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ABSTRACT - REZUMAT

The effect of N-tetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate addition on washing properties of
liquid laundry detergents

The use of colorimetric analysis based on a CIELab system to determine detergency of commercial liquid laundry
detergents before and after modification with SB3C14 sulfobetaine (N-tetradecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate) is presented. The EMPA 101 standard cotton fabric soiled with carbon black and olive oil was used
in washing tests under the following conditions: temperature 40°C, rotational speed 200 rom, 30 minute washing cycle,
water hardness 5.35 mval/l, the concentration of liquid laundry detergents 1.25-50 g/I. The physicochemical analysis of
colour, form, odour, pH, density, viscosity and content of anionic surfactants showed compliance with the manufacturers’
declarations. The studies demonstrated that with increasing laundry detergent concentration a gradual increase in
detergency occurred. At the highest tested concentrations of 50 g/L, detergency of 18.1% and 22.2% for cheaper L1 and
more expensive L2 products was achieved, respectively. Modification with the 5% addition of the zwitterionic
sulfobetaine SB3C14 led to an improvement of the washing properties by 4.7% on average. At a concentration of 50 g/l,
the modified L1 and L2 solutions demonstrated the highest detergency equal to 22.8% and 35.3%, respectively. This
proves the existence of synergistic effect by the interaction of all ingredients in the solutions with higher concentrations.
Microscopic analysis of EMPA 101 fabrics before and after washing processes showed no serious damage to the fibres,
only the presence of slight fraying of individual ones. The results suggest that the SB3C14 sulfobetaine can be
successfully used in liquid laundry detergents due to its very favourable surface propetrties.
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Influenta adaosului de N-tetradecil-N, N-dimetil-3-amonio-1-propanesulfonat asupra proprietatilor
detergentilor lichizi pentru rufe

Se prezinta utilizarea analizei colorimetrice bazatd pe un sistem CIELab pentru a determina capacitatea de curétare a
detergentilor lichizi comerciali pentru rufe inainte si dupa addugarea de SB3C14 sulfobetaina (N-tetradecil-N, N-dimetil-
3-amonio-1-propanesulfonat). Materialul textil din bumbac EMPA 101 impregnat cu negru de fum si ulei de masline a
fost utilizat in testele de spalare in urmatoarele conditii: temperatura 40°C, viteza de rotatie 200 rpm, ciclul de spélare
de 30 de minute, duritatea apei 5,35 mval/l, concentratia detergentilor lichizi pentru rufe 1,25-50 g/I. Analiza fizico-
chimicd a culorii, formei, mirosului, pH-ului, densitatii, viscozitatii si continutului surfactantilor anionici a aratat
conformitatea cu declaratiile producétorilor. Studiile au demonstrat c& odatéd cu cresterea concentratiei de detergent
pentru rufe a avut loc o crestere treptatd a capacitatii de curdtare. La concentratii ridicate de 50 g/l, s-a obtinut o
capacitate de curatare de 18,1% si 22,2% pentru produsele L1 mai ieftine si, respectiv, pentru produsele L2 mai scumpe.
Adaugarea de 5% a sulfobetainei zwitterionice SB3C14 a condus la o imbunatatire a proprietatilor de spélare cu o medie
de 4,7%. La o concentratie de 50 g/l, solutiile L1 si L2 modificate au inregistrat cea mai ridicata capacitate de curatare,
egald cu 22,8%, respectiv 35,3%. Aceasta dovedeste existenta unui efect sinergic prin interactiunea tuturor ingre-
dientelor din solutiile cu concentratii mai ridicate. Analiza microscopicd a materialelor textile EMPA 101 inainte si dupa
procesele de spalare nu a arétat nicio deteriorare grava a fibrelor, ci doar prezenta unei usoare destramari a celor
individuale. Rezultatele sugereaza ca sulfobetaina SB3C14 poate fi utilizatd cu succes in detergentii lichizi de rufe
datorita proprietétilor sale de suprafata.

Cuvinte-cheie: surfactanti, sulfobetainad zwitterionica, capacitatea de curatare, detergenti lichizi pentru rufe, analiza
colorimetrica

INTRODUCTION

Surfactants are one of the most important organic
substances, used in large amounts in domestic and
industrial applications, such as topical pharmaceuti-
cal formulations, antiseptics, cosmetics, shampoos,
detergents, creams or lotions. Surface active agents
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are for to their amphiphilic properties used as emul-
sifers, suspending, wetting, solubilizing and stabiliz-
ing substances. Both ionic and nonionic surfactants
are used. In this paper we will focus on a particular
group of the compounds — zwitterionic surfactants
and their potential application in liquid detergents.
They contain both positively and negatively charged
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hydrophilic groups and the property leads to large
dipole moments for zwitterionic surfactant molecules
with hydrophilicites intermediate between ionic and
nonionic surfactants [1]. Zwitterionic surfactants are
mild to eyes and skin, exhibit very low toxicity [2],
have a high foam stability and resistance to hard
water and to degradation by oxidizing and reducing
agents than many ionic surfactants [3—5]. Moreover,
the temperature and the addition of electrolytes have
little influence on their solution properties. Due to
these useful properties, zwitterionic surfactants are
often combined with anionic or cationic surfactants in
many consumer products [6-8]. One of the most
interesting properties of the zwitterionic surfactants is
a strong interaction or complex formation with anion-
ic surfactants, which is significant for the practical
applications. Anionic surfactants are the main com-
ponent for their detergency and foaming properties,
and additionally the zwitterionics can act as a boost-
er [9, 10]. In recent years, mixed nonionic/ionic, non-
ionic/nonionic, and ionic/ionic surfactant mixtures
have been studied and reported in the literature
[11-13].

