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This work investigates the interrelationship between the ad-
sorbent surface chemistry and relative hydrophobic nature and
the solution ionic strength and solution hydrophobicity during di-
lute anionic surfactant solution adsorption. The adsorbents were
coconut- and coal-based, steam-activated carbons and wood-based,
acid-activated carbons. The adsorptives were dodecanoic acid and
octanoic acid dissolved in water or strong caustic solution. The
activated carbons (ACs) were immersed in the strong caustic solu-
tion at different temperatures for various lengths of time prior to
adsorption measurements. The oxygen content and surface func-
tional group chemistry of each AC sample was analyzed using el-
emental analysis and X-ray photoelectron spectroscopy. The equi-
librium solution concentration of each surfactant was determined
using gas chromatography–flame ionization detection techniques.
The amount of surfactant adsorbed by each AC indicates that an
inverse linear relationship exists between the amount of surfac-
tant adsorbed and the adsorbent oxygen content. Although the
steam-activated carbons offer lower pore volumes than the acid-
activated carbons, they exhibit the higher adsorption capacity. The
high solution chemistry pH promotes adsorbent surface oxidation
and anionic surfactant dissociation, leading to an interfacial re-
pulsion force and decreased C12- and C8-acid adsorption. Overall,
this study demonstrates that both the surface chemistry and the
solution properties should be considered for an adsorption analy-
sis since each has a significant influence on the adsorption process.
C© 2001 Academic Press

Key Words: activated carbon; oxygen content; surface functional
groups; anionic surfactant adsorption; porous carbons.

i

n of
ises

Fur-
g to
).

rom
ssion

ion-
dsor-
lites
ly-
ons

ave
stem.
ical
orp-
dur-
ial
ry.
ons
duct
and
ples
ents

ncy
ad-

s
ulti-
sur-
l and
reas

26),
ro-
Cs
val.

w-
INTRODUCTION

Surface-active agents, or surfactants, are used widely in m
industrial and commercial products and processes throug
the world. Surfactants are not only related to soaps and d
gents in daily life, they are also in heavy demand for indust
processes requiring colloid stability, metal treatments, min
flotation, pesticides, oil production, pharmaceutical formulati
emulsion polymerization, and particle growth (1, 2). The bro
range of surfactant applications may also cause side effects
1 To whom correspondence should be addressed. Fax: +61-8-8302-
E-mail: p.pendleton@unisa.edu.au.
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environment and in these industrial processes. The applicatio
surfactants can also produce environmental pollution and ra
a series of problems for wastewater treatment plants (3).
thermore, surfactants adsorb readily on crystal surfaces owin
their surface activity, leading to crystal growth inhibition (4–6
From this perspective, surfactants should be removed f
selected stages of the industrial process or wastewater emi
systems.

Surfactant adsorption has been studied extensively. Addit
ally, several materials have been investigated as surfactant a
bents. These include layered double hydroxides (1, 7), zeo
(7, 8), silica (9), mineral oxides (alumina) (1, 6, 7, 10–12), po
mers (13), natural and synthetic fibers (14), and activated carb
(ACs) (8). Different adsorption mechanisms and models h
been proposed, depending on the adsorbent–adsorbate sy
The different surface chemistry as well as the different phys
properties of the above adsorbents affect the surfactant ads
tion mechanism. These differences are especially manifest
ing adsorption processes occurring during “critical” industr
conditions, such as sugar crystal growth and crystal recove

AC is used as an adsorbent in many industrial applicati
as an economic mass separation agent to raise the final pro
quality. Drinking water and wastewater treatment processes
the food and chemical industry processes are typical exam
(15–18). More recently, ACs are increasingly used as adsorb
for the purification of process streamswithin industrial chem-
ical processes, again owing to their high adsorption efficie
(19). Rudzinski and co-workers have investigated AC to
sorb organic impurities from liquid solution (20). Mechanism
of adsorption in the systems were proposed based on a m
site occupancy model of an energetically heterogeneous AC
face. As mass separation agents ACs present useful physica
chemical properties. These include high specific surface a
(typically between 1000 and 2000 m2 g−1), wide pore size distri-
butions (including micropores and mesopores) (17, 18, 21–
hydrophobic surfaces (27), and variable surface functional g
ups (21, 26, 28). Each property supports the application of A
as adsorbents for surfactant concentration reduction or remo

Most commercially available ACs are generated from lo
cost materials of high carbon content, such as coconut sh
agricultural waste, coal, and wood. From the adsorption exp
imental point of view, the relatively hydrophobic character a
6
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ANIONIC SURFACTANT ADSOR

high specific gravity of ACs makes their separation from
solution phase a simple operation (21). The physical prope
of ACs mentioned above, as well as their relatively inexpen
availability, make them suitable for use as adsorbents in la
scale continuous processes. If the industrial uses involve h
temperature calcination processes (over 800◦C), then the AC can
be discarded by incineration, particularly if the AC produce
low ash content (4). Otherwise, relatively moderate regenera
processes need to be developed that impress minimal impa
the principal property used in the adsorption process.

