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Abstract: Two aspects of interfacial phenomena were discussed in the manuscript. The first one
concerns the adsorptive removal of two azo dyes such as C.I. Acid Yellow 219 (AY219) and C.I. Direct
Yellow 142 (DY142) as well as the phtalocyanine C.I. Reactive Blue 21 (RB21) on the alumina-silica-
titania oxide (4% wt. AlLOs - 8% wt. SiO; - 88% wt. TiO,; AST88) in the ionic surfactants presence. The
second one deals with the determination of interaction mechanism in the dyes-AST88, dyes-surfactant-
AST88 systems using the data obtained from the surface charge density and zeta potential studies. The
sodium dodecyl sulphate (SDS) with anionic character and hexadecyltrimethylammonium bromide
(CTAB) with cationic ones were used. The adsorption capacities of 205.2 mg/g for AY219, 36.5 mg/g
for RB21 and 18 mg/g for DY142. The potentiometric titration and Doppler laser electrophoresis
methods enable determination of sign and magnitude of charge located in both the surface and the
slipping plane layers around the solid particles. The structure of electrical double layer was determined
in the AST88 systems without as well as with dyes and with mixed dye + surfactant adsorbates.

Keywords: dyes sorption removal, mixed oxide, ionic surfactants, dye-surfactant complexes,
electrokinetic parameters

1. Introduction

The dynamic development of the textile, pulp-paper, chemical, tanning and cosmetics industry,
contributes directly to the pollution of surface waters. It is estimated that 700 000 tons of various dyes
are produced annually (Crini, 2016; Majewska-Nowak, 1986) and after different technological
operations they are released directly into water reservoirs. The largest amounts of dyes are generated
by the textile industry which is approximately 100 t of sewage throughout the year. The dyes containing
effluents are a potential threat to animals and humans. In addition, sewage negatively affects the
penetration of light through water, photosynthesis reactions and the production of oxygen in water by
underwater plants. Moreover, some dyes are carcinogenic and show mutagenic character. Therefore it
is necessary not only to purify purification of polluted waters carefully but also to reduce spills
containing organic and inorganic acids, heavy metal ions, dyes and surfactants (Crini, 2016; Majewska-
Nowak, 1986; Solecka and Ledakowicz, 2005; Kyziol-Komosinska et al., 2011). The presence of even
very low concentrations, such as 1 mg/dm? of dye, can give an intense colour of water which indicates,
that it cannot be used by people (Zeng et al., 2019). High toxicity was found in the case of C.I. Basic
Violet 1 (LCsp = 0.05 mg/ dm?, LC - lethal concentration (the dose required to kill half the members of
a tested population)) and C.I. Basic Yellow 37 (LCso = 0.8 mg/dm?). Heavy metal ions such as Co, Cu,
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Ni, Zn can be released from metal complex dyes, at high concentrations they are toxic and pose risks to
living organisms. Therefore, dyes containing sewage treatment, becomes extremely important and its
aim is to avoid possible risks for the environmental (Wang et al., 2012). Conventional methods of sewage
treatment do not result in complete removal of colour. It is important to develop more effective methods
of sewage treatment which would allow to reduce the charge of discharged pollutants as well as the
recovery of water. Difficulties in developing economic and simple methods are mainly related to
constant changes in the technology of dyes production and the use of different colours in technological
processes (Crini, 2016; Majewska-Nowak, 1986). In the case of pollution that cannot be avoided it is
worth neutralizing them using highly effective technologies. They can be combined to create multi-
stage treatment systems. In this way several times reduction of several times of the pollution charge in
sewage is achieved. Obtaining such effects is facilitated by the adsorption processes that allow,
reduction contaminants concentration and separation of dissolved substances in accordance with
selective interactions. The adsorption process is the most common method of inorganic and organic
pollutants removal. It is characterized by high efficiency, simplicity and low costs (Afkhami et al., 2010).
In terms of dyes adsorption, mainly ion exchangers, active carbon and clay minerals were studied
(Wolowicz and Hubicki, 2016; Wawrzkiewicz, 2014; Wawrzkiewicz et al., 2017; Vhahangwele et al,,
2015). It was found, that some new adsorbents should be designed to improve the separation and
performance coefficients. Recently oxide adsorbents, such as aluminum or zirconium oxide, titanium
dioxide and silica which can be used separately or in a mixed form have become an interesting area of
research (Anbia and Salehi, 2012; Mahapatra et al., 2013). Mixed oxides have better catalytic properties
compared to the pure form of oxides. For example, silica-aluminum oxide was used in the were acid
catalyzed reactions. It is relatively stronger than pure oxide components. Titanium oxide and silica are
characterized by special properties. They are thermally stable and have a large surface area and
porosity. They are used as carriers for catalysts, optical systems and photocatalysts (Pabon et al., 2004;
Mikushina et al., 2008). Moreover, mixed oxides are characterized by the presence of hydroxyl groups
and a specific surface structure. Amphoteric groups can separate or attach a proton depending on the
pH value, creating a constant surface charge. Oxide adsorbents have defined points of zero charge at
which the value of the charged hydroxyl groups is the same. This parameter is extremely important
because it describes the adsorption affinity and surface properties of the oxide which was used
(Kosmulski, 2016; Khan et al., 2004; Phan et al., 2000; Liu et al., 2016). In recent studies high efficiency
of mixed oxides to remove dyes has been obtained. The mixed cobalt and nickel oxide with the
composition Cop4Nig4Oo2was used to remove Congo Red and Methyl Blue. The sorption efficiency was
70% and 20%, respectively (Chowdhury et al., 2010). Silica materials characterized by porous structure,
chemical reactivity and mechanical stability can be used as sorbents to remove pollutions caused by
dyes (Yagub et al., 2014). Silicon dioxide showed very high affinity for C.I. Acid Blue 25 compared to
other contaminants (2,4-dichlorophenoxyacetic acid or p-nitrophenol). In the case of the sorbent
composed of 61.1% SiO; and 22.6% Al>Os, the Malachite Green, Methylene Blue and Rhodamine B were
used as adsorbates (Khan et al., 2004). Removal of dyes ranged from 67.4% to 97.2%. This indicates that
the material is suitable for dyes removal (Khan et al., 2004; Phan et al., 2000).