Betaine surfactants are an important kind of zwitteri-
onic surfactants and they are widely used as boost-
ers in hair conditioners or shampoos, because they
can stabilize foams against the antifoaming action of
oil droplets [14]. Compared to other surfactants,
betaines have many excellent advantages, such as
high interfacial activity at low concentrations [15-18].
They can reduce the interfacial tension to an ultra-
low value within a wide concentration range
(0.005-0.3%) [19, 20]. Sulfobetaines belong to sur-
factants that contain both amino and sulfonate
groups. The compounds are divided into several sub-
groups differing the length and structure of the hydro-
carbon chain, which separates the quaternary ammo-
nium centre from the sulfonate group [21, 22].
Sulfobetaines have higher surface activity than
betaine ones [23] and exhibit amphoteric properties
at all pH values, thus they adsorb to charged surface
at all pH values without forming a hydrophobic film
[24]. The literature shows that sulfobetaines are

widely used in industries concerned with adhesives,
textiles, coatings, flocculants, dispersion agents, sur-
factants, protective colloids, hair conditioners, sham-
poos, etc. [25-27].

In this study, zwitterionic sulfobetaine N-tetradecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate
(SB3C14) has been chosen to examine its washing
properties when added to liquid laundry detergents.
The interaction of the sulfobetaine with other surfac-
tants and components has not been studied and
reported yet. Especially it is necessary to investigate
the synergistic effect of the combined substances to
demonstrate positive or negative changes in their
surface properties.

EXPERIMENTAL SECTION
Materials

Liquid laundry detergents were selected on the
Polish market due to their price category: cheap (L1)
and expensive (L2). Their composition and gross
sales prices are presented in table 1.

In these studies, the liquid laundry detergents were
modified with the amphoteric surfactant: sulfobetaine
N-tetradecyl-N,N-dimethyl-3-ammonio-1-propanesul-
fonate (formula: C4gH,4NO,S; abbreviation: SB3C14;
molecular weight 363.6 g/mol; solubility in water is 50
mg/mL; melting point 245°C; flash point 110°C; topo-
logical polar surface area 65.6 A2) in the amount of
5% (m/m). The compound was synthesized in our
laboratory [28] based on the literature [21, 22]. The
crystalline substances were separated from the reac-
tion mixture by filtration and next purified by the
recrystallization process. Finally, white SB3C14
solids were obtained with high purity (99.9%) and
yield and taken into this research. Thermodynamic
and surface parameters of the SB3C14 sulfobetaine
at different temperatures are listed in table 2 [29]. The
surface tension at temperature 25°C (for critical
micellar concentration (CMC) = 0.377 mmol/l) is 31.8
mN/m. The measurements of surface tension were
conducted using the drop-volume method in a water
thermostat control at temperature range 25-45°C in

Table 1
TESTED COMMERCIAL LIQUID LAUNDRY DETERGENTS
Liquid Iit:;i :e;t:nle
laundry Compositions based on manufacturer’s information P 9
of detergents
detergents
(euroll)
5-15% ethoxylated (EO 9) fatty alcohol (C4,—C;g), 5-15% sodium lauryl (C,,—C,,) ether
(EO 2) sulfate, 5-15% soap, <5% phosphates, enzymes, fragrance (benzyl salicylate,
L1 ! . . . L 1.7-2.0
hexyl cinnamal, butylphenylmethylpropional), preserving agents (1,2-benzisothiazolin-3-
one, 2-methyl-4-isothiazolin-3-one)
5-10% sodium dodecylbenzenesulfonate, 1-5% sodium dodecylpoly(oxyethylene) sul-
phate (C;4H,9NaOzS), 1-5% (C,,—C,g)alkyl benzenesulfonic acid - monoethanolamine
salt, 1-5% ethoxylated (EO 7) fatty alcohol (C,,~C;5), <1% hexyl salicylate, phospho-
L2 . ; . : 3.6-3.9
nates, soap, enzymes, preserving agents (1,2-benzisothiazolin-3-one, 2-methyl-4-
isothiazolin-3-one), fragrance (a-isomethyllonone, butylphenylmethylpropional, citronellol,
geraniol, linalool)
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Table 2

THERMODYNAMIC AND SURFACE PARAMETERS OF MICELLIZATION FOR SB3C14
Temperature AG,,;. AH AS; i -TAS,ic CcMC
(°C) (kJ/mol) (kJ/mol) (kJ/molxK) (kJ/mol) (mmol/l)
25 —29.505 -28.611 0.003 -0.894 0.377
30 -29.520 -16.333 0.044 -13.187 0.456
35 —29.940 4.265 0.111 —34.205 0.468
40 -30.630 15.090 0.146 —45.720 0.433
45 -31.400 17.595 0.154 -48.995 0.389

a time range of 5 to 50 minutes up to a state of equi-
librium. Then, the surface tension (y) was calculated
according to the equation 1:

FVApg
= —_— 1
R M

where R is the tip’s radius, Ap — the difference of the
two phases, g — the local gravity acceleration, V —the
volume of one drop, F(R/V)!3 — a correction factor
that takes into account the drop’s non-sphericity. The
CMC were signified from the sudden change in the
slope of y versus Log C plot. The thermodynamic val-

ues of micellization (free energy AG:nic, enthalpy

AH, ., entropy AS,..) were estimated according to
the equations 2—4:
AG,,.= RTInCMC (2)
AHpie = AGpic + TASic (3)
AS;ic = (BAG,,./8T) 4)

All the solutions of liquid laundry detergents applied
in the research were prepared using deionized water
at hardness 5.35 mval/l, which was prepared by mix-
ing hydrated calcium chloride with hydrated magne-
sium sulphate(VI) in certain proportions in accor-
dance with Polish Standard PN-C-77003. The EMPA
101 fabric (cotton soiled with carbon black and olive
oil) and EMPA 210 (cotton fabric, pattern, bleached,
without stains) were obtained from the company
EMPA Testmaterialien AG plant (Switzerland). EMPA
swatches were stored at room temperature (23+1°C)
in dark polypropylene foil in an desiccator in order to
keep samples dry and under normal pressure. EMPA
fabrics meet all the requirements of the model fabrics
and are suitable for washing tests. Carbon particles
present in the fibres are chemically neutral and do
not form any strong physical or chemical bonds with

cotton fibres, which could interfere with their removal.
The size of carbon particles is very small (~ 0.1 um)
and their diffusion coefficient for aqueous solutions
(calculated from the Stokes-Einstein equation) is
about ~10~12 m2/s [30]. The construction parameters
of the fabrics are shown in table 3.

