J.Serb.Chem.Soc. 69(1)25-32(2004) UDC 541.183+531.3:665.183.1:541.132.3
JSCS—-3126 Original scientific paper

Investigation of the adsorption of anionic surfactants at different
pH values by means of active carbon and the Kinetics of
adsorption

SIBEL ZOR

Kocaeli University, Faculty of Science and Arts, Department of Chemistry, 41300, Kocaeli, Turkey (E-mail:
merve@kou.edu.tr)

(Received 14 April, revised 8 September 2003)

Abstract: In this study, the effect of pH on the removal of anionic surfactants, such as linear
alkyl benzene sulfonate (LABS) and dodecyl benzene sulfonate (DBS) by means of adsorp-
tion by activated carbon was investigated. For this purpose activated carbon was used as ad-
sorbent. Anionic surfactant solutions with initial pH values of 3, 6, 8 and 12 were used. The
adsorption isotherms for the adsorption of anionic surfactants by active carbon at different
pH were determined. These adsorption isotherms were seen to be consistent with Freund-
lich’s adsorption isotherm. & and » constants were determined from Freundlich’s linear
equation. Adsorption rate constants were determined from the obtained kinetic curves
which were suitable for the first order of rate kinetics.
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INTRODUCTION

Anionic surfactants are especially used in detergent industry at significant amounts.
For the removal of surfactants and similar organic compounds that are water pollutants and
are found in waste waters, the methods of electro oxidation,! biological degradation? and
adsorption®—3 have been used. In adsorption process, anionic surfactants or their com-
pounds have been investigated with various adsorbate and adsorbent systems (active car-
bon,39 polymeric resins, !0 polymers!! and other mineral oxides’-12).

Different factors affect the surfactant adsorption solid/liquid interface. 12 These effects are:

i) the structure of adsorbent surface and pore width,

ii) the molecular structure of the surfactant (ionic or not, the length or shortness of the
hydrophobic chain, linear of branched, aliphatic or aromatic),

iif) the nature of aqueous phase (concentration, temperature and pH value).

The changes of pH of aqueous phase cause significant changes in the anionic surfactant
adsorption at the charged adsorbent surface.!2 Therefore, in this study we investigated the ef-
fect of pH on the active carbon adsorption of LABS and DBS. For this purpose, adsorption
isotherms of anionic surfactants and adsorption kinetics were investigated.
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EXPERIMENTAL

A commercial active carbon (Riedel-de Haén, item No. 18002) was used as adsorbent and it was acti-
vated for 24 h at 165 °C. Linear alkyl benzene sulfonate (LABS) and dodecyl benzene sulfonate (DBS) were
used as surfactants. The experiments were carried out at room temperature.

In the adsorption measurements, LABS and DBS solutions at different concentrations (from 15 ppm to 75
ppm) and pH of 3, 6, 8 and 12 were used. pH values were measured by an Orion 720 A pH-meter. The pH of the
solutions was adjusted by HCI (Merck) and NaOH (Merck). 0.2 g of active carbon was added to every 200 mL
of surfactant solution prepared at different pH and concentrations. The equilibrium adsorption of LABS was
reached in 360 min. The solutions were stirred at constant speed. After 360 min, the concentration of LABS in
solution was measured by an UV spectrophotometer (UV-1601 PC UV — Visible Spect Shimadzu). The adsorp-
tion of DBS reached equilibrium in 120-180 min (this time changed due to the concentrations of solutions).
The solutions were stirred at constant speed. At the end of the equilibrium adsorption, the concentration of DBS
in solution was measured (by the UV spectrophotometer) at the wavelength of 224 nm.

The percentage of adsorbed surfactant was calculated by the following equation.

Percentage of adsorbed surfactant (PAS) = [(c,-c.)/c,] x100

¢,; initial surfactant concentration in solution,

¢.; equilibrium surfactant concentration in solution.

In the adsorption kinetic measurements adsorbent (active carbon) and linear alkyl benzene sulfonate
(LABS) and dodecyl benzene sulfonate (DBS) whose concentrations were 15, 30 and 45 ppm and initial pH
values of 3, 6, 8 and 12 were used. The concentrations of surfactants and pH values (LABS, DBS) were mea-
sured by UV spectrophotometer after 0, 30, 60, 90, 120, 180, 240 and 360 min.

RESULTS AND DISCUSSION

Kinetic measurements

The results of the measurements of the active carbon adsorption of LABS and DBS
whose concentrations were 15, 30 and 45 ppm and initial pH 3, 6, 8, 12 have been in accor-
dance with the first order reaction rate equation:

Inc=—kt+Incy

The appropriate curves for the first order reaction rate equation on active carbon ad-
sorption of LABS with different concentrations and pH are shown in Fig. 1. The appropri-
ate curves for the first order reaction rate according to the kinetic measurement results of
adsorption of DBS on active carbon at different pH and concentrations are shown in Fig, 2.
The adsorption rate constants for LABS and DBS were calculated by using these (Table I).