The objective of the paper was to remove the azo and phtalocyanine dyes from aqueous solutions
using nanosized alumina-silica-titania oxide. This paper describes the properties of AST88 as an
adsorbent for azo and phtalocyanine dyes for the first time. In order to establish applicability of AST88
as efficient adsorbent for dyes removal the sorption capacities were determined based on the Langmuir,
Freundlich and Temkin isotherm models. Interpretation of kinetic measurements using the simple
equations including the pseudo-first and pseudo-second order as well as intraparticle diffusion ones
was made. The influence of different types of surface active agents on the dye adsorption on the
nanosized oxide was taken into account. Another task of the paper was to investigate the suspension
stability making the surface charge density and zeta potential measurements.

2. Experimental
2.1. Materials

The mixed oxide is composed of 4% wt. Al,O3, 8% wt. SiO2 and 88% wt. TiO, was used as an adsorbent
in the experiments. It was prepared at the Institute of Surface Chemistry of National Academy of
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Sciences of Ukraine in Kiev by the pyrogenic method. This technique of mixed oxides synthesis involves
a high-temperature hydrolysis of the corresponding metal tetrachloride (Me[OCH(CHs):2]s) in a
hydrogen-oxygen flame at 1100-1400 °C. It allows to obtain three-component oxides with colloidal
dispersion as well as characterized by the developed specific surface area and different contents of
individual components (Gun’ko et al., 2007). After the preparation process it was calcined at 450 °C -
roasting of the solid below its melting point to remove water from its crystal lattice. The previous studies
showed that the following species are present on the surface of AST mixed oxide particles dispersed in
an aqueous solution: =SiO(H)AI=S, =SiO(H)Ti=, =AIO(H)Ti= and =AIO(H)Si= (Gun'ko et al., 2017).

The disazo acid dyes, called C.I. Acid Yellow 219 and C.I. Direct Yellow 142 (Sigma-Aldrich,
Germany) and also phthalocyanine dye, i.e. C.I. Reactive Blue 21 (Sigma-Aldrich, Germany) are used in
the studies. These dyes are applied in the textile industry. Acid dyes are mainly used to dye wool, not
cotton fabrics. Direct dyes work best on textiles with high contents of cellulose, such as cotton. Reactive
dyes are most commonly used in dyeing of cellulose like cotton or flax, but also wool is dye able with
reactive dyes. Reactive dyeing is the most important method for the coloration of cellulosic fibres. The
physicochemical properties of dyes are presented in Fig. 1.

C.l.Acid Yellow 219 N
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* Molecular Weight: 448.43 g/mol
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Fig. 1. Characteristics of C.I. Acid Yellow 219, C.I. Direct Yellow 142 and C.I. Reactive Blue 21

The surface active agents such as sodium dodecyl sulphate (SDS) and
hexadecyltrimethylammonium bromide (CTAB) of laboratory grade were purchased from Sigma-
Aldrich (Germany).

2.2. Methods

To analyze the textural characteristics of AST88 nanooxide, low-temperature (77.4 K) nitrogen
adsorption-desorption isotherms were recorded using a Micromeritics ASAP 2405N adsorption
analyzer. The samples were degassed at 110 °C for 2 h in a vacuum chamber. The values of the specific
surface area (Sper) were calculated according to the standard BET method (Gregg, 1982). The total pore
volume V), was evaluated by converting the volume of adsorbed nitrogen at p/po = 0.98 - 0.99 (p and po
denote the equilibrium and saturation pressures of nitrogen at 77.4 K, respectively) to the volume of
liquid nitrogen per gram of adsorbent. The nitrogen desorption data were used to compute the pore
size distributions (PSDs, differential fv ~ dV,/dR and fs ~ dS/dR) using a self-consistent regularization
(SCR) procedure under non-negativity condition (fv= 0 at any pore radius R) at a fixed regularization
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parameter « = 0.01 with voids (V) between spherical nonporous nanoparticles packed in random
aggregates (V/SCR model) (Gun'ko, 2014). The differential PSDs with respect to pore volume fv ~
dV/dR, ffvdR ~ Vp were re-calculated to incremental PSD (IPSD) at ®v(R;) = (fv(Ri+1) +v(Ri))(Ri+1 —Ri)/2
at 2®y(Ri) = V;. The fv and fs functions were also used to calculate contributions of micropores (Vmicro
and Smico at 0.35 nm < R <1 nm), mesopores (Vmeso and Smeso at 1 nm < R < 25 nm), and macropores
(Vmacro and Smacro at 25 nm < R <100 nm).