Methods

Evaluation of colour, form and odour of liquid laundry
detergents, determination of density by picnometry,
pH measurements (pH meter HI 221, Hanna
Instruments), viscosity using Hoppler viscometer
(KF-20, Brookfield) were carried out in accordance
with the literature and Polish standards [31-35].
Determination of anionic surfactants content in liquid
detergents was carried out using a direct manual
two-phase titration method [36]. The structure analy-
sis was performed by a Fourier transform attenuated
total reflection (FT-IR ATR) using Spectrum 100
(Perkin-Elmer, Waltham, USA).

Detergency experiments were carried out using
EMPA 101 cotton fabric soiled with carbon black and
olive oil under the following conditions: 40°C, rota-
tional speed 200 rpm, 30 minute washing cycle,
water hardness 5.35 mval/l, the concentration of lig-
uid laundry detergents ranged from 1.25 to 50 g/L,
the concentration of SB3C14 added was 5% (m/m).
During each process three EMPA 101 swatches (5%5
cm) were washed in detergent solutions (500 mL)
under the same conditions [37-39]. After washing
processes fabric samples were rinsed in deionized
water and dried at room temperature (23+1°C) for
24 hours. The colour measurements were carried out
in the CIELab (CIE — Comission Internationale de
I’Eclairage) colour space using a colorimeter Minolta
CR-300 (Konica Minolta). Calibration parameters for

Table 3
CONSTRUCTION PARAMETERS OF TESTED COTTON FABRICS EMPA 101 AND EMPA 210
Linear Relative Absolute
Sample . Surface | mass of water water Mass of Count Mass Count
Cotton mass Thickness N . . warp of weft
fabri mass a single | absorption | absorption of warp of weft
abrics 5x5 cm (mm) 2 . it threads threads
) (g/m?) thread capacity capacity (g/m?) (pcs/cm) (g/m?) (pcs/cm)
(g/m, tex) (%) (g/m2) 9 9
EMPA 101 0.231£0.003 | 0.16+0.01 | 91.08+0.8 | 9+0.001 144.4+1.2 | 132.3%1.1 | 54.60.1 50 39.8+0.1 43
EMPA 210| 0.468+0.002 | 0.29+0.01 | 180.2+0.7 | 33+0.04 | 129.4+0.9 | 231.9+1.3 | 104.6+0.1 27 78.5+0.1 22
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a light source Dgs were as follows: Y = 94.0, x =
0.3174, y = 0.3330. The system of coordinates was
designated as L*, a* and b*. The symbol L* is the ver-
tical coordinate of a three-dimensional system of
colours, which has values from 0 (black) to 100 (for
white). The symbol a* is the horizontal coordinate the
values of which range from —80 (green) to +80 (red),
and b* is the horizontal coordinate, the values of
which range from —80 (blue) to +80 (yellow). Colour
coordinates are calculated by the following equations
5-7:

*=116(Y/Y,) '3 - 16 (5)
a* = 500 [(X/X,)"3 — (Y/Y,)'3] (6)
b* = 200 [(Y/Y)13 — (2/Z,)"3] (7)

The values X, =94.81, Y, =100.0 and Z, = 107.3 are
standardized values, which are related to a theoreti-
cal ideally white specimen [40, 41, 44, 45].

The colour measurements were repeated 10 times
for two sides of each sample. Colour differences AE
between the sample (EMPA 101) and the reference
(EMPA 210) was determined based on the measured
L*, a*, and b* values according to the equation 8:

AE = (AL)? + (Aa)? + (Ab)? (8)

Depending on the parameter AE visible differences in
change in the colour are described in table 4 [42].
Detergency D [%] was calculated according to the
equation 9:

{(AE - AE, )}
= |———— | x 100% 9)
(AE, — AE,)

Table 4

DEGREES OF COLOUR CHANGE DUE TO THE AE
PARAMETER

Values of Assessment of colour change by
parameter AE a standard observer
0<AE <1 A stand_ard observer cannot see the
colour difference
1<AE <2 Only an expgrlenced observer can see
the colour difference
2 < AE<35 An mexperl.enced observer can see
the colour difference
35<AE<5 An obse_rver (everyone) can see the
colour difference clearly
5< AE An observer can see two distinct
colours

The values AE and AE; denote the average colour
difference (degree of brightness) of the fabric sample
after and before washing, respectively, and AEj is the
average colour difference of the standard unsoiled
fabric sample as a reference. Detergency D [%]
means the efficiency of removing soil from fabrics.

The fabric swatches were observed before and after
detergency processes using the Amplival microscope
(Carl Zeiss Jena, Germany) and a EVO40 scanning
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electron microscope (SEM) (Carl Zeiss, Germany),
which is equipped with a secondary electron (SE)
detector and a backscattered electron detector—
extended variable pressure (BSD-XVP).

