CHAPTER VI
MICROEMULSION FORMATION AND DETERGENCY OF OILY SOIL:
VI. EFFECT OF WATER HARDNESS AND BUILDER

6.1 Abstract

In this study, the effects of water hardness and builder on both the phase
diagrams of aqueous microemulsions with motor oil and the laundry detergency of
oil removal from a polyester/cotton blend was investigated. Water hardness and
builder were found to insignificantly affect the microemulsion phase diagram with
motor oil. A mixed surfactant system of 0.1% Ci..1s(P0): Svs Na and 5% Cro-seHas-
290(EO)sH (2 parts Cie.is(PO)sCxNa, and 98 parts Ciz-mH25-290(E0)5H of the total
actives) at 4% salinity was used to study the effects of water hardness; the addition of
any studied builder-sodium tripolyphosphate (STPP) or ethylenediaminetetraacetic
acid (EDTA) - was found to have an insignificant effect on the oil removal. From the
detergency results, the total oil removal decreased with increasing water hardness
while the interfacial tension (IFT) increased. When hard water was used in
|aundering, the total oil removal was improved at a certain level, even though an
excess amount of STPP or EDTA was added in the selected formulation.
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6.2 Introduction

Detergency or the process of the soil removal, is a complex kinetic process.
The effectiveness of detergency is dependent on many factors, such as the physical
properties of the soil, the washing solution and fabrics, the washing time,
temperature, and electrolyte level [1-3]. The quality of water also plays an important
role in the success or failure of the washing process. Water hardness, which results
from the presence of divalent cations mostly calcium and magnesium, is considered
to be an important factor affecting the laundering [4-8]. Water hardness is measured
in grains per gallon (gpg) or parts per million (ppm). Water containing less than 60
ppm hardness is considerably soft, whereas water with more than 180 ppm hardness
I considered to be very hard [9,10].

Hard water affects laundering in several ways [10-12], Incomplete soil
removal normally occurs when hard water is used in laundering. Because of the
remaining soil after washing, fabrics feel harsh and stiff. Moreover, washing with
hard water requires a greater amount of detergent compared to the use of soft water
since the divalent cations can react with the detergent to form a complex or
precipitate. Hard water generally has a negative effect on the color appearance of
fabrics, especially causing light colors and whites to become gray and dingy. In
addition, washing with hard water can damage the fabric, shortening its life span. It
has been found that calcium is in the fabric matrix when hard water is used in
laundering [4], Moreover, the residual calcium in the fabric results in making the
fabric stiffer and more brittle, leading to increased friction and wear as the fabric
flexes. In an effort to overcome the problems derived from water hardness, most
commercial laundry detergents contain builders, whose purpose is to complex
calcium and magnesium, making them less available to precipitate the anionic
surfactants in the formulation [9]. Builders can be water-soluble or insoluble [12,13].
We study soluble builders here since they are primarily used in liquid detergents for
which we have been developing formulations [14-17],
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For decades, the relationship between microemulsion formation between
an oily soil and water with detergency has been investigated [18-21] because
microemulsions exhibit ultralow interfacial tension (IFT) at the oil/water interface
and permits high oil solubilization [22], It is known that maximum oily soil
detergency performance corresponds to the optimum condition in the middle phase
microemulsion, or Winsor Type Il microemulsion region, which provides hoth the
highest oil solubilization and lowest IFT [23], Typically, the “optimum” condition
can be obtained at the lowest IFT value or the interception point between the
solubilization parameters of oil and water. The solubilization parameter (SP) is
defined as the volume of either oil or water dissolved per unit weight of total
surfactant. The use of microemulsion-based formulations was found to provide better
oil removal in the washing process than a typical commercial liquid laundry
detergent [14-17].

In this work, the effects of water hardness and added builder on the laundry
detergency of motor oil with a microemulsion-based formulation was studied.