Previous research has demonstrated that the carbon m
often contains oxygen, nitrogen, hydrogen, phosphorus, an
sulfur (16–18, 21, 29). Oxygen is an important element t
can form surface functional groups bonded on the edge
carbon, with the graphitelike crystallites offering propert
that may be interpreted from a study of organic functio
group chemistry (15–18, 26). The most commonly encounte
oxygen functional groups are carboxylic acid, carbon
phenols, and lactones (15, 16, 18, 26, 30). The propor
or concentration of these groups on the AC surface dep
on the precursor material and on the activation method (
The presence and concentration of surface functional gro
affect the relative hydrophobicity of the AC, and thus play
important role in influencing the adsorption capacity and
mechanism for adsorptive removal (18, 25, 27).

A considerable amount of research has been published w
an AC has been used as the adsorbent in dilute aqueous sol
and in mixtures of pure solvents. In contrast, very few publi
tions exist that discuss solution adsorption in extreme pH co
tions, such as pH<1 or pH>13. Part of this literature recognize
the fact that surfactant adsorption is a complex process (7).
well-known that the surface charge of an AC is pH depend
which will affect the mechanism of surfactant adsorption (3
The study of surfactant adsorption based on an electrostatic
teraction mechanism has been well developed (1, 2, 6, 32,
However, few studies include anionic surfactant adsorption.
have not identified any literature discussing anionic surfac
adsorption by ACs from solutions of extreme pH,>14. This
paper discusses the recent findings for such a system. Th
ionic surfactants of interest are dodecanoic and octanoic a
adsorbed by a coconut-, a coal-, and a wood-based AC, exp
to three different treatments. To investigate the effect of h
ionic strength and pH conditions on adsorption, we adsorb th
surfactants from a continuous phase of either a caustic solu
(pH >14) or a water phase. The information presented in
paper will lead to a better understanding of the mechanism
surfactant adsorption by these ACs by clarifying the roles of
sorbent porosity and surface chemistry and the continuous p
solution properties on the surfactant adsorption process.

MATERIALS AND METHODS
Solutions were prepared using organic molecule-free 18-MÄ

resistance water produced by a Milli-Q water purification sy
PTION BY ACTIVATED CARBON 307
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tem. All chemicals used in this work were supplied as anal
cal grade (Sigma–Aldrich, Australia) and used without furth
purification. High-purity, instrument-grade hydrogen, oxyge
and nitrogen gases, which were supplied by CIG (Austra
as 99.99% purity without further purification, were used for g
chromatography GC and X-ray photoelectron spectroscopy X
analysis. All the glassware used was cleaned with a permang
acid solution and rinsed with Milli-Q water, followed by place
ment in a furnace at 450◦C for 4 h toremove residual adsorbe
surfactant and organic materials.

Activated Carbon Samples

Three AC samples (carbon A, B, and C) are chosen for
study. The coconut-based, steam-activated carbon A, and
wood-based, phosphoric acid-activated carbon C were supp
by PICA (Australia). Char Processors (Western Australia) p
vided sample B as a coal-based, steam-activated adsorben

All three AC samples were prepared separately under th
different conditions prior to use in the experiments describ
herein. The ACs were washed with the Milli-Q water to remo
any residual, physically adsorbed activating chemicals to p
vide a reproducible surface for the solution adsorption meas
ments. Washing was continuous until the effluent conductiv
matched the influent value. After washing, these samples w
oven-dried overnight at 110◦C and stored in a desiccator unt
used. Such samples are referred to as washed (-W) sample

Portions of the washed carbons were exposed to 2 M sodium
hydroxide (NaOH) solution as a preparation to investigat
whether the surface chemistry and/or adsorption capacity of
ACs was affected by contacting either carbon with this cau
solution. This exposure involved two different processes: eit
immersion in NaOH at 25◦C, or refluxed in 2 M NaOH solutions.
The former treatment consisted of thoroughly mixing the sa
ples in 2 M NaOH solution for 24 h at 25◦C. After this treatment,
the samples were filtered, washed, and dried as per the orig
samples and stored in a desiccator. These samples are ref
to as treated (-T) samples. The latter treatment process invo
suspending each AC sample in 2 M NaOH and refluxing for 4 h
at ambient pressure. After this period, the samples were was
and dried as per the original sample and stored in a desicc
These samples are referred to as refluxed (-R) samples.