RESULTS AND DISCUSSION

To begin with, the SB3C14 amphoteric sulfobetaine
was synthesized and next characterized by FT-IR
spectroscopy. The following peaks were observed at
the FTIR spectrum: 914 cm™', 941 cm~! (nitrogen
group C-N, stretching), 1032 cm~! (sulfonate group
S-0, stretching), 1196 cm~! (sulfonate group S=0,
asymmetric stretching), 1468 cm~"! (nitrogen group
CH5—(N"), bending), 2851 cm~! (symmetric CH,,
stretching), 2918 cm~" (asymmetric CH,, stretching).
Similar results were reported by Viana et al. and the
following bands were shown: 2944 cm™! (vgs CHy),
2873 cm™! (Vg CHy), 2954 cm™ (vg,,, N-CHy),
2920 cm™ (v, CH,), 1465 cm™ (5 CH,), 1378 cm™’
(CH, umbrella mode), 1402 cm™" (Ogym N—-CHj3), 912
cm™~1 (v C—N stretching), 1133-1280 cm™ (Vas SO,),
1038 and 1058 cm™! (vSym S0,) [43]. Based on the
findings, there is no v, CHj vibration when the pack-
ing density is larger than 10"7 molecules/cm?. In
case higher densities, only a band in 2954 cm™’
related to the v, \N-CHj is revealed. In our analysis
a peak in 2918 cm~" is present and it is an indicative
of a crystalline conformation. The CH, asymmetric
stretching and the CH, scissoring vibration are
dependent on the SB3C14 packing density. On the
other hand, the CH, symmetric feature is not linearly
dependent on the sulfobetaine packing density. The
1300-1400 cm™" region, in which peaks are related to
the d-g and e-g conformation, is characterized by the
CH, wagging deformations. The 900-1000 cm™?
region contains v C-N stretching for packing densi-
ties larger than 10'® molecules/cm?. The v, SO,
peaks are present for densities lower than 1016
molecules/cm? in the range of 1133—-1280 cm™'. The
VsymSO, bands in 1038 and 1058 cm™! are noticed
for densities larger than 10'7 molecules/cm?.
Additionally, the interaction between the H;O™ ion
and the sulfonate group may appear and conse-
quently a split for the vSymSO2 mode is reported [43].
Selected physical and chemical properties were
determined and the results are presented in table 5.
The results proved to be in line with declarations of
the detergents manufacturers. After the addition of
SB3C14 (5%, m/m), a slight change in colour, odour,
pH, density and viscosity was observed.

The standard EMPA 101 fabrics have been washed
using liquid laundry detergents before and after mod-
ification with SB3C14. Based on the colorimetric
measurements of colour change of EMPA fabrics, the
calculated AE values were observed to be higher
than 5. Thus, in accordance with table 4, the observ-
er was able to see two distinct colours during com-
parative analysis of samples before and after wash-
ing processes. Nevertheless, modification did not

2021. vol. 72, no. 3



cause changes to the extent enabling the observer to
see the colour differences with unaided eye, hence
only colorimetric measurements could provide this
detailed information. The results showed that as the
concentration of detergents solutions increases (form
1.25 to 50 g/l), detergency also increases (figure 1).
However, no detergent was able to completely
remove the carbon black and olive oil dirt from the
fabrics. The applied dirt is difficult to remove and
often used as a standard during the research on
detergency at many research centres. At the highest
tested concentrations of 50 g/l, only the detergency
of 22.2% (L2) and 18.0% (L1) was achieved. The
more expensive L2 product showed better washing
properties than the less expensive L1 one.
Modification of commercial liquids with the SB3C14
sulfobetaine added improved detergency. Figure 1
shows a steady upward trend as concentration
increases. The best washing performance (35.3%)
was observed for the L2 solution modified with
SB3C14 at a concentration of 50 g/I. The modified L1
liquid has better detergency in the initial concentra-
tion range from 1.25 g/l to 20 g/I. Only at the concen-
tration greater than 20 g/l, the addition of SB3C14
had a more favourable effect on the efficiency of the
L2 solution. The synergism of action of all the com-
ponents of the liquid detergents was strengthened at
a greater concentration in the washing solution. The
addition of SB3C14 (5%, m/m) to the products result-
ed in an increase in detergency by 4.7% on average.
It can be stated that enriching the detergent compo-
sition with the addition of an amphoteric surfactant
has a positive effect on the efficiency of removing dirt
from cotton fabric.

The process of removing dirt in a washing solution is
divided into several stages. This starts with wetting
and penetrating the fabric fibres along with the impu-
rities present on it with a detergent solution that is
able to reduce the interface tension. Wetting can
occur quickly and efficiently if the interfacial tension is
reduced by surfactants to 30 mN/m or lower value
[50]. Thanks to surfactants, the dirt layer is well wet-
ted and evenly covered with an aqueous solution.

Penetration of impurities is facilitated by solubilizing
surfactants, sequestrants, alkaline compounds or
acids by selective elution of dirt components, causing
erosion of its compact layer and facilitating the pene-
tration of the washing solution deep into dirt. Water,
solubilizers and organic solvents, interacting with
alkalines, increase the volume and softness of dirt as
a result of penetrating the dirt structure, which facili-
tates the removal of dirt from the surface. In the sec-
ond stage, the active ingredients are adsorbed on the
surface of the fabric fibres and penetrate the struc-
ture of the impurities. Active ingredients, having a
high affinity for active centres of the washed surface,
adsorb more strongly than dirt, facilitating its removal.
In the third stage, solid carbon black dirt is dispersed.
Contaminants are thoroughly surrounded by surfac-
tants and released from the adjacent surface
(“rolling-up” phenomenon). The dirt sphere stays in
the washing solution all the time and prevents it from
settling on the fabric again. The surface of the fabric
is also covered entirely by surfactants. This increas-
es the negative electrostatic charge of dirt and fabric,
making them more repulsive. The aqueous alkali
solution penetrating deep into the impurities causes
alkaline hydrolysis reactions. As a result, the cohe-
sion decreases and the dirt solubility increases. The
result is an emulsion/dispersion consisting of an
aqueous solution and dirt particles surrounded by
surfactants (the last stage). The solution is then
removed and the fabric washed out of the emul-
sion/dispersion residues and detergent components
[50, 51].