6.3 Experimental Procedures

6.3.1 Materials

Branched alcohol propoxylate sulfate sodium salt with three PO
groups (Cie-ls(PO):xNa) was provided by Sasol North America Inc. (Lake
Charles, LA) in a 28.6% solution. Secondary alcohol ethoxylate (SAE or Ciz-iaFles-
290(EQ)sH) in a 100% solution, Tergitol 15-S-5, was purchased from Utica
Chemical Co. Ltd., the supplier of Dow Chemical in Thailand. Analytical grade
NaCl, CaCh, and MgCh were purchased from LabScan Asia Co, Ltd. Motor oil that
is commercially available for use in gasoline engines, type SAE 10W-30 (Castrol
GTX), was used as a model oily soil. Since the motor oil used in this research is a
commercial product and can vary in composition, the same batch of oil was used
throughout this research. Qil red o (solvent Red 27, CL No. 26125) was purchased
from Aldrich Chemical Company, Inc. Sodium tripolyphosphate (STPP) was
supplied by Thai Polyphosphate & Chemicals Co. Ltd. Ethylenediaminetetraacetic
acid (EDTA) was supplied by Dow Chemical Co. A commercial liquid detergent
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(Unilever, Breeze Excel), available in the Thailand market, which contains 4%
sodium linear alkybenzene sulphonate, 2% ethoxylate alcohol, and 8.5% sodium
laury! ether sulphate was also used in detergency experiments. Dichloromethane and
2-propanol, analytical reagent grade, were purchased from LabScan Asia Co, Ltd.
All chemicals were used as received without further purification. Standard unsoiled
fabric (65/35 polyester/cotton blend) was purchased from Test Fabrics Co.
(Middlesex, NJ, USA). Deionized water was used throughout this research for
preparing aqueous surfactant solutions and rinsing water.
6.3.2 Phase Studies

The phase behavior of the microemulsions was measured using a
salinity scan at a 1:1 volumetric ratio of water to motor il and 30 c. In this study,
the stated concentration of surfactants and NaCl are weight percentages based on the
aqueous phase. The details of the procedure for microemulsion preparation were
described in our previous work [14-17]. To investigate the effect of water hardness
on microemulsion formation, aqueous surfactant solutions were prepared with
different degrees of water hardness (0, 100, 500, 1000 ppm). Water hardness was
simulated here by using CaCE and MgCE at a Caz/Mg2+ molar ratio of 3:2. The
mixture in each vial was shaken well for 3 min and left in an incubator, for the
attainment of equilibrium, at 30 ¢ for one month. After equilibration, the height of
each liquid phase was measured by using a cathetometer (Titan Tool Supply, TC-I1)
attached to a digimatic height gauge (Mitutoyo, 192-631) with a precision of +0.01
mm. Then, the solubilization parameters (SP), as mL of either oil or water dissolved
in the phase predominantly containing the surfactant per unit weight (g) of total
surfactants, were calculated [12].

In this work, the types of microemulsions were identified by visual
observation for total surfactant concentrations greater than 0.6%. At a total surfactant
concentration lower than 0.6%, conductivity and equilibrium IFT measurements
were used to determine the types of microemulsions since visual observations are
ambiguous in this region. Electrolytic conductivity can be used to determine the
microemulsion type [24,25] and in this study, the electrolytic conductivity was
measured, under gentle stirring with a magnetic stirrer, by using a conductivity meter
(Cyberscan, coni 10). Since the aqueous phase contains NaCl, the inversion is easily
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monitored by a change of two or more orders of magnitude in conductivity (ms/cm
or jis/cm) [26]. Apart from the visual observation at high surfactant concentrations,
the conductivity and the equilibrium IFT results were used to plot the phase diagram,
or the conditions where Winsor Type I, 11, and 1l microemulsions exist.
6.3.3 Surface Tension Measurement
The surface tension of the surfactant solutions having different
concentrations, with and without NaCl, was determined by the DuNouy ring
technique using a tensiometer (Kriiss, K10T). The surface tension measurement was
conducted at 30 c. The plot between surface tension vs total surfactant
concentration was used to determine the critical micelle concentration (CMC) [27].
6.3.4 Dynamic IFT Measurement
Dynamic IFT measurements were also carried out using a spinning
drop tensiometer (Kriiss, SITE 04) at 30 c. The heavy phase was the aqueous
surfactant solution, and the light phase was the dyed oil. A volumetric ratio of 100:1
aqueous solution-to-oil was used to measure IFT values.
6.3.5 Fabric Preparation and Soiling Method
The testing fabric (polyester/cotton blend) was pre-washed before
soiling to eliminate the residues of mill finishing agents, which might interfere with
oil removal performance. The prewashing step followed the ASTM standard quide
D4265-98 [28]. The studied motor oil was dyed by the oil soluble Oil-Red-O dye
using the standard method [29] before heing applied to the testing fabric.
Approximately 0.1 g of the oil-soluble dye was added to 100 mL of the oil. The
colored oil was filtered until clear. The soiling procedure was done by diluting 10
mL of the clear dyed oil with dichloromethane to 100 mL. An 18x8 inch fabric
sample was folded and placed in a glass container, and then the dyed oil solution was
poured into it until the fabric was completely submerged. After being soaked for 1
min, the fabric was then unfolded and laid on a flat plate in a ventilated hood to dry
at room temperature overnight in order to remove the dichlomethane solvent. After
that, the soiled fabric was cut into 3x4 inch swatches in wrap and weft directions. All
swatches were freshly prepared for each batch of laundry experiments.
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6.3.6 Laundry Procedure

