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ABSTRACT

The adsorption of detergents—sulfonic and phenolic compounds—from aqueous solutions
by activated carbons (AC), obtained on the base of different precursors, was studied. The
carbon adsorbents used were prepared by water vapor pyrolysis of different raw materials:
peach stones, olive stones, natural asphaltite, mixtures from coal tar pitch, and furfural. It
was established that all the samples of ACs have close values of high adsorption capacities
toward the studied detergents. Some factors affecting the adsorption process—the time of
treatment and the amount of the adsorbent—were investigated. It was established that the
amount of adsorbent has no significant influence on the adsorption process.
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1. Introduction

The surfactants are widely used in the domestic
cleaning detergents, as well as in the textile, paint,
polymer, pesticide, pharmaceutical, mining, oil recov-
ery, pulp, and paper industries [1].

There are three major types of surfactants—ionic,
nonionic, and amphoteric. Among the ionic surfac-
tants, sodium alkyl sulfonates are among the most
used ionic surfactants in a wide range of deter-
gents—dishwashing  liquids, shampoos, shaving

*Corresponding author.

foams, powders for washing machines, industrial
detergents, engine degreasers, floor cleaners, car wash
soaps, toothpastes, shampoos, shaving foams, etc.
[1-3]. Sodium dodecylbenzenesulfonate C;,Hy5CeHs-
SOzNa is a common component of laundry detergents.
Linear alkylbenzene sulfonates (LAS), alkyl ethoxy
sulphates, alkylphenol ethoxylates, and quaternary
ammonium compounds are the most commonly used
commercial surfactants, as the major surfactants used
in our days are the LAS and the alkyl phenol
ethoxylates. The industrial and house waste waters
contain high content of sulfonic compounds as a
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result of surfactant use. Phenolic compounds can also
be found in waste waters after production and using
of surfactants [4].

Many detergents are very toxic and harmful pollu-
tants because they are not easy degradable and they
can be accumulated as industrial and household waste
on land and in water systems. Some detergents are
known to be toxic for animals, ecosystems, and
humans; in addition, these substances can enhance the
diffusion of other environmental contaminants [5].

In the last decades, many investigations connected
with the potential contamination of water resources
by detergents were performed [1-3,6-11]. The anionic
surfactants, especially LAS, deserve special interest,
since they have some specific negative effects on
aquatic and terrestrial ecosystems. Many consumer
products contain high quantities of LAS, which are
discharged into the waste waters after use [12,13].

Some surfactants have been proposed for restric-
tions on their use. For example, the branched dodecyl-
benzenesulfonates, has been phased out in many
countries, mainly due to the slow biodegradation of
these substances [3]. The commercial surfactant per-
fluorooctanesulfonic acid (PFOS) was banned in USA
and other countries, due to increased risk of chronic
kidney disease and other negative health effects [14].
PFOS, Perfluorooctanoic acid and their precursors are
also persistent organic pollutants, and in the last years
their production has almost brought to an end [3].

The surfactants in commercial detergent products
remain almost chemically unchanged during the
washing process and they are discharged down in the
drain together with the dirty wash water. Very often,
the drain is connected to a sewage, and ultimately to
a waste water treatment plant, where the surfactants
in the sewage can be removed by biological and phys-
ico-chemical processes [6,7].

The removal of detergents from aqueous solution
is very important from the environmental point of
view. The Water Framework Directive sets the ambi-
tious goal of attaining “good status” for Europe’s riv-
ers, lakes, groundwater bodies, and coastal waters by
2015 in accordance with a clearly defined timeline [8].

The conventional methods used for surfactant
removal from water involve chemical and electro-
chemical oxidation, membrane technology, chemical
precipitation, photo-catalytic degradation, adsorption,
and various biological methods [1-3,6,7,9-11,15-21].

