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A B S T R A C T   

The specific physico-chemical properties of chitosan (Ch), a biopolymer isolated from chitin, and its impact on 
the stability of colloidal dispersity have focused the interest of science and industry. However, in some cases 
chitosan alone is not enough to provide high stability to dispersions, making it necessary to add surfactant to the 
chitosan/oxide system, leading to superior stabilizing properties due to the association of polymer and surfactant 
molecules to form complexes that can modify the ability of bare chitosan for adsorbing on colloidal materials. 
This study explores the interactions between chitosan and alumina in the presence of three different anionic 
surfactants: the hydrocarbon SDS (sodium dodecyl sulfate), the fluorocarbon FS-91 (Capstone® FS-91), and the 
silicone A-Si (Silphos A-100). Different analytical methods evidenced chitosan adsorption on the alumina surface, 
forming hybrid organic–inorganic materials. This process can be enhanced by adding surfactant, with SDS 
leading to a strong increase of chitosan adsorption. Elemental mapping and scanning electron microscope im
aging have provided a confirmation of the co-adsorption of polymer and surfactant on the alumina surface. The 
latter emerges as a very important finding because the results have shown that small quantities of surfactant (as 
low as 0.002% v/v) can strongly influence the adsorption and stability of multicomponent colloidal systems. This 
allows decreasing the chitosan amount required for the enhancement of the colloidal stability in relation to 
dispersions without added surfactants, providing the basis for reducing the production costs of colloidal 
dispersion, which opens new opportunities to chemical industry.   

1. Introduction 

In order for industry to fulfil the green challenge that demands eco- 
sustainable products and contribute to sustainable development, it 
needs to implement natural compounds, such as polysaccharides. This 
entails the replacement of synthetic and non-biodegradable compounds, 
many times derived from petroleum chemical sources, with biodegrad
able and biocompatible raw materials, preferably from renewable 
sources, e.g., chitosan [1,2]. 

Chitosan is a linear copolymer derived from the deacetylation of 
chitin, which is made by different molar fractions of D-glucosamine and 
N-acetyl glucosamine units distributed randomly along the poly
saccharide chain [3]. This chemical structure allows the easy 

functionalization, which provides a broad range of applications of chi
tosan, including the manufacture of wound dressing, artificial skin, 
cosmetics, water engineering, paper finishing, metal chelating agents, 
design of drug delivery systems, tissue engineering, and fat trapper 
[4–9]. On the other side, the presence of a large number of amino and 
hydroxyl groups endows chitosan with a strongly adsorptive character 
while its cationic nature has offers benefits for the removal of anionic 
substances, e.g., dyes [10–12]. Also stabilizing [13] and flocculating 
properties [14] of chitosan can be used. However, the outcome of sta
bilization/flocculation depends on the environmental conditions, e.g., 
pH, ionic strength, presence of additives, etc. For instance, the addition 
of surface active agents can completely alter or change chitosan prop
erties [15,16], allowing the increase or decrease of the colloidal stability 
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of dispersions depending strongly on the mixture composition [17]. In 
fact, when the polymer and/or surfactant concentration is high, strong 
electrostatic interactions result in the formation of a macroscopic phase 
that alters system stability, which is caused by the removal of the factor 
(polymer or surfactant) governing system stabilization [18]. Once the 
macroscopic phase of the polymer-surfactant complexes is formed, the 
destabilization of the colloidal system may be brought about by the 
distribution of the complexes in the bulk. However, if the concentration 
of the polymer and/or surfactant is low, no macroscopic phase forma
tion is expected [19]. In such a case, most likely no change in the sta
bility of the system is observed. With the polymer concentration being 
enhanced (constant surfactant concentration), sandwich-like polymer- 
surfactant layers are formed. If the complexes adsorb on the solid sur
face, in most cases, an increase in stability is observed. On the contrary, 
if the complexes are characterized by a higher affinity toward the bulk 
phase, either stabilization or destabilization can occur [20–25]. 

The description of the stability in multicomponent colloidal systems 
is quite complicated, as many factors must be considered. Here, the 
stabilizing properties of chitosan over alumina suspensions in the pres
ence of different anionic surfactants are investigated. Aluminium oxide 
is one of the most common colloidal materials used in the cosmetic and 
pharmaceutical industries [26]. Moreover, it is also one of the best 
characterized and most used adsorbents in different fields [27]. There
fore, its stabilization in liquid medium can impact decisively in the ef
ficacy of different process and products. On the other side, the 
combination of low concentration of the surfactants with chitosan can 
be considered a very attractive concept for alumina stabilization that is 
not only scientifically relevant, but is also needed for the industry. In 
fact, the economic justification behind the use of relatively cheap 
surface-active agents, in small quantities, is undeniable. It is expected 
that the addition of oppositely charged surfactants in low concentration 
can provide an additional stability to the chitosan/alumina system. 
Despite its abundance, chitosan is harder to acquire than the commer
cially available surfactants. Moreover, from technological point of view 
it is easier to formulate products with soluble surfactants characterized 
by their low viscosity, than the use of polymers at higher concentrations. 
The novelty that we describe here is the use of different classes of sur
factants, such as hydrocarbon, silicone, and fluorocarbon, for modifying 
chitosan properties. This is important because fluorocarbon and silicone 
surfactants are known to possess exceptional properties, sometimes su
perior to those of hydrocarbon ones [28,29]. We have decided to test the 
role of one surfactant from each family to obtain results that may be 
applied to a broad range of applications. SDS is one of the most popular 
surfactants with uncountable applications, that has been known to a 
mankind for ages [30]. On the other side, the fluorocarbon surfactant 
Capstone® FS-91 and the silicone surfactant are also interesting choices 
that may also contribute to different applications. Fluorocarbon sur
factants are irreplaceable in the effective reduction of surface tension, 
while silicon surfactants due to their high surface activity and silicone 
character provide performance advantage and are used to create nano
structured materials. Since the concentration of the used surfactants was 
low (0.002 % v/v), and below their critical micelle concentrations 
(cmc), different effects associated with the addition of the surfactants 
may be expected: (i) no change in stability due to low or no interactions 
between chitosan and the surfactants used; (ii) increase in the stability 
due to the formation of sandwich-like adsorption layers composed by 
polymer-surfactant complexes adsorbed on the alumina surface, or (iii) 
decrease in stability related to the higher affinity of the formed com
plexes toward the bulk phase. To provide a framework describing the 
ongoing processes, different analytical methods have been exploited, 
allowing the characterization of the physicochemical properties of the 
systems and studying their adsorption and electrokinetic properties. 
Thus, it will be possible to determine whether surfactants can promote 
the stabilizing effect of chitosan for metal oxide suspensions. This is 
extremely important for different branches of industry, particularly the 
cosmetic one. For instance, chitosan is widely used in oral healthcare, 

haircare, and skincare products, and industrial formulators are 
constantly seeking new routes for improving the application of natural 
substances, many of them of colloidal nature. Therefore, the design of 
methodologies for the stabilization of such systems is crucial, and the 
use of chitosan as stabilizer and bioactive polymer can open new ave
nues for the cosmetic industry. 

