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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 Ci,- and Cg-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.
© 2001 Academic Press

Key Words: activated carbon; oxygen content; surface functional
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INTRODUCTION

environmentand inthese industrial processes. The application
surfactants can also produce environmental pollution and rais
a series of problems for wastewater treatment plants (3). FL
thermore, surfactants adsorb readily on crystal surfaces owing
their surface activity, leading to crystal growth inhibition (4-6).
From this perspective, surfactants should be removed fro
selected stages of the industrial process or wastewater emiss
systems.

Surfactant adsorption has been studied extensively. Additio
ally, several materials have been investigated as surfactant ads
bents. These include layered double hydroxides (1, 7), zeolit
(7, 8), silica (9), mineral oxides (alumina) (1, 6, 7, 10-12), poly:
mers (13), natural and synthetic fibers (14), and activated carbo
(ACs) (8). Different adsorption mechanisms and models hay
been proposed, depending on the adsorbent—adsorbate syst
The different surface chemistry as well as the different physic:
properties of the above adsorbents affect the surfactant adso
tion mechanism. These differences are especially manifest di
ing adsorption processes occurring during “critical” industria
conditions, such as sugar crystal growth and crystal recovery.

AC is used as an adsorbent in many industrial applicatior
as an economic mass separation agent to raise the final prod
quality. Drinking water and wastewater treatment processes a
the food and chemical industry processes are typical exampl
(15-18). More recently, ACs are increasingly used as adsorber
for the purification of process streamsthin industrial chem-
ical processes, again owing to their high adsorption efficienc
(19). Rudzinski and co-workers have investigated AC to ac
sorb organic impurities from liquid solution (20). Mechanisms
of adsorption in the systems were proposed based on a mul

Surface-active agents, or surfactants, are used widely in m&if§ 0ccupancy model of an energetically heterogeneous AC s

industrial and commercial products and processes throughBifie: AS mass separation agents ACs present useful physical
the world. Surfactants are not only related to soaps and defgémical properties. These include high specific surface are
gents in daily life, they are also in heavy demand for industrigiyPically between 1000 and 200Gy ), wide pore size distri-

processes requiring colloid stability, metal treatments, minef3itions (including micropores and mesopores) (17, 18, 21-2¢€
flotation, pesticides, oil production, pharmaceutical formulatioRydrophobic surfaces (27), and variable surface functional gr
emulsion polymerization, and particle growth (1, 2). The brod#Ps (21, 26, 28). Each property supports the application of AC

range of surfactant applications may also cause side effects inf§&adsorbents for_surfacta_nt concentration reduction or remov
Most commercially available ACs are generated from low

cost materials of high carbon content, such as coconut shel
1To whom correspondence should be addressed. Fax: +61-8-8302-3@@!"CU|tura.| Wastg, coal, and WOOd- From the gdsorpnon EXpE
E-mail: p.pendleton@unisa.edu.au. imental point of view, the relatively hydrophobic character anc
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high specific gravity of ACs makes their separation from them. All chemicals used in this work were supplied as analyt
solution phase a simple operation (21). The physical propertiead grade (Sigma—Aldrich, Australia) and used without furthe
of ACs mentioned above, as well as their relatively inexpensipeirification. High-purity, instrument-grade hydrogen, oxygen
availability, make them suitable for use as adsorbents in largad nitrogen gases, which were supplied by CIG (Australie
scale continuous processes. If the industrial uses involve higls99.99% purity without further purification, were used for ga
temperature calcination processes (over8)0thenthe AC can chromatography GC and X-ray photoelectron spectroscopy XF
be discarded by incineration, particularly if the AC producesanalysis. Allthe glassware used was cleaned with a permanga
low ash content (4). Otherwise, relatively moderate regeneratiacid solution and rinsed with Milli-Q water, followed by place-
processes need to be developed that impress minimal impachwent in a furnace at 45CQ for 4 h toremove residual adsorbed
the principal property used in the adsorption process. surfactant and organic materials.
Previous research has demonstrated that the carbon matrix
often contains oxygen, nitrogen, hydrogen, phosphorus, andféitivated Carbon Samples

