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Abstract

The effect of sodium dodecylbenzenesulfonate (anionic surfactant) on removal of selected heavy metal ions such as copper(1l),
cobalt(II), zinc(Il) and nickel(II) using Lewatit MonoPlus TP 220 were studied. The critical micellization of concentration
in the system containing both heavy metal ions and the anionic surfactant was obtained (surface properties). The percentage
removal of heavy metal ions in the system without the anionic surfactant was compared with that of heavy metal ions in the
presence of the anionic surfactant of the concentration below (| CMC) and above (CMC) (HCl—heavy metal ions—anionic
surfactant systems). Moreover, Lewatit MonoPlus TP 220 was applied for the heavy metal ions removal from real wastewaters
(used a pickling bath) originating from leaching of the heat-resistant nickel and cobalt alloys. The critical micellization of
concentration values depends on the composition of solution, presence of hydrochloric acid and heavy metal ions. The pres-
ence of the surfactant improves slightly the removal efficiency of cobalt(IT) and nickel(II) ions and deteriorates the zinc(IT)
removal efficiency. Lewatit MonoPlus TP 220 shows high affinity for copper(II) in the model and real wastewater solutions

in the case of the systems without and with the anionic surfactant.
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1 Introduction

Surfactants (Surface Active Agent) also called amphiphilic
compounds or tensides due to their specific structure and
utility properties (foaming, wetting, softening, antistatic,
caking, emulsifying, adsorptive, solubilizing, thermal and
chemical stability) are widely used in industry, washing,
laundry, cosmetics, pharmaceuticals, textiles, microelectron-
ics, paints, polymers, as well as in food and paper industry,
etc. (Atayi et al. 2002; Kowalska 2009; Shah et al. 2011).
The surfactant molecule consists of the non-polar - hydro-
phobic part (hates water, loves oil) which is usually a long
hydrocarbon chain and the polar—hydrophilic part (loves
water, hates oil) (Fig. 1). The polar “head” possesses affinity
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for water and other polar solvents whereas the non-polar
“tail” is characterized by affinity for non-polar liquids such
as fat. Considering the ability of the polar part of the sur-
face active compound to dissociate in aqueous solutions,
the surfactants can be divided into ionic (anionic, cationic,
amphoteric and meso-ionic) and nonionic compounds
(Fig. 1) (Kowalska 2009).

Among different types of surfactants, anionic ones
(AZPC) whose share in global production and sale revenues
is the highest, deserve a special attention. They dissociate in
aqueous solutions to form an active anion. The anionic group
of surfactants is connected to the hydrophobic chain directly
or indirectly via covalent bonds, and its acidic nature results
in ready formation of salts, and the associated dissolution of
the anionic surfactant in water. The AZPC group includes,
among others: (a) carboxylates, e.g. alkyl carboxylates,
salts of fatty acids, (b) alkyl sulphates, e.g. SLS (sodium
lauryl sulphate), alkyl ether sulphates, e.g. SLES (sodium
lauryl ether sulfate), (c) sulfonates: sodium sulfosuccinate,
alkyl benzene sulfonates, (d) phosphoric acid esters, e.g.
alkyl ether phosphates etc. (Cross 1998; Cullum 2012). In
2014 sale revenues of surfactants amounted to over 30 bil-
lion USD. The value of the surfactant market is expected to
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Fig. 1 Division of surface active compounds and scheme of their molecules

grow by an average of 5.8% per year to reach 40 billion USD
in 2019. The increase in revenues will be a consequence
of greater consumption of surfactants [in 2014 their global
consumption was 17.5 billion tonnes and in 2019 it will be
22.8 billion tonnes (total increase by 30%)] (Fig. 2) (Markets
and Markets 2014).