Until now, the interest has focused mainly on the
biodegradation. Biological degradation of LAS under
aerobic condition has been demonstrated by some
authors [11,15]. Degradation processes in anaerobic
systems depend on alternative acceptors, such as sul-
fates, nitrates, or carbonates [14,15].
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Although a lot of processes have been used for
detergent removal, adsorption is the best-known puri-
fication method from economical point of view. In the
last decade, adsorption has become a well-established
technique for removal of pollutants. In addition, car-
bon adsorbents, especially the activated carbons
(ACs), have proved to be the most effective adsor-
bents for the purification of water containing pollu-
tants in low concentrations [9,10,18-19].

In the literature, there are some investigations
about removal of detergents from water solutions—all
the authors investigate adsorption of definite
compounds, but they do not study adsorption from
mixtures of detergents (as they are present in
commercial products).

The objective of the present study is to test the
adsorption properties of the obtained carbon adsor-
bents—synthesized on the base of peach stones, olive
stones, natural asphaltite, mixtures from coal tar pitch,
and furfural—toward detergents in water solution of
commercial washing products. We intend to investi-
gate the adsorption of sulfonic and phenolic com-
pounds (easy detectable by UV spectroscopy), which
are present frequently in domestic detergents. The fac-
tors influencing the adsorption process will also be
investigated. This work is a part of our efforts to
develop a technology for complex purification with
different types of adsorbents.

2. Materials and methods
2.1. ACs—production and characterization

The ACs samples have been prepared from vari-
ous raw materials: peach stones, olive stones, natural
asphaltite (from Sirnak deposit, Turkey), furfural, and
coal tar pitch. The samples of natural asphaltite and
peach stones (seeds were removed) were crushed
before carbonization. For the preparation of synthetic
carbon, the mixtures of coal tar pitch and furfural (in
weight proportion 50:50%) were treated with concen-
trated H,SO, (acid was added by drops to the mixture
with continuous stirring) at 120°C until solidification.

All the raw samples (15g each)—olive stones,
crushed peach stones, crushed asphaltite, and the
solid product from the mixture of coal tar pitch and
furfural—were subjected to pyrolysis up to 550°C,
with a heating rate of 10°C/min at atmospheric pres-
sure, in a stainless steel vertical reactor placed in a
tube furnace.

The obtained carbonizates were subjected to acti-
vation with water vapor at 800°C for 1h.

We have prepared two samples of AC from peach
stones with different surface area.
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The porous structure of all ACs was studied by N,
adsorption at 77K using Quantachrome NovaWin2
porosimeter.

The content of oxygen-containing functional
groups with increasing acidity on the carbon surface
was determined applying Boehm’s method by
neutralization with basic solutions of increasing
strength—NaHCO;, Nay,CO;, NaOH, and EtONa.
About 0.5-g portions (+0.0001g) of the AC samples
were put in contact with 100mL of 0.05N of every
basic solution in sealed flasks. The suspensions were
shaken for at least 16 h, and then filtered. The excess
of base remaining in the solution was determined by
back-titration using an excess of standard HCI solu-
tion [22]. The amount of basic sites was determined
with 0.05-N HCI [23]. The procedure is the same as
above mentioned, as back-titration of the excess of
standard solution HCl was performed by titration
with 0.05N NaOH solution.

AC containing mineral substances and active
groups on its surface may alter the pH of liquids to
which it is added. To predict its behavior to a certain
extent, a standard test has been devised, giving a good
approximation of practical conditions. The pH of the
solution after boiling of the samples of AC was mea-
sured according to the following procedure: 4.0g of
AC sample was weighed into a 250-mL beaker and
100mL of distilled water was added. The beaker was
covered with a watch glass and the mixture was boiled
for 5 min. The suspension was set aside and the super-
natant liquid was poured off at 60°C. The decanted
solution was cooled down to ambient temperature and
the pH value was measured to the nearest 0.1 pH unit.

2.2. Detergent adsorption measurements

The adsorption experiments were carried out by
using fractions of 0.1g of AC samples with particle
size ~2mm. The adsorption capacity of the adsorbents
toward sulfonic and phenolic compounds in a Bulgar-
ian commercial product, used as washing liquid in
domestic and social places, was investigated. The
adsorbent portions of 0.1 g were added to the washing
liquid samples with volumes 5-40mL, and then water
was added to each sample to reach the volume of
50mL. All the solutions were shaken for 5-120 min to
reach equilibrium.