Surfactant Adsorption

Two anionic surfactants used in this study were dodecan
acid (C12) and octanoic acid (C8) with>99.0% purity, supplied
by Sigma (Aldrich, Australia). Dodecanoic acid is represen
tive of the surfactant mixture found in a typical Bayer alumi
process stream. The C12 acid exhibits very low solubility in pure
water (≈0.4 mg/L), but dissolves readily in 2 M NaOH solution
up to 1.0 mg/L. To prepare 1.0 mg (C12)/L solutions, 20 ml/L
iso-propanol (IPA) was added, greatly improving C12 solubility.
Since the C8 acid is more soluble than C12, no IPA was required
s-
to prepare solution concentrations up to 1 mg (C8)/L in either
solvent system.
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Adsorption was carried out using a batch method with the
factant adsorption isotherms determined in the same mann
each case, a mass of AC, 0.50–1.40 mg, was accurately we
using a Cahn microbalance. The AC samples were placed s
rately into 40-ml vials. A series of aqueous surfactant soluti
was prepared, with various initial concentrations ranging fr
0.1 to 1.0 mg/L. A fixed volume of solution (35 ml) was tran
ferred to the vials containing the carbon. The solid–solu
system contained in the vials was mixed well by tumbling e
over-end on a rotating wheel maintained at a constant tem
ature of 25◦C. After 24 h, the carbons were removed from t
surfactant solution using centrifugation at a rotation spee
3000 rpm. A portion (25 ml) of this separated solution ph
was then transferred to clean vials. The surfactant concentr
in the equilibrium solution was determined using GC and a p
determined calibration curve. Isotherms were constructed f
a mass balance analysis.

The residual dissolved surfactants (either C12- or C8-acid)
were extracted from the aqueous solutions using methyl-t-butyl
ether at pH<1. The surfactants dissolved in the organic ph
were then reacted with diazomethane (CH2N2) to convert the
polar surfactant molecules to nonpolar methylated molecu
These methylated surfactants gave a sharp peak when sep
on the nonpolar GC column. A HP 5890 series II gas chrom
graph with a flame ionization detector was used to determine
peak profile, and hence the surfactant concentration. We u
BPX5 column (SGE, Australia) for surfactant separation m
suring 25 m long and 0.22 mm in diameter. The packing ha
effective film coating thickness of 0.25µm.

Activated Carbon Micropore Volume Analysis

The pore volumes of the ACs were evaluated from nit
gen adsorption isotherms measured at 77 K, using a comp
controlled, stainless steel volumetric instrument employin
static equilibrium measurement methodology. Samples w
outgassed at 398 K for 12 h to a background pressure<5×
10−6 Torr (34). Adsorption capacities in terms of micropo
volumes and mesopore volumes were calculated by appl
theαs method (35). The amount adsorbed was converted to
uid volume using a molar volume of liquid nitrogen of 35 cm3

mol−1.

Surface Functional Groups and Oxygen Content

AC surface functional groups were determined using X-
photoelectron spectroscopy (XPS). These analyses were
formed using a PHI model 5600 hemispheric electron sp
trometer with the pass energy set at 18 eV for surface ana
and 26.8 eV during depth profiles. The X-ray source was n
monochromatized Kα operating at 300 W. The main chamb
pressure was≈10−9 Torr. The spectrometer energy scale w
calibrated using the Fermi edge and the 3d5/2 line (367.9 eV)
for silver. Complementing this calibration, the retardation vo

age was calibrated from the positions of the Cu 2p3/2 (932.7 eV)
and Cu 3p3/2 (75.1 eV) peaks relative to the expected voltag
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The resultant position of the C1s photo-peak due to adventitiou
hydrocarbon was found at 284.8 eV. A 45◦ takeoff angle was
employed in all XPS measurements. The photo-peak area
used to calculate the atomic concentrations for each elem
The listed sensitivity factors were based on both the instrum
and stand-alone data analysis software.

In combination with the XPS analyses, an elemental ana
sis was also performed. This analysis gave a higher sensit
for the element quantitative analyses, especially for the oxy
content analyses. The elemental analysis was performed us
CamScan CS44 FE instrument, with the samples being attac
to a stub via double-sided tape. The element contents of car
oxygen, and phosphorous in the AC sample were measured
ing a 10–20 kV acceleration voltage, with the X rays analyz
at a takeoff angle of 48.6◦.

RESULTS AND DISCUSSION

Correctly interpreting surfactant adsorption in an aqueous
lution is a complex and challenging procedure. The multico
ponent nature of the adsorptive system leads to complex in
actions between the surfactant adsorptive and the AC adsorb
Various mechanisms are involved (7). The physical and che
cal characteristics of each AC also affect surfactant adsorpt
To present a systematic analysis of the surfactant–AC syst
we begin by addressing the influence of the solvent conditi
on AC physical and chemical properties. Once these details
established, we define the adsorption isotherms and inter
the amount adsorbed in terms of the adsorbent propertiesand
in terms of the solution properties, from which we propose
systematically derived, qualitative mechanism for C12 and C8

adsorption.