sulfur (16-18, 21, 29). _Oxygen is an important element that three AC samples (carbon A, B, and C) are chosen for th
can form surface functional groups bonded on the edge g{idy. The coconut-based, steam-activated carbon A, and |
carbon, with Fhe graphitelike crystallites offenng pmpe_rt'eﬁ/ood-based, phosphoric acid-activated carbon C were suppli
that may be interpreted from a study of organic functiongl, p|ca (Australia). Char Processors (Western Australia) pre
group chemistry (15-18, 26). The most commonly encounterghe sample B as a coal-based, steam-activated adsorbent.
oxygen functional groups are carboxylic acid, carbOHY!Sa All three AC samples were prepared separately under thr
phenols, and lactones (15, 16, 18, 26, 30). The proportigfierent conditions prior to use in the experiments describe
or concentration of these groups on the AC surface depefigein. The ACs were washed with the Milli-Q water to remove
on the precursor material and on the activation method (14hy residual, physically adsorbed activating chemicals to pr
The presence and concentration of surface functional groygge a reproducible surface for the solution adsorption measur
affect the relative hydrophobicity of the AC, and thus play aghents. Washing was continuous until the effluent conductivit
important role in influencing the adsorption capacity and th@aiched the influent value. After washing, these samples we
mechanism for adsorptive removal (18, 25, 27). oven-dried overnight at 1@ and stored in a desiccator until
A considerable amount of research has been published whgegy sych samples are referred to as washed (-W) sample.
an AC has been used as the adsorbent in dilute aqueous solutioR, tions of the washed carbons were exposei¥ sodium
and in mixtures of pure solvents. In contrast, very few public@yqroxide (NaOH) solution as a preparation to investigatin
tions exist that discuss solution adsorption in extreme pH congliether the surface chemistry and/or adsorption capacity of t
tions, such as pkk1 or pH>13. Part _ofthls literature recognizesacs was affected by contacting either carbon with this caust
the fact that surfactant adsorption is a complex process (7). I{§ytion. This exposure involved two different processes: eith
well-known that the surface charge of an AC is pH dependefif,mersion in NaOH at 252, or refluxedi 2 M NaOH solutions.
which will affect the mechanism of surfactant adsorption (31}ne former treatment consisted of thoroughly mixing the san
The study of surfactant adsorption based on an electrostaticsjfss in 2 M NaOH solution for 24 h at 2. After this treatment,
teraction mechanism has been well developed (1, 2, 6, 32, samples were filtered, washed, and dried as per the origil
However, few studies include anionic surfactant adsorption. Wﬁmples and stored in a desiccator. These samples are refe
have not identified any Iiteratqre discussing anionic surfgctq@tas treated (-T) samples. The latter treatment process involv
adsorption by ACs from solutions of extreme pH14. This g, spending each AC sampie2 M NaOH and refluxing for 4 h
paper discusses the recent findings for such a system. The gnymbient pressure. After this period, the samples were wash
ionic surfactants of interest are dodecanoic and octanoic aciggy dried as per the original sample and stored in a desicca

adsorbed by a coconut-, a coal-, and a wood-based AC, expoggse samples are referred to as refluxed (-R) samples.
to three different treatments. To investigate the effect of high

ionic strength and pH conditions on adsorption, we adsorb theSgrfactant Adsorption
surfactants from a continuous phase of either a caustic solution . L
(pH >14) or a water phase. The information presented in thisTWO anionic surfagtantg used n this study were dode_cano
paper will lead to a better understanding of the mechanism %qld ,(QZ) and optan0|c ac'd. (& with >99'0.% pquty, supplied

surfactant adsorption by these ACs by clarifying the roles of aBy Sigma (Aldrich, Australia). Dodecanoic acid is represent

sorbent porosity and surface chemistry and the continuous ph 2 of the surfactant m|x_ture f(_)u_nd in a typical B'c_lyer_ alumin
solution properties on the surfactant adsorption process. process stream. The£acid exhibits very low solubility in pure
water (0.4 mg/L), but dissolves readilyi2 M NaOH solution