Infrared diffuse reflection spectra with Fourier transform (IFF) of the samples were recorded using
Fourier spectrometers Thermo Nicolet or Digilab Excalibur FTIR. To do this, a sample portion (4 mg)
was mixed with KBr in a ratio of 1: 100, ground in a vibrating mill for 10 minutes. From the prepared
mixture, a transparent plate with a size of 20x5 mm?2 was formed by pressing.

The diffraction patterns of the samples were recorded on the DRON-UM1 diffractometer in the
radiation of the CoKa line of the anode with a graphite monochromator in the reflected beam at the
geometry of the Bragg-Brentano image in the angle range of 10-80 degrees in step 0.05. They are digitally
recorded in file: 20 (degrees) - Intensity. Phase identification was performed using a PDF-2
radiographic database (JCPDS Database, 2001). Silica was totally amorphous in all samples.

The X-ray photoelectron spectra (RFS) of the valence and internal levels of the AST88 sample were
studied. The study was performed on the UHVAnalysis-System (SPECS, Germany). The system is
equipped with a hemispherical analyzer PHOIBOS 150. During all experiments, the pressure of the
ionization chamber of the system was less than 9-108 Pa. Al Ka emitter (E = 1486.6 eV) was used as the
causative agent of RFS radiation. RFS spectra were obtained at a constant control energy of 25 eV. The
energy scale of the spectrometer was calibrated to the energy position of Au 4f7/2 and Cu 2p3/2, which
are equal to 84.00 + 0.05 eV and 932.66 + 0.05 eV, respectively, relative to EF. The energy shifts due to
charge effects were calibrated by RFS spectra of C 1s-electrons of hydrocarbons. The samples were
placed on a molybdenum substrate.

The microcalorimetric investigations were carried out by means of a DAC1.1A (Chernogolovka,
Russia) differential automatic calorimeter (Calvet and Prat, 1963). Differential automatic calorimeter
was calibrated using known heat effect of dissolution of KCl in water (18.6 + 0.012 kJ/mol at 20 °C).
Before the measurements of the heat of immersion in water or n-decane, the samples (100 + 2 mg) were
degassed at 473 K and 0.01 Pa for 2 h and then used without contact with air. Glass ampoules with
samples (100 + 2 mg) were placed in the calorimeter cells with wetting liquid (3 cm3) and thermostated
at 298 K. Glass ampoules for immersion wetting studies have a special shape with thin curved tips of
their end. For beginning measuring of immersion heat, the tips were broken by pressing and
surrounding liquid permeated in vial and wetted the studied samples. Released heat of immersion was
registered by differential calorimeter through the change of the temperature measured by thermopile
detectors each composed of 960 thermocouples. The obtained results were recorded in the form of
microcalorimetric curves with a typical peak (Goncharuk, 2015) integrated to calculate the thermal
effects of immersion. The calorimeter was calibrated against the heat of dissolving of KCI. Since the total
heat of immersion is dependent on the mass of sample under test and accordingly on its surface area,
obtained results of measuring were normalized to 1 g of the sample and to 1 m? of its surface. For each
sample, the measurement of heats of immersion in every liquid was performed 2-3 times and average
value was calculated. The average errors of the Q measurements at multiple repeated measurements
were 7%. To estimate the hydrophilicity of samples, the hydrophilicity indexes Kn = Quwater/ Qdecanc Were
calculated (Rehbinder, 1979).

Adsorptive studies were carried out by the batch method. The experiments were performed out in
flasks using a laboratory shaker Elphin 3585 (Elpin+) with the constant speed and amplitude (180 cpm,
8 amplitude) at room temperature. 0.02 g of AST88 was shaken with 0.02 dm? of the dye solution of the
known concentration from 1 to 240 min (kinetic studies) or 24 h (equilibrium studies). After the
predetermined time interval AST88 was separated by the filtration. The dyes concentration in the
aqueous phase was determined spectrophotometrically using a UV /Vis spectrophotometer Cary 60
(Agilent) at the maximum absorbance wavelength (387 nm for AY219, 400 nm for DY142 and 663 nm
for RB21). The amounts of AY219, DY142 and RB21 uptake by AST88 was calculated at equilibrium (qe)
and at time t (q:) using the following Egs. (1-2):

(Co=Ce)
qe =——="V 1

m
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(Ct—Ce)
qe = =V 2)

where: Co, Ce and C; [mg/dm?] are the dyes concentrations in the solution before adsorption, at
equilibrium and after sorption time t, respectively, V [dm?] is the volume of the dye solution, and m [g]
is the mass of ST20.