Activated Carbon Characterization

The pore volumes of the ACs (A, B, and C) that were trea
by the three different procedures are summarized in Table
Micropore volumes were determined fromαS analyses of each
isotherm, prepared by comparing the amount adsorbed w

TABLE 1
The Volumes of Total Pore, Micropore, and Mesopore Assessed

From theαs-Plot Method Using W, T, and R Samples of Carbon A,
B, and C

Carbon Vtotal (ml/g) Vmicro (ml/g) Vmeso(ml/g)

A-W 0.74 0.69 0.04
A-T 0.76 0.70 0.06
A-R 0.75 0.68 0.07
B-W 0.87 0.44 0.43
B-T 0.95 0.46 0.49
B-R 0.97 0.43 0.54
C-W 1.30 0.48 0.82
C-T 1.20 0.50 0.69
es.
C-R 1.19 0.58 0.61
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ANIONIC SURFACTANT ADSOR

standard adsorption data obtained from a certified nonpo
carbon black (34). Examination of Table 1 shows that car
A offers the highest micropore volume, carbon B the least,
carbon C an intermediate volume. In contrast, the order of
total pore volume is C> B> A. A comparison of the total pore
volume of each carbon shows that carbon A is the least sens
to the strong base treatments. The data in Table 1 also su
that the mesopore volume of sample A is negligible compa
with its total pore volume and that of samples B and C.

The nitrogen adsorption data for carbon B reflects a mo
absolute change to the mesopore volume after exposure to e
strong base treatment condition. There is a 12%relativeincrease
in total pore volume after reflux. The micropore volumes rem
essentially constant. The overall changes for sample B-T
B-R suggest that the temperature of the treatment has mor
fect on the total pore volume than the length of time of expos
to the caustic conditions. The increased pore volume sugg
that either some new mesopores form during the caustic t
ment or some carbonaceous material or functional groups
tially blocking the entrance to some mesopores may be rem
during the strong caustic treatment. Recently, we showed
the Horvath–Kawazoe method of micropore width distribut
analyses for these B-samples exhibits a relative widening o
width distribution, accompanied by a modest decrease in
relative volume adsorbed with pore width (36).
Of the three carbons studied in this work, carbon C is theXPS spectrum. We applied the spectrum of various C–O and
tly,
most affected by the base treatment, especially after the re-C–C structures to deconvolute the C1s spectrum. Consequen
FIG. 1. Deconvolution of the XPS spectrum of s
TION BY ACTIVATED CARBON 309
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flux treatment, sample C-R. The micropore volume for sampl
C-T and C-R increase 4% and 21%; however, mesopore volum
show a relative decrease of 18% and 34%. Since the mesop
volume is considerably larger than the micropore volume, a
has a greater impact on the total pore volume, there is an ov
all decrease (8%) in the total pore volume. To appreciate t
causes of these changes, we should consider the source o
tivation (phosphoric acid) and the possibility of residual acid
surface functional groups, not removed during water washin
reacting with sodium hydroxide solution. We suggest that t
residual acid groups react with the strong base at room te
perature, resulting in selective dissolution or leaching of som
chemically bound phosphate groups. Some mesopores poss
fracture, and some of the smaller mesopores may develop i
micropores during the treatment condition.

Activated Carbon Surface Chemistry

AC surfaces exhibit chemical heterogeneity due to the pre
ence of several types of heteroatoms, oxygen, nitrogen, hyd
gen, phosphorus, and/or sulfur, contained within the carbon m
trix (16–18, 21, 29). Oxygen offers a strong influence on solutio
adsorption, especially when it is bonded to an edge within t
carbon surface (15–18, 21, 26).

XPS was employed to evaluate the surface chemical struct
of the ACs used in this study. Figure 1 shows a representat
ample B-W carbon-peak area into its functional groups.
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310 WU AND P

from the XPS analyses, we suggest the presence of Pi∗

aromatic, graphitic, and aliphatic carbon structures coupled w
ether or cyano (C–O-R/C–N), carbonyl (C–O), acid (O−C–O),
and anhydride (O−(C–O)−O) structures. Toleset al. (30) and
Solumet al.(37) used X-ray diffraction methods to analyze t
structure of ACs and found that oxygen acts as a cross-link
element located between disordered polyaromatic sheets. T
functional groups are consistent with the titration metho
pioneered by Boehm (15) and promulgated more recently
Bandosz (17). Base titration methods react “specifically”
indicate the presence of carboxylic, carboxylic anhydride, et
carbonyl, phenol, lactol, and lactone groups (15, 16, 18, 26,

The concentration of each functional group determined fr
XPS spectra is listed in Table 2. The results show that
graphitic structure in the acid-activated carbon C is≈37% of the
steam-activated carbons (A and B). In contrast, the concentra
of C–C/C–H (aliphatic) structure in carbon C is approximat
five times higher than that of A and B. Also, carbon C sho
a higher concentration ratio for C–O-R/C–N, C–O, O–C–
and Pi–Pi∗ structures. For example, these structures in C-W
respectively,≈20, 28, 38, and 16% higher than in A-W or
B-W. The activation method is probably responsible for th
differences. We conclude that phosphoric acid-activation cre
greater oxygen functionality than steam-activation methods
general, both carbons A and B have a higher carbon con
and lower impurities, such as chemisorbed oxygen, than d
carbon C. It is interesting to note that the contribution from
carboxylic group to the C1s spectrum of carbon C decreas
with increasing base treatment. Presently, we cannot deter
whether this decrease is due to the fact that this is a wood-b
carbon or whether it is because this is an acid-activated car
Both carbons A and B also contain a percentage of carbox
groups but their contributions are not affected to the same ex
as that of carbon C.