In the aqueous solution, the carbon black particles
contain both hydrophobic and hydrophilic groups that
can provide steric or electrostatic interaction with
amphiphilic particles. The attraction of hydrophobic
particles is stronger to the fibre surface than that of
hydrophilic ones, probably due to coulombic attrac-
tion. Another important aspect of soil removal is the
surface energy of the fabric substrate. Cellulose in
cotton fabrics has high surface energy (as well as
high critical surface tension) for wetting in air, howev-
er, it has low surface energy for wetting in water.
Therefore, cellulose exhibits high resistance to wet
soiling by hydrophobic dirt that also means its easy

Table 5
RESULTS OF PHYSICO-CHEMICAL MEASUREMENTS
Properties (T = 23%£1°C) L1 L1 + SB3C14 L2 L2 + SB3C14
Colour white, milky, white pnghter, more green-blue, opaque green-blue brighter,
opaque intense opaque
Physical state liquid liquid liquid liquid
less pleasant, |less pleasant, slightly
Odour slightly irritating irritating pleasant pleasant
pH 8.51+0.03 8.87 8.26 + 0.03 8.57
Density [g/ml] 1.01 + 0.0006 0.93 1.06 + 0.0004 0.95
Viscosity coefficient n (mPa ¢ s) 349 +43 — 186 + 3,8 —
Content of anionic surfactant (%) 6,62 + 0.07 — 10.28 £ 0.08 —
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removal during washing processes [52]. Carbon
black has an acid-base character, hence the surface
groups present on its surface may gain or lose a pro-
ton depending on the pH of the aqueous solution.
Some investigators observed that the isoelectric
point (IEP) of carbon particles in water is achieved at
about pH 6.5 when the zeta potential { = 0 (the net
surface charge is zero) [53, 54]. At higher pH values
the surface charge becomes negative. In the present
studies, pH of L1 and L2 washing solutions was
equal to 8.51 and 8.26, respectively. At this pH, the
negatively charged surface of carbon particles
attracted the head groups of cationic surfactants dur-
ing the adsorption. Amphoteric sulfobetaine SB3C14
at pH > 8 takes on a negative electrostatic charge.
Thanks to this, in washing bath SB3C14 repels the
negatively charged carbon black particles on the
fibres in accordance with the “roling-up™ mechanism.
In addition, low interfacial tension of SB3C14 pro-
motes the wetting and dirt removal process of the
fibre surface. The above interpretation can probably
explain the increased amount of carbon black
removed after adding the sulfobetaine to the washing
solution.

The assessment of the structure of fabric fibres
before and after the washing process was carried out
using an optical microscope and SEM. Figure 2
shows the fabrics EMPA 210 (100% cotton, white, not
soiled) and EMPA 101 (100% cotton, soiled with car-
bon black and olive oil) before the washing process.

Weft and warp threads are arranged in an orderly
manner and only slight pilling is visible. The SEM
images showed no pilling or damage to individual
threads. Figures 3 and 4 show samples of EMPA101
fabric after washing processes in L1 and L2 laundry
liquids before and after modification (at concentra-
tions of 1.25 g/l, 20 g/l, 25 g/l, 35 g/l, 50 g/l). At a
microscopic approximation of 359x, no serious fabric
damage was found in the concentration range tested.
However, SEM images showed damage in the form
of single fibre delamination. Moreover, it was
observed with the unaided eye that few pilling
appeared on the samples after washing processes.
One reason may be the movement of the agitator
blades, rubbing against the surface of the fabric dur-
ing the process.
Figures 5 and 6 show FT-IR spectra of EMPA 101
cotton fabrics before and after washing processes
using tested detergents. As it is seen, both spectra
are very similar and typical bands of cellulose, lignin
and hemicellulose are revealed. The strong peak at
3333.9 cm™1 is typical for the stretching vibration of
hydroxyl groups present in cellulose, lignin and water
[46]. The peak at 2899.8 cm™! is related to the
stretching vibration of C—H present in hemicellulose
and cellulose [47]. The peak at about 1620 cm™! is
characteristic for water present in the fibres [48]. The
peak at 1428 cm™" refers to CH, symmetric bending
in cellulose. Bending vibrations of the C-H and C-O
groups of the aromatic rings in cellulose (polysac-
charides) are associated

40
All ®L1+5B3C14 L2

35

L2 + SB3C14

with the peaks at 1360
. and 1314.7 cm™1, respec-

tively. The peak at 1245

P cm~ corresponds to the
stretching vibration of

hydroxyl-bound carbon.
The C-O bond stretching

Detergency, %

vibration occurred at 1165
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and 1028.8 cm~! refer to
the C—O and O—H stretch-
ing vibrations in hemicel-

Fig. 1. Detergency of liquid laundry detergents (L1, L2) before and after modification

with SB3C14

lulose and lignin (poly-
saccharides). 3-glycosidic
connections between

b

Fig. 2. Cotton fabrics: before washing processes: a — EMPA 210, white, uncontaminated (magn. 1346x); b — EMPA 210
(15000%); ¢ — EMPA 101 (359x%); d — EMPA 101 (5000x)
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Fig. 3. The images of EMPA 101 cotton fabrics after washing processes at various concentrations of the L1 laundry
detergent solutions: a — 1.25 g/l (magn. 10000x); b — 20 g/l (359x%); ¢ — 25 g/l (13750x%); d — 50 g/l (10000x%);
L1 modified with SB3C14; e — 1.25 g/I; f— 20 g/l; g — 35 g/l; h — 50 g/l (359%)

h

Fig. 4. The images of EMPA 101 cotton fabrics after washing processes at various concentrations of the L2 laundry
detergent solutions: a — 1.25 g/l (magn. 10000x); b — 20 g/l (359x); ¢ — 25 g/l (10000%); d — 50 g/l (10000x)
L2 modified with SB3C14; e — 1.25 g/I; f— 20 g/l; g — 35 g/I; h — 50 g/l (359%)

monosaccharides are visible at 894 cm~"! [49]. The
washing processes with L1 and L2 detergents and
modified detergents with SB3C14 resulted in a slight
change in the intensity of the peaks towards higher
values of transmittance.