The analysis of the equilibrium results was made based on the following isotherm models:
Langmuir, Freundlich and Temkin ones. The linear form of the equation of Langmuir isotherm is given
as (Eq. 3):

Ce _ 1 , Ce

PR ©)
where: C. [mg/dm?] is the concentration of dye in the equilibrium state, q. [mg/g] is the quantity of
dye adsorbed by the unit of the adsorbent mass in the equilibrium state, Qo [mg/dm?] and b [dm?/mg]
are the constants of the Langmuir isotherms regarding the adsorption capacity and the absorption rate,
respectively.

The Freundlich isotherm model has a linear form expressed by the formula:

logq. = logkg + %log Ce 4)

where: C. [mg/dm?] is the concentration of dye in the equilibrium state, q. [mg/g] is the quantity of
dye adsorbed by the unit of the adsorbent mass, kr [mg/dm?] and n are the Freundlich constants.

In the case of the Freundlich model an important parameter is the empirical constant n. If n <1, the
adsorption is of chemical nature whereas when n > 1 the adsorption is of physical nature. The
Freundlich constants Kr and n, can be determined based on the intersection and slope of the graph log
ge vs log Ce.

The Temkin isotherm is expressed by the formula (Eq. 5):

RT RT
e = (;) InA+ (;) InC, @)
where: br [J/mol] is the Temkin constant which is closely associated with heat of sorption, A [dm?/g]
is the constant of Temkin isotherm, R [8.31 ] /mol K] is the gas constant, T [K] is the temperature [K].
The models used to describe the sorption kinetics of AY219, DY142 and RB21 on the mixed silica-

alumina-titania oxide, namely the pseudo-first order Lagergren (PFO) and pseudo-second order Ho
(PSO) are expressed in the following forms:

log(qe — q0) = log ge — -t ©)
t 1 1
i 7
where: q. and qt[mg/g] are the quantities of the dye adsorbed at the equilibrium state and after the
sorption time t, ki [1/min] is the adsorption rate constant determined from the pseudo-first order
equation, k> [g/mg min] is the adsorption rate constant determined from the pseudo-second order
equation.

In order to establish the influence of anionic and cationic surfactants on the dyes uptake by AST88
the dye solutions of the initial concentration 20 mg/dm3 were prepared in the presence of 0.1 g/dm? of
each of the mentioned surfactants. The phase contact time, AST88 mass and volume of dye solution
were equal to 15 min, 0.02 g and 0.02 dm?, respectively.

The electrokinetic measurements enable determination of the solid surface charge density op
[LC/cm?] and zeta potential § [mV] of mixed oxide particles from the following equations:

_ AVcpF

Oy = ®)
= 2% £ (xa) 9)

3n

where: ¢, [mol/dm?] is the base (NaOH) concentration, F [C/mol] is the Faraday constant, m [g] is the solid
mass in the suspension, S [m?2/g] is the specific surface area of the solid, AV [L] is the difference in the
volume of base which must be added to bring the pH of suspension and reference solution to the
specified value, U, [cm?2/Vs] is electrophoretic mobility, ¢ is the dielectric constant, & [F/m] is the electric
permeability of vacuum, 7 [Pa-s] is the viscosity, f(ka) is the Henry function.

This first parameter was obtained by the potentiometric titration (Janusz, 1994; Skwarek et al., 2014)
carried out using a set consisting of: thermostated Teflon vessel, glass and calomel electrodes (Beckman

Ue
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Instruments), PHM 240 pH-meter (Radiometer), laboratory stirrer, RE 204 thermostat (Lauda),
automatic Dosimat 765 microburette (Metrohm) and computer with the "Titr_v3" software worked out
by W. Janusz. The zeta potential was determined from the electrophoretic mobility measurements using
the Zetasizer Nano-ZS (Malvern Instruments) equipped with the immersion dip cell. The pH of
examined suspensions was determined using the pH-meter produced by Beckman Instruments,
whereas they were sonicated using the Misonix XL-2020 device. The electrokinetic measurements were
performed at the concentrations of dye 20 mg/dm? and surfactant 0.1 g/dm?3.

Potentiometric titrations were initiated by adding 0.05 dm? of appropriate solution into the Teflon
vessel. Then HCl solution (with the concentration 0.1 mol/dm?) was added to obtain the initial solution
pH value of about 3.5. When equilibration was reached, the solution was titrated with NaOH solution
(with the concentration 0.1 mol/dm?). The analogous potentiometric titrations were performed in the
systems containing mixed oxide, i.e. the AST/dye solution (or the mixed solution of the dye and
surfactant). 0.3 g of the solid was used to prepare these suspensions.