An elemental analysis was made of each AC to determine
the overall oxygen content for each carbon sample may be
fected by NaOH treatment. These results are shown in Tab
Again, carbon C has the highest oxygen concentration an
has the lowest, by as much as 30% of that of carbon C. Ca

TABLE 2
The Concentration of AC Functional Groups From

the XPS Analysis

Functional
group Graphic C–C C–O-R C–O O–C–O O–(C–O)–O Pi–P∗

A-W 59.9 7.5 12.0 6.7 5.2 4.9 3.7
A-T 58.8 5.9 13.2 7.4 5.9 5.1 3.7
A-R 59.2 8.2 12.5 5.9 5.6 4.6 3.9
B-W 58.3 9.0 12.0 6.7 4.9 5.4 3.6
B-T 57.4 10.1 12.1 6.5 5.1 5.2 3.6
B-R 56.9 10.8 12.0 6.6 5.4 4.8 3.6
C-W 20.1 40.3 14.4 8.6 7.2 5.0 4.3
C-T 22.3 39.1 15.6 7.8 6.7 5.0 3.4

C-R 23.5 37.4 15.0 8.6 6.4 4.8 4.3
NDLETON
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TABLE 3
The Oxygen Content of W, T, and R Samples of Carbon A, B,

and C

Carbon A-W A-T A-R B-W B-T B-R C-W C-T C-R
Oxygen (%) 5.3 5.9 5.7 8.8 8.0 7.5 15.9 22.6 18

B is intermediate. Similar conclusions can be drawn from
analyses after caustic solution treatment at 25◦C. In this case,
treatment has a significant influence on oxygen content of th
samples, which may indicate that more surface oxygen gro
form after contact with the 2 M NaOH at 25◦C for 24 h. This
observation suggests that the length of time for carbon con
with NaOH solution influences oxygen functional group cr
ation more than higher temperature, where the oxygen con
decreases for each sample.

Effect of Surface Chemistry on Surfactant Adsorption

Pendleton and co-workers (27, 28) and others (38) dem
strated that AC surface chemistry is more important than po
size distribution in controlling the adsorption of a relatively h
drophobic molecule from dilute aqueous conditions. It is w
established that polar molecules interact strongly with polar s
on a surface (39, 40). Previously, Pendletonet al.illustrated that
the amount of water vapor adsorbed is directly proportiona
a carbon’s surface–oxygen content (27, 40). Barton and Ko
(39) made similar observations for nitric acid-oxidized carb
cloth. Pendletonet al.indicated that a correlation exists betwe
the surface concentration of ionizable groups (determined
conductiometric titration) and the B-point amount of water v
por adsorbed by various activated carbons (27, 40). When
sorption occurs from a dilute aqueous surfactant solution,
need to test if the surface oxygen groups that act as “h
energy” adsorption sites for water-vapor molecules mani
themselves as a source of specific interaction during surfac
adsorption.

Figure 2 shows adsorption isotherms for C12 acid on car-
bons A-W, B-W, and C-W from 2 M NaOH solution. The
FIG. 2. Surfactant (C12) adsorption isotherms on carbon A-W (d), B-W
(m), and C-W (j) in 2 M NaOH solution at 298 K.
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ANIONIC SURFACTANT ADSOR

FIG. 3. Correlation between the amount of surfactant (C12) adsorbed at
0.3 mg/L with oxygen content on carbon A (d), B (m), and C (j) and with
micropore volume (r).

adsorption isotherms reach a plateau amount adsorbed for
and C at≈181, 117, and 32 mg/g carbon supported by an e
librium solution concentration of 0.4 mg/L. The general sha
of the carbon A and B isotherms suggests that these two
bons have a high affinity for C12, demonstrated by the relative
large amount adsorbed at very low equilibrium solution c
centrations. By comparison, the carbon C adsorption isoth
is not regarded as a high-affinity isotherm. Similar results w
obtained for the treated and refluxed samples of each carbo
general, we conclude from these isotherms that carbon A o
the highest affinity and capacity for C12, B is intermediate, and
C has the lowest affinity and capacity, irrespective of treatm
conditions.