The amount of the sulfonic compounds were
determined at wavelength 220cm ™' and the amount
of phenolic compounds at wavelength 269 cm ™, using
UV spectrophotometer Pharo 300 [24,25].

The following factors affecting the sorption of the
investigated detergents from aqueous solution were
studied: the adsorbent amount and the contact time.
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The effect of carbon amount on the removal of sul-
fonic compounds was studied using 15mL of solution
from the initial washing liquid detergent. The deter-
minations were performed as follows: portions of
50mL solution, containing 15 mL washing liquid, were
introduced into series of conical flasks, each contain-
ing 0.05-1g portion of carbon adsorbent from peach
stones (800m”g '). After 2h, the content of phenolic
and sulfonic compounds in the flasks, after filtration
through microporous filter paper, was determined
spectrophotometrically.

The effect of pH of the solution on the equilibrium
adsorption of sulfonic and phenolic compounds was
investigated by using 0.1-g carbon adsorbent and 50-
mL solution (containing 20mL washing liquid) with
1-h time of treatment. The initial pH values of the
solutions were adjusted with HCl and NaOH.

3. Results and discussion
3.1. ACs characterization

The N, adsorption isotherms of ACs from peach
stones (510 m? gq) (sample 4), from olive stones (sam-
ple 2), from natural asphaltite (sample 1), and from
synthetic carbon (sample 3) are presented in Fig. 1.
The AC from peach stones and synthetic AC exhibit a
type I isotherm in the BDDT classification [26], indica-
tive of microporous materials. The N, isotherm curves
of ACs from natural asphaltite and from olive stones
are characterized with an opening of the knee at low
relative pressures. This indicates the development of
mesoporosity and a widening of the microporosity in
these ACs.
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Fig. 1. N, adsorption isotherms at 77K of obtained
carbons: sample 1—AC from natural asphaltite; sample
2—AC from olive stones; sample 3—synthetic AC; and
sample 4—AC from peach stones.
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Table 1
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Quantification of oxygen-containing groups on ACs surface (meqg ')

Sample pH Acidic surface functional groups Basic groups
Carboxyl Lactonic Hydroxyl Carbonyl
AC from olive stones 8.2 BDL BDL 0.21 1.69 1.19
AC from peach stones 9.4 BDL BDL 0.29 1.07 1.04
AC from natural asphaltite 7.6 BDL BDL 0.80 2.96 4.58
AC from coal tar pitch/furfural 8.1 BDL BDL 1.25 2.39 0.78
Note: BDL—below detection limits.
The calculated surface areas of the obtained ACs
are as follows: synthetic AC—620m’g'; AC 06 P
from peach stones—510m”*g~'; AC from olive *
stones—760m®g"'; and AC from natural asphalt- o 051 - * -
ite—870m”g~". The yield of the ACs after activation 2 5dl I
process, depending on the raw materials, is 58, 61, 56, g:, ' —
and 50%, respectively. We have to note that the prepa- g 03 ' 2
ration process used has obtained high-yield ACs with = g
relatively developed pore structures. %’ 024
s &
B
014/ ~
3.2. Surface oxygen-containing groups
The functional groups on the surface of ACs have 0'00.0 02 04 06 08 10 12 14 18
strong effect on the adsorption properties. Table 1 C,. g/50 mL

shows the content of different oxygen-containing
groups on the surface of ACs.

The presence of oxygen-containing functional
groups on the surface of ACs is very important. The
experimental data show that various oxygen-contain-
ing groups with acidic character (hydroxyl and car-
bonyl groups) and basic groups were detected. The
content of hydroxyl groups on the surface of the AC
from peach stones is higher than other ACs.

The AC from olive stones has the lowest content
of hydroxyl groups. The AC from natural asphaltite
exhibits higher content of carbonyl groups and basic
groups—this could be due to the high mineral content
of this carbon. All ACs have basic character of the sur-
face (pH>7.0).