up to 1.0 mg/L. To prepare 1.0 mg {£)/L solutions, 20 ml/L
MATERIALS AND METHODS iso-propanol (IPA) was added, greatly improving,Golubility.
Since the @ acid is more soluble than;g no IPA was required
Solutions were prepared using organic molecule-free I8-Mo prepare solution concentrations up to 1 mg)(Cin either
resistance water produced by a Milli-Q water purification sysolvent system.
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Adsorption was carried out using a batch method with the surhe resultant position of the;gphoto-peak due to adventitious
factant adsorption isotherms determined in the same mannetywirocarbon was found at 284.8 eV. A°4akeoff angle was
each case, a mass of AC, 0.50-1.40 mg, was accurately weighatployed in all XPS measurements. The photo-peak area w
using a Cahn microbalance. The AC samples were placed seysed to calculate the atomic concentrations for each eleme
rately into 40-ml vials. A series of aqueous surfactant solutio$e listed sensitivity factors were based on both the instrume
was prepared, with various initial concentrations ranging froand stand-alone data analysis software.
0.1to 1.0 mg/L. A fixed volume of solution (35 ml) was trans- In combination with the XPS analyses, an elemental analy
ferred to the vials containing the carbon. The solid—solutisis was also performed. This analysis gave a higher sensitivi
system contained in the vials was mixed well by tumbling endier the element quantitative analyses, especially for the oxyge
over-end on a rotating wheel maintained at a constant tempesntent analyses. The elemental analysis was performed usin
ature of 25C. After 24 h, the carbons were removed from th€amScan CS44 FE instrument, with the samples being attach
surfactant solution using centrifugation at a rotation speed tofa stub via double-sided tape. The element contents of carbc
3000 rpm. A portion (25 ml) of this separated solution phasixygen, and phosphorous in the AC sample were measured |
was then transferred to clean vials. The surfactant concentratiog a 10—20 kV acceleration voltage, with the X rays analyze
in the equilibrium solution was determined using GC and a prat a takeoff angle of 48°.
determined calibration curve. Isotherms were constructed from

a mass balance analysis. RESULTS AND DISCUSSION
The residual dissolved surfactants (eithep-Gor Cg-acid)
were extracted from the aqueous solutions using methyity! Correctly interpreting surfactant adsorption in an aqueous s

ether at pH<1. The surfactants dissolved in the organic phasetion is a complex and challenging procedure. The multicornr
were then reacted with diazomethane g8k to convert the ponent nature of the adsorptive system leads to complex inte
polar surfactant molecules to nonpolar methylated moleculegtions between the surfactant adsorptive and the AC adsorbe
These methylated surfactants gave a sharp peak when sepan#gidus mechanisms are involved (7). The physical and chernr
on the nonpolar GC column. A HP 5890 series |l gas chromatgal characteristics of each AC also affect surfactant adsorptio
graph with a flame ionization detector was used to determine the present a systematic analysis of the surfactant—AC syste
peak profile, and hence the surfactant concentration. We usegleabegin by addressing the influence of the solvent conditior
BPX5 column (SGE, Australia) for surfactant separation mean AC physical and chemical properties. Once these details
suring 25 m long and 0.22 mm in diameter. The packing had astablished, we define the adsorption isotherms and interp
effective film coating thickness of 0.2om. the amount adsorbed in terms of the adsorbent propeatids
in terms of the solution properties, from which we propose |
systematically derived, qualitative mechanism fap @nd G
The pore volumes of the ACs were evaluated from nitr@dsorption.
gen adsorption isotherms measured at 77 K, using a computer-
controlled, stainless steel volumetric instrument employing/¢tivated Carbon Characterization

static equilibrium measurement methodology. Samples wererpe pore volumes of the ACs (A, B, and C) that were treate
outgassed at 398 K for 12 h to a background pressts& by the three different procedures are summarized in Table
107 Torr (34). Adsorption capacities in terms of microporyicropore volumes were determined frarg analyses of each

volumes and mesopore volumes were calculated by appWii@cherm, prepared by comparing the amount adsorbed wi
theas method (35). The amount adsorbed was converted to lig-

uid volume using a molar volume of liquid nitrogen of 35%m

Activated Carbon Micropore Volume Analysis

mol~1. TABLE 1
] The Volumes of Total Pore, Micropore, and Mesopore Assessed
Surface Functional Groups and Oxygen Content From the a,-Plot Method Using W, T, and R Samples of Carbon A,

AC surface functional groups were determined using X-rdy and C
photoelectron spectroscopy (XPS). These analyses were R&fpon

X . . Viotar (Ml/g) Vmicro (MI/Q) Vimeso(Ml/g)

formed using a PHI model 5600 hemispheric electron spe¢-
trometer with the pass energy set at 18 eV for surface analysisV 0.74 0.69 0.04
and 26.8 eV during depth profiles. The X-ray source was non>" 0.76 0.70 0.06