According to the prediction in Fig. 2, the consumption
of surfactants grows year in year out. The largest revenues
come from the sale of anionic surfactants whose share in
the global production is approximately 50 +60% (Kowalska
2009). The increased demand for surfactants results in the
fact that significant amounts can get into the natural environ-
ment in the form of various types of wastewaters, produced
in washing processes, both as municipal sewages from our
households and industrial wastewaters. The harmful effects
of surfactants on the natural environment can manifest them-
selves in several ways: (1) toxic effects on aquatic animal
and human organisms—the most toxic surfactants are cati-
onic surfactants but their global production is only 7-10%.
Moreover, they are capable of transforming into a non-toxic
or precipitated form. On the other hand, anionic surfactants
are less toxic compared to the cationic ones but their global
production is definitely larger, hence they are a much greater
threat. The unfavourable effects of their action on fish are
deteriorating the proper function of gills and leading to oxy-
gen deficit, disturbing their proper functioning and transport-
ing various components through these membranes. (2) In
the case of humans, people exposed to continuous contacts
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with surfactants can experience increased tooth decay, dam-
age to the lungs, or vasodilatation. (3) Surfactants limit the
penetration of oxygen into natural waters due to their abil-
ity to adsorb on the water surface, preventing their proper
self-cleaning, hindering development of living organisms
and increasing oxygen deficiency due to their biochemical
degradation based on oxygen consumption. (4) Surfactants
cause foaming of water, disturbance of proper operation of
aeration devices in the sewage treatment plants and facilitate
the penetration of toxic substances e.g. hydrocarbons, pesti-
cides into the aquatic environment, due to their emulsifying
properties causing their better absorption by living organ-
isms (Cserhati et al. 2002; Ivankovi¢ and Hrenovi¢ 2010;
Kowalska 2009).

Taking into account harmful effects of surfactants on liv-
ing organisms as well as the natural environment and their
common application results in huge amounts of wastewa-
ters production, activity in the systems of different composi-
tions (surface properties), their removal as well as effects on
removal efficiency of other components of wastewaters are
very important. Due to this fact, the aim of the paper was
to study the effects of the anionic surfactant on removal of
selected heavy metal ions (copper(Il), zinc(I), nickel(IT) and

cobalt(Il)) from acidic solutions using the ion exchange resin
Lewatit Mono Plus TP 220. The critical micellization of
concentration in the HCl—M(II)—anionic surfactant system
was obtained. The effectiveness of heavy metal ions removal
in the presence of the surfactant of the concentration below
({CMC) and above (1CMC) expressed as the percentage
removal (%R) was compared with %R obtained in the system
without the surfactant.

2 Experimental

2.1 Anionic surfactant and ion exchange resins
characteristics

The effects of anionic surfactant (sodium alkylbenzene sul-
fonate, ABS Na 50) on heavy metal ions removal using the
ion exchange resin Lewatit MonoPlus TP 220 were studied.
The characteristics of the ion exchange resin and the anionic
surfactant are presented in Fig. 3. The ion exchange resin
was washed repeatedly with distilled water and hydrochloric
acid before the use. After that this sorbent was dried at ambi-
ent temperature to a constant weight.

Surfactant type: anionic

Form of occurrence: liquid

extraction, textiles

Sodium alkyl benzene sulfonate (ABS Na 50)

Structure: alkylbenzenesulfonate
Chemical formula: C;gH,303;SNa
Molecular weight: 348.48 g/mol, Density: 1.07 g/mL

Function: dispersants, emulsifiers, wetting agents

Application: agrochemicals, pesticides, fertilizers, industrial cleaning and washing,
detergent, paints and varnishes, lubricants and functional fluids, construction industry,
drilling and tunneling, metallurgical industry, machining, mining industry, oil and gas

(@]
CHs(CHz)wCHz-@ ~S-ONa
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Lewatit MonoPlus TP 220
Resin type: chelating resin

Structure: macroporous
Total capacity: 2.2 val/L

Water retention: 48 - 60 %

-

Matrix: crosslinked polystyrene
Functional grous: bis-picolylamine/bis (2-pyridyl-methyl)amine
Mean bead size: 0.62(+0.05) mm

Application: Nickiel and cobalt separation, copper removal (pH < 2) from strong acidic
system, nickel from a chromium (lll) separation

/

Fig.3 Characteristics of a anionic surfactant ABS Na 50 and b ion exchange resin Lewatit MonoPlus TP 220
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2.2 Determination of the critical micelle
concentration for the HCI-AZPC and HCl—
AZPC—M(II) systems

The critical concentration of micellization (CMC) for the
systems without (HC1-AZPC) and with heavy metal ions
(HCI—AZPC—M(I)) was determined on the basis of the
plot of equilibrium surface tension versus the decimal loga-
rithm of anionic surfactant concentration - the surface ten-
sion isotherms, y [mN/m] versus log(c) [mol/L]. The meas-
urements of the equilibrium surface tension were made at a
constant temperature of 294 K using a simple experimental
method that is the du Noiiy ring method (K12 tensiometer
from Kriiss (Germany) with the resolution 0.01 mN/m). This
method is preferable due to its availability, rapid and easy
procedure as well as low cost. It is based on measuring the
maximum force needed to raise the Pt—Ir alloy ring from
the surface of the tested liquid. The ring was rinsed in the
water from the PURELAB Classic, Elga with the resistiv-
ity=18.2 MQ cm or in the hydrochloric acid solution of
different concentrations before each measurement (depend-
ing on the solution composition). The measurements were
repeated three times. Then the average surface tension value
was obtained (Shen et al. 2015). The measurements were
made for the aqueous solution of proper composition at the
initial surfactant concentration equal to 2.55 g/L. The other
solutions were prepared by the dilution method. The con-
centration of heavy metal ion was equal to 100 mg M(II)/L
and the concentrations of hydrochloric acid were 0.1; 1; 3
and 6 mol/L.