3.3. Detergent adsorption measurements

We investigated the adsorption of detergents from
solutions containing different volumes of washing
liquid—5, 10, 15, 20, 30, and 40 mL. Figs. 2—-6 show the
detergent adsorption isotherms of the investigated
carbons.

The shapes of all isotherms belong to type L of
Giles classification [27]. This shows that the process of
adsorption of detergents can be described by Lang-
muir theory, which states that the adsorption proceeds

Fig. 2. Adsorption of detergents on AC from furfural and
coal tar pitch: 1—sulfonic compounds and 2—phenolic
compounds.
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Fig. 3. Adsorption of detergents on AC from peach stones
(BET surface area 800m?g '): 1—sulfonic compounds and
2—phenolic compounds.

via a monolayer formation in the range of concentra-
tions used. The results demonstrate that the ACs
obtained from olive stones and ACs from the mixture
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Fig. 4. Adsorption of detergents on AC from peach stones
(BET surface area 500m?g ™ '): 1—sulfonic compounds and
2—phenolic compounds.
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Fig. 5. Adsorption of detergents on AC from olive stones:
1—sulfonic compounds and 2—phenolic compounds.

of furfural and coal tar pitch have the highest values
of adsorption capacity.

The experimental data were successfully fit (Fig. 7)
to the Langmuir isotherm, expressed by the equation
[28]:

Ce/Qe = 1/Q0b+ce/QO (1)

where C. is the equilibrium pollutant concentration
remaining in the solution after reaching adsorption-
desorption equilibrium (mgL™"), Q. is the amount of
pollutant bound to the adsorbent (mgg '), Q is the
maximum amount of the pollutant per unit weight of
adsorbent (mgg '), and b is a constant related to the
affinity of binding sites (L mg ™).

The Langmuir linear fitting of experimental data
for detergent adsorption on AC from natural asphaltite
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Fig. 6. Adsorption of detergents on AC from natural
asphaltite: 1—sulfonic compounds and 2—phenolic
compounds.

are presented in Fig. 7. The linear plot of C./ge Vs. Ce
shows that the adsorption obeys Langmuir isotherm
model—correlation coefficients are 0.9950 for sulfonic
and 0.9935 for phenolic compounds, respectively. This
dependence is similar for the other ACs.

It should be underlined that for maximal adsorp-
tion capacity toward sulfonic and phenolic com-
pounds for all the investigated samples we have
obtained values in the range 0.5-0.6gg ' (with excep-
tion of the AC from peach stones, which is distin-
guished by low surface area). These values are very
close to the best adsorption capacity for Norit AC
samples (with higher surface area) toward LAS,
reported by Schouten et al. [19].

The small differences in the uptake of sulfonic and
phenolic compounds for synthetic AC and AC from

0.9 /M ~

Vi & ¥ phenolic

m  sulfonic

R I e M, E T R KR e )
0.0 0.1 02 03 04 05 06 07 08
Ce, g/50 mL

Fig. 7. Langmuir plot for adsorption of sulfonic and
phenolic compounds on AC from natural asphaltites.
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Turkish asphaltite (distinguished with the highest BET
surface area) confirms that the adsorption does not
exclusively depend on the porosity and surface area;
it also depends on the chemical nature of the ACs,
outlining the importance of the affinity of the adsor-
bate ions toward the surface of the adsorbent.

It is noteworthy that despite its moderate porosity
development, AC prepared from mixture of furfural
and coal tar pitch has high amount of oxygen-contain-
ing groups on the surface and this AC presents ade-
quate adsorption capacity toward sulfonic and
phenolic compounds, comparable to those of other car-
bons with higher surface areas (Figs. 2-6). This indi-
cates that the determining factors for the adsorption
properties of the samples are the porous structure and
the chemical character of the surface. We have to note
the considerably high equilibrium concentration of sat-
uration of the surface of the AC from natural asphaltite
(Fig. 6)—this may be due to the high content of min-
eral components with basic character, which could
react with phenolic and sulfonic compounds.