The zeta potential of mixed oxide particles was determined from the elctrophoretic mobility data
using the Henry's equation (Hunter, 1981; Ohshima, 1994). The samples were prepared adding 0.005 g
of mixed oxide to 0.1 dm?3 of water or aqueous mixed (dye+surfactant) solution. After 2 minutes of
sonication the suspension was divided into 8 parts. In each of them the appropriate pH value was
determined, ie. 3, 4, 5, 6, 7, 8 9, 10 = 0.1. The electrophoretic mobility of all samples was then
successively measured.

3. Results and discussion
3.1. Mixed oxide characteristics

Fumed nanooxides are products of high-temperature synthesis, which causes the absence of pores in
the primary particles (Table 1). The high temperature of synthesis of pyrogenic oxides causes a close
morphology of nonporous primary nanoparticles regardless of their chemical structure, but in the
process of synthesis the formation of secondary aggregates of particles, which leads to a secondary
porous structure, which is a void in the packaging of primary particles. Incremental pore size
distribution (IPSDv) for AST88 is shown in Fig. 2. The IPSDy shows that the structure of the secondary
aggregates of the sample AST88 shows mainly macroporosity according to the IUPAC classification. It
should be noted that upon dispersing in an aqueous medium, the secondary structure is partially or
completely destroyed by ultrasound or mechanical mixing, but the structure of the primary particles
remains unchanged.

Table 1. Characteristic of sample of highly dispersed three-component nanocomposite SiO,-* AlOs--TiO (AST88)

Csio, Crio, Cat,o, SBET Vp
[wt. %] [wt. %] [wt. %] [m2/g] [cm3/g]
8 88 4 39 0.123

The IR spectra of surface OH groups on oxides with a hypersteichiometric environment of metal
atoms (in alumina the coordination number (k.ch.) of Al atoms is 4-6, and k.ch. Ti in TiO; - 6) have a
more complex structure because in addition to the terminal hydroxyls of the MOH, bridge MOH)M
with lower values of von are added. The presence of a larger set of surface OH groups (usually a higher
concentration) on alumina, titanium dioxide and mixed oxides (Fig. 3), in comparison with silica, greatly
changes the properties of adsorbed water. The appearance of several peaks at 3642-3648, 3663-3673,
3685-3690 and 3710-3715 cm™ (AST88) can be explained by the fact that the corresponding groups
=M;O(H)M,= with isomorphic substitution of M1 on M2 in the phase M1, M2 on M1 in the M2 phase
and on the boundary of the two phases will have different frequencies in the IR range (Fig. 3), and
therefore their acidity will also be different. It is possible that in this area there are also oscillations of
water molecules in the vapor phase, which are not fully compensated.

The crystallinity of simple and complex mixed oxide depend on the crystallinity of titania or alumina
since silica is always amorphous (Fig. 4). AST88 sample includes both anatase and rutile (Fig. 2): due to
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Fig.2. Incremental pore size distribution (IPSDy) for fumed mixed oxide ACT88 (model of pores as voids between
spherical particles)
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Fig. 3. FTIR spectrum of fumed oxide AST88 at 473 K in the region of valence vibrations of surface OH groups
and adsorbed water

the high content of titanium dioxide, its crystal structure is closer to the individual fumed titanium
disoxide, which also contains both phases - rutile and anatase, in contrast to other mixed ternary oxides,
which are characterized by predominantly anatase. For other titania-containing fumed mixed oxides,
titania is composed mainly of anatase (Gun'’ko et al., 2016). This is of importance because the
crystallinity degree and type of titania could influence the adsorption, catalytic, and other important
characteristics of the materials.

Table 2 presents the elemental composition of near-surface layers of AST88 nanocomposite
according to RFS spectra.

Fumed triple oxide AST88 demonstrates hydrophilic properties of the surface, which is appeared
in a higher value of the heat of immersion in polar water (Qw) than in non-polar n-decane (Qu).
Hydrophilicity index Ky=2.1, which is a prerequisite for good redispersing in the aqueous media (Table
3).

Table 2. Elemental composition of near-surface layers of AST88 nanocomposite

The ratio of atomic Surface concentration of elements
Total TiOz content concentrations of [% at.]
[% wt.] oxygen e.md cat%ons Si 1 . 1
O/ (Ti+Al+Si) (5i-0) A Ti @) C

88 1.62 5.3 4.8 27.7 61.5 0.7
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Fig. 4. XRD patterns of AST88 sample

Table 3. Heat of immersion of AST88 in water and n-decane

Qw Qd Kh

I/g J/m? I/g J/m?
24.8 0.63 11.81 0.30 2.1

3.2. Adsorption studies

The relation between the quantity of substance adsorbed at a constant temperature and its concentration
in a solution in the equilibrium state is commonly called the adsorption isotherm. Parameters which
were obtained from various models of isotherms, provide among others, information about surface
properties of the adsorbent and also the sorption mechanism. In order to describe the above relations in
the precisely AY219-AST 88, DY142-AST88 and RB21-AST88 systems, the most common isotherm
models (Langmuir, Freundlich and Temkin) were applied.