As it is seen in Table I, the adsorption rate constants (k) of LABS and DBS for all pH
values (3, 6, 8 and 12) decrease with the increasing of the surfactants concentrations. In
other words, the adsorption rates decrease with a rate corresponding to the adsorbent satu-
ration. The adsorption rate constants of surfactants at pH 3 and 8 are greater than those at
pH 6 and 12 (Table I). The highest adsorption rate constant of LABS and DBS are shown
at pH 3 and the lowest adsorption rate constant at pH 12 (Table I). Increasing pH has re-
sulted in decreasing the adsorption rate constant of surfactants. But, as zero charge poten-
tial is situated within the range of pH 8 — 9, the adsorption rate constant of surfactants in-
creases again at pH 81213 (Table I).

Besides, at all the pH values, the adsorption rate constant of DBS is greater than that
of LABS (Table I). Therefore, DBS has reached the equilibrium adsorption in a shorter
time (120 — 180 min).
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Fig. 1. The first order reaction rate curve of adsorption of LABS on active carbon at different pH and concentrations.
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Fig. 2. The first order reaction rate curve of adsorption of DBS on active carbon at different pH and concentrations.
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Adsorption measurements

The relation between the surfactant (LABS, DBS) adsorbed by the active carbon and
surfactant equilibrium concentration in solution is given by Freundlich adsorption iso-
therm:

log c,=log k+ (1/n) log ce

In this equation, ¢, (mg/g) is the amount of the surfactant adsorbed per gram of the ac-
tive carbon, ¢, (ppm) is the equilibrium of the surfactant concentration in solution, £ and
1/n are empirical constants (Freundlich parameters), the values of which are equal to the
intercept and slope of the plot of log ¢, versus log c.. A larger value for 1/n indicates a
larger change in effectiveness over different equilibrium concentrations.
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pH=8 DBS A
pH=12DBS A
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Fig. 3. Freundlich adsorption isotherm of LABS on Fig. 4. Freundlich adsorption isotherm of DBS on ac-
active carbon at different pH. tive carbon at different pH.

The adsorption of LABS and DBS on active carbon is found to correspond to the
Freundlich adsorption isotherm. Linear variety of Freundlich adsorption isotherms at dif-
ferent pH values are given in Fig. 3 for LABS and in Fig. 4 for DBS.

The Freundlich constants for LABS and DBS are given in Table II. For all the experi-
ments, 'n' is greater than 1 which indicates good adsorption of surfactants on active carbon
(Table II). The values & and 7 of surfactants at pH 3 and pH 8 are greater than those at pH 6
and pH 12 (Table II). Therefore, it is supposed that the most suitable pH values in
surfactant adsorption on active carbon are 3 and 8. Besides, the £ and n values of DBS mol-
ecule are greater than those of LABS at all the pH.

The percentage of adsorbed surfactant for LABS and DBS at different pH values and
concentrations are given in Table III. As it is also seen from Table 111, for all the pH values,
the amount of adsorbed surfactant decreases as the concentration of surfactant increases. 12-15
These results are also supported by kinetic measurement results (Table I). The decrease in
the percentages of LABS adsorbed in high concentrations are 1.68 times less than in 75
ppm of LABS according to 15 ppm of LABS at pH 3, 1.51 times at pH 6, 1.754 times at
pH 8 and 1.358 times at pH 12. The decrease in the percentages of DBS adsorbed in high



ANIONIC SURFACTANTS ADSORPTION 29

concentrations are 1.158 times less then in the 75 ppm of DBS according to 15 ppm of
DBS atpH 3, 1.410 times at pH 6, 1.342 times at pH 8 and 1.20 times at pH 12 (Table I1I).

TABLE L. The first order reaction rate constants of LABS and DBS adsorbed at different pH and concentra-
tions

LABS pH3 pH6 pH 8 pH 12
Concentrations k/min’! k/min’! k/min’! k/min’!
15 ppm 0.0130 0.0110 0.0121 0.00690
30 ppm 0.0078 0.00770 0.0110 0.0060
45 ppm 0.0066 0.0068 0.00473 0.00598
DBS pH3 pH 6 pH 8 pH 12
Concentrations k/min’! k/min’! k/min’! k/min’!
15 ppm 0.0288 0.0250 0.0258 0.011
30 ppm 0.0249 0.0149 0.0235 0.0102
45 ppm 0.0175 0.0106 0.0120 0.0096

The decrease in the amount of the surfactant adsorbed at high concentrations and in the
adsorption rate (Tables I and III) show that the active carbon has a saturation capacity.!> Also,
the surfactant molecules adsorbed at high concentrations have a tendency to form bilayer and
because of the hydrophobic reaction between the hydrocarbon chains in this bilayer, it is
claimed that the polar groups transform to liquid phase by desorbing. 1214 Apart from this, it
is also claimed that at high concentrations the repulsive forces among the surfactant mole-
cules adsorbed in interface of the solid(adsorbent)-solution are more effective. 10

TABLE II. Freundlich isotherm constants, k and », obtained at different pH for LABS and DBS

LABS DBS
pH
k n k n
12.020 3.330 28.840 3.717
6.730 2.046 15.100 2.857
10.466 2.940 17.298 3.125
12 3.554 1.530 4.603 1.43