CONCLUSIONS

In this work, commercial liquid laundry detergents:
cheaper L1 and more expensive L2 before and after
modification with SB3C14 sulfobetaine (N-tetradecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate, 5%
m/m) were used for physicochemical and detergency
tests. EMPA 101 cotton fabric soiled with carbon
black and olive oil was tested for washing perfor-
mance.
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The assessment of colour, form, odour, pH, density,
viscosity and content of anionic surfactants showed
compliance with the declarations of detergent pro-
ducers. The addition of SB3C14 did not cause signif-
icant changes in these properties. An increase in
detergency was observed with increasing detergent
solution concentration (1.25-50 g/l). At the highest
tested concentrations of 50 g/L, detergency of 18.1%
(L1) and 22.2% (L2) was achieved. Synergistic effect
between all the components strengthened at a high-
er concentration in the washing solution. Modification
of liquid compositions with the 5% addition of the
amphoteric surfactant sulfobetaine SB3C14 resulted
in an improvement of the washing efficiency by 4.7%
on average. The best washing performance (35.3%)
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Fig. 5. FT-IR spectrum of EMPA 101 cotton fabric before and after washing processes using L1 detergent
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Fig. 6. FT-IR spectrum of EMPA 101 cotton fabric before and after washing processes using L2 detergent

was obtained with the L2 modified solution at a con-
centration of 50 g/l. The positive effect of the modifi-
cation was too small for the observer to see colour
differences with unaided eye, so changes can only
be seen by colorimetric measurements. Microscopic
analysis of images of EMPA 101 fabrics before and
after washing processes showed only the occurrence
of single ruffled fibres.

To sum up, it can be stated that enriching the com-
position of the washing liquids with the addition of

SB3C14 sulfobetaine has a positive effect on the effi-
ciency of removing dirt from cotton fabric. The
research results suggest that the tested sulfobetaine
can be potentially used as an ingredient in liquid
laundry detergents.

ACKNOWLEDGEMENTS

This research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.

REFERENCES

[1] Staszak, K., Wieczorek, D., Zielinski, R., Synthesis and interfacial activity of novel sulfobetaines in aqueous

solutions, In: Tenside Surfactants Detergents, 2013, 50,

24_0|

industria textila

1, 45-511, http://doi.org/ 10.1007/s11743-014-1663-5

2021. vol. 72. no. 3




[2] Tsubone, K., Uchida, N., Mimura, K., New amphoteric surfactants containing a phosphoric acid group: Il. Binary
system of amphoteric/anionic surfactant of sodium 2-(N-2-hydroxy tetradecyl-N-methylamino) ethyl hydrogen
phosphate, In: The Journal of the American Oil Chemists’ Society, 1990, 67, 7, 455-458, http://doi.org/
10.1007/BF02638960

[3] Hill, R.M., Ogino, K., Abe, M. (eds), Mixed surfactant systems, In: surfactant science series, Dekker, New York,
1993

[4] Ghosh, S., Moulik, S.P., Interfacial and micellization behaviours of binary and ternary mixtures of amphiphiles
(Tween-20, Brij-35, and sodium dodecyl! sulfate) in aqueous medium, In: Journal of Colloid and Interface Science,
1998, 208, 2, 357-366, http://doi.org/10.1006/jcis.1998.5752

[5] Mahajan, R.K., Vohra, K.K., Shaheen, A., Aswal, V.K., Investigations on mixed micelles of binary mixtures of
zwitterionic surfactants and triblock polymers: A cyclic voltammetric study, In: Journal of Colloid and Interface
Science, 2008, 326, 1, 89-95, http://doi.org/10.1016/j.jcis.2008.07.042

[6] Vautier-Giongo, C., Bakshi, M.S., Singh, J., Ranganathan, R., Hajdu. J., Bales, B.L., Effects of interactions on the
formation of mixed micelles of 1,2-diheptanoyl-sn-glycero-3-phosphocholine with sodium dodecy! sulfate and
dodecyltrimethylammonium bromide, In: Journal of Colloid and Interface Science, 2005, 282, 1, 149-155,
http://doi.org/10.1016/j.jcis.2004.08.071

[7] Singh, K., Marangoni, D.G., Synergistic interactions in the mixed micelles of cationic gemini with zwitterionic
surfactants: The pH and spacer effect, In: Journal of Colloid and Interface Science, 2007, 315, 2, 620-626,
http://doi.org/10.1016/j.jcis.2007.06.062

[8] Bakshi, M.S., Kaur, G., Mixed micelles of series of monomeric and dimeric cationic, zwitterionic, and unequal twin-
tail cationic surfactants with sugar surfactants: a fluorescence study, In: Journal of Colloid and Interface Science,
2005, 289, 2, 551-559, http://doi.org/10.1016/j.jcis.2005.03.078

[9] Christov, N.C., Denkov, N.D., Kralchevsky, P.A., Ananthapadmanabhan, K.P., Lips, A., Synergistic Sphere-to-Rod
Micelle Transition in Mixed Solutions of Sodium Dodecyl Sulfate and Cocoamidopropyl Betaine, In: Langmuir, 2004,
20, 3, 565-571, http://doi.org/10.1021/1a035717p

