Phenobarbital Adsorption Data
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X-ray photoelectron spectroscopy (XPS) was used to identify the
functional states of carbon existing on the surfaces of various acti-
vated charcoals. The relative percentages of carbon, oxygen, and
detectable trace elements comprising the activated charcoal sur-
faces were determined. Analysis of the carbon core-electron binding
energy region revealed the existence of one hydrocarbon state (C-
H, C-C are indistinguishable) and three oxygen-containing func-
tional states. These states were hydroxyis or ethers (C-0), carbon-
yls (C=0), and carboxylic acids or esters (O—C=0). The C-O
functional state contributed approximately 60-70% to the total per-
centage of oxygen-containing states. A very good correlation ex-
isted between the apparent areas occupied on the adsorbent surface
per phenobarbital molecule and the relative percentages of the C-O
functional state. Previously reported heat of displacement results for
phenobarbital adsorption are now explained since the C-O state
appears to be the primary site involved in the binding of phenobar-
bital by the activated charcoals.

KEY WORDS: X-ray photoelectron spectroscopy (XPS); activated
charcoal; surface characterization; phenobarbital adsorption.

INTRODUCTION

X-ray photoelectron spectroscopy (XPS), also known as
electron spectroscopy for chemical analysis (ESCA), is a
technique for surface analysis. Experimentally, monochro-
matic X-ray radiation (typically from an Al Ka or Mg Ka
source) is used to irradiate the sample. The X-ray radiation
interacts with the sample and results in electrons being
ejected from core orbitals of the atoms present on the sur-
face. The binding energies of the photoelectrons, measured
over a specified range, can be described mathematically by
the following expression:

E,=h —E - ¢ 0y

where E, is the photoelectron binding energy, Av is the char-
acteristic photon energy of the X-ray source, E, is the ki-
netic energy of the photoelectron, and ¢ is the spectrometer
work function. The core-electron binding energies, of the
atoms present in the sample, are used to obtain information
on the chemical states of the atoms existing on the surface.
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Report

There have been several review articles in the literature de-
scribing the basic principles of XPS (1-4).

Gai et al. (5) utilized XPS to determine the surface com-
position of activated coal chars (surface areas of 370 and
1024 m?g~"). The authors observed four carbon states: one
hydrocarbon state and three oxygen-containing states. How-
ever, most of the research in XPS has been done with carbon
fibers (6,7) and polymeric materials (8-10).

In other works, these investigators have examined the
adsorption of phenobarbital from simulated gastric fluid,
U.S.P. (without pepsin; SGF) and simulated intestinal fluid,
U.S.P., (without pancreatin; SIF) (11,12) and, also, the heat
of displacement for phenobarbital adsorption from solution
by activated charcoals (13). The purpose of the present in-
vestigation is to relate the surface compositions of the same
activated charcoals to the adsorption behavior observed in
the aforementioned studies. In doing so, a better understand-
ing of the adsorption of phenobarbital by activated charcoal
is obtained.