Fig. 8 shows the effect of time of treatment on the
removal of sulfonic compounds by AC from peach
stones (surface area 800m>g '). Data show that the
removal of sulfonic compounds increases with time
and attains equilibrium in 30 min for all initial concen-
trations.

Adsorption of sulfonic compounds increases shar-
ply for a short time and enhances slowly and gradu-
ally when equilibrium is approaching. This behavior
can be attributed to the decrease in the number of
available sites on the carbon surface as the adsorption
proceeds. The plots show that the amount of sulfonic

0.60-
0.55-
j e * *
0.50 o S A
] oA
T 045 & % 5mi
2 p40 & * 10 mL
w 4
& 035 - , Y 15mL
2 e A20mL
‘£ 0304 | w ® 30 mL
kel . S * *
7 0254y P g *
B o204/
£ 1/¥
S 015
h=! W . . .
< o104 & *
1/ ¥
0.05-/
0.00 —
0 20 40 60 80 100 120
Time, min

Fig. 8. Effect of contact time on adsorption at different
concentrations (5-30mL liquid detergent in 50mL) of
sulfonic compounds on the AC prepared from peach
stones (BET surface area 800m>g ).
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Fig. 9. Effect of pH on the retention of sulfonic and
phenolic compounds on the AC prepared from peach
stones (800m”g ') from 50 mL solution (containing 20-mL
washing liquid).

compounds adsorbed (gg ') change gradually—this is
represented by smooth and continuous curves, leading
to saturation, which suggests the possibility of the for-
mation of monolayer coverage of sulfonic compounds
on the surface of the carbon adsorbent. The kinetic
curves of the removal of sulfonic and phenolic com-
pounds for all the samples are similar to those found
in Fig. 8.

3.4. Effect of pH

pH of the solution is one of the key factors that
control the adsorption process, since it influences the
electrostatic interactions between the adsorbent and
the adsorbate. The adsorption of sulfonic and phenolic
compounds, as a function of pH of the solution, was
studied using AC from peach stones (800m>g~") over
a pH range of 2-12 units (Fig. 9).

The aimed pH value is obtained by adding ade-
quate amounts of NaOH or HCI diluted solutions to
the initial non-buffered solution containing the sul-
fonic and phenolic compounds. The uptake of both
compounds was found to be maximal at pH 6-7. As
expected, these results confirm that both compounds
are preferentially adsorbed in their neutral form and
that the effect of pH of the solution seems to depend
to a large extent on the nature of the adsorbent [29].

For both pollutants, the amount adsorbed appeared
to be much altered at acidic pH (below 6). As the pH
increases, the surface of the ACs is being negatively
charged (the amount of negative charges becomes pre-
dominant on the carbon surface) until reaching solu-
tion pH > pHpzc. At this point, the fall in the uptake is
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probably due to the repulsive interactions that appear
between the anionic form of the adsorbates and the
charges on the carbon surfaces. Other possible reason
is the competitive adsorption between sulfonic/pheno-
lic and chlorine ions (probably present as impurities)
which hinders detergent uptake.

These results also explain why the affinity of the
sulfonic compounds is higher for AC from peach
stones (800m?/g).

3.5. Influence of the carbon amount on the adsorption
process

The influence of different amounts (0.05-1g/50 mL
solution) of AC from peach stones (surface area
800m?>g~") on the removal of sulfonic compounds at
fixed concentration (50-mL solution containing 15mL
washing liquid) is shown in Fig. 10.

The increase of AC amount leads to an enhance-
ment of percent removal of sulfonic compounds only
for the range 0.05-0.10g of AC. However, increasing
of carbon adsorbent dose in the range 0.1-1g does not
affect the adsorption process.

When the amount of carbon adsorbent is 0.1g,
most probably a monolayer coverage of detergent
molecules on the carbon surface is formed, thus hin-
dering further adsorption due to the absence of acces-
sible active sites.