Two contrasting plots of the C12 plateau amounts adsorbe
for carbons A-W, B-W, and C-W with their oxygen content a
with their micropore volume are presented in Fig. 3. The amo
of adsorbed C12 for each AC may be expressed as invers
proportional to the oxygen content of the adsorbent. The lin
regression analysis correlation coefficient,r 2, for these data
is 0.9881. Clearly the higher the carbon oxygen content,
lower the amount of surfactant adsorbed. In contrast, thereno
obvious correlation between the amount of surfactant adso
and the adsorbent micropore volume. We also suggest
the nature of the precursor material bears no influence on
adsorption process.

Figure 4 shows a plot of the C12 adsorption isotherms fo
carbon C-W, C-T, and C-R from the water phase. Carbon
W adsorbed the most surfactant, with a plateau at≈77.1 mg/g
carbon, while C-T adsorbed the least amount,≈42.6 mg/g,
and C-R is intermediate, with a plateau amount adsorbe
≈61.5 mg/g. In Fig. 5 we consider the same starting ma
rial to test the suggestion that the precursor material bear
influence on C12 adsorption. In comparison with the data
Fig. 3, we consolidate our evidence that the adsorbent su
chemistry influences C12 adsorption. Figure 5 shows the plate

amount adsorbed at an equilibrium solution concentration
0.3 mg/L as a function of the oxygen content of C-W, C-T, a
PTION BY ACTIVATED CARBON 311
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FIG. 4. Surfactant (C12) adsorption isotherms on carbon C-W
(· · · · · · · · · · · ·) (j), C-T (— - —) (d), and C-R (———) (m) samples in pure
water phase.

C-R. Again, an excellent inverse linear correlation exists (r 2 =
0.9972).

During water-vapor adsorption, oxygen groups on the car
surface usually act as the primary adsorption centers. In solu
adsorption, one expects the water molecules to show a gre
affinity for surface oxygen groups via hydrogen bonding (27, 2
than the more hydrophobic C12 surfactant molecules. In both va
por and solution adsorption, the adsorbed water molecules
as polarized secondary adsorption centers, promoting fur
water-molecule adsorption and cluster formation. These c
ters form an envelope extending beyond the localized ads
tion centers, reducing the available surface area for adsorp
of other adsorptives. Generally, if there is to be adsorption
the adsorptive, part or all of the cluster influence needs to be
moved. The size of the envelope will also have an impact on
potential for the hydrophobic parts of the surface to adsorb
nonpolar component of the adsorptive. Thus, it is not unreas
able to assume that high-oxygen-content ACs will adsorb low
quantities of relatively hydrophobic adsorptives. This conc
sion is consistent with the data in Figs. 3 and 5 and previ
findings by Pendletonet al. for 2-methylisoborneol (MIB) ad-
sorption from solution (27, 28).
of
nd

FIG. 5. Correlation between the amount of surfactant (C12) adsorbed at
0.3 mg/L with oxygen content on carbon C-W (j), C-T (m), and C-R (d).
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Effect of Solution Properties on Surfactant Adsorption

Many factors may affect adsorption. From the above,
demonstrate that one needs to consider both the chemical an
physical nature of the adsorbent surface. One also needs to
sider the properties of the bulk fluid phase. Although we h
not identified all the surface inorganic structures on the A
used in this work, we know that some of these C–O struct
will be susceptible to ionization and/or polarization proces
on immersion in the aqueous phase. These sites will provid
electron-rich environment for electrophilic interactions. A co
plete analysis of the surfactant–AC adsorption process req
that surface group dissociation be addressed as an adso
variable. One method for performing this analysis is to c
sider the solution phase as well as its promotion of the spe
adsorption of any dissociated surfactant.

We should not attempt to analyze the effects of the solv
phase on adsorption by simply comparing the amounts adso
in Fig. 2 with those in Fig. 4. The principal reason for this
the fact that IPA had to be added to pure water-phase sys
to promote C12 dissolution. This “cosolvent” was unnecessa
when NaOH was the solvent phase. To address this conun
unequivocally, we added IPA to the NaOH systems with
comparison adsorption data presented in Fig. 6.

For each carbon, we see that adsorption from the water–
solution phase renders a higher amount adsorbed than from
NaOH–IPA solvent system. The effect is most pronounced
the carbon C, and carbon A is the least affected. The am
adsorbed from the water–IPA phase for an equilibrium solu
concentration of 0.3 mg/L for each carbon, A, B and C, is 2
234, and 77 mg/g, respectively. For the same solution conce
tion in the NaOH–IPA phase, the amounts adsorbed are 272,
and 43 mg/g, respectively, representing 99, 92, and 56%, res
tively, of the amount adsorbed from water–IPA phase. We h
found a similar trend for C8 acid adsorption by these carbon
the only difference being the (expected) lower absolute am
of C8 adsorbed. To understand these differences in amoun
sorbed, we need to consider the effect of the solvent phas
the adsorbent surface chemistry.