MATERIALS AND METHODS

The XPS analysis was done at Perkin Elmer, Physical
Electronics Division, Eden Prairie, MN, using a PHI Model
5500 ESCA system interfaced to an Apollo Domain Series
3000 Personal Workstation. The ESCA system was equipped
with a dual-anode Al Ka X-ray source (Model 10-550, 1486.6
eV) operated at 400 W (15 kV and 26.7 mA) and calibrated
with Ag 3d,,,, full-width half-maximum of 0.58 eV; a Model
10-410 PHI Toroidal X-ray Monochromator; a PHI OmniFo-
cus II lens system; and a 180° Spherical Capacitor Analyzer
(14). The activated charcoal samples, as obtained from the
suppliers, were vacuum-dried (100°C, 25 pwm Hg) for 24 hr
prior to use. Immediately after vacuum drying, the charcoal
sample was spread evenly over a piece of copper tape and
mounted on a sample platen. The platen was inserted into an
outer chamber and loaded into the analysis chamber. The
chamber was maintained at approximately 1 x 10~% Torr.
The photoelectron takeoff angle was 65°. The analysis area
on the sample was 800 pm in diameter and a pass energy of
11.75 eV was used. Three regions on each sample were an-
alyzed. Survey scans were done from 1000 to 0 eV binding
energy at l-eV intervals (1001 total points per scan). The
carbon (294-280 eV, Cls) core-electron binding region was
analyzed by using a modified Gauss—-Newton nonlinear least-
squares optimization procedure. A function, F(X,,P), in the
form of a Gaussian equation, where the X, values contain the
binding energy data and P is a parameter set containing those
parameters that define the peak structure, was used to fit the
data (15). The resulting curve fits for the individual carbon
states comprising the Cls region were centered at binding
energies specifically related to the carbon states present on
the surface. These states were quantitated according to the
relative areas under the curves for the individual carbon
states comprising the Cls region. The XPS analyses were
performed in triplicate.

The four activated charcoals studied were Darco KB-B,
Norit, U.S.P. XX, Norit B Supra (all from American Norit
Company, Inc., Jacksonville, FL), and SuperChar (Gulf Bio-
Systems, Inc., Dallas, TX).
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Fig. 1. Typical XPS survey scan of SuperChar.

RESULTS AND DISCUSSION

In XPS, only the top molecular layers of the surface of
interest are analyzed. The mean sampling depth, D, can be
determined from the following equation (10):

D = \sin@ 2

where A is the mean free path of a photoelectron and 9 is the
photoelectron takeoff angle relative to the plane of the sam-
ple surface. There may be deep penetration of some of the
X-rays into the sample. However, the photoelectrons pro-
duced in this case lose their energy in inelastic collisions.
For this reason, only those photoelectrons in the top molec-
ular layers of the surface escape and are analyzed (16). The
mean free path of a Cls photoelectron can be calculated to
be approximately 20-25 A (17). Therefore, in this XPS study,
where sinf was equal to 0.91, the approximate average depth
of the activated charcoal surface analyzed was 18-23 A.
Survey scans, from 1000- to 0-eV binding energies, of
the four activated charcoals indicated that various trace el-
ements were present, along with carbon and oxygen, on the
surface. A typical survey scan is presented in Fig. 1. The
percentage of carbon, oxygen, silicon, nitrogen, sulfur or
phosphorus composing an activated charcoal surface was
obtained by determining the contribution to the total area
under the curve for all of the elements that was made by the
area under the curve for each element. The results from
these analyses are presented in the atomic concentration ta-
ble (ACT; Table I). SuperChar was observed to have the
highest percentage of oxygen, followed by Darco KB-B,

Table I. Atomic Concentration Table from the Analysis of the Sur-
vey Scans: Average of Relative Percentages of the Elements Com-
prising the Surface of the Activated Charcoals

Average percentage® of C, O, Si, N, S
and P present (n = 3)

Sample Cls Ols Si2p Nls S2p P2p
SuperChar 86.6 2.4 0.3 0.5 0.2 —
Darco KB-B 9.3 7.4 0.1 —_ — 0.2
Norit B Supra  91.9 71 0.9 0.1 — —
Norit,

U.S.P. XX 93.6 6.0 0.3 — 0.1 —

“ Average of three determinations.
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Fig. 2. Typical Cls spectrum of SuperChar.

Norit B Supra, and Norit, U.S.P. XX. The values for Darco
KB-B and for Norit B Supra were quite similar.