The dependence of sulfonic compounds adsorp-
tion on the carbon amount is presented in Fig. 10 and
is similar in the case of phenolic compounds.

0.56
0.52 5 [ ]
0.48 -

0.44 -

Adsorbed detergent, g

0.40 4

0.36 T T T T
0.0 02 0.4 0.6 0.8 1.0

Amount of adsorbent, g

Fig. 10. Effect of amount of the adsorbent (AC prepared
from peach stones with BET surface area 800m®g ') on
the adsorption of sulfonates from 50-mL solution.
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4. Conclusions

The results reported in this work show that ACs
obtained from agricultural by-products (peach stones
and olive stones), from natural asphaltite, and from
the mixture of coal tar pitch and furfural (synthetic
AC) exhibit good adsorption activity toward phenolic
and sulfonic compounds in aquatic solution.

The adsorption capacity of the ACs toward
phenolic and sulfonic compounds depends on their
porous parameters and surface chemistry, the latter
governing the retention mechanism. Our results out-
lined the importance of the carbon surface chemistry
for the removal of aromatic compounds. The effect of
basic/acidic nature of the surface functionalities
should also be taken into account.

Acknowledgment

Financial support from FP7 Black Sea ERANET
Project No. 059 IMAWATCO, Contract No. 226161/
19.09.2011 is gratefully acknowledged.

References

[1] G.-G. Ying, Fate, behavior and effects of surfactants and their
degradation products in the environment: A review, Environ.
Int. 32 (2006) 417-431.

[2] K. Mungray, P. Kumar, Fate of linear alkylbenzene sulfo-
nates in the environment: A review, Int. Biodeterior. Biode-
grad. 63 (2009) 981-987.

[3] V. Ochoa-Herrera, R. Sierra-Alvarez, Removal of perfluori-
nated surfactants by sorption onto granular activated carbon,
zeolite and sludge, Chemosphere 72 (2008) 1588-1593.

[4] G. Busca, S. Berardinelli, C. Resini, L. Arrighi, Technologies
for the removal of phenol from fluid streams: A short review
of recent developments, J. Hazard. Mater. 160 (2008) 265-288.

[5] D. Berryman, F. Houde, C. DeBlois, M. O’Shea, Nonylphenolic
compounds in drinking and surface waters downstream of
treated textile and pulp and paper effluents: A survey and
preliminary assessment of their potential effects on public
health and aquatic life, Chemosphere 56 (2004) 247-255.

[6] C. Van Ginkel, Complete degradation of xenobiotic surfac-
tants by consortia of aerobic microorganisms, Biodegradation
7 (1996) 151-164.

[7]1 D.M. Revitt, H. Garelick, P. Worrall, Pollutant biodegradation
potentials on airport surfaces, in: EW. Strecker, W.C. Huber
(Eds.), Proceedings of the 9th International Conference on
Urban Drainage (9ICUD), September 8-13, American Society
of Civil Engineers, Portland, OR, 2002, pp. 1-14.

[8] European Union Directive 2000/60/EC (Water Framework
Directive). Off. J. Eur. Union L327 (2000) 1-72.

[9] JL. Rigaud, D. Levy, G. Mosser, O. Lambert, Detergent
removal by non-polar polystyrene beads: Applications to
membrane protein reconstitution and two-dimensional
crystallization, Eur. Biophys. J. 27 (1998) 305-319.

[10] S.M. El-Said, Adsorptive removal of some detergents from
waste water using friendly environmental materials, Ass.
Univ. Bull. Environ. Res. 7 (2004) 137-147.

[11] M. Scott, M.N. Jones, The biodegradation of surfactants in the
environment, Biochim. Biophys. Acta (BBA)—Biomembr. 1508
(2000) 235-251.

[12] S.E. Belanger, ].W. Bowling, D.M. Lee, EM. LeBlanc, D.C.
McAvoy, D.H. Davidson, Integration of aquatic fate and
ecological responses to LAS in model stream ecosystem,
Ecotoxicol. Environ. Saf. 52 (2002) 150-171.