FIG. 6. Surfactant (C12) adsorption isotherms on carbon A, B, and
obtained in 2 M NaOH–IPA solution (———) and in water–IPA soluti

(· · · · · · · · · · · ·). The data points for carbon A, B, and C in NaOH–IPA are (d),
(+), and (×); in water–IPA phases data points are (m), (j), and (r).
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SCHEME 1

We conclude from XPS and elemental analyses that som
the oxygen groups on the AC surface are susceptible to che
cal change (reaction) during contact with 2 M NaOH solution.
Of course, Boehm’s base-titration procedure exploits this f
(Scheme 1). When AC-W is used as the adsorbent for sur
tant adsorption from 2 M NaOH, the adsorption conditions o
equilibrium time and temperature are equivalent to the con
tions that generate AC-T. The initial low oxygen content f
carbon A results in a negligible impact of the NaOH treatme
on C12 adsorption. The carbon C contains a considerably hig
concentration of surface oxygen groups that react with sod
hydroxide, leading to an increased difference in the amo
adsorbed from water–IPA compared with that absorbed fr
NaOH–IPA. Consequently, we suggest that not only is the s
vent phase important in considering the mechanism of solu
adsorption, but the interaction of the solvent phase with the s
face functional groups also needs to be considered as part o
overall mechanism controlling solute (adsorptive)–adsorben
teractions. The plots of the amount of C12 adsorbed by each
carbon as a function of surface oxygen content, for each solv
phase in Fig. 6, confirms the linear relationships shown in Fig
and 5. An interesting observation is that an inverse linear re
tionship also exists for the ratio of the amount adsorbed fr
water to that adsorbed from NaOH (at 0.3 mg/L equilibrium s
lution concentration) as a function of carbon-T oxygen conte
The regression coefficient for this relationship is 0.9993.

On the other hand, the solution properties also contribute to
adsorption process. Since the C12 acid exhibits such low solubil-
ity in water, we classify it as a weakly dissociated organic ele
trolyte interacting with a hydrophobic and negatively charg
surface in an ionic-solution environment. M¨uller et al.(31) dis-
cussed the adsorption of weakly dissociated organic electrol
and commented on the importance of maintaining a constan
in the continuous phase owing to the change in surface cha
(value) with change in solution pH. The maximum adsorpti
equilibrium concentration in all aqueous solutions is 0.3 mg
Thus, adsorption from 2 M NaOH solutions represents a con
stant pH. Also, we should expect the surfactant to be comple
dissociated at these conditions. On the other hand, at pH 6
pure water solutions, it is only partly dissociated. These c
ditions contribute to the solution ionic strength, which also c

give an indication of the suspension stability via the diffuse elec-
trical double layer surrounding the adsorbents. M¨ulleret al.(31)
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ANIONIC SURFACTANT ADSOR

discussed the role of solution properties and dismissed adso
functional group dissociation effects. From the above res
we know that the adsorbents used in this work contain var
functional groups that will dissociate, especially in 2 M NaOH
solution.

Water is a weak electrolyte with a pKa of 10−7. A rela-
tively small percentage of H2O molecules will dissociate to ioni
species at pH 6.5. In contrast, NaOH is a strong electrolyte
totally dissociates, forming sodium and hydroxide ions. The pKa

of C12 is 4.84; thus, in water at the equilibrium solution conce
tration of 0.18 mg/L, the approximate concentration where e
adsorption plateau commences, the solution contains 94%
ized acid with a solution pH of≈6. For an initial concentration
of C12 of 1 mg/L (5µmol/L), it is ≈80% dissociated in wate
phase, giving an equivalent ionic strength of 4µmol/L, reduc-
ing to 1× 10−6 mol/L (or less) during adsorption. We expe
that C12 acid dissolved in the NaOH solution will give 100
dissociation.

The effect of pH on AC surface charge was investigated pr
ously by Wong (41). Over the pH range 6–13, carbon C rem
negatively charged. At pH 6–7, it is very close to zero, but
mains negative. The pH for a net zero surface charge on ca
A and B surface is≈6. The rate of change of charge with p
change is also low for both A and B, offering a net surface cha
close to zero over the pH range 5.5–7.5. In this study, the
of pure water is 6.5. Therefore, almost all three AC surfa
remain negative, albeit close to zero. At pH>13, the surface
charge on each AC is strongly negative. From an electro
ics perspective, since both C12 and C8 are anionic surfactants
the AC surface charge is unfavorable for a negatively char
adsorptive–adsorbent interaction. A repulsive force is expe
(2, 42, 43).