Detergency experiments were carried out by using a tergotometer
(Copley, DIS 8000), which simulates home washing-machine action in a bench scale
unit. The washing experiments were performed in a 1000 mL washing solution with
20 min washing time at an agitation speed of 110 rpm. The first rinse took 3 min,
while the second rinse step took 2 min with 1000 mL rinsing water per rinse. The
washing solution was prepared at different total surfactant and NaCl concentrations
using the selected formulation. The rinsing water had the same water hardness level
used in the washing solution and without added NaCl. All experiments were carried
out at a constant temperature of 3o c. Three soiled swatches were washed together
for one cycle as replicants. In addition, the commercial grade detergent was also used
at different total surfactant concentrations without salt in order to compare the
detergency performance with the selected formulation. In order to determine the
effect of added builders, a washing solution having o.3% total surfactant
concentration and different degrees of water hardness was prepared at different molar
ratios of builder-to-water hardness.

6.3.7 Oil Removal Measurement

Oil removal is characterized by the portion of attached oil on the
swatches that is washed out during the detergency process. The residual oil was
extracted from the fabric sample by submerging a swatch in 2-propanol overnight at
room temperature, and the amount of extracted oil in the solution was measured by
absorbance using a UVIVIS spectrophotometer (Shimadzu, 2550) according to the
procedure given by Goel [29], The difference of the amount of extracted oil before
and after laundering is used to indicate the oil removal efficiency in this study.

6.3.8 Analysis of Water Hardness
The amount of free divalent cations of the solution samples was

determined by the tritration method with EDTA (ethylenediaminetetraacetic acid) as
the titrant and Eriochrome Black T (Erio T) as the indicator [30].
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6.4 Results and Discussion

6.4.1 Effect of Surfactant Composition on the Microemulsion Phase
Diagram

Since three different salts are being added to the systems in this work
(NaCl, CaCl. and MgCE), all at variable concentrations, must be taken in the use of
terminology. The electrolyte concentration being systematically varied to induce
formation of the different microemulsion types (e.g. Winsor Type I, II, or 1) and
IFT values associated with them is generally called salinity and the results of such
phase studies is called salinity scans. In this work, that electrolyte is NaCl.
Electrolytes which simulates water hardness (CaCE and MgCE) were set at any
constant total concentration for a set of experiments where a salinity scan was
performed. Therefore, in accordance with the convention in microemulsion phase
studies, salinity in this work refers to NaCl concentration.