2. Materials and methods 

2.1. Materials 

Chitosan (medium molecular weight, product number 448877, batch 
number STBF3507V) was purchased from Sigma-Aldrich (Saint Louis, 
MO, USA) with deacetylation degree DD = 75 % (according to the 
manufacturer), and used without further purification. Chitosan average 
molecular weight (Mw) was determined by size exclusion chromatog
raphy (SEC) with a double detection system (refractive index, RI, and 
multi-angle light scattering, MALS). The value was 411 kDa, which 
corresponds to the value previously reported in the literature [13]. The 
content of carbon, nitrogen and hydrogen of chitosan was evaluated by 
means of elemental analysis (EuroEA3000 CHNS-O Analyser, Euro
Vector, Pavia, Italy); The values were 40.548 % w/w (C), 7.096 % w/w 
(N), and 8.439 % w/w (H). 

Three anionic surfactants of different chemical nature were also 
used: a hydrocarbon surfactant, sodium dodecyl sulphate (SDS) from 
Sigma-Aldrich (Saint Louis, MO, USA); a fluorocarbon surfactant, 
Capstone® FS-91 from DuPont Corp. (Wilmington, DE, USA) containing 
CFx groups in its hydrophobic tail and phosphate group (–O-PO-(OH)2) 
as hydrophilic head, and a silicone surfactant – Silphos A-100 (A-Si) that 
can be classified as dimethicone PEG-8 phosphate, containing phosphate 
group as a hydrophilic part, from Siltech Corp. (East York, Canada). 

Alumina (Al2O3) produced by Merck (Darmstadt, Germany) was 
used as an adsorbent. Since the adsorbent was of commercial origin, to 
avoid the influence of impurities on the results of experiments, before its 
use it was washed with doubly distilled water until the conductivity of 
the supernatant was lower than 2 µS cm− 1. X-ray diffraction (XRD) 
analysis confirmed that the used adsorbent is gamma-phase alumina. 
The analysis of the crystalline phases showed that the sample contained 
97 % Al2O3 and 3 % hydrated Al2O3 (see Fig. S1 in Supporting Material). 
Figs. S2 and S3 (see Supporting Material) display the morphology of the 
adsorbent surface as was obtained from transmission electron micro
scopy (TEM, Titan G2) and scanning electron microscopy (SEM, Quanta 
3D FEG). The sample preparation for TEM imaging is described in the 
Supplementary Material. The average size of the Al2O3 particles was 
estimated as the apparent diameter by light scattering using a Master
sizer 2000 (Malvern Instrument ltd., Malvern, UK), yielding a value of d 
= 13.10 μm, which overlaps with previously reported results [31]. 

3. Methods 

3.1. Adsorption measurements 

Chitosan aqueous solutions with concentrations in the range of 
60–800 ppm with NaCl (0.01 mol/dm3) as background electrolyte were 
prepared in 10 cm3 flasks. Then, 0.2 g of Al2O3 was added to the 10 cm3 

solution. The resultant suspensions were shaken for 18 h in a thermo
static water bath at 25 ◦C (OLS 2000, Grant Instrument ltd., Shepreth, 
UK). 

The determination of the concentration of free chitosan remaining in 
the solution after interaction with alumina was carried out with the 
modified ninhydrin method proposed by Prochazkova et al. [32]. For 
this purpose, 1 cm3 of ninhydrin reagent was added to 1 cm3 of the 
supernatant obtained from the centrifugation of the dispersion con
taining chitosan and alumina at a speed of 14000 rpm in a high-speed 
centrifuge (310b, Precision Engineering, Andover, UK). The solutions 
were heated in a laboratory oven (UNE 400, Memmert GmbH, 

J. Matusiak et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 450 (2022) 138145

3

Schwabach, Germany) at 100 ◦C for 30 min. Afterwards, the samples 
were equilibrated to room temperature, and then 5 cm3 of 50 % v/v 
ethanol solution was added to each of them and mixed in a laboratory 
vortex for 15 s. Finally, the absorbance of the final mixtures was 
measured at 570 nm with a UV–Vis spectrophotometer (Cary 100, 
Varian Instruments, Palo Alto, CA, USA). All measurements were 
repeated four times and the resultant values were averaged. 

In the case of the adsorption of the chitosan/surfactant complexes 
the same analytical methodology was applied. First, 10 cm3 of solutions 
containing: NaCl (0.01 mol/dm3), chitosan (60–800 ppm), surfactant 
(0.002 % v/v) and bi-distilled water were prepared. Then, 0.2 g of 
alumina was added to the solution. The suspensions were shaken for 18 
h in a thermostatic water bath at 25 ◦C. 

3.2. Evaluation of the chitosan-surfactants interactions 

The optical tensiometer Theta (KSV Instruments ltd., Espoo, Finland) 
determined the surface tension (pendant drop method). Surfactant so
lutions were prepared by adding surfactant stock solutions (SDS, FS-91, 
A-Si) to the flasks up to a total volume of 50 cm3 to obtain solutions with 
concentrations in the desired ranges (SDS: 0–0.3 % v/v, FS-91: 0–0.6 % 
v/v, A-Si: 0–0.6 % v/v). For the set of measurements performed in the 
presence of chitosan, the appropriate volume of the polymer stock so
lution (1000 ppm in 0.1 mol/dm3 acetic acid) was added to the flasks 
containing the surfactant, so chitosan concentration was fixed in 400 
ppm. The measurements were carried out at room temperature (25℃). 
The values from five independent measurements were averaged. 

The same solutions containing chitosan and the surfactants (SDS, FS- 
91, A-Si) were analyzed by electrophoretic mobility using a Zetasizer 
Nano ZS (Malvern Instruments ltd., Malvern, UK). The electrophoretic 
mobility was measured and recalculated to the zeta potential with the 
Smoluchowski approach. The resultant zeta potential for the pure chi
tosan solution (400 ppm) was 57.2 mV. The values from five indepen
dent measurements were averaged. 

3.3. Stability measurements 

The effect of Ch and Ch/surfactant complexes on the stability of the 
alumina suspensions was investigated adopting a spectrophotometric 
method. The suspensions with a volume of 10 cm3 containing 0.005 g of 
alumina, background electrolyte (0.01 mol/dm3 NaCl) and the bi- 
distilled water were prepared and sonicated for 30 s (750 W, 20 kHz, 
Sonics Vibra Cell, Sonics & Materials Inc., Newton, CT, USA). After
wards, the fixed volume of Ch stock solution was added to the samples to 
obtain mixtures with a final chitosan concentration of 400 ppm. In the 
case of systems also containing surfactants, the calculated volume of 
these compounds was added up to a final concentration of 0.002 % v/v. 
The obtained suspensions were scanned for 15 h (Cary 300, Varian In
struments, Palo Alto, CA, USA) with bi-distilled water as a reference. The 
whole spectra in the range 200–800 nm were collected, and the single 
wavelength was chosen. Data were evaluated as the time evolution of 
the absorbance (at λ = 500 nm). 