Surfactant Chain Length on Adsorption

Thus far in our analysis we may suggest that surfactant ads
tion is a result of one or more interactions at the solid–solu
interface. Several driving forces exist in surfactant adsorpt
These include hydrophobic bonding, hydrogen bonding, dis
sion forces, electrostatic attraction, and ion exchange to rep
ing counterions (1, 7, 32). The adsorption isotherms show
Figs. 7a–7c represent C12 and C8 adsorption by carbons A-W
B-W, and C-W from the 2 M NaOH solution phase. Each adso
tion system has the same trend. That is, the C12 amount adsorbed
ÀC8 for a common adsorbent and solution phase; the pres
of IPA in solution promotes C12 adsorption. In our discussio
above, we indicate that the carbon surfaces have a net neg
charge when suspended in 2 M NaOH, reducing the potential fo
anion adsorption. For adsorption to occur at all, and for more12

than C8, we suggest that hydrophobic forces may predomin
in the adsorption mechanism.

In previous research, Pendleton and co-workers have dem
strated the extent of relative hydrophobic nature from water

sorption isotherm analyses (27, 41). Our elemental and X
analyses rank the order of hydrophobicity of the three carb
PTION BY ACTIVATED CARBON 313
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FIG. 7. Surfactant adsorption isotherms on carbon A (a), B (b), and C
obtained in 2 M NaOH solution. C12 with IPA (— - —) (m), C12 no IPA (———)
(d), and C8 no IPA (· · · · · · · · · · · ·) (j).

herein as A> B> C. The relative hydrophobicity of an anioni
(or any) surfactant increases with increasing aliphatic car
chain length (2, 7, 32). The hydrophobic component of s
factants, dissolved in an aqueous solution, will partition mo
favorably to a hydrophobic environment. At the low concent
tions used in these isotherm measurements, we suggest tha
environment is more likely to be the carbon surface than
hydrophobic volume created during micelle formation (assu
ing that solute concentrations exceed the critical micelle c
centration). A second driving force for partition is the relati
solubility of these two surfactants. C8 acid is more soluble than
C12 in either aqueous solution. In fact, IPA was not required
develop aqueous solutions of appreciable concentrations. T
the hydrophobic character of the adsorptive probably domina
the chemical potential for adsorption.

PS

ons
There is an interesting outcome on C12 adsorption by the

carbons owing to the presence of IPA. The amount adsorbed
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increases. The same quantity of IPA was used for each isoth
yet the absolute increased amount adsorbed is 65 mg/g for A
45 mg/g for B-W, and 25 mg/g for C-W. This is an interesti
observation, especially since the IPA was added to raise C12 sol-
ubility. For an increase in solubility, one expects to adjust
partition between dissolved and adsorbed states in favor o
dissolved state. Our data suggest the opposite occurs, co
tent with Pavan’s observation (7). To understand and inter
this dichotomy, we need to consider the chemical and phys
properties of IPA in solution and its behavior as an adsorpt
Previously, Zettlemoyeret al. (44) interpreted IPA adsorptio
from the vapor phase in terms of propyl group interaction w
the hydrophobic areas of an adsorbent. This mechanism pre
an increased hydrophilic surface. From the physiochemical pe
spective, we can expect that the hydroxyl group will also inte
with the polarizable surface functional groups. This mechan
presents an increased hydrophobicsurface.

For solution adsorption, the adsorbed water must be displ
prior to the interaction. From our measurements of water
placement by MIB (27), we know that the more (relative
hydrophobic the surface, the stronger the interaction of the
drophobic molecule. In the present adsorption mechanism a
sis, we can expect that the IPA molecules interact predomina
with the AC surface via hydrophobic interactions, producing
increasingly hydrophilic surface. For an increase in adsorp
to occur via this mechanism, we expect an interaction betw
the hydroxyl group and the polarized group of the surfact
In contrast, if we consider IPA adsorption via the hydro
group–polar surface functional group, we expect this interac
to displace the physically adsorbed water from the polariza
surface functional group, followed by the generation of a surf
with an increasingly hydrophobic character. For an increas
adsorption to occur, we can expect the surfactant to adsor
the aliphatic chain.

CONCLUSIONS

It has been shown that the chemical and physical prope
of the acid-activated, wood-based carbon C are most serio
affected by immersion in strong caustic solution. The len
of time of exposure in strong caustic solution affects the o
gen content in the carbon samples more than does the effe
temperature. Although XPS analysis is only a surface anal
such data correlate with bulk elemental analysis and complem
such techniques. An inverse linear relationship exists betw
the amount of C12 adsorbed and the adsorbent oxygen concen
tion. The relatively (low oxygen content) hydrophobic, stea
activated carbons adsorb more C12 than does the chemicall
activated carbon. A greater quantity of surfactant adsorption
curs from aqueous solutions than from strong caustic solut
owing to the combination of adsorbent surface chemistry
fected by the NaOH (treatment), solvent, and surface functi

group dissociation, leading to electrostatics repulsion effect
NaOH system. We conclude that the adsorbent surface ch
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istry and solution chemistry contribute more to the adsorpt
process than does adsorbent porosity. Overall, the adsorptio
teraction is promoted by a combined surface–solute hydroph
interaction.
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