. . : - 0.75 0.68 0.07
monochromatized K operating at 300 W. The main chamber g\, 087 0.44 043
pressure was=10~° Torr. The spectrometer energy scale wasg.7 0.95 0.46 0.49
calibrated using the Fermi edge and the,gdine (367.9 eV) B-R 0.97 0.43 0.54
for silver. Complementing this calibration, the retardation volt-C-W 1.30 0.48 0.82
age was calibrated from the positions of the Cy2(932.7eV) ST i-ig 8-2‘; g'gi

and Cu 3p)2 (75.1 eV) peaks relative to the expected voltages.”
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standard adsorption data obtained from a certified nonpordls treatment, sample C-R. The micropore volume for sample
carbon black (34). Examination of Table 1 shows that carb@xT and C-R increase 4% and 21%; however, mesopore volum
A offers the highest micropore volume, carbon B the least, astow a relative decrease of 18% and 34%. Since the mesop
carbon C an intermediate volume. In contrast, the order of thelume is considerably larger than the micropore volume, ar
total pore volume is G- B > A. A comparison of the total pore has a greater impact on the total pore volume, there is an ov
volume of each carbon shows that carbon A is the least sensitaledecrease (8%) in the total pore volume. To appreciate tt
to the strong base treatments. The data in Table 1 also suggesises of these changes, we should consider the source of
that the mesopore volume of sample A is negligible comparédation (phosphoric acid) and the possibility of residual acidi
with its total pore volume and that of samples B and C. surface functional groups, not removed during water washin
The nitrogen adsorption data for carbon B reflects a modesacting with sodium hydroxide solution. We suggest that th
absolute change to the mesopore volume after exposure to eitiesidual acid groups react with the strong base at room tel
strong base treatment condition. There is a 1@ftiveincrease perature, resulting in selective dissolution or leaching of sorr
in total pore volume after reflux. The micropore volumes remaghemically bound phosphate groups. Some mesopores possi
essentially constant. The overall changes for sample B-T aindcture, and some of the smaller mesopores may develop ir
B-R suggest that the temperature of the treatment has moreraferopores during the treatment condition.
fect on the total pore volume than the length of time of exposure
to the caustic conditions. The increased pore volume suggé%g
that either some new mesopores form during the caustic treatAC surfaces exhibit chemical heterogeneity due to the pre
ment or some carbonaceous material or functional groups ieiice of several types of heteroatoms, oxygen, nitrogen, hydi
tially blocking the entrance to some mesopores may be remowgh, phosphorus, and/or sulfur, contained within the carbon m
during the strong caustic treatment. Recently, we showed tik (1618, 21, 29). Oxygen offers a strong influence on solutio
the Horvath—Kawazoe method of micropore width distributioadsorption, especially when it is bonded to an edge within tt
analyses for these B-samples exhibits a relative widening of tb&bon surface (15-18, 21, 26).
width distribution, accompanied by a modest decrease in theXPS was employed to evaluate the surface chemical structt
relative volume adsorbed with pore width (36). of the ACs used in this study. Figure 1 shows a representati
Of the three carbons studied in this work, carbon C is théPS spectrum. We applied the spectrum of various C-O atr
most affected by the base treatment, especially after the @&-C structures to deconvolute thes8pectrum. Consequently,

ivated Carbon Surface Chemistry
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FIG. 1. Deconvolution of the XPS spectrum of sample B-W carbon-peak area into its functional groups.
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from the XPS analyses, we suggest the presence of *Pi—Pi TABLE 3
aromatic, graphitic, and aliphatic carbon structures coupled withThe Oxygen Content of W, T, and R Samples of Carbon A, B,
ether or cyano (C-O-R/C-N), carbonyl (C-0), acidHO-0), and C

and anhydride (©(C-0)-0) structures. Tolest al. (30) and  ~.,0n AW AT AR BW BT BR CW CT CR

Solumet al. (37) used X-ray diffraction methods to analyze thexygen (%) 53 59 57 88 80 75 159 226 184

structure of ACs and found that oxygen acts as a cross-linking

element located between disordered polyaromatic sheets. These

functional groups are consistent with the titration methods is intermediate. Similar conclusions can be drawn from th

pioneered by Boehm (15) and promulgated more recently Bpalyses after caustic solution treatment &t28n this case,

Bandosz (17). Base titration methods react “specifically” fseatment has a significant influence on oxygen content of the

indicate the presence of carboxylic, carboxylic anhydride, ethegmples, which may indicate that more surface oxygen grou

carbonyl, phenol, lactol, and lactone groups (15, 16, 18, 26, 3®rm after contact with ta 2 M NaOH at 25C for 24 h. This
The concentration of each functional group determined froabservation suggests that the length of time for carbon conta