3.4. Zeta potential measurements 

0.01 g of alumina were added to the 100 cm3 solution of the back
ground electrolyte NaCl (0.01 mol dm− 3). The suspensions were ultra
sonificated for 3 min (Sonics Vibra Cell, Sonics & Materials Inc., Newton, 
CT, USA). Afterwards, Ch was added to the colloidal suspension to reach 
the polymer concentration (100 ppm). In the case of systems containing 
surfactants, the calculated volumes of these compounds were added to 
the mixture to a concentration of 0.002 % v/v. The pH of the suspensions 
was adjusted by adding HCl and NaOH solutions (pH = 3–10). The 
electrophoretic mobility was measured with Zetasizer Nano ZS (Malvern 
Instruments, ltd., Malvern, UK) and converted to the zeta potential by 
the Smoluchowski approach. All measurements were made four times 

and the values were averaged. 

3.5. Characterization of the Ch and Ch/surfactant complexes adsorption 
on alumina 

A detailed characterization of the effect of Ch and Ch/surfactant 
complexes on the alumina properties was obtained before and after the 
adsorption process of the systems containing chitosan. For this purpose, 
pre- and post-adsorption alumina samples were dried in a laboratory 
oven at 80 ◦C until no significant change in mass was observed and used 
for further studies. 

A Fourier-transform infrared spectrometer Nicolet 8700 FTIR 
(Thermo Fisher Scientific, Waltham, MA, USA) was used to collect the 
spectra in the transmission mode within the mid-infrared range 
(4000–400 cm− 1) at a resolution of 4 cm− 1 with the application of the 
KBr pressed disc method (4 mg of sample per 200 mg of KBr). The 
spectrometer was equipped with the DLaTGS (KBr window) detector, 
EverGlo mid-IR source, and mid-IR optimized Ge-on-KBr beamsplitter. 
Sixty-four scans were averaged for each spectrum. 

The specific surface area (SSA), micropore area and volume of the 
samples were obtained through the low-temperature adsorp
tion–desorption of nitrogen at 77 K in Accelerated Surface Area and 
Porosimetry System (ASAP 2420, Micromeritics Corp., Norcross, GA, 
USA). The standard Brunauer-Emmett-Teller (BET) method was 
employed to calculate the SSA, whereas t-Plot analysis was applied to 
calculate the micropore area and volume. Prior to measurements, the 
samples were degassed at 120 ◦C. 

A Scanning Electron Microscope (SEM) Quanta 3D FEG (FEI Co., 
Hillsboro, NE, USA) was used to analyse the changes in the morphology 
of the samples before and after adsorption. To study the aggregation of 
the particles after adsorption, an Everhart-Thornley detector (ETD) with 
a voltage of 5 kV and a magnification of 100x was used. High resolution 
micrographs obtained by a backscattering electron detector BSED (20 
kV, magnification 1000x) provided information about the morphology 
of the alumina surface after the adsorption of chitosan-surfactant com
plexes. The elemental mapping of the studied samples was carried out by 
means of the BSED detector (magnification 1000x) by Energy Dispersive 
Spectroscopy (EDS) using an Octane Elect Plus system (EDAX, Pleas
anton, CA, USA). 

The changes on the surface chemistry of the samples after adsorption 
was evaluated by X-ray photoelectron spectroscopy (XPS) with an ultra- 
high vacuum multichamber analytical system (Prevac, Rogów, Poland). 
To collect the XPS spectra, the Scienta R4000 electron analyzer was 
employed. Monochromatic X-ray Al Kα source (Scienta SAX-100 X-ray 
source) was used during the experiments. All binding energies were 
calibrated with respect to the characteristic of aromatic carbon C1s band 
at 284.7 eV. 

4. Results and discussion 

4.1. Formation of chitosan-surfactant complexes in solution 

A very important aim of this study is to evaluate whether the for
mation of complexes between chitosan and three different anionic sur
factants can alter the ability of chitosan for modifying the properties and 
stability of alumina colloids. To this end, it is interesting to analyse the 
formation of chitosan/surfactant in solution before exploring its inter
action with alumina. The evaluation of the change of the polymer zeta 
potential with the addition of a surfactant provides important insights 
into the surfactant binding to the polymer chains. Fig. 1a-c show the 
evolution of the zeta potential of chitosan with the addition of incre
mental concentrations of the anionic surfactants. 

The addition of anionic surfactants should lead to the neutralization 
of the charge of the chitosan chain due to electrostatic binding. 
Considering that the zeta potential of pure chitosan solution (400 ppm) 
was estimated to be 57.5 mV, progressive reduction in these values 
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might be expected as anionic surfactants are added. The results evidence 
that this is not the picture emerging from the mixtures of chitosan with 
the three surfactants. In the case of the Ch/SDS system, the surfactant 
binding leads to a progressive neutralization of the chitosan charge till it 
reaches the neutralization point for the SDS concentration of about 0.05 
% v/v. A further increase in the added concentration of SDS leads to the 
formation of negatively charged complexes. A similar evolution of the 
zeta potential with the addition of surfactant was found for the Ch/FS-91 
system. The inversion of the complex charge for this system is shifted to 

a surfactant concentration more than 5 times higher than in the Ch/SDS 
systems (well above 0.2 % v/v). It should be noted that the phenomenon 
found in the mixtures of chitosan with SDS and FS-91 is the most com
mon in the formation of polyelectrolyte/surfactant systems [33]. On the 
other side, the effectivity of the electrostatic binding of A-Si to chitosan 
is very limited, and the Ch/A-Si complexes are characterized by positive 
values of the zeta potential in the whole range of studied concentrations. 

Further details on the association of chitosan and the three anionic 
surfactants can be obtained from surface tension measurements. Fig. 2a- 
c show the surface tension dependences for the adsorption at the water/ 
vapour interface of the three anionic surfactants and their mixtures with 
chitosan. 