2.3 Sorption studies: batch test

The process of heavy metal ions Ni(Il), Co(II), Cu(II), Zn(IT)
removal in the presence of the anionic surfactant ABS Na 50
was conducted using the static method.

The experimental procedure was as follows:

(1) Preparation of stock solutions of HCI—AZPC and
HCI—AZPC—M(I). The concentration of ABS Na 50
surfactant was chosen so that in all systems it was above
and below CMC ((1CMC), ({CMC)). The hydrochloric acid
concentration was 0.1; 1; 3; 6 mol/L, the concentration of
metal ions (I) was 100 mg/L in each case whereas that of
ABS Na 50 surfactant was 18 mg/L (|CMC) and 2550 mg/L
(1CMO).

(2) Conducting the process of heavy metal ions removal
without and with the surfactant—0.05 L of proper solution
(e.g. 0.1 M HCI—100 mg Cu(I)/L—ABS Na 50 (1CMC),
0.1 M HCI—100 mg Cu(II)/L—ABS Na 50 (JCMC) etc.)
was shaken for 24 h at room temperature with the addition
of 0.5 +0.0005 g of the ion exchanger [shaking speed =180
spm, amplitude = 8 using the mechanical shaker Elphin+,
type 357 (Lubawa, Poland)]. Then the phases were separated
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by filtration. The procedure was repeated for the solution
with or without the surfactant.

(3) Determination of the content of anionic surfactant
and metal(II) ions in the solution after the sorption process
(surfactant—by measuring the surface tension from the
dependence y [mN/m] from log(c) [mol/L], y =aex +b), the
concentration of heavy metal ions—using the atomic absorp-
tion spectrometry (AAS) method and the spectrometer Var-
ian AA240FS (Varian, Australia).

(4) Comparison of removal efficiency (% R) of heavy
metal ions from the systems without and with the surfactant.

The percentage removal (%R) of heavy metal ions was
calculated using Eq. 1 (Budak 2013):

%R =

CO B Ct
- 100% (D)
Co

where: C; is the initial (starting) concentration of the sur-
factant or heavy metal ions, i.e. before the sorption process
(mg/L) and C, is the concentration of surfactant or heavy
metal ions in the solution after the sorption process (mg/L).

2.4 Removal of heavy metal ions from metallurgical
wastewaters

Lewatit MonoPlus TP 220 was applied in heavy metal ions
removal from acidic industrial wastewater, supplied by a
company specializing in the utilization of industrial waste
using the batch method. The characterisation e.g. composi-
tion of wastewaters, the content of H' ions, pH of solution
was made. Then Lewatit MonoPlus TP 220 was applied for
heavy metal ions removal from real solutions. Additionally,
the effects of ABS Na 50 on heavy metal ions removal from
the metallurgical wastewaters were analyzed.

3 Results and discussion

3.1 Surface tension measurements as a function
of ABS Na 50 concentration and determination
of the critical micelle concentration

First of all, the surface tension of solvent (water, hydrochlo-
ric acid of different concentrations — 0.1, 1, 3, 6 mol/L) was
obtained in triplicate using the du Noiiy ring method. Then
the same procedure was applied for all other samples. For
each test, 20 mL of solutions was used and put into a glass
crystallizer without nozzle. The parameters such as the air
and solvent density at room temperature were put in manu-
ally and changed before the next series of solutions. The
surface tension measurements were made for the following
solution series: (1) for the ABS Na 50 system in different
solvents: in water ABS Na 50; 0.1 mol/L HCI—ABS Na
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50; 1 mol/L HCI—ABS Na 50; 3 mol/L HCI—ABS Na
50; 6 mol/L—ABS Na 50 and (2) for the ABS Na 50 sys-
tem in different solvents with the heavy metal ions addi-
tion of 100 mg/L concentration: in water Cu(Il)—ABS Na
50; 0.1 mol/L HC1—Cu(II)-ABS Na 50; 1 mol/L HCl—
Cu(I)-ABS Na 50; 3 mol/L HCI—Cu(II)—ABS Na 50;
6 mol/L HC1—Cu(II)—ABS Na 50 etc. The selected heavy
metal ions were copper(II), cobalt(Il), nickel(II) and zinc(II).