3452

[13] S.H. Venhuis, M. Mehrvar, Health effects, environmental
impacts, and photochemical degradation of selected surfac-
tants in water, Int. J. Photoenergy 6 (2004) 115-125.

[14] A. Shankar, ]J. Xiao, A. Ducatman, Perfluoroalkyl chemicals
and chronic kidney disease in US adults, Am. ]J. Epidemiol.
174 (2011) 893-900.

[15] F. Haggensen, A.S. Mogensen, 1. Angelidaki, B.K. Ahring,
Anaerobic treatment of sludge: Focusing on reduction of LAS
concentration in sludge, Water Sci. Technol. 46 (2002)

159-165.

[16] M.T. Garcia, E. Campos, 1. Ribosa, A. Latorre, J. Sanchez-
Leal, Anaerobic digestion of LAS: Biodegradation
kinetics and metabolite analysis, Chemosphere 60 (2005)
1636-1643.

[17] B. Gejlsbjerg, T.T. Andersen, T. Madsen, Mineralization of
organic contaminants under aerobic and anaerobic condi-
tions in sludge-soil mixtures, J. Soils Sediments 4 (2004)
30-36.

[18] X. Tan, M. Fang, Ch. Chen, Sh. Yu, X. Wang, Counterion
effects of nickel and sodium dodecylbenzene sulfonate
adsorption to multiwalled carbon nanotubes in aqueous solu-
tion, Carbon 46 (2008) 1741-1750.

[19] N. Schouten, L.G.J. van der Ham, G.J.W. Euverink, A.B. de
Haan, Selection and evaluation of adsorbents for the removal
of anionic surfactants from laundry rinsing water, Water Res.
41 (2007) 4233-4241.

[20] K. Holmberg, B. Jonsson, B. Kronberg, B. Lindman, Sur-
factants and Polymers in Aqueous Solution, second ed, Wiley,
Chichester, 2003.

B. Tsyntsarski et al. [ Desalination and Water Treatment 52 (2014) 3445-3452

[21] A. Adak, M. Bandyopadhyay, A. Pal, Removal of anionic sur-
factant from wastewater by alumina: A case study, Colloids
Surf. A 254 (2005) 165-171.

[22] H.P. Boehm, Chemical Identification of Surface Groups, In:
D.D. Eley, H. Pines, P.B. Weisz (Eds.), Advances in Catalysis
and Related Subjects, vol. 16, Academic Press, New York,
1966, pp. 179-274.

[23] E. Papier, S. Li, ].B. Donnet, Contribution to the study of
basic surface groups on carbons, Carbon 25 (1987) 243-247.

[24] Y.L. Hoffman, H.P. Angstadt, Analysis of enhanced oil recov-
ery formulations, Chromatography 234 (1987) 666—-668.

[25] B. Petrova, T. Budinova, B. Tsyntarski, N. Petrov, C.O. Ania,
J.B. Parra, Phenol adsorption on activated carbons with differ-
ent structure and properties, Bulg. Chem. Commun. 42 (2010)
141-146.

[26] B. Brunauer, L.S. Deming, W.E. Deming, E. Teller, On a the-
ory of the van der Waals adsorption of gases, ]. Am. Chem.
Soc. 62 (1940) 1723-1732.

[27] C.H. Giles, T.H. MacEwan, S.N. Nakhwa, D. Smith, Studies
in adsorption. Part XI: A system of classification of solutions
adsorption isotherms, and its use in diagnosis of adsorption
mechanisms and in measurement of specific surface areas of
solids, J. Chem. Soc. 22 (1960) 3973-3993.

[28] I. Langmuir, The adsorption of gases on plane surface of
glass, mica and platinum, J. Am. Soc. 40 (1916) 1361-1403.

[29] C. Moreno-Castilla, J. Rivera-Utrilla, M.V. Lopez-Ramon,
F. Carrasco-Marin, Adsorption of some substituted phenols
on activated carbons from a bituminous coal, Carbon 33
(1995) 845-851.