In Table 4 the parameters of the above-mentioned isotherms are listed for AY219, DY142 and RB21
sorption from aqueous solutions on AST88. The maximum monolayer capacities Qo determined for the
mixed oxide AST88 were equal to 205.2 mg/g, 36.54 mg/g and 18 mg/g for AY219, RB21 and DY142,
respectively. The values of the correlation coefficients r2 in the plot C./q. vs C. were equal to 0.989,
0.863, 0.985 for the dyes AY219, AY142 and RB21, respectively. Comparing the monolayer capacity
values with the experimentally determined sorption values, it can be concluded that a satisfactory
agreement of the experimental data and the Langmuir model was obtained as shown in Figure 5. Taking
into account the type of the surface groups as well as porosity and surface of AST88, the monolayer
formation is probable. Comparing the results with the literature data one can conclude about the
efficiency of using mixed oxide to remove dyes from wastewater. Wawrzkiewicz et al. (2019) described
the adsorption properties of the titania granulated adsorbent (known as Adsorbsia As 500) and found
that the monolayer capacity was equal to 43.29 mg/g for RB21. The amounts of DY142 and AY219
retained by ST20 oxide (80% wt. SiO2 and 20% wt. TiO») were 106.5 mg/g and 338.4 mg/ g, respectively
(Wawrzkiewicz et al., 2019; Wawrzkiewicz et al., 2019; Wisniewska et al., 2018).

The correlation coefficients 12 determining the appropriate fitting of the Freundlich and Temkin
isotherms (Table 4) to the experimental data, based on the dependences log q. vs log Cc and ge vs In Ce,
were lower than for the Langmuir isotherm for AY219 and RB21, and slightly higher for DY142.

3.3. Kinetic studies

Analyzing Fig. 6 it can be stated the time necessary to reach equilibrium in the 20 mg/dm? of dye
(AY219, RB21, DY142) - AST88 system is very short. After 30 min of phase contact time the plateau is
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Table 4. The values of isotherm parameters determined in the AY219-AST88, DY142-AST88 and RB21-AST88
systems

Parameters of isotherms

Dye Langmuir Freundlich Temkin
Qo b kr A b
r2 3 r2 n r2 3
[mg/g] [dm3/mg] [mg/g] [dm3/g]  [J/mol]

AY219 0.989 205.2 0.036 0.984 12.6 1.9 0.924 0.546 66.7

RB21 0.985 36.5 0.127 0.966 5.769 1.9 0.974 1.801 369.2
DY142 0.863 18.0 0.027 0.869 0.927 1.4 0.883 0.460 616.9

(a) (b)

300 - 50

e exp —Freundlich —Llangmuir —Temkin * exp —Freundlich — langmuir — Temkin
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Fig. 5. Fitting of experimental data to three isotherms models in systems AY219-AST88 (a), DY142-AST88 (b)
and RB21-AST88 (c)

observed. The amounts of dyes retained by AST88 in equilibrium were found to be 20 mg/g for AY219,
19 mg/g for RB21 and 18 mg/ g for DY142 in the systems containing 20 mg/dm? of dye before sorption.
With the increase of the initial concentration of dye in the system (Co=100 mg/dm3), it was observed
that the time necessary to reach the state of equilibrium increased to 180 minutes. The q. values were
equal to 82.3 mg/g, 74.3 mg/g and 62.8 mg/g for AY219, RB21 and DY142, respectively (Table 5).

PFO and PSO models are based on the quantity of adsorbate determined by the unit of adsorbent mass
relative to a specific time (q:). The values of kinetic parameters determined from the respective graphs
are presented in Table 5. A definitely better adjustment of experimental data was obtained for the
pseudo-second order model (Fig. 6). This is evidenced by the obtained values of the correlation
coefficients (r2) and the calculated sorption capacities (qe), which are close to the experimental data
(9exp)- The dependence t/q: vs t was linear over the entire concentration range of the dyes. It is believed
that, the rate-limiting step is the surface adsorption involves chemisorption, where the removal from a
solution is due to physicochemical interactions between the two phases. The pseudo-second order
equation was widely applied for description of the experimental sorption data of dyes on different
oxides such as titania, silica-titania and silica-alumina (Wawrzkiewicz et al., 2017, Wawrzkiewicz et al.,
2019; Wawrzkiewicz et al., 2019).
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Fig. 6. Influence of phase contact time on the dyes adsorption from the 20 mg/dm?3 systems and the fitting of
experimental data to PFO and PSO kinetic models (a) as well as the PSO plot (b)

Table 5. Kinetic parameters of sorption in the AY219-AST88, DY142-AST88 and RB21-AST88 systems determined
from the PFO and PSO models

Initial concentration of dye Cp [mg/dm?3]

Kinetic parameters AY219 RB21 DY142
20 100 20 100 20 100
Qeexp [mg/g] 20 82.3 19 74.3 18 62.8
PFO
ge [mg/g] 1.1 40.2 1.4 26.3 15 222
ki [1/min] 0.011 0.035 0.013 0.016 0.018 0.018
r2 0.426 0.971 0.811 0.935 0.706 0.897
PSO
ge [mg/g] 19.8 83.9 18.8 72.6 17.9 60.8
k» [mg/ g min] 0.3796 0.0031 0.0779 0.0037 0.099 0.0039
12 0.999 0.999 0.999 0.998 0.999 0.995