The surface tension of the water from the PURE-
LAB Classic obtained by the du Noiiy method was
Y,=71.41(+1.04) mN/m (the standard deviation was
given in parentheses) and was similar to the other surface
tension values presented in the literature. Lee et al. (2012)
presented the surface tension of deionised distilled water
obtained using four methods such as du Noily ring method,
drop weight method, HB correction factors method and
LCP coefficient method. The surface tension values (mN/m)
were following: 73.05 (£0.05) (du Noiiy ring method);
71.34(x1.29) (HB correction factors method), 72.83(x0.17)
(LCP coefficient method), 71.98 (reference value). The sur-
face tension values obtained for hydrochloric acid as a sol-
vent were 70.92(x1.27) mN/m (0.1 M HCI), 70.91(x£ 1.11)
mN/m (1 M HCl), 70.82(x0.39) mN/m (3 M HCl) and
70.17(x£ 1.89) mN/m (6 M HCl). As it was found by Matu-
bayasi et al. (2003) and Baldelli et al. (1999) the presence of
HCI acid affects the surface properties of the system which
results in the changes of surface tension values. In the HCI
system the addition of HCl molecules into water results in
partial dissolution and dissociation into H" and Cl1~ but a
portion remains in the molecular form. Therefore the sur-
face region includes water, air, HCI, H* and CI". From the

thermodynamic point of view the changes of surface tension
can be expressed as a function of the chemical potential of
all constituents (Matubayasi et al. 2003). The presence of
molecular HCI was not shown by Baldelli et al. (1999) (no
signal of molecular HCI) using the direct spectrophotomet-
ric method (sum frequency generation (SFG) spectroscopy)
who explained that ions in solution results in reorientation
of water on the surface compared to pure water (hydrogen
atoms are orientated towards the bulk solutions) results in
domination of the surface by the orientated water molecules.
Matubayasi et al. (2003) using the thermodynamic treatment
stated that the results obtained by Baldelli et al. (1999) could
be true for the positive adsorption of the system containing
volatile acids—mnitric acid and acetic acid and that of undis-
sociated HCI can occur just above the water surface.

Based on the surface tension values for the hydrochloric
acid solutions it was found that with the hydrochloric acid
concentration increase, the surface tension of solutions, Y,
decreases slightly. A similar observation was made by Nasr-
El-Din et al. (2004) at a temperature equal to 298K as a
result of changes in water molecules orientation at the air/
liquid interface.

Changes occurring at the interface and in the bulk phase
are presented by means of the surface tension isotherm, usu-
ally as a function of the logarithm of surfactant concentra-
tion. The surface tensions obtained for the solutions con-
taining sodium dodecylbenzenesulfonate such as ABS Na
50; HCI—ABS Na 50 and HCI—M((II)—ABS Na 50 are
presented as the adsorption isotherm plots. The schematic
changes of surface tension as a function of surfactant con-
centration are presented in Fig. 4 whereas the surface tension

Increasing concentration of anionic surfactant ABS Na 50

A —
ABS Na 50 at Surface Saturated surface Micelle formation
Surface |os s & SAr| | S8 SSS S| )| SSSSS S S S
‘ QO L ({O OOOOO%UO Q0000000
N o o
\ Water Vp fp fp
\\ -
5 .
o e
@ N
3 .
\\\
\\\ /
O ABS Na 50 N -

>

log surfactant concentration

Fig.4 Changes of surface tension as a function of the surfactant concentration
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isotherms, y [mN/m] versus log(c) [mol/L] are shown in
Fig. 5 (only chosen examples from 25 isotherms).

The presented surface tension isotherm shows the adsorp-
tion process taking into account three stages: (1) gradual
adsorption of the surfactant at the interface, (2) saturation
of the interface and (3) formation of micelles. In the dilute
solutions, surfactants are present in the form of single ions or
molecules (monomers). In the more concentrated solutions,
as a result of self-association, these molecules merge into
clusters forming the so-called micelles. Micellisation occurs
after exceeding the critical micelle concentration (CMC)
which is characteristic of a given surfactant. The micelles
produced in the solution cause changes in the surface tension
or solution viscosity and can exist in various forms, depend-
ing on the orientation of the monomers. Depending on the
concentration of the surfactant in the solution, spherical,
vesicular, cylindrical and bilayer micelles could be formed
(Schramm 2000).