XPS spectra is listed in Table 2. The results show that théth NaOH solution influences oxygen functional group cre:

graphitic structure in the acid-activated carbon &87% ofthe ation more than higher temperature, where the oxygen conte

steam-activated carbons (A and B). In contrast, the concentratitgereases for each sample.

of C—C/C-H (aliphatic) structure in carbon C is approximately

five times higher than that of A and B. Also, carbon C showsffect of Surface Chemistry on Surfactant Adsorption

a higher concentration ratio for C-O-R/C-N, C-0, O-C-O, pgngleton and co-workers (27, 28) and others (38) demo
and Pi-Pi structures. For example, these structures in C-W atgyated that AC surface chemistry is more important than por
respectively~20, 28, 38, and 16% higher than in A-W or ingjz¢ distribution in controlling the adsorption of a relatively hy-
B-W. The activation method is probably responsible for thegg,phobic molecule from dilute aqueous conditions. It is wel
differences. We conclude that phosphoric acid-activation creafggaplished that polar molecules interact strongly with polar sit
greater oxygen functionality than steam-agtlvatlon methods. dR 5 surface (39, 40). Previously, Pendletoal.illustrated that

general, both carbons A and B have a higher carbon contgfit amount of water vapor adsorbed is directly proportional t
and lower impurities, such as chemisorbed oxygen, than doggarhon’s surface—oxygen content (27, 40). Barton and Kore
carbon C It is interesting to note that the contribution from th(%g) made similar observations for nitric acid-oxidized carbor
carboxylic group to the & spectrum of carbon C decreaseg|oth. pendietoet al.indicated that a correlation exists betweer

with increasing base treatment. Presently, we cannot determige srface concentration of ionizable groups (determined v
whether this decrease is due to the fact that this is a wood-baggf gy ctiometric titration) and the B-point amount of water va

carbon or whether it is because this is an acid-activated carbg

' 3Br adsorbed by various activated carbons (27, 40). When a
Both carbons A and B also contain a percentage of carboxyligyption occurs from a dilute aqueous surfactant solution, w

groups but their contributions are not affected to the same extakq to test if the surface oxygen groups that act as “higl

as that of carbon C. energy” adsorption sites for water-vapor molecules manife:

An elemental analysis was made of each AC to determine hg\gmselves as a source of specific interaction during surfactz
the overall oxygen content for each carbon sample may be éfzrsorption.

fected by NaOH treatment. These results are shown in Table 3Figure 2 shows adsorption isotherms for,@cid on car-

Again, carbon C has the highest oxygen concentration andy8ns A-W B-W. and C-W frm 2 M NaOH solution. The
has the lowest, by as much as 30% of that of carbon C. Carbon

200

TABLE 2
The Concentration of AC Functional Groups From
the XPS Analysis

-
o
(=]
5
\

=]
B
E -
©
@
. £ H H
Functional 5 100 ; /_/fr/"k
group  Graphic C-C C-O-R C-O O-C-O 0O-(C-0)-O P'i—Piﬁ L
-~ [* e
c h
AW 599 75 120 67 52 4.9 37 3 s0 [ £
AT 588 59 132 74 59 5.1 37 £
AR 592 82 125 59 56 46 3.9 ‘ W
B-w 58.3 9.0 120 6.7 4.9 54 3.6 0 A~ o : :
B-T 574 101 121 65 5.1 5.2 3.6 o 0.1 0.2 0.3 0.4
B-R 56.9 10.8 120 6.6 5.4 4.8 3.6 . .
C-W 201 403 14.4 8.6 72 5.0 43 Equilibrium concentration, mg/L
C-T 223 391 156 7.8 6.7 5.0 34 FIG. 2. Surf d ion isoth bon A\®Y. B-W
C-R 235 374 150 86 6.4 48 4 . 2. Surfactant (@) adsorption isotherms on carbon A-\@), B-

(A), and C-W #@) in 2 M NaOH solution at 298 K.
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FIG. 4. Surfactant (@) adsorption isotherms on carbon C-W
[ CEREEEREE. ) (W), C-T (—-—) (@), and C-R ( ) &) samples in pure
water phase.

% Oxygen content

FIG. 3. Correlation between the amount of surfactanijGadsorbed at
0.3 mg/L with oxygen content on carbon @}, B (A), and C @) and with
micropore volume ).