Important step of the experiments was to establish the influence of surfactant addition on the dye
retention by AST88. The dyeing baths and textile effluents contain different types of surfactants. It is
worth to establish their impact on the dyes adsorption by different adsorbents as these auxiliaries can
not only to increase the dye retention but also dramatically decrease the uptake. The effect of SDS and
CTAB presence in the amount of 0.1 g/dm? (below CMC of each surfactant) on the AY219, RB21 and
DY142 sorption on AST88 from the solutions of the initial dye concentration 20 mg/dm?3 was
investigated and is presented in Fig. 7.

The drop in the amounts of the AY219, RB21 and DY142 adsorbed by AST88 was observed in the
20 mg/dm? of dye - 0.1 g/dm? of surfactant (SDS and CTAB) systems. In the case of anionic surfactant
SDS, the observed drop of q: can be explained by the competitive sorption of SDS anions in comparison
with the anionic form of the dyes. Such an observation was described previously during C.I. Direct Blue
71 and C.I. Reactive Black 5 adsorption on the mixed silica-alumina oxide SA3 (97 wt. % SiO, and 3 wt.
% AlLOs, (Wawrzkiewicz et al., 2017). In the case of cationic surfactant CTAB reduction of the amount
of adsorbed dyes can be caused by the electrostatic interactions between the anionic form of the dye and
the surfactant endowed with a positive charge.

3.4. Effect of surfactant addition on the electrokinetic properties of mixed oxide suspension

The analysis of curves of the surface charge density (co) of AST88 as a function of solution pH presented
in Fig. 8 indicates that the point of zero charge (pzc) of the mixed oxide is located at the pH value of
approx. 4.8. Such value of pHp,c is a result of the dominant content of titania (88%) in the triple oxide
structure (Kosmulski, 2001). The surface -OH groups are of amphoteric character, i.e. depending on the
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Fig. 7. Influence of surfactants addition: SDS (a), CTAB (b) on the dyes uptake by AST88
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Fig. 8. AST88 surface charge density without and with adsorbed dye as a function of solution pH - influence of
dye type

solution pH value they attach (-OH,*) or detach the proton (-O-). Thus besides neutral hydroxyl groups,
there are also positively and negatively charged groups on the mixed oxide surface. In the case of
applied solid, the concentrations of positive and negative surface groups are the same at pH 4.8.

Regardless of the dye molecular weight, the structure of its molecule and the content of negatively
charged sulphate groups, small changes in the surface properties of the solid in relation to the mixed
oxide in the dye absence were observed. This may indicate the formation of hydrogen bonds between
the azo moieties in the dye molecules and the AST88 surface hydroxyl groups. Such mechanism of
adsorbate binding influences insignificantly both the solid surface charge density and location of pHp.c
points, and was observed in the other oxide systems (Wisniewska, 2007; Wisniewska, 2010). Formation
of hydrogen bonds with the participation of ionized sulphate groups of the examined dyes is not
excluded either but the scale of this phenomenon is rather marginal. The schematic representation of
the binding mechanism through hydrogen bonds and electrostatic interactions is presented in Fig. 9.

The presence of ionic surfactants (anionic SDS and cationic CTAB) molecules in the adsorption layer
has a significantly larger impact on the surface properties of AST dye systems (Fig. 10).

The presence of surfactant molecules in the AST88-AY219 system causes noticeable changes in the
solid surface charge density (Fig. 10 (a)), but they are clearly smaller than those obtained for the AST88-
RB21 (Fig. 10 (b)) and AST88-DY142 (Fig. 10 (c)) systems. The specific structure of the C.I. Acid Yellow
219, which is analogous to that of the surfactant molecule (it is possible to distinguish a longer
hydrophilic part and hydrophilic sulphate end group), leads to the possibility of dye-surfactant
hydrophobic interactions. In addition, in the case of CTAB the electrostatic attractions between the
oppositely charged hydrophilic groups of the dye and surfactant take place. Thus dye-surfactant
complexes are formed in the solution. Nevertheless, their specific arrangement in the adsorption layer
does not have a significant effect on the sign and magnitude of the mixed oxide surface charge.

In turn, in the case of the suspensions containing C.I. Direct Yellow 142 (and also C.I. Reactive Blue
21), which are terminated by negatively charged sulphate groups on two sides, hydrophobic
interactions with surfactant molecules play an insignificant role. In the presence of anionic SDS rather
competitive adsorption between the dye and the surfactant molecules with the same ionic character
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Fig. 9. The schematic representation of the binding mechanism of dye molecules through hydrogen bonds and
electrostatic interactions on the AST88 surface

occurs whereas in the CTAB-containing system dye-surfactant complexes are formed (differently
charged parts of molecules attract electrostatically).