Based on the adsorption isotherms (Fig. 5) the critical
micelle concentration (CMC) was determined experimen-
tally by extrapolation of the experimental data in the place
where the curve collapsed. The straight lines were drawn
through the experimental points from the second and third
parts of the plots and the critical micelle concentration was
obtained from the point of lines intersection. The values of
the critical micelle concentration for the ABS Na 50; HCl—
ABS Na 50, M(I1)—ABS Na 50, HCI—M(I)—ABS Na 50
system are collected in Table 1 where M is Cu(II), Co(Il),
Ni(I) or Zn(II).

The CMC value obtained for the sodium dodecylbenze-
nesulfonate surfactant in water was equal to 1.52 mmol/L.
Perkowski et al. (2012) obtained also the CMC value of
ABS Na 50 using the spectrofluorometric method which
is in a good agreement with our results (1.58 mmol/L).
This CMC value is the highest in the system without HCI
whereas the CMC values decrease significantly with the
hydrochloric acid addition and decrease slightly with the
increasing hydrochloric acid concentration from 0.1 to
6 mol/L. The reduction of CMC is by above 91% com-
pared with the solutions without HCI and with 0.1 mol/L
HCI. The decrease in the CMC values with the addition of
electrolyte was reported in the literature e.g. CMC deter-
mination of SDS, Triton X-100—the addition of NaCl salts
(0, 2, 4 and 6 wt%) (Muherei and Junin 2007), cocamido-
propyl betaine (CAPB)—the addition of sodium chloride
(0-2 mol/L) (Staszak et al. 2015) etc. The electrolyte causes
weakening of electrostatic repulsions between the charged
hydrophilic groups and make the surfactant more hydro-
phobic. This increases hydrophobic interactions among
the surfactant monomers and results in their aggregation at
lower concentration, thereby the CMC decreases (Muherei
and Junin 2007). As mentioned previously in the case of
strong electrolyte e.g. hydrochloric acid, H" and Cl~ ions

@ Springer

as well as HCI molecules are present in the systems under
consideration which results in changes of CMC values. The
CMC values depends also on the presence and type of heavy
metal ions in the systems. For example, the CMC values in
the systems without HCI can be arranged as follows: ABS
Na 50—M(II): Cu(Il) < Ni(I) < Zn(II) < Co(II) < no metal.
The presence of heavy metal ions (HCI—M(II)—ABS Na
50 systems) causes a decrease or increase in the CMC values
compared with the systems without heavy metal ions. This
change may be caused by the formation of surfactant-metal
aggregates/micelles. CMC usually increases with the reduc-
tion of the atomic number of the counter ions ,,Co, ,4 Ni,
2oCU, 30Zn but in these systems this tendency is not observed
(Akhter 1995).

3.2 Sorption of surfactant and heavy metal
ions in the presence of ABS Na 50 by Lewatit
MonoPlus TP 220

Lewatit MonoPlus TP 220 was previously applied for heavy
metal ions sorption (Wotowicz and Hubicki 2012) from the
acidic solutions (hydrochloric acid solutions of the increas-
ing concentration from 0.1 to 6 mol/L). The characteristics
of Lewatit MonoPlus TP 220 is presented in Fig. 3 and can
be found in the other published paper e.g. elementary CHN
analysis (Perkin Elmer CHN 2400 analyzer and the Sartorius
microbalance M2P), surface morphology using the scanning
electron BS: 301 (Telsa) and atomic force NanoScope V
(Veeco, USA) microscopes, FT-IR analysis results in bis-
picolylamine functional groups confirmation (Wotowicz and
Hubicki 2012; Kotodyrska et al. 2014). As it was proved the
ion exchange resin exhibits high affinity for copper(Il) ions
and other base metals. The selectivity series were as follows:
Cu(D (q, = 9.98 mg/g) >Zn(II) (q, = 9.09 mg/g) > Co(I)
(q. = 6.90 mg/g) ~ Ni(l) (q, = 6.24 mg/g) — 0.1 mol/L HCI;
Cu(II) > Zn(II) > Ni(I) ~ Co(IT) — 1 and 3 mol/L HCI; Zn(II)
(9 = 9.15 mg/g) = Cu(Il) (q, = 9.12 mg/g) > Co(Il) (q, =
6.62 mg/g) > Ni(Il) (q, = 4.89 mg/g) —6 mol/L HCI (AAS
method with the parameters: the wavelength [nm]: 232.0,
213.9, 324.8, 240.7; the lamp current [mA]: 4, 5, 4, 7; slit
width [nm]: 0.2, 1.0, 0.5, 0.2 for Ni(II), Zn(II), Cu(II), Co(II)
respectively and the air/acetylene flow [L/min]: 13.5/2).
Moreover, Lewatit MonoPlus TP 220 exhibits good kinet-
ics and the time required to reach equilibrium was in the
range 60-240 min. Quantitative removal of copper(Il) ions
(%R close to 100%) and good sorption efficiency for other
heavy metal ions make this ion exchange resin extremely
attractive from a practical point of view. Therefore in the
next subchapter the results of heavy metal ions removal from
real industrial solutions are presented. The mechanism of
sorption and explanation of high sorption efficiency towards
heavy metal ions were presented previously (Wotowicz and
Hubicki 2012).
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Table 1 Comparison of the critical micelle concentration values
obtained for the systems containing the sodium dodecylbenzenesul-
fonate surfactant