The values of the critical micelle concentrations (cmc) for the sur
factants agree with values correspond to those reported in the literature 
[34]. The analysis of the surface tension curves points to additional 
conclusions as to the polymer/surfactant interactions [35]. These 
appear strongly dependent on the specific nature of the surfactant in 
agreement with the differences on the electrostatic binding inferred 
from the zeta potential results. The formation of the Ch/SDS complexes 
leads to a synergistic effect in the reduction of the surface tension in 
relation to pure SDS. Thus, even though the dependences of the surface 
tension of both SDS and Ch/SDS solutions on the surfactant concentra
tion are similar, characterized by the monotonous decrease in the sur
face tension to reach the cmc, the surface tension values for Ch/SDS 
always appear below those of SDS for the same solution, which corre
spond to what is found for most polycation/anion surfactant systems 
[36]. This is analogous to the strong affinity of SDS for the chitosan 
chains, which favours the formation of polyelectrolyte/surfactant com
plexes. If the surface tension curves corresponding to the systems with 
the other two surfactants are considered, the outcome is different. In the 
case of the Ch/A-Si system, the interaction between the surfactant and 
the chitosan results in a worsening of the ability of the surfactant to 
reduce the surface tension of the water/vapor interface. This can be 
understood if we consider that even though the binding of the chitosan 
to A-Si is rather limited as evidenced by the zeta potential values, there 
is a certain degree of binding which may result in a mixture of non- 
surface active Ch/A-Si complexes and a non-negligible amount of free 
surfactant molecules This leads to a decrease in surface tension by the 
free surfactant molecules. Hence the values of the surface tension in the 
Ch/surfactant system are higher than those corresponding to the pure 
surfactant solution of the same concentration. This results from the 
depletion of a certain surfactant molecules from the solution upon their 
interactions with the chitosan. It should be noted that the differences 
between A-Si and the Ch/A-Si solutions are minimized with the increase 
in surfactant concentrations, which corresponds to the very limited 
binding of this surfactant in agreement with the zeta potential results. 
The case of FS-91 is even more complex. The dependences of the surface 
tension on surface concentrations appear similar for both surfactant and 
polymer/surfactant mixtures, even though there is evidence of the Ch/ 
surfactant binding from the zeta potential measurements. It may be 
assumed that the surface activities of FS-91 and Ch/FS-91 are rather 
similar. Similar behaviour has been reported in the literature for the 
interaction of polycations and zwitterionic surfactants [37]. 

4.2. Adsorption of chitosan and the chitosan-surfactant complexes on the 
alumina surfaces 

The modification of alumina as a result of the adsorption of chitosan 
and surfactants was initially assessed by the modification of the FTIR 
spectroscopy. The FTIR spectra of chitosan, Al2O3, and the Ch/Al2O3 
mixtures are shown in Fig. 3a, while the corresponding spectra of the 
different Ch/surfactant/Al2O3 mixtures compared to those of chitosan 
and Al2O3 are displayed in Fig. 3b-d. 

A broad band in the 3442–3425 cm− 1 region of chitosan spectrum 
corresponds to the stretching vibration of the N–H and O–H groups 
forming hydrogen bonds. The absorption bands at 2921 and 2878 cm− 1 

Fig. 1. Changes of the zeta potential of chitosan (Ch) in the presence of (a) SDS, 
(b) FS-91 and (c) A-Si. 
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can be assigned to symmetric and asymmetric C–H stretching, respec
tively. The presence of residual N-acetyl groups was confirmed by the 
bands at around 1655 cm− 1 (C––O stretching of Amide I overlapping the 
N–H bending of Amide II) and 1322 cm− 1 (C–N stretching of Amide 
III), respectively. A wide shoulder centred at 1589 cm− 1 corresponds to 

the NH2 bending (Amide II) of the primary amines [38]. The bands at 
1422 and 1382 cm− 1 originate from symmetrical deformations of CH2 
and CH3 groups. These wavenumbers are also characteristic of O–H 
bending mode of monosaccharide units. The signal at 1154 cm− 1 can be 
attributed to asymmetric stretching of the C–O–C polysaccharide 
bridge, while the strong bands at 1154 and 1033 cm− 1 correspond to 
C–O skeletal stretching vibrations. The weak signal at 895 cm− 1 is 
attributed to the C–H out of the plane vibration of the ring of mono
saccharides, while the very wide band centred at around 614 cm− 1 is 
characteristic for N–H and O–H bending out of the plane modes. The 
assignments of the absorption bands are consistent with the chitosan 
spectra reported in the literature [39–43]. 

In the FTIR spectrum of Al2O3, the adsorption bands at around 3464 
and 1637 cm− 1 are attributed to the stretching and bending vibration of 
the various structural O–H groups and adsorbed water, respectively. 
Two broad bands between 1100 and 400 cm− 1 confirm the existence of 
alumina in the γ-form [44]. The band centred at 916 cm− 1 is charac
teristic of Al− O vibrations in the O− Al− O and Al− O− Al bridges, while 
the Al− O stretching vibration was observed at 522 cm− 1 [42,43,45,46]. 
The interaction of alumina and chitosan results in a FTIR spectrum for 
the Al2O3/Ch composite which presents several modifications with 
respect to the individual component. Firstly, the composite presents all 
the bands corresponding to chitosan groups, but their intensities are 
significantly reduced in relation to the bare chitosan which may indicate 
the adsorption of the biopolymer on the alumina. It was also observed 
that the band characteristics corresponding to Al2O3 dominate in the 
FTIR spectrum of the Al2O3/Ch composite (Fig. 3a). The red shift of the 
N–H bending band (from 1652 cm− 1 in pure chitosan to 1630 cm− 1 in 
the composite) as well as the blue one of the O–H and the N–H 
stretching bands (from 3442 cm− 1 in pure chitosan to 3474 cm− 1 in the 
composite) indicate the possible interactions between these functional 
groups and the Al2O3 particles. This may be understood considering the 
variety of OH groups on the alumina surface which makes possible the 
formation of hydrogen bonds with the OH and NH groups of the chitosan 
[47]. The reduced intensity of C–O stretching vibrations between 1154 
and 1033 cm− 1 further confirmed the binding of chitosan onto Al2O3. A 
decrease in the intensity of the band of Amide I (1652 cm− 1) accom
panied by a reduction in the intensity of the band at 1382 cm− 1 (CH3 
deformation) indicates a partial hydrolysis of the N-acetyl D-glucos
amine units. These findings indicate that functional groups such as 
–NH2, –OH, and –CO- are involved in the formation of the Al2O3/Ch 
composite. 

Anionic surfactant-modified alumina has been widely studied 
because the high surface area and a positive charge at the solution pH 
below its point of zero charge offers a good platform where anionic 
surfactants such as SDS, A-100, and FS-91 can adsorb [48–50]. The FTIR 
spectra of Ch/surfactant/Al2O3 mixtures are presented in Fig. 3(b-d) 
together with the spectra of pure chitosan and bare alumina. The spec
tral analysis shows that the addition of surfactants has a slight effect on 
the adsorption of chitosan, regardless of the type of surfactant used. The 
band profiles of the FTIR spectra of the three ternary mixtures and the 
Ch/Al2O3 composite are complementary. Similarly to the Al2O3/Ch 
composite, a comparable reduction in the intensity of the N–H bending 
vibration at 1654 cm− 1 and the bands in the regions of 1500–1300 and 
1200–1000 cm− 1, characteristic of chitosan, is observed for the three 
ternary mixtures. This may be rationalized considering that the low 
concentration of the used surfactants (0.002 % v/v) is not enough to be 
detected by FTIR spectroscopy. A more quantitative evaluation of the 
effect of the additives on the FTIR spectrum of alumina can be performed 
by comparing the FTIR spectra of chitosan mixtures prepared without 
and with the addition of the anionic surfactants (see Fig. S4). It is 
possible to evaluate the influence of the anionic surfactants on the Ch/ 
Al2O3 spectrum. The addition of surfactants modifies the Ch/Al2O3 
spectrum in the wavelength region between 1200 and 400 cm− 1. 