C-R. Again, an excellent inverse linear correlation exists

0.9972).
adsorption isotherms reach a plateau amount adsorbed for A, Bpuring water-vapor adsorption, oxygen groups on the carbc
and C atv181, 117, and 32 mg/g carbon supported by an eqgrface usually act as the primary adsorption centers. In soluti
librium solution concentration of 0.4 mg/L The general Sha[@jsorption, one expects the water molecules to show a gres
of the carbon A and B isotherms suggests that these two C@‘ﬁnity for surface oxygen groups via hydrogen bonding (27, €
bons have a high affinity for {3, demonstrated by the relativelythan the more hydrophobic,gsurfactant molecules. In both va-
large amount adsorbed at very low equilibrium solution cofyor and solution adsorption, the adsorbed water molecules :
centrations. By comparison, the carbon C adsorption isotheg¥ polarized secondary adsorption centers, promoting furth
is not regarded as a high-affinity isotherm. Similar results weygater-molecule adsorption and cluster formation. These clu
obtained for the treated and refluxed samples of each carbontelﬂ; form an enve|ope extending beyond the localized adsor
general, we conclude from these isotherms that carbon A offiesh centers, reducing the available surface area for adsorpti
the highest affinity and capacity fon& B is intermediate, and of other adsorptives. Generally, if there is to be adsorption ¢
C has the lowest affinity and capacity, irrespective of treatmeme adsorptive, part or all of the cluster influence needs to be r
conditions. moved. The size of the envelope will also have an impact on tt

Two contrasting plots of the & plateau amounts adsorbedyotential for the hydrophobic parts of the surface to adsorb tf
for carbons A-W, B-W, and C-W with their oxygen content an@lonpolar component of the adsorptive. Thus, it is not unreaso
with their micropore volume are presented in Fig. 3. The amougi|e to assume that high-oxygen-content ACs will adsorb low
of adsorbed & for each AC may be expressed as inversejuantities of relatively hydrophobic adsorptives. This conclu
proportional to the oxygen content of the adsorbent. The linegbn is consistent with the data in Figs. 3 and 5 and previol
regression analysis correlation coefficient, for these data findings by Pendletoet al. for 2-methylisoborneol (MIB) ad-
is 0.9881. Clearly the higher the carbon oxygen content, tBgrption from solution (27, 28).
lower the amount of surfactant adsorbed. In contrast, there is
obvious correlation between the amount of surfactant adsorbed
and the adsorbent micropore volume. We also suggest th~%g
the nature of the precursor material bears no influence on 1
adsorption process.

Figure 4 shows a plot of the ;¢ adsorption isotherms for %
carbon C-W, C-T, and C-R from the water phase. Carbon ¢
W adsorbed the most surfactant, with a plateastaf.1 mg/g
carbon, while C-T adsorbed the least amount2.6 mg/g,
and C-R is intermediate, with a plateau amount adsorbed ¢
~615 mg/g. In Fig. 5 we consider the same starting mata
rial to test the suggestion that the precursor material bears
influence on &, adsorption. In comparison with the data ir
Fig. 3, we consolidate our evidence that the adsorbent surf
chemistry influences G adsorption. Figure 5 shows the plateau
amount adsorbed at an equilibrium solution concentration of . 5. Correlation between the amount of surfactantzjCadsorbed at
0.3 mg/L as a function of the oxygen content of C-W, C-T, an@3 mg/L with oxygen content on carbon C-\B, C-T (A), and C-R ®).

mglg
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Effect of Solution Properties on Surfactant Adsorption o]