Systems Logc  CMC (mmol/L)
Solvent Heavy metal  Surfactant
Water - ABSNa50 —-2.82 152
0.1 mol/L - ABSNa50 -—3.87 0.13
1.0mol/L - ABSNa50 —4.25 0.06
3.0mol/L - ABSNa50 -4.00 0.10
6.0 mol/L - ABSNa50 -4.21 0.06
Logc CMC (mmol/L)
Water Cu(II) ABSNa50 -3.74 0.18
0.1 mol/L.  Cu(l) ABSNa50 -3.81 0.15
1.0 mol/L  Cu(dl) ABSNa50 —-4.03 0.09
3.0mol/L  Cu(Il) ABSNa50 —-429 0.05
6.0 mol/L.  Cu(l) ABSNa50 —4.16 0.07
Logc CMC (mmol/L)
Water Zn(ID) ABSNa50 -3.64 0.23
0.1 mol/L.  Zn(II) ABSNa50 -3.71 0.20
1.0 mol/L  Zn(II) ABSNa50 —4.14 0.07
3.0mol/L  Zn(II) ABSNa50 —-4.22 0.06
6.0 mol/L  Zn(II) ABSNa50 -4.26 0.06
Logc CMC (mmol/L)
Water Ni(Il) ABSNa50 -3.67 022
0.1 mol/L.  Ni(Il) ABSNa50 -3.85 0.14
1.0 mol/L.  Ni(II) ABSNa50 -4.07 0.09
3.0 mol/L.  Ni(Il) ABSNa50 -421 0.06
6.0 mol/L.  Ni(II) ABSNa50 -4.27 0.05
Logc CMC (mmol/L)
Water Co(ID) ABSNa50 -3.57 0.27
0.1 mol/L.  Co(ID) ABSNa50 -3.56 0.27
1.0 mol/L.  Co(ID) ABSNa50 -396 0.11
3.0mol/L  Co(Il) ABSNa50 -4.07 0.09
6.0 mol/L.  Co(Il) ABSNa50 —4.25 0.06

Next the removal efficiency (%R) of heavy metal ions
in the presence of ABS Na 50 surfactant from the acidic
solutions was obtained by means of the static method and
compared with the results obtained for the same systems but
without the anionic surfactant. Additionally, in the examined
solutions the removal efficiency of ABS Na 50 was achieved
based on the surface tension measurements in triplicate (ring
method) and the concentration of surfactant was calculated
using the adsorption isotherms. The removal efficiency of
ABS Na 50 surfactant from the HCI—M(II)—ABS Na 50
systems in which the surfactant concentration was above and
below CMC is presented in Fig. 6.

As can be seen the percentage removal (%R) of the ani-
onic surfactant ABS Na 50 for the systems under discus-
sion was very high being in the range 83.49-99.95% (the
systems with the initial surfactant concentration 2.55 mg/L,
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(a) SORPTION OF FROM
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m HCI - ABS Na 50
HCl - Zn(ll) - ABS Na 50
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® HCl - Cu(ll) - ABS Na 50
HCl - Ni(11) - ABS Na 50