The absorbance peaks at 1654 and 1598 cm− 1 (N–H bending) and 
3474 cm− 1 (O–H stretching overlapping the N–H stretching of the 

Fig. 2. Surface tension dependences on the surfactant concentration for the 
adsorption at the water/vapour interface of the three anionic surfactant and 
their mixtures with chitosan (Ch): (a) SDS, (b) A-Si and (c) FS-91. 
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primary and secondary amine) indicate the presence of chitosan in the 
composites, while the two broad bands between 1200 and 400 cm− 1 

may be associated with the addition of surfactants. 
The presence of chitosan and the Ch/surfactant complexes influences 

the physicochemical and structural properties of the aluminium(III) 
oxide. Table 1 represents the changes in the specific surface area (SSA), 
micropore area (MA) and micropore volume (MV) upon the adsorption 
of Ch and the Ch/surfactant mixtures on alumina surface. It can be 
observed that the SSA decreases after the adsorption of the polymer, 
whereas the Ch/surfactant complex adsorption does not lead to any 
further modification of SSA. There are no significant differences be
tween the effects of the different surfactants on the SSA of the alumina. 
The reduction in the SSA upon the adsorption of chitosan and Ch/sur
factant complexes can be understood in the light of the formation of a 
polymer or polymer/surfactant layer on the alumina, which results in 
the clogging of the alumina pores, reducing the available area of the 
alumina surface. This is confirmed by the impossibility to measure the 
MA and MV of the alumina samples after adsorption of the polymer or 
the polymer/surfactant complexes. In this case, a certain aggregation of 
the alumina colloids mediated by the formation of a chitosan or chito
san/surfactant layers cannot be ruled out on the basis of the changes of 
SSA. 

The modification of the structure of the alumina surface as result of 
the adsorption of Ch and Ch/surfactant complexes inferred from the 
change of the SSA can be confirmed by the SEM micrographs reported in 
Fig. 4a-e. 

The SEM micrographs show a significant aggregation of the solid 
alumina particles as a result of the adsorption of the polymer and its 
mixtures with the three surfactants. The samples are highly aggregated 

after the formation of the polymer or the polymer/surfactant layers. This 
may be due to the fact that the chitosan acts as glue by forcing the ag
gregation of the solid particles. In the case of the Ch/FS-91/Al2O3 and 
that of Ch/A-Si/Al2O3 systems, the polymer-surfactant complexes 
adsorb as a root (Fig. 5a) or loose spider-net (Fig. 5b), covering the 
alumina particles, respectively. In the case of Ch/SDS/Al2O3 system, the 
formed complexes are adsorbed on the alumina surface (Fig. 5c). The 
results suggest that in the Ch/SDS/Al2O3 system the organic polymer/ 
surfactant complexes are directly bound to the alumina surface, whereas 
in the case of the Ch/FS-91/Al2O3 and Ch/A-Si/Al2O3 systems, the 
organic complexes are loosely deposited on the alumina, which was 
evidenced during the analysis (the organic layers were mobile under the 
electron beam). 

SEM-EDX elemental mapping was carried out to reveal further de
tails of the mechanism underlying the formation of chitosan and the Ch/ 
surfactant layers (Fig. 6a-d). This might confirm that the applied sur
factants control the morphology of the adsorption layer formed by the 
polymer-surfactant complexes. 

The maps obtained from the elemental analysis Fig. 6a-d present the 
overlapped content of the different elements evidenced by different 
colours. In the case of the Ch/Al2O3 composite (Fig. 6a), the deposited 
chitosan forms flakes which are composed, as expected, mainly of car
bon and nitrogen. The presence of these elements together with 
aluminium and oxygen confirms the deposition of the chitosan layer 
because carbon and nitrogen are not present in alumina, which is quite 
similar to the Ch/SDS/Al2O3 mixture. In this case, the elemental analysis 
also shows the presence of sulphur, which confirms the deposition of 
polymer-surfactant complexes on the alumina surface (Fig. 6b). How
ever, when the Ch/A-Si/Al2O3 system is considered, the elemental 
analysis evidenced that the formed complexes do not present a signifi
cant adhesion to the alumina surface (Fig. 6c). Something similar was 
found for the Ch/FS-91/Al2O3 system. The ‘spider-web’ complexes that 
were present on the surface of alumina were composed of carbon, ni
trogen, oxygen, and fluorine (Fig. 6d). Since the adsorption of the Ch/A- 
Si and Ch/FS-91 on alumina is very reduced, it can be assumed that the 
formed complexes are characterized by higher affinity for the bulk phase 
than for the alumina surface. However, a very small fraction of them can 
be still adsorbed on the solid surface, which occurs in this case as a loose 
organic fraction hooked to the alumina surface. This agrees with the 
above discussed surface tension results. 

Fig. 3. FTIR spectra of chitosan, Al2O3 and Al2O3/Ch (a), Al2O3/Ch/SDS (b), Al2O3/Ch/A-100 (c) and Al2O3/Ch/FS-91(d) mixtures.  

Table 1 
SSA, MA and MV values of Al2O3 before and after the adsorption of Ch and Ch/ 
surfactant mixtures.   

SSA [m2/g] MA 
[m2/g] 

MV 
[cm3/g] 

Al2O3 108.19 ± 0.17  3.67  0.000613 
Al2O3/Ch 99.32 ± 0.58  –  – 
Al2O3/Ch/SDS 98.38 ± 0.60  –  – 
Al2O3/Ch/FS-91 98.33 ± 0.58  –  – 
Al2O3/Ch/A-Si 97.74 ± 0.57  –  –  
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The nature of the surfactant plays a very important role in the control 
of the chitosan deposition. Further evidence on this issue can be 
extracted from the analysis of the amount of chitosan adsorbed on the 

alumina. Fig. 7 demonstrates the influence of anionic surfactants (SDS, 
A-Si and FS-91) on the amount of deposited chitosan on the alumina 
surface. 

Fig. 4. SEM micrographs obtained for: (a) Al2O3, (b) Ch/Al2O3 composite, (c) Ch/SDS/Al2O3 mixture, (d) Ch/A-Si/Al2O3 mixture, (e) Ch/FS-91/Al2O3 mixture. All 
the images were obtained at 100x magnification. 