The Cls regions of the survey scans were then ana-
lyzed, utilizing the aforementioned nonlinear least-squares
optimization procedure (15), to determine the functional
states present on the activated charcoal surfaces. Typical
Cls spectra are presented in Figs. 2-5. Analyses of the Cls
regions indicated that there were four carbon states present
for all of the activated charcoals studied. These analyses
were performed by fitting the raw data with four individual
Gaussian curves. These individual curves sum to the final
curve fit, indicated by the line drawn through the raw data.
The functional states present are hydrocarbons (C—H and
C—C, which are indistinguishable), hydroxyls or ethers
(C—-0), carbonyls (C=0), and carboxylic acids or esters
(O-C=0). The peak positions of these chemical states
have been well documented in the literature (18). However,
the peak positions may shift slightly, compared to those re-
ported in the literature, due to the chemical nature of the
neighboring atoms on an individual surface. The Gaussian
distribution for each functional state was varied to obtain the
optimum final curve fit. The percentages of C—C or C—H,
C-0, C=0, and O—-C=0 composing the activated char-
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Fig. 3. Typical Cls spectrum of Darco KB-B.
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Fig. 4. Typical Cls spectrum of Norit B Supra.

coal surfaces were obtained by determining the contribution
to the total area under the Cls curve made by the area under
the curve for each carbon state. The results from these anal-
yses are presented in Table II.

In previous studies (11,12), the apparent areas occupied
per phenobarbital molecule, A,, were calculated according
to the following equation:

Agp

Ao = NoiMw

3)

where A, is the specific surface area, N, is Avogadro’s
number, &, is the Langmuir capacity constant of the acti-
vated charcoal for phenobarbital, and MW is the molecular
weight of phenobarbital. The specific surface areas were ob-
tained from a BET analysis of nitrogen vapor adsorption
data. The capacity constants were obtained by using nonlin-
ear least-squares regression analysis to fit the Langmuir
model to the adsorption from solution data for phenobarbi-
tal. The values calculated for the apparent area occupied per
adsorbed phenobarbital molecule are presented in Table III.
The active adsorption site spacings on SuperChar and on
Norit B Supra are probably optimal for phenobarbital based
upon the estimated projected area that a single phenobarbital
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Fig. 5. Typical Cls spectrum of Norit, U.S.P. XX.
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Table II. Functional States Present in the Cls Spectra

Average percentage of functional state
present (n = 3)

0-C=0
CcC-0 carboxylic
C—H,C-C hydroxyl, C=0 acid,
Sample hydrocarbon ether carbonyl ester
SuperChar 73.4 15.7 5.7 5.1
Darco KB-B 78.1 12.8 6.2 29
Norit B Supra 78.6 15.1 2.6 3.7
Norit,
U.S.P. XX 84.9 8.8 3.2 3.1

molecule should occupy on the adsorbent surface. The latter
figure was obtained from group contributions and found to
be 100-120 A%/molecule (11,19,20). This value assumes that
the orientation of the phenobarbital molecule is parallel to
the surface with neither overlap of functional groups nor
open spaces. The active adsorption site spacing is not
optimal for phenobarbital on Darco KB-B and on Norit,
U.S.P. XX.

The initial assumption was that all of the oxygen-
containing functional states could be sites for phenobarbital
adsorption. On this basis, correlation plots were developed
in which the apparent areas occupied per phenobarbital mol-
ecule on the surfaces of the activated charcoals were plotted
against the relative percentages of the various oxygen-
containing functional states present on the same surfaces.
The coefficients of determination for the plots of mean ap-
parent area versus mean relative percentage of either C=0
or O—C=0 were quite poor (> = 0.04 and 0.60, respec-
tively). The ¢ tests for significance of correlation indicated
that neither plot exhibited significant correlation at the 80%
confidence level. However, a very good correlation, r» =
0.98, was obtained between the mean apparent areas occu-
pied per phenobarbital molecule and the mean percentages
of the C — O functional state present (Fig. 6). This correlation
was significant at the 98% confidence level. This relationship
suggests that the C — O functionality, probably in the form of
hydroxyl groups, is the primary functional state involved in
the binding of phenobarbital.