Fig.6 Removal efficiency of surfactants from the HCI—ABS Na 50,
HCI—M(II)—ABS Na 50 systems at the surfactant concentration
above (1) and below (]) CMC

above CMC) and 93.64-98.78% (the systems with the ini-
tial surfactant concentration 0.018 mg/L, below CMC). In
the systems of surfactant concentration below CMC the
hydrochloric acid concentration (0.1-6 mol/L) effect on the
surfactant removal is not clearly observed, the percentage
removal changes were small whereas in the system above
CMC in the solutions containing hydrochloric acid of
6 mol/L concentration these values were smaller (percent-
age removal reduction was observed). Effective surfactant
removal of sodium dodecylbenzenesulfonate using differ-
ent types of ion exchange resins (strongly—MIEX®, A200,
A400, SBW and weakly—A 100 basic ion exchange resins)
was also observed by Kowalska (2009) but from the solu-
tions containing the surfactant without heavy metal ions. As
it was proved the effectiveness of the sodium dodecylbenze-
nesulfonate removal process increased with the increasing
phase contact time and resin dose, depending on the type of
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ion exchange resin (degree of dissociation of ion exchange
resin functional groups, size of grains and degree of polymer
cross-linking). The sorption ability of ion exchange resins
was in the order: MIEX® > SBW > A400 > A200> A100.
Moreover, the reduction of %R values in the 6 mol/L solu-
tions could be a result of ionic strength changes. As men-
tioned by José dos Reis et al. (2004) at the concentrations
below CMC a decrease in the repulsive forces between the
surfactants polar groups with the increasing ionic strength
results in improving their adsorption on the solid surface
whereas at the concentration equal to CMC or higher the
competition effect between the adsorption and aggregation
of surfactant (micelles formation) takes place. When the
ionic strength favours stabilization of micelle the competi-
tion effect is more significant. After determination of sur-
factant ABS Na 50 concentration in the systems after the
sorption process the concentrations of heavy metal ions were
obtained and the %R values were calculated and presented
in Fig. 7.

The preliminary studies presented in Fig. 7 have shown
that Lewatit MonoPlus TP 220 is very effective for copper

HCl - Cu(ll), HCl - Cu(ll) - ABS Na 50

100
80
x 60
E
20
0
0.1 M HC 1MHC 3 MHCI 6 M HCI
® without ABS Na 50
with ABS Na 50 below CMC
with ABS Na 50 above CMC
HCl - Zn(l1), HCI - Zn(ll) - ABS Na 50
100
80
o 60
R 40
20
0
0.1 M HC 1MHC 3MHd 6 M HCl
m without ABS Na 50
with ABS Na 50 below CMC
with ABS Na 50 above CMC

ions removal from the systems of different compositions.
In the presence of anionic surfactant the percentage
removal of copper(Il) ions is still very high in the systems
of surfactant concentration below and above CMC simi-
lar to %R obtained in the systems without the surfactant.
Only a slight decrease of copper %R was observed in the
6 mol/L solutions in the presence of anionic surfactant.
In such solutions the competitive sorption could play a
more significant role. In the case of other heavy metal ions
the presence of surfactant improves the removal efficiency
of cobalt(Il) and nickel(II) ions and deteriorates %R for
zinc(II). In the solutions without the surfactant the form,
in which the heavy metals exist at different concentrations
of hydrochloric acid, plays a significant role and affects
the removal ability. With the surfactant addition the solu-
tion composition changes. In such solutions the surfactant
could form aggregates. Sorption of heavy metal ions could
take place as unbound metal ions and bound to the sur-
factant. As it was pointed out by Kowalska (2009) the
surfactant sorption consists not only in the ion exchange
process, but also the phenomenon of sorption between the
hydrophobic surfactant chains and the polymer chains.

HCI - Ni(l1), HCI - Ni(ll) - ABS Na 50

100
80
e 60
ES 40
20
0
0.1 M HCl 1MHd 3 MHC 6 M HCl
m without ABS Na 50
with ABS Na 50 below CMC
with ABS Na 50 above CMC
Hcl - Co(ll), HCI - Co(ll) - ABS Na 50
100
80
o 60
X 40
20
0
0.1 M HCI 1 MHCI 3MHd 6 M HCI
m without ABS Na 50
with ABS Na 50 below CMC

with ABS Na 50 above CMC

Fig.7 Removal efficiency of heavy metal ions from the HCI—ABS Na 50, HCI—M(I)—ABS Na 50 systems at the surfactant concentration a

above (1) and b below (]) CMC
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3.3 Removal of heavy metal ions from metallurgical
wastewater

The real pregnant leach solution (PLS) were sulfate/chlo-
ride leaching liquors obtained after treatment of stainless
steel scraps. They were supplied by one of the Polish firms
involved in waste treatment. The compositions of PLS vary
depending on the batch as a result of changing composi-
tion of metal source or leaching procedure. The wastewa-
ter is a digestive sewage (used pickling bath) originating
from leaching of the metal elements, in particular those rich
in nickel and cobalt. Both nickel and cobalt are the basic
components of heat-resistant alloys. Besides nickel the
heat-resistant nickel alloys contain a significant amount of
chromium and such additives as cobalt or copper. The addi-
tion of cobalt increases heat resistance and technological