[10] Li, F., Li, GZ., Chen, J.B., Synergism in mixed zwitterionic—anionic surfactant solutions and the aggregation
numbers of mixed micelles, In: Colloids and Surfaces A, 1998, 145, 1-3, 167-174, http://doi.org/10.1016/S0927-
7757(98)00543-3

[11] Din, K., Sheikh, M.S., Dar, A.A., Interaction of a cationic gemini surfactant with conventional surfactants in the mixed
micelle and monolayer formation in aqueous medium, In: Journal of Colloid and Interface Science, 2009, 333, 2,
605-612, http://doi.org/10.1016/j.jcis.2009.01.041

[12] Din, K.U., Sheikh, M.S., Dar, A.A., Analysis of mixed micellar and interfacial behavior of cationic gemini hexanediyl-
1,6-bis(dimethylcetylammonium bromide) with conventional ionic and nonionic surfactants in aqueous medium, In:
Journal of Physical Chemistry B, 2010, 114, 18, 6023-6032, http://doi.org/10.1021/jp909853u

[13] Sharma, R., Shaheen, A., Mahajan, R.K., Cyclic voltammetry and viscosity measurements of aggregated
assemblies of anionic surfactants with nonionic surfactants and triblock copolymers, In: Colloid and Polymer
Science, 2011, 289, 1, 43— http://doi.org/51.10.1007/s00396-010-2323-6

[14] Yan, Q.F., Effect of alkyl chain on N-alkyl dimethyl betaine, In: Applied Chemical Industry, 2005, 10, 622—624

[15] Li, Na., Zhang, G., Ge, J., Luchao, J., Jiangiang, Z., Baodong, D., Pei, H., Adsorption Behavior of Betaine-Type
Surfactant on Quartz Sand, In: Energy Fuels, 2011, 25, 10, 4430—4437, http://doi.org/10.1021/ef200616b

[16] Hu, X,, Li, Y., Sun, H., Song, X., Li, Q., Cao, X, Li, Z., Effect of divalent cationic ions on the adsorption behavior of
zwitterionic surfactant at silica/solution interface, In: Journal of Physical Chemistry B, 2010, 114, 27, 8910-8916,
http://doi.org/10.1021/jp101943m

[17] Zajac, J., Chorro, C., Lindheimer, M., Partyka, S., Thermodynamics of Micellization and Adsorption of Zwitterionic
Surfactants in Aqueous Media, In: Langmuir, 1997, 13, 6, 1486—1495, http://doi.org/10.1021/1a960926d

[18] Zhang, R., Somasundaran, P., Advances in adsorption of surfactants and their mixtures at solid/solution interfaces,
In: Advances in Colloid and Interface Science, 2006, 123-126, 213—-229, http://doi.org/10.1016/j.cis.2006.07.004

[19] Wang, D., Liu, C., Wu, W., Wang, G., Development of an Ultralow Interfacial Tension Surfactant in Systems With
No-Alkali for Chemical Flooding. In: Proceedings of the 2008 Society of Petroleum Engineers (SPE)/Department of
Energy (DOE) Symposium on Improved Oil Recovery, Tulsa, OK, SPE Paper 109017, April 20-23, 2008

[20] Wang, D., Liu, C., Wu, W., Wang, G., Novel Surfactants that Attain Ultra-Low Interfacial Tension between Oil and
High Salinity Formation Water without adding Alkali, Salts, Co-surfactants, Alcohols and Solvents. In: Proceedings
of the 2010 Society of Petroleum Engineers (SPE) EOR Conference at Oil & Gas West Asia, Muscat, Oman, SPE
Paper 127452, April 11-13, 2010

[21] Lomax, E.G., Amphoteric surfactants. Marcel Dekker Inc., New York, 1996

[22] Ward, R.S., Davies, J., Hodges, G., Roberts, D.W., Synthesis of Quaternary Alkylammonium Sulfobetaines, In:
Synthesis 2002, 16, 2431-2439, http://doi.org/10.1055/s-2002-35215

[23] Shoaib, A., Fuller, J., Amphoteric surfactants for household and 1&I: widely used in the personal care industry, these
materials offer many benefits to household manufacturers too, In: Househ Pers Prod Ind., 2002

industria textila 241' 2021. vol. 72, no. 3



[24] Rosen, M.J., Surfactant and interfacial phenomena, Wiley, New York, 2004

[25] Mark, H.F., Bikales, N.M., Overberger, C.G., Menges, G. (eds), Encyclopedia of Polymer Science and Engineering.
Wiley, New York, 1988, 11, 514

[26] Salamone, J.C., Polymeric Materials Encyclopedia, CRC Press, Boca Raton, FL, 1996, 11, 8833

[27] Kabiri, K., Faraji-Dana, S., Zohuriaan-Mehr, M.J., Novel sulfobetaine-sulfonic acid-contained superswelling
hydrogels, In: Polymers for Advanced Technologies, 2005, 16, 9, 659-666, http://doi.org/10.1002/pat.637

[28] Wieczorek, D., Staszak, K., Surface activity of selected sulfobetaines, In: Towaroznawcze Problemy Jakosci, 2013,
3, 36, 124-132

[29] Cheng, C., Qu, G, Wei, J., Yu, T.,, Ding, W., Thermodynamics of Micellization of Sulfobetaine Surfactants in
Aqueous Solution, In: Journal of Surfactants and Detergents, 2012, 15, 6, 757—763, http://doi.org/10.1007/s11743-
012-1374-8

[30] Kalak, T., Cierpiszewski, R., Correlation analysis between particulate soil removal and surface properties of laundry
detergent solutions, In: Textile Research Journal, 2015, 85, 18, 1884-1906,
http://doi.org/10.1177/0040517515578329

[31] PN-C-77060:1994 Agents for laundering and washing — Washing powders — Requirements and methods, 1994

[32] PN-EN 1262:2004 Surface active agents — Determination of pH of solutions and dispersions of surfactants, 2004