This finding helps explain several aspects of the previ-
ous adsorption studies. The surface areas of the various
charcoals (13) are presented in Table IV. Analysis of vari-
ance followed by a Newman-Keuls comparison of means

Table III. Apparent Areas Occupied per Phenobarbital Mole-
cule (12)

Apparent area occupied per
phenobarbital molecule?®

Activated charcoal (A? = SD)
SuperChar 110 6
Norit B Supra 120 = 1
Darco KB-B 152 = 3
Norit, U.S.P. XX 185 = 15

2 Averaged from results obtained in SGF and SIF.
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Fig. 6. Correlation plot of the apparent areas occupied per pheno-

barbital molecule to the percentages of the C— O functional state
present.

indicated that SuperChar has a significantly larger surface
area (P < 0.05) than any of the other charcoals. Norit B
Supra was equal in surface area to Darco KB-B (P > 0.05)
and Norit, U.S.P. XX, had a significantly smaller surface
area than any other activated charcoal (P < 0.05). Upon
comparison of the capacities for phenobarbital adsorption,
obtained using the Langmuir model (Table IV), a different
statistical result was found for both SGF (12) and SIF (13).
The calculated capacities exhibited the following order: Su-
perChar > Norit B Supra > Darco KB-B > Norit, U.S.P.
XX. All comparisons were significant (P < 0.05) in both SGF
and SIF. The same statistical procedure was employed as for
the analysis of the surface area data. The comparison be-
tween Darco KB-B and Norit B Supra is interesting. While
they have statistically equal surface areas, Norit B Supra
adsorbed 25-30% more phenobarbital. The XPS results re-
veal that, while Darco KB-B and Norit B Supra have equal
surface areas and quite similar percentages of total oxygen,
Norit B Supra has a higher percentage of the functional
state, C— O, that is, apparently, the site for phenobarbital
interaction.

Also, in previous work (13), heat of displacement stud-
ies, employing isoperibol solution calorimetry, were per-
formed to verify that the Langmuir model was the appropri-
ate model to describe the adsorption of phenobarbital by
activated charcoal from SIF. The results of this work indi-
cated that all of the sites available for adsorption were en-
ergetically equivalent. This study also showed that the dif-
ferential heats of displacement for phenobarbital differed, at
most, by 8% among the four activated charcoals. There were
no significant differences between the differential heats of
displacement, even at confidence levels as low as 50% (Ta-
ble V). These conclusions were surprising considering that
activated charcoal surfaces are generally regarded to be het-
erogeneous (21). This heterogeneity was, of course, shown

Table IV. Surface Areas and Capacities of the Activated Charcoals

Langmuir capacity for
phenobarbital adsorption

Surface (mg/g)
Activated area (13)
charcoal (m?/g) SGF (13) SIF (12)
SuperChar 2900 1052 980
Norit B Supra 1510 487 483
Darco KB-B 1490 374 383
Norit, U.S.P. XX 940 207 184
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Table V. Differential Heats of Displacement for the Replacement of
Water by Phenobarbital on the Charcoal Surface (Medium is Simu-
lated Intestinal Fluid, U.S.P.) (13)

Heat of displacement, O,

System (kcal/mol of phenobarbital adsorbed)
Darco KB-B -9.6
SuperChar -9.7
Norit B Supra -10.1
Norit, U.S.P. XX -10.4

by the XPS data. However, the conclusion that phenobarbi-
tal interacts predominantly with the surface hydroxyl groups
readily explains these results.

CONCLUSIONS

This study has identified the functional states of carbon
present on the four activated charcoal surfaces and has also
provided the relative percentages of these states. The XPS
spectra obtained clearly showed that differences existed in
the surface compositions of these adsorbents. The correla-
tions between the apparent areas occupied per phenobarbital
molecule, based upon surface area and adsorption from so-
lution studies (11,12) and the relative percentages of the var-
ious functional states present have given greater insight into
the binding of phenobarbital by pharmaceutical-grade acti-
vated charcoals.
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