Fig.8 Composition a of indus-
trial wastewater originating
from leaching of the heat-

(@)

properties. Chrome provides good resistance to oxidation
at high temperatures and improves plastic properties. The
heat-resistant cobalt alloys are characterized, among oth-
ers, by high thermal conductivity, low coefficient of thermal
expansion, high stability, high melting point, and are also
resistant to abrasion and thermal fatigue. The main applica-
tion of heat-resistant alloys is the gas turbine construction
industry for aviation, land and sea communication (Davis
2000). The heat-resistant alloys were leached by a mixture of
sulfuric(VI) and hydrochloric acids. The content of H ions
in a sewage was equal to 4.6 mol/l whereas pH of wastewa-
ters was — 0.3. The concentrations of the CI™ and SO,*~ ions
were 0.337 and 3.22 mol/L, respectively. The composition of
PLS under discussion is presented in Fig. 8a. The metal ions
such as Ni, Co, Cu, Fe, Cr, Na were present in the sewage
whereas no zinc(I) ions were found. The concentrations of

Metal concentration [g/L]

resistant alloys and b percentage 40 Ni(ll) 40.04
removal (%R) of heavy metal
ions from the solutions without 30 Co(ll) 19.23
and with the surfactant cu(ll) 0.02
S 20 cr(ily 15.49
© Fe(lll) 0.04
10 Mg(ll) 0.002
0 Na(l) 0.31
WASTEWATERS COMPOSITION Zn(ll) -
uNi mCo wCr mFe mCu mMg mZn mNa Concentration [mol/L]
H* 4.6
cr 0.337
so/” 3.22
(b)
100
80
60
o
ES
40
20 I I
0 I I .
Ni Co Cu Cr Fe Mg Na
= without surfactant = with ABS Na 50
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nickel and cobalt are the highest being 40.04 and 19.23 g/L,
respectively whereas the concentration of chromium is
15.49 g/L (<1 mg/L for the other metal ions).

Then the percentage removal of metal ions was conducted
using Lewatit MonoPlus TP 220 from the solutions with-
out and with the surfactant ABS Na 50. As proved Lewatit
MonoPlus TP 220 exhibits the best affinity for copper ions.
The percentage removal of copper(Il) ions was equal to
%R =98.27% whereas these values were in the range from
0 to 40.7% for the other metal ions. The ABS Na 50 addition
increases slightly the percentage removal of cobalt(Il) and
nickel(II) ions (from 17.07 to 36.65%—Ni(Il); from 11.91
to 24.89%—Co(Il)) whereas in the case of copper ions the
anionic surfactant effect is not observed (98.27% - without
the surfactant, 98.13% - with ABS Na 50).

4 Conclusions

The studies on the heavy metal(Il) ions removal from the
acidic streams on the ion exchanger Lewatit MonoPlus TP
220 lead to the following conclusions:

e Lewatit MonoPlus TP 220 exhibits a very high or high
removal efficiency of both heavy metal ions and the sur-
factant, ABS Na 50 is removed effectively by the ion
exchanger under discussion,

e Lewatit MonoPlus TP 220 is an efficient ion exchange
resin for copper(Il) ions removal from the dilute and
strong acidic solutions as well as for cobalt(Il), zinc(II)
and nickel(I)—The copper removal efficiency was
nearly quantitative (%R close to 100%),

e The mechanism of sorption of heavy metal ions on
Lewatit MonoPlus TP 220 is of an ion exchange and/or
coordination character,

e The CMC value varies depending on the composition of
the system. CMC decreases with the addition of strong
electrolyte (HCI) and decreases or increases in the pres-
ence of heavy metal ions,

e The degree of heavy metal ions removal depends on the
concentration of HCI acid, type of metal ions and con-
centration of surfactant,

¢ In the systems containing surfactants, the increase of %
R of Co(II) and Ni(IT) was observed compared to the
same systems without the surfactant. In the case of Zn(II)
a decrease in its removal efficiency is observed in the
systems with the surfactant,

e The degree of heavy metal ions removal on Lewatit
MonoPlus TP 220 from industrial wastewaters was
nearly quantitative for Cu(Il) ions being in the range of
0-47% for the other metals. The presence of surfactant
increases the degree of Co(II) and Ni(II) ions removal,

the Cu(Il) ions removal, %R remains at a stable high
level but it decreases for the other metals.
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