Competitive adsorption of SDS and DY142 (or RB21) molecules results in an increase of the solid
surface charge density in comparison to the system without the surfactant almost in the whole examined
pH range, i.e. 5-9. Moreover, the anionic surfactant molecules are preferably bound with the AST surface
groups - the negatively charged head of SDS interacts directly with the hydroxyl groups of mixed oxide
causing the formation of an additional number of positively charged surface sites. On the other hand,
the reduction of AST88 surface charge density in the systems containing both adsorbates indicates that
the DY142-CTAB (or RB21-CTAB) complexes will rather remain in the solution and single molecules of
cationic surfactant undergo adsorption on the mixed oxide surface. This leads to the creation of an
additional number of surface sites endowed with a negative charge and reduction in the value of co.
Formation of another adsorption layer in which the surfactant molecules contact with the previously
adsorbed layer with their hydrophobic parts is also possible.

The examined triple oxide is characterized by the isoelectric point (iep) equal to 7.6 (Fig. 11). At such
pH value the zeta potential ({) is equal to 0 - the numbers of positive and negative charges accumulated
in the slipping plane area are the same. For all used azo dyes, a significant reduction of zeta potential is
observed in their presence within the whole studied pH range compared to the solid suspension
without the dye.

As can be seen in Fig. 8 the greatest reduction of the electrokinetic potential of AST88 particles occurs
in the presence of DY142 whereas the smallest in case of AY219. The reduction of the electrokinetic
potential in these systems results mainly from the anionic nature of the dyes, as well as from their
specific arrangement at the solid-solution interface which can lead to the shift of the slipping plane from
the surface of the mixed oxide particles (Szewczuk-Karpisz et al., 2018; Szewczuk-Karpisz et al., 2019).
The largest effect observed for by containing system DY142 indicates that the dye molecules were
located in the adsorption layer in the way which exposes a large number of negative sulphate groups
towards the bulk solution. This behaviour is very probable because the structure of DY142 is
significantly expanded and ended on both sites with negatively charged sulphate groups. In addition,
the adsorbed DY142 molecules do not pose such a large steric hindrance to other adsorbing dye
molecules (in comparison to RB21) and a greater accumulation of negative charges in the area of the
slipping plane is possible.

Figure 12 show the zeta potentials of AST88 particles dispersed in the systems containing mixed
adsorbates - the dye and the surfactant. For all AST88-dye systems a significant increase in the
electrokinetic potential in the presence of cationic CTAB was observed- in the whole examined pH range
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Fig. 10. AST88 surface charge density without and with adsorbed AY219 (a), RB21 (b) and DY142 (c) dye as a
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Fig. 11. AST88 particles zeta potential without and with adsorbed dyes as a function of solution pH - influence of
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¢ the potential assumes positive values from 20 to 30 mV. In turn, in the presence of anionic SDS the
reduction of zeta potential is obtained compared to the system without surfactant.

The relatively high positive values of the electrokinetic potential confirm formation of the adsorption
bilayer in the AST88-dye systems in the presence of cationic surfactant. The hydrophilic cationic CTAB
heads located in the area of the slipping plane determine positive  potential of mixed oxide particles.
On the other hand, the noticeable reduction of zeta potential of the AST88-dye systems containing
anionic SDS is due to the specific structure of the adsorption layer composed primarily of dye-surfactant
complexes (interacting with their hydrophobic fragments), but also individual molecules of both
adsorbates, anionic parts of which are directed towards the liquid phase.
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4. Conclusions

Adsorption studies revealed that the mixed oxide AST88 (4% wt. ALLOs - 8% wt. SiO2 - 88% wt. TiOy)
can be applied for azo and phtalocyanine dyes such as AY219, DY142 RB21 removal. Pseudo second
order equation can be used for description of the kinetic sorption data in the systems containing
20 mg/dm? and 100 mg/dm?3 of dye. Based on the experimental equilibrium data and isotherm
parameters calculated from the Langmuir model the highest affinity of AST88 for AY219 (205.2 mg/g)
was obtained. Five times and eleven times less values of the sorption capacities were obtained in relation
to RB21 and DY142, respectively. The anionic and cationic surfactant addition to the solution of the dye
concentration 20 mg/dm? caused the decrease in the amount of dye uptake by AST8S.

It was shown that the addition of azo dye affects the AST88 surface charge density slightly. This
points to the formation of hydrogen bonds between the mixed oxide hydroxyl groups and the dye
molecules. In turn, a distinct decrease of zeta potential of solid particles in their presence within the
whole pH range compared to the solid suspension without the dye was observed. The presence of ionic
surfactant molecules (SDS, CTAB) in the AST88-dye (AY219, RB21, DY142) systems causes considerable
changes of the solid surface charge density in the case of RB21 and DY142 containing suspensions.
Additionally, a significant increase in the electrokinetic potential of solid particles covered with dye
adsorption layers in the presence of cationic CTAB and the reduction of this parameter in the presence
of anionic SDS (compared to the system without the surfactant) were obtained. Thus, in the suspensions
containing a mixture of both adsorbates dye-surfactant complexes were formed. They were
characterized by various structures and different affinities for the triple oxide surface.
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