NaOH + ~OH —— % 4 HO + Na
Many factors may affect adsorption. From the above, w
demonstrate that one needs to consider both the chemical and + NaOH (\/k + H0 + Na
physical nature of the adsorbent surface. One also needs to ¢ HO /A
sider the properties of the bulk fluid phase. Although we hav o c0 0
not identified all the surface inorganic structures on the AC
used in this work, we know that some of these C—O structure \[rOH 0" .
will be susceptible to ionization and/or polarization processeNaOH ¥ 5 W RO+ Na
on immersion in the aqueous phase. These sites will provide an ©
electron-rich environment for electrophilic interactions. A com- SCHEME 1
plete analysis of the surfactant—AC adsorption process requires
that surface group dissociation be addressed as an adsorptioe conclude from XPS and elemental analyses that some
variable. One method for performing this analysis is to cothe oxygen groups on the AC surface are susceptible to chen
sider the solution phase as well as its promotion of the specifigl change (reaction) during contact w2 M NaOH solution.
adsorption of any dissociated surfactant. Of course, Boehm's base-titration procedure exploits this fa
We should not attempt to analyze the effects of the solvef8cheme 1). When AC-W is used as the adsorbent for surfa
phase on adsorption by simply comparing the amounts adsorlgget adsorption from 2 M NaOH, the adsorption conditions of
in Fig. 2 with those in Fig. 4. The principal reason for this igquilibrium time and temperature are equivalent to the cond
the fact that IPA had to be added to pure water-phase systeioas that generate AC-T. The initial low oxygen content for
to promote G, dissolution. This “cosolvent” was unnecessargarbon A results in a negligible impact of the NaOH treatmen
when NaOH was the solvent phase. To address this conundreinC,, adsorption. The carbon C contains a considerably highs
unequivocally, we added IPA to the NaOH systems with thebncentration of surface oxygen groups that react with sodiu
comparison adsorption data presented in Fig. 6. hydroxide, leading to an increased difference in the amoul
For each carbon, we see that adsorption from the water—IBAsorbed from water—IPA compared with that absorbed frot
solution phase renders a higher amount adsorbed than from{zOH—-IPA. Consequently, we suggest that not only is the sc
NaOH-IPA solvent system. The effect is most pronounced foent phase important in considering the mechanism of solutic
the carbon C, and carbon A is the least affected. The amouiatsorption, but the interaction of the solvent phase with the su
adsorbed from the water—IPA phase for an equilibrium solutidace functional groups also needs to be considered as part of
concentration of 0.3 mg/L for each carbon, A, B and C, is 27Byerall mechanism controlling solute (adsorptive)—adsorbent i
234, and 77 mg/g, respectively. For the same solution concentéractions. The plots of the amount of Cadsorbed by each
tioninthe NaOH-IPA phase, the amounts adsorbed are 272, 2d&bon as a function of surface oxygen content, for each solve
and 43 mg/g, respectively, representing 99, 92, and 56%, respsigase in Fig. 6, confirms the linear relationships shown in Figs.
tively, of the amount adsorbed from water—IPA phase. We hasiad 5. An interesting observation is that an inverse linear rel:
found a similar trend for gacid adsorption by these carbonstionship also exists for the ratio of the amount adsorbed fror
the only difference being the (expected) lower absolute amouter to that adsorbed from NaOH (at 0.3 mg/L equilibrium so
of Cg adsorbed. To understand these differences in amount adion concentration) as a function of carbon-T oxygen conten
sorbed, we need to consider the effect of the solvent phaseTie regression coefficient for this relationship is 0.9993.
the adsorbent surface chemistry. Onthe other hand, the solution properties also contribute to th
adsorption process. Since thg@cid exhibits such low solubil-
ity in water, we classify it as a weakly dissociated organic elec
trolyte interacting with a hydrophobic and negatively charge:
surface in an ionic-solution environmentulEr et al. (31) dis-
cussed the adsorption of weakly dissociated organic electrolyt
and commented on the importance of maintaining a constant g
in the continuous phase owing to the change in surface char
(value) with change in solution pH. The maximum adsorptive
equilibrium concentration in all aqueous solutions is 0.3 mg/L
Thus, adsorption frm 2 M NaOH solutions represents a con-
stant pH. Also, we should expect the surfactant to be complete
Equilibrium concentration, mg/L dissociated at these conditions. On the other hand, at pH 6.5
o Jpure water solutions, it is only partly dissociated. These cor
FIG. 6. Surfactant () adsorption isotherms on carbon A, B, and ditions contribute to the solution ionic strength, which also ca
obtained in 2 M NaOH-IPA solution ( ) and in water—IPA solution™, T . ™ o .
(coremnennn ). The data points for carbon A, B, and C in NaOH—IPA 9, give anindication of the suspension stability via the diffuse elec
(4), and (x); in water—IPA phases data points ake)( (M), and ). trical double layer surrounding the adsorbentsllktet al. (31)
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discussed the role of solution properties and dismissed adsorta o, 300

o

functional group dissociation effects. From the above resul ? 250 | T TR Fomoe
we know that the adsorbents used in this work contain vario 3 59 P
functional groups that will dissociate, especialiyd M NaOH £ 150 | A :
solution. 3 e