Especially at low concentrations (15 ppm LABS, 15 ppm DBS), the percentage of the
adsorbed surfactant and the adsorption rate of the surfactants increase as the pH value de-
creases (Tables I —III). This result has also been supported by the high values of Freundlich
isotherm constants, k and #, at low pH values!® (Table II). The increase of the anionic
surfactant adsorption with the decrease of pH values can be explained by the solid surface
becoming more positive due to the adsorption of protons to the negatively charged parts of
the adsorbent surface.12.13,17-20

At pH 12, the adsorption rates of LABS and DBS and the amount of the adsorbed
surfactant decrease (Tables I and III). This is directly related to the charge of the sur-
face.12.20.21 1t is claimed that OH~ ions decrease the adsorption of anionic surfactant ions
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(LABS, DBS) to the surface, orienting to the positive parts and making the solid surface
more negative with the increase of OH™ concentration at pH 12.12

TABLE III. The percentage of anionic surfactants (LABS, DBS) adsorbed at different pH and concentrations

LABS pH 3 pH 6 pH 8 pH 12
Concentrations PAS /% PAS /% PAS /% PAS /%
15 ppm 91.48 78.57 87.80 65.63
30 ppm 68.82 67.64 69.70 59.27
45 ppm 57.26 62.66 53.44 58.90
60 ppm 56.6 55.5 52.5 50.1
75 ppm 54.42 52.01 50.05 48.32
DBS pH 3 pH 6 pH 8 pH 12
Concentrations PAS /% PAS /% PAS /% PAS /%
15 ppm 99.60 94.60 95.18 75.42
30 ppm 91.70 85.72 92 70.08
45 ppm 90.59 72.00 77.85 67.96
60 ppm 89 69.54 73.01 64.1
75 ppm 86 67.09 70.9 62.8

At pH 8, the percentage of the adsorbed LABS and DBS increased again (Ta-
ble I1I). As the zero charge potential where the adsorption is maximal is claimed to
be at pH value of 8-9,12.13 it is reasonable to expect that the surfactant adsorption
increases again at pH 8.

In the electrostatic and hydrophobic interactions between the adsorbent surface and
the negatively charged surfactant molecules, chemical nature of surfactant molecules and
size of the surfactant head group gain high significance.22-30 It is considered that repulsive
forces between the surfactant (DBS molecules) head groups on interface of adsorbent are
weaker than between LABS molecules. Therefore, the percentage of DBS adsorbed on ac-
tive carbon and the corresponding adsorption rate are higher than the percentage of LABS
adsorbed at all pH and the adsorption rate of LABS (Tables I and III).

CONCLUSIONS

In this study, the adsorption of LABS and DBS on active carbon at different pH and
concentrations have been investigated.

— With the decreasing of pH and surfactant concentration, adsorption rate and the
amount of surfactant adsorbed by active carbon increase. At pH 3, 15 ppm of LABS and
DBS are adsorbed by active carbon at the percentage of 91.48 and 99.6, respectively. Ac-
cording to this, it was determined that active carbon is more effective in the removal of an-
ionic surfactants, like LABS and DBS, at low pH values and concentrations.

— The adsorbed amount of DBS, one of the anionic surfactants, by active carbon and
its adsorption rate are higher than the ones for LABS adsorption. This result shows that the
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natural structure of the molecules gains importance, besides the electrostatic interactions
between the surfactant molecules and adsorbent interface.

N3BOJ

IMPOYYABABE AINCOPITHUJE ITOBPIIMHCKHN AKTUBHMX CYIICTAHIIU
HA AKTUBHOM YTI'JbY ITPU PASJIMYUTHUM pH U KNHETUKA AINCOPITHUIE

SIBEL ZOR

Kocaeli University, Faculty of Science and Arts, Department of Chemistry, 41300, Kocaeli, Turkey

Y oBOM pafly IpoydaBaH je yTuiaj pH Ha yKiIamarmbe TOBPIMHCKH aKTHBHAX CYTICTAHIM Kao
IITO Cy JIMHeapH! anKmwi-0en3er—cyndonarn (LABS) u momemun-6en3en—cyiagonaru (DBS) aj-
COPIIIUjOM Ha aKTUBHOM yriby. [Ipu Tome cy kopuitheHu pacTBOPH OBUX CYIICTAHIIY €A IOYETHUM
pH 3, 6, 8 u 12. Oppebene cy afcopmiuoHe U30TEPME 3a OBE afiCOPILIUjE 32 PA3ITIUTE BPEIHOCTU
pH. ITokasyje ce na cy msorepme PpojHATMXOBOT TUIIA, 32 KOje cy ofipeheHe ofaroBapajyhe KOHCTaH-
Te k1 n. [Tokasaio ce Takobe 1a KHHETHKA aJCOPIIIIHje CIISAN 3aKOH IPBOT pefia IPH YeMy Cy Ofipe-
bene u oarosapajyhe KoHcTaHTe Op3MHA afCOPILHje.

(ITpumibeno 14. anpuita, peBujpano 8. cerrremopa 2003)
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