[33] Jonsson, U.J., Lilie, K.C., Elastohydrodynamic lubrication properties of polyol ester lubricants-R134a mixtures. In:
International Compressor Engineering Conference, Paper 1227, 1998, 123-128

[34] PN-C-77003:1997 Household chemistry products — Liquid agents for hand dishwashing — Requirements and tests,
1997

[35] PN-EN 12728:2001 Surface active agents — Determination of foaming power — Perforated disc beating method,
2001

[36] PN-ISO 2271:2000 Surface active agents — Detergents — Determination of anionic-active matter by manual or
mechanical direct two-phase titration procedure, 2000

[37] PN-76/C-04810 Agents for laundering and washing. Determination of laundering effects of enzyme powders, 1976

[38] PN-87/C-04810/03 Agents for laundering and washing. Determination of effects agents on laundering woven,
woollen and woollen-like fabrics, 1987

[39] PN-93/C04810/01 Agents for laundering and washing. Determination of effects of laundering of agents for
laundering woven cotton fabrics, 1993

[40] Berger-Schunn, A., Practical color measurement. A primer for the beginner. A reminder for the expert. John Wiley
& Sons, Inc., New York, 97, 1994

[41] Cliff, M.A., King, M.C., Schlosser, J., Anthocyanin, Phenolic Composition, Colour Measurement Sensory Analysis
of BC Commercial Red Wines, In: Food Research International, 2007, 40, 92-100, http://doi.org/10.1016/
j.foodres.2006.08.002

[42] CIELab, Available at: https://pl.wikipedia.org/wiki/CIELab [Accessed on August 2019]

[43] Viana, R.B., da Silva, A.B.F., Pimente, A.S., Infrared Spectroscopy of Anionic, Cationic, and Zwitterionic
Surfactants, In: Advances in Physical Chemistry, 2012, 1, 1-14, http://doi.org/10.1155/2012/903272

[44] Dalen, G.V., Don, A., Veldt, J., Krijnen, E., Gribnau, M., Colour analysis of inhomogeneous stains on textile using
flatbed scanning and image analysis, Conference: 4th European Conference on Colour in Graphics, Imaging, and
Vision, CGIV/MCS, Society for Imaging Science and Technology, 2008, 53-57, 5

[45] Sato, M., Quye, A., Detergency evaluation of non-ionic surfactant Dehypon® LS54 for textile conservation wet
cleaning, In: Journal of the Institute of Conservation, 2019, 42, 1, 3-17, http://doi.org/10.1080/19455224.
2018.1556719

[46] Tomczak, F., Satyanarayana, K.G., Sydenstricker, T.H., Studies on lignocellulosic fibers of Brazil: Part Il —
Morphology and properties of Brazilian curaua fibers, In: Composites Part A: Applied Science and Manufacturing,
2007, 38(10), 2227-2236, http://doi.org/10.1016/j.compositesa.2007.06.005

[47] Satyanarayana, K.G., Guimaraes, J.L., Wypych, F., Studies on lignocellulosic fibers of Brazil. Part I: Source,
production, morphology, properties and applications, In: Composites Part A-Applied Science and Manufacturing,
2007, 38(7), 1694—1709, http://doi.org/10.1016/j.compositesa.2007.02.006

[48] De Rosa, I.M., Kenny, J.M., Puglia, D., Santulli, C., Sarasini, F., Morphological, thermal and mechanical
characterization of okra (abelmoschus esculentus) fibers as potencial reinforcement in polymer composites, In:
Composite Science and Technology, 2010, 70, 1, 116-122, http://doi.org/10.1016/j.compscitech.2009.09.013

[49] Romanzini, D., Ornaghi, Jr. H.L., Amico, S.C., Zattera, A.J., Preparation and characterization of ramie-glass fiber
reinforced polymer matrix hybrid composites, In: Materials Research, 2012, 15, 3, 415-420, http://doi.org/10.1590/
S$1516-14392012005000050

[50] Smulders, E., Laundry detergents, Wiley-VCH Verlag GmbH, Weinheim, 2002

[51] Porter, M.R., Hanbook of surfactants, Blacke A&P, Devon, 1994

[52] Slade, P.E., Handbook of Fiber Finish Technology, Marcel Dekker, Inc., 1998, ISBN: 0-8247-0048-1

industria textila 242' 2021. vol. 72, no. 3



[53] Jada, A., Donnet, J.B., Ridaoui, H., Modification of carbon black surface charge and size by molecular and
macromolecular surfactants adsorption, In: Colloids and Surfaces A: Physicochem. Eng. Aspects, 2006, 278,
149-159, http://doi.org/10.1016/j.colsurfa.2005.12.013

[54] Lau, A.C., Furlong, D.N., Healy, TW., Grieser, F., The electrokinetic properties of carbon black and graphitized
carbon black aqueous colloids, In: Colloids and Surfaces, 1986, 18, 1, 93—104, http://doi.org/10.1016/0166-
6622(86)80196-2

Authors:

TOMASZ KALAK', ALEKSANDRA GALKA', DARIA WIECZOREK?,
RYSZARD CIERPISZEWSKI', JOANNA PIEPIORKA-STEPUK3

1Poznan University of Economics and Business, Institute of Quality Science, Department of Industrial Products
and Packaging Quality, Niepodlegtosci 10, 61-875 Poznan, Poland

2Poznan University of Economics and Business, Institute of Quality Science, Department of Technology
and Instrumental Analysis, Niepodlegtosci 10, 61-875 Poznan, Poland

3Koszalin University of Technology, Department of Mechanical Engineering, Division of Food Industry Processes
and Facilities, Ractawicka 15-17, 75-620 Koszalin, Poland

Corresponding author:

TOMASZ KALAK
e-mail: tomasz.kalak@ue.poznan.pl

industria textila 243' 2021. vol. 72. no. 3