Fig. 5. Micrographs of the three ternary mixtures obtained a 1000x magnification: (a) Ch/A-Si/Al2O3, (b) Ch/FS-91/Al2O3, (c) Ch/SDS/Al2O3.  
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The results show that the adsorption of Ch on alumina increases from 
the smallest values of the equilibrium concentration of the chitosan in 
the solution (Ceq) up to reach a maximum adsorption of about 0.8 mg/ 
m2 for Ceq of about 200 ppm. This adsorption can be rationalized 
considering that chitosan has a hydrophilic nature due to the presence of 
hydroxyl groups (–OH) at the C-3 and C-6 positions and amino groups 
(–NH2) at the C-2 position (pKa ≈ 6.3–7), which facilitates its interaction 
with the oxide surface by different mechanisms depending on the pH 
value [51,52]. At acidic pH (<6.5), chitosan is positively charged but at 
higher pH it loses its charge and may precipitate from solution due to the 
deprotonation of the amino groups [53]. It has already been proven that 
above the pKa values, chitosan tends to form nanoparticles, whereas it 
becomes completely insoluble at pH≈9.8 [54]. It was also observed that 
with an approximately equal ratio of N-acetyl glucosamine to D- 
glucosamine units chitosan will not precipitate from the system even 
above the pKa [55]. Taking into account that the adsorption of Ch on the 
alumina surface was conducted at pH≈7, when the surface of alumina is 
slightly positively charged (Notice that the pH of the isoelectric point of 
the alumina, pHiep, is found around 6.5), whereas chitosan amine groups 
are not fully protonated, the most probable adsorption mechanisms of 

Ch on the alumina surface are hydrogen bonding and van der Waals 
interactions [56,57]. Due to the presence of Coulomb repulsion forces 
between substances of the same charge the electrostatic interaction is 
much less probable. In such cases the amine groups present in the chi
tosan chains are only partially protonated, which is why the polymer 
chain adopts a coiled conformation [58]. 

The addition of anionic FS-91 and A-Si surfactants to the Ch/Al2O3 
leads to the formation of the polymer-surfactant complexes worsening 
the chitosan adsorption, which agrees with the elemental mapping re
sults. This is due to the formation of the Ch/surfactant complexes having 
lower affinity to the alumina surface than chitosan. This can be under
stood considering that under the adsorption conditions, i.e., pH = 7 and 
a surfactant concentration of 0.002 % v/v, the Ch/FS-91 and Ch/A-Si 
complexes are positively charged. Therefore, if the adsorption of such 
complexes occurs on the alumina surface (predominantly in the Ch/SDS 
system), the process should be guided by non-electrostatic interactions. 
The possibilities of non-electrostatic interactions are diminished upon 
the binding of the surfactant to the chitosan chains due to the decrease in 
the number of available groups which reduces the interactions oppor
tunities between the complexes and the alumina. On the other hand, the 
affinity of the complexes for the aqueous medium also plays a very 
important role on their limited adsorption in water. The formation of the 
Ch/A-Si complexes is associated with an enhanced solubility in relation 
to the surfactant. It may be expected that the formed complexes do not 
present any tendency to be depleted from the solution to the alumina 
surface, and when they absorb, they form a fuzzy layer protruding to the 
bulk. The results suggest that the adsorption of individual surfactant 
molecules on the alumina through electrostatic interactions cannot be 
ruled out. In the case of the Ch/FS-91 complexes, their solubility is very 
similar to that of the surfactant as evidenced by their similar surface 
activity, which can result in a reduced adsorption of the complexes on 
the alumina surface. 

The worsening of the chitosan adsorption in the presence of FS-91 is 
lower than that of A-Si. This can be put down to the fact that the com
plexes of Ch and A-Si are characterized by a very reduced binding, 
having positive charge throughout the whole studied concentration 
range (as evidenced by the zeta potential values), which limit the 
complex depletion from the solution to the alumina surface. The binding 
in the Ch/FS-91 complexes is higher, and this can favour a certain 
depletion of the complexes to the surface; even the deposited amount 
remains below that corresponding to bare chitosan. Further details on 
the interactions between the polyelectrolyte/surfactant systems can be 
inferred from the zeta potential values of the suspensions depicted in 

Fig. 6. SEM micrographs (left) and elemental analysis maps (SEM-EDX, right) for the different mixtures: (a) Ch/Al2O3, (b) Ch/SDS/Al2O3, (c) Ch/A-Si/Al2O3, (d) Ch/ 
FS-91/Al2O3. The presence of different elements is evidenced by different colours. 

Fig. 7. Influence of the different surfactants (0.002% v/v) on the amount of 
deposited chitosan on the alumina surface as a function of the dependence of 
the adsorbed amount on the equilibrium concentration of chitosan on the initial 
solution (Ceq). For the sake of comparison, the results corresponding to the 
adsorption of chitosan in absence of surfactant are also plotted. 
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Fig. 8. 
The alumina suspension without any additives is positively charged 

up to pH = 6.5 (pHiep). Above this pH value it starts to be negatively 
charged. This situation changes after the addition of chitosan. This 
cationic polysaccharide is rich in positively charged groups, forming a 
layer on the alumina surface, with positive residues protruding to the 
aqueous phase, which leads to the increase of the zeta potential in the 
entire measured pH range. The zeta potential increase is not propor
tional to the concentration of the protonated amino groups present in 
the system, since even a small number of positively charged –NH3

+ could 
lead to the increase in the zeta potential. This also shows that above pKa 
of chitosan (greater than6.5), up to pH = 9, the zeta potential of the Ch/ 
Al2O3 is still slightly positive. This indicates the role of the chitosan 
amine groups in the charge formation of the alumina dispersion, even 
above the pKa value of chitosan. 

The addition of the anionic surfactants to the Ch/Al2O3 system 
slightly decreases the zeta potential. It is a result of the neutralisation 
reaction between cationic Ch and anionic surfactants. As one can see in 
the Ch/Al2O3 and Ch/Al2O3/surfactant systems the zeta potential is 
positive up to pH = 8 and even under pH values higher than 8 the zeta 
potential of the studied system is close to zero or only slightly negative. 
The lowest zeta potential values among the Ch/surfactant/Al2O3 sys
tems are for A-Si, which could indicate the more expanded structure of 
the adsorption layer. This might also explain why the adsorption of the 
Ch/A-Si complexes is the lowest: looser complexes adsorbing on the 
alumina surface block free adsorption centres because of the steric 
reasons. On the other hand, the increase of the Ch adsorption on Al2O3 in 
the presence of SDS is also a consequence of the Ch/surfactant com
plexes formation. In this case the formed complexes are easily adsorbed 
on the solid surface, which reveals the strong binding of the anionic 
surfactant to the chitosan. There is also a possibility that the formed Ch/ 
SDS complexes can contain more than one polymer macromolecule 
[59,60]; thus, if the number of the adsorption centres on the alumina 
surface is constant, the adsorption of such aggregates causes the increase 
in the total adsorption [61]. 