Water is a weak electrolyte with akg of 1077. A rela- E 100 '[
tively small percentage of#0 molecules will dissociate toionic g 50
species at pH 6.5. In contrast, NaOH is a strong electrolyte tl < 0 et l . )
totally dissociates, forming sodium and hydroxide ions. Tig p 0 0.05 0.1 0.15 0.2 0.25 0.3
of C12is 4.84; thus, in water at the equilibrium solution concer Equilibrium concentration, mg/L
tration of 0.18 mg/L, the approximate concentration where each
adsorption plateau commences, the solution contains 94% ip™ , 300
ized acid with a solution pH of6. For an initial concentration E’ 250 |
of Cy2 of 1 mg/L (5 umol/L), it is ~80% dissociated in water T o0l R o
phase, giving an equivalent ionic strength ofi#hol/L, reduc- £ T
ing to 1x 10-% mol/L (or less) during adsorption. We expec $ 180 T P . .
that G, acid dissolved in the NaOH solution will give 100% ¢ 190 | 7% o
dissociation. é 50 ///

The effect of pH on AC surface charge was investigated prer € ¢ laepe ey 2 7 n e B
ously by Wong (41). Over the pH range 6—13, carbon C remai 0 0.05 0.1 0.15 0.2 0.25 0.3
negatively charged. At pH 6-7, it is very close to zero, but Equilibrium concentration, mg/L

mains negative. The pH for a net zero surface charge on carbon
A and B surface is<6. The rate of change of charge with pHe 5

change is also low for both A and B, offering a net surface char o

close to zero over the pH range 5.5-7.5. In this study, the f 2 | R e

of pure water is 6.5. Therefore, almost all three AC surfact 3 54 | ,‘//

remain negative, albeit close to zero. At pH.3, the surface g T

charge on each AC is strongly negative. From an electrost £ 2 | .

ics perspective, since bothy£and G are anionic surfactants, E 10l

the AC surface charge is unfavorable for a negatively charg < ] & e

adsorptive—adsorbent interaction. A repulsive force is expect 0 0.05 oA o5 0.2 0.25 03

(2’ 42’ 43)' Equilibrium concentration, mg/L

Surfactant Chain Length on Adsorption FIG. 7. Surfactant adsorption isotherms on carbon A (a), B (b), and C (c
obtainedin 2 M NaOH solution. @ with IPA (— - —) (A), C12no IPA ( )

Thus farin our analysis we may suggest that surfactant adsomy, and G no IPA (- .... ) (H).

tion is a result of one or more interactions at the solid—solution
interface. Several driving forces exist in surfactant adsorption.
These include hydrophobic bonding, hydrogen bonding, dispéerein as A> B > C. The relative hydrophobicity of an anionic
sion forces, electrostatic attraction, and ion exchange to repléar any) surfactant increases with increasing aliphatic carbc
ing counterions (1, 7, 32). The adsorption isotherms showndhain length (2, 7, 32). The hydrophobic component of sul
Figs. 7a—7c representi£and G adsorption by carbons A-W, factants, dissolved in an aqueous solution, will partition mor
B-W, and C-W from tle 2 M NaOH solution phase. Each adsorpfavorably to a hydrophobic environment. At the low concentra
tion system has the same trend. That s, thegBhount adsorbed tions used in these isotherm measurements, we suggest that
>Cg for a common adsorbent and solution phase; the presere®ironment is more likely to be the carbon surface than tr
of IPA in solution promotes ¢ adsorption. In our discussionhydrophobic volume created during micelle formation (assun
above, we indicate that the carbon surfaces have a net negaitigethat solute concentrations exceed the critical micelle col
charge when suspendedd M NaOH, reducing the potential for centration). A second driving force for partition is the relative
anion adsorption. For adsorption to occur at all, and for mgge Gsolubility of these two surfactantsg@cid is more soluble than
than G, we suggest that hydrophobic forces may predominai; in either aqueous solution. In fact, IPA was not required t
in the adsorption mechanism. develop aqueous solutions of appreciable concentrations. Th
In previous research, Pendleton and co-workers have demtire hydrophobic character of the adsorptive probably dominat
strated the extent of relative hydrophobic nature from water atie chemical potential for adsorption.
sorption isotherm analyses (27, 41). Our elemental and XPSThere is an interesting outcome on.Gdsorption by the
analyses rank the order of hydrophobicity of the three carbocarbons owing to the presence of IPA. The amount adsorb
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increases. The same quantity of IPA was used for each isotheistry and solution chemistry contribute more to the adsorptio
yet the absolute increased amount adsorbed is 65 mg/g for A cess than does adsorbent porosity. Overall, the adsorption
45 mg/g for B-W, and 25 mg/g for C-W. This is an interestingeraction is promoted by a combined surface—solute hydrophok
observation, especially since the IPA was added to raisedl- interaction.

ubility. For an increase in solubility, one expects to adjust the
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