The adsorption data were confirmed by X-ray photoelectron spec
troscopy (XPS). [43 44]. The XPS spectra (Fig. 9) confirm the adsorption 
of chitosan on the alumina surface. On the post-adsorption sample, 
peaks indicative of the presence of nitrogen and alumina were found (N 
1 s, Al 2 s and Al 2p). In the case of chitosan, the presence of calcium was 
also noticed. Since the polymer is of natural origin, the presence of 
inorganic cations such as calcium, magnesium, sodium and potassium 
can be expected [62]. As far as the spectra of the hybrid materials 
containing surfactants are concerned, there were no significant changes 
opposed to Ch/Al2O3 samples (Fig. S5). The absence of sulphur, silicon 
and fluorine can be explained by too low a concentration of the 

Fig. 8. Zeta potential of the alumina suspensions with different additives as 
function of the pH. Chitosan concentration 100 ppm and surfactant concen
trations (0.002 % v/v). 

Fig. 9. The XPS spectra for: (a) Al2O3, (b) Ch/Al2O3 (middle) and (c) Ch.  
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surfactants in the samples and the low homogeneity of their distribution 
within the samples. 

The high resolution XPS spectra of C 1s, O 1s, N 1s, and Al 2p 
(Figs. S6-S11) for all the studied multicomponent samples showed that 
the chemical bonds between the polymer and the adsorbent were 
formed. The assignation of the different chemical to the different peaks 
of the XPS spectra are reported in Table S1. In general, the content of 
carbon in the post-adsorption samples increased when compared to pre- 
adsorption ones (Table S2). In the composite materials, N and Al were 
detected, confirming adsorption. In such cases it is impossible to 
determine the concentration of carbon and nitrogen quantitatively 
because of the adventitious carbon and heterogeneity of the samples. 
The deconvolution of N 1s spectra of the samples yielded different 
outcomes (Fig. 10a-d). 

In the case of Ch/FS-91/Al2O3 and Ch/A-Si/Al2O3, only the C-NH2 
bond is visible, whereas in the case of the Ch/Al2O3 and Ch/SDS/Al2O3 
systems, an additional bond is visible (C-NH-C(=O)-). The nature of 
chitosan, which is deacetylated chitin, requires the presence of the 
acetylamine group. These finding overlap with the fact that the highest 
adsorption occurred in the case of the Ch/SDS/Al2O3 and Ch/Al2O3 
systems, lower for the Ch/FS-91/Al2O3, and the lowest in the Ch/A-Si/ 
Al2O3 system. This should be confirmed in further studies. Nevertheless 
at this point it looks like the higher adsorption takes place in the systems 
where not only the amine, but also acetylamine groups are found. 

A last aspect that is interesting to evaluate related to the interaction 
of additive with alumina dispersions is the role of this additives in the 
dispersion stability. Fig. 11 presents the influence of chitosan/anionic 
surfactant (SDS, A-Si and FS-91) mixtures and chitosan alone on the 
stability of the Al2O3 dispersions as was evaluated by the time evolution 
of the absorbance of the samples a 500 nm. 

The quick drop of absorbance down to values close to zero of alumina 
suspensions suggests its fast destabilization, resulting in unstable 
alumina suspensions without the additives (drop of the absorbance from 
0.3897 (0 h) to 0.0266 (15 h)). The presence of a high molecular com
pound, such as chitosan, enhances the stability as the higher absorbance 
values (Abs0h = 0.4562) and the smooth decrease in the absorbance 
value (Abs15h = 0.1528) with time is evidenced, which corresponds with 
previous studies [63]. This can be explained by the fact at pH = 7 the 

surface of alumina is slightly positively charged, and the adsorption of 
chitosan results from the hydrogen bonding and van der Waals in
teractions. The deprotonation of the amine groups of the chitosan chains 
indicates the formation of a collapse layer where chitosan chains adopt a 
coiled structures on the alumina surface. In such cases the increase in 
stability is the consequence of the (electro)steric stabilization. There
fore, the sixfold increase of stability measured in the 15 h when 
comparing Al2O3 and Ch/Al2O3 systems was observed. As the results 
show, the addition of the anionic surfactant can also help to improve 
stability. Stability is the highest for the SDS/Ch/Al2O3 system (Abs15h =

0.2246), which is in line with the enhanced deposition of SDS/Ch 
complexes on the alumina surface in relation to the chitosan (see Fig. 7). 
The stability of the dispersions upon the adsorption of SDS/Ch com
plexes may be considered as being of electrosteric origin. The use of the 
other surfactant, A-Si and FS-91, also improves the stability of the Al2O3 
suspensions, but the stability remains comparable to that obtained after 
the Ch addition (Ch/A-Si/Al2O3 Abs15h = 0.1393; Ch/FS-91/Al2O3 
Abs15h = 0.1203). In these systems the most probable stability mecha
nism is a combination of electrosteric and depletion stabilization. This 

Fig. 10. N 1 s HRXPS spectra for (a) Ch/Al2O3, (b) Ch/SDS/Al2O3, (c) Ch/FS-91/Al2O3, (d) Ch/A-Si/Al2O3 samples.  

Fig. 11. Dependence of the absorbance at 500 nm on the time for alumina 
dispersions in presence of different additives. Chitosan concentration 400 ppm 
and surfactant concentrations (0.002 % v/v). 
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means that a part of the formed Ch/A-100 and Ch/FS-91 complexes 
adsorbs on the alumina surface (electrosteric stabilization) whereas the 
rest remains in the bulk solution (depletion stabilization) [64,65]. 

5. Conclusions 

This work has demonstrated that the addition of chitosan and chi
tosan/anionic surfactant mixtures to alumina dispersions can be 
exploited for providing an enhanced stability to alumina dispersion. This 
depends on the specific chemistry of the surfactant, which influences on 
their ability for the adsorption of the formed chitosan/anionic surfactant 
complexes on the alumina. The complexes can either adsorb on alumina 
surface, or remain in the bulk, providing different stabilization mecha
nisms. The highest adsorption and stability were obtained after the 
addition of SDS to the Ch/Al2O3 system, where the interactions between 
chitosan and SDS were found to be the strongest between all the studied 
mixtures. This resulted in the formation of complexes that can adsorb 
very efficiently on the alumina surface as was confirmed by the chitosan 
adsorption, elemental mapping and XPS measurements. Polymer- 
surfactant complexes are also formed in the case of the Ch/FS-91/ 
Al2O3 and Ch/A-Si/Al2O3 systems. However, the adsorption affinity of 
those complexes toward the alumina surface is lower than for the Ch/ 
SDS complexes, which results in weak adhesion of the complexes to the 
alumina surface (SEM-EDX mapping). The formed complexes most likely 
stay in the bulk of the suspension. Therefore, the observed stabilization 
is greater in the case of Ch/SDS/Al2O3 than in the Ch/FS-91/Al2O3 and 
Ch/A-Si/Al2O3 systems. 

It can be also concluded that the addition of very small amounts of 
hydrocarbon surfactant (0.002 % v/v of SDS) can enhance the stability 
of the alumina suspensions. This means that the addition of common and 
relatively cheap surfactants decrease the economic impact (low price of 
the used reagent) associated with the stabilization of colloidal disper
sion. The results have shown a fair increase in the stability of the 
colloidal system, which is a base for a great deal of industrial products. 
This opens very interesting perspectives for formulators to exploit the 
synergistic effect emerging from biopolymers occurring in conjunction 
with surfactants in the design of more efficient colloidal systems for 
industrial applications. 
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TEM – Sample preparation 

The alumina samples were dried and ground to fine powders in an agate mortar. Then the 

obtained powder was poured with 99.8% ethanol (POCH) to form a slurry that was 

subsequently inserted into an ultrasonic homogenizer for 10 s (Omni Sonic Ruptor 400, Omni 

International, Kenessaw, GE, USA). The slurry was pipetted and supported on a 300 mesh 

copper grid covered with the lacey formvar and stabilized with carbon (Ted Pella Company, 

Redding, CA, USA) and left on a filter paper for ethanol evaporation. The samples deposited 

on the grid were inserted into a single-tilt holder and moved to the electron microscope. The 

high-resolution electron microscope Titan G2 60–300 kV (FEI Company, Hilsboro, OR, USA) 

was used to display the studied materials. Microscopic studies were carried out at an 

accelerating voltage of the electron beam equal to 300 kV for the materials. 

 

 
Fig. S1.  Identification of crystalline phases of alumina. The presence of Al2O3 (Ref. Code 00-

010-0425) and hydrated Al2O3 (Ref. Code 00-001-0287) was confirmed using the ICDD 

PDF4+2022 diffraction database. 

 



3 
 

 
Fig. S2. TEM images of the used Al2O3. 
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Fig. S3. High resolution SEM micrographs of the used Al2O3 with different magnification: (a) 

5000x, (b) 10 000x, (c) 25 000x, (d) 100 000x. 
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Fig. S4. Comparison of normalized FTIR spectra of unmodified alumina, Al2O3/Ch and 

Al2O3/Ch/surfactants systems. 
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Fig. S5. The XPS survey spectra for: (a) Ch/SDS/Al2O3, (b) Ch/FS-91/Al2O3 and (c) Ch/A-

Si/Al2O3 mixtures. 
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Fig. S6. HRXPS spectra of Ch sample: (a) C 1s, (b) O 1s, (c) N 1s. 
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Fig. S7. HRXPS spectra of Al2O3 sample: (a) C 1s, (b) O 1s, (c) Al 2p. 
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Fig. S8. HRXPS spectra of Ch/Al2O3 sample: (a) C 1s, (b) O 1s, (c) N 1s, (d) Al 2p. 
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Fig. S9. HRXPS spectra of Ch/SDS/Al2O3 sample: (a) C 1s, (b) O 1s, (c) N 1s, (d) Al 2p. 
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Fig. S10. HRXPS spectra of Ch/FS-91/Al2O3 sample: (a) C 1s, (b) O 1s, (c) N 1s, (d) Al 2p. 
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Fig. S11. HRXPS spectra of Ch/A-Si/Al2O3 sample: (a) C 1s, (b) O 1s, (c) N 1s, (d) Al 2p. 
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Table S1. Assignation of different peaks of the XPS spectra to specific chemical bonds. 

Sample Region Name Position [eV] Origin 
Ch C 1s C-C 284.7 Ch/Adv. C 
  C-O 286.3 Ch/Adv. C 
  C=O 287.9 Ch/Adv. C 
  O=C-O- 288.7 Adv. C 
 O 1s O=C-N 531.21 Ch/Adv. C 
  C-O 532.26 Ch/Adv. C 
  C-OH aliphatic 532.91 Ch/Adv. C 
 N 1s C-NH2 399.42 Ch 
Al2O3 C 1s C-C 284.7 Adv. C 
  C-O 286.2 Adv. C 
  C=O 287.6 Adv. C 
  O=C-O- 288.8 Adv. C 
  carbonate 290.2 Adv. C 
 O 1s Al-O 530.54 Al2O3 
  Al-OH 531.46 Al2O3 
  C-OH 532.77 Adv. C 
 Al 2p Al-O 73.79 Al2O3 
  Al-OH 74.68 Al2O3 
Ch/Al2O3 C 1s C-C 284.7 Ch/Adv. C 
  C-O, C-NH2 286.3 Ch/Adv. C 
  C=O 287.9 Ch/Adv. C 
  O=C-O- 288.8 Adv. C 
 O 1s Al-O 530.54 Al2O3 
  Al-OH 531.46 Al2O3 
  C-OH 532.77 Adv. C 
 N 1s C-NH2 399.44 Ch 
  C-NH-C=O 400.89 Ch 
Ch/SDS/Al2O3 C 1s C 1s C-C 284.7 Ch/Adv. C 
  C-O, C-NH2 286.3 Ch/Adv. C 
  C=O 287.9 Ch/Adv. C 
  O=C-O- 288.8 Adv. C 
 O 1s  Al-O 530.54 Al2O3 
  Al-OH 531.46 Al2O3 
  C-OH 532.77 Adv. C 
 N 1s C-NH2 399.44 Ch 
  C-NH-C=O 400.89 Ch 
Ch/FS-91/Al2O3 C 1s C-C 284.7 Ch/Adv. C 
  C-O, C-NH2 286.2 Ch/Adv. C 
  C=O 287.6 Ch/Adv. C 
  O=C-O- 288.7 Adv. C 
  carbonate 290.2 Adv. C 
 O 1s Al-O 530.69 Al2O3 
  Al-OH 531.82 Al2O3 
  O-C-O 533.17 Ch/Adv. C 
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 N 1s C-NH2 399.54 Ch 
Ch/A-Si/Al2O3 C 1s C-C 284.7 Ch/Adv. C 
  C-O, C-NH2 286.3 Ch/Adv. C 
  C=O 287.9 Ch/Adv. C 
 O 1s O=C-N- 529.36 Ch 
  Al-O 530.31 Al2O3 
  Al-OH 531.57 Al2O3 
 N 1s C-NH2 399.66 Ch 

 

 

Table S2. Elemental composition of the studied samples. 

Sample Name Position [eV] %At. conc. 
Ch C 1s 284.7 73.06 
 O 1s 532.2 22.28 
 Ca 2p 346.95 1.54 
 N 1s 398.7 3.12 
Al2O3 Al 2p 73.95 37.79 
 C 1s 284.7 14.96 
 O 1s 530.7 47.25 
Ch/Al2O3 C 1s 284.7 29.22 
 O 1s 530.7 41.81 
 Al 2p 73.2 26.57 
 N 1s 398.7 2.4 
Ch/SDS/Al2O3 C 1s 284.7 30.95 
 N 1s 397.95 2.44 
 O 1s 530.7 41.55 
 Al 2p 73.2 25.06 
Ch/FS-91/Al2O3 C 1s 284.7 51.34 
 O 1s 532.2 32.2 
 Al 2p 73.95 15.36 
 N 1s 400.2 1.1 
Ch/A-Si/Al2O3 C 1s 284.7 17.86 
 Al 2p 72.7 32.2 
 O 1s 530.2 48.01 
 N1s 398.2 1.93 
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