The SP is defined as a volume of oil solubilized (SPo) or of water
solubilized (SPw) per weight of total surfactant in the microemulsion phase. In the
study of the microemulsion phase diagram with motor oil, SPw and SPo were
determined by using the phase height measurement, and the optimum salinity ( *)
was obtained at the interception of SPw and SPo. At the * point, the solubilization
parameter is known as the optimum solubilization parameter (SP*), which coincides
with the equal solubilization capacity of oil and water. In this study, Ci.-
JF(PO):xNa and Ciz-1Has2 50 (Eo )sH were selected to form micreomulsions with
motor oil. These two surfactants were used in this research instead of the three mixed
surfactant formulations in our previous work [14-17] because one component (alkyl
diphenyl oxide disulfonates, ADPODS) of the mixed surfactant system has
unacceptable biodegradation rates for some applications. To form microemulsions of
motor oil with Cid-i5(P0)3S0Na and Ci2-14H5-290(E0)H, in this study, the
concentration of each surfactant was varied while the concentration of the other
surfactant was kept constant. Firstly, the Ci.-s(Po ):S « Na concentration was varied
in the range of 0.1 to 1% while the Ci2-14H%-290(EQ)™H concentration was fixed at

5%.
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Figure 6.1 Solubilization parameters (SP) and phase height fraction as a function of
NaCl concentration and Ci..i5P0)350./Na concentration at an initial oil-to-water
volumetric ratio of 1to 1 and 5% C]2-i4H25-290(EQ)5H and: (a-1) 0.1% Ci.-
I5(P0)S0Na, (a-2) 0.3% Cid-i5(P0)3S04Na, (a-3) 0.5% Ci.-i5P0O)3 04Na, and (a-4)
1% Ci-i5(P0)350MNa.

95

1

m Ofl phase
El Middle phasel
0O Water phase

108

I L
04

| 02 @)

0105 1152 3 4 5 1015

NaCl concentration (%)

1
lOillJ)hase
§ 0.8 | @ Middle phase
‘E | O Water phase
~ L
= 0.6 1
= [
20 t
3 0.4 1
9 C
027
&
0+ 1
0105 1152 3 4 5 101
NaCl concentration (%)
m Oil phase
| 08 O Middle phase
0O Water phase
06 11 1
NOA 'F
0.2 @3)
0
01051152 3 4 5 10 15
NaCl concentration (%)
1 7 ] :
= r| @ Oil phase
-2 0.8 -+| @ Middle phase
- | O Water phase
t -
— 0.6 T
fr= L
20 r
204~1
= C
2
= 0.2 1 ‘
0 1=
01

051152 3 4 5 101
NaCl concentration (%)



96

The concentration of Cia-is(Ps )sSe« Na could not exceed 1% hecause
at higher concentrations, the mixed surfactant solution became very turbid and is not
appropriate for use as a liquid detergent formulation since the turbidity indicates the
presence of multiple phases. The effects of Ci. J(Po ):S.Na and NaCl
concentrations on solubilization parameters and the phase heights are illustrated in
Figure 6.1 The crosshatch areas in the figure show the microemulsion phase or
phase in which the surfactant is predominantly located for each type of
microemulsion. As expected, an increase in salinity results in a phase shift from
Winsor Type | to Winsor Type IIl and to Winsor Type Il microemulsions for any
given Ciz-mHzs- 90 (EO)sH concentration. Interestingly, it was clearly seen that using
only 0.1%  Cie-is(Po )sSo+ Na, the solution was composed of a large fraction the
middle phase microemulsion in the NaCl concentration range of 3 to 5%. The
volume ofthe middle phase significantly increases with increasing Ci. i(Po )sSo+ Na
concentration, and the optimum salinity ( *) slightly increases. A concentration of
0.1% Cle-is(PO):So« Na was selected for further investigation because this low
concentration of Cie-is(Po ):Sv« Na still provides a relatively large volume fraction of
the middle phase, or Winsor Type |1l microemulsion.

Next, the effect of Ci-uuHas=s0(Eo JsH concentration on
microemulsion formation was studied by varying the concentration 0f Cio-seHos.
290 (Eo JsH from 310 + % at a constant Ci..)s(Ps )sSo« Na concentration of 0.1%.
Figure 6.2 shows the SP parameters and phase height as a function of Cio-isHos-
290 (Eo )sH and NaCl concentrations. The concentration of Ciz-lill2s= 90 (Es )sH was
started at 3% because the middle phase microemulsion first appears at this
concentration. The volume fraction of the middle phase increased with increasing
Ciz-1sHas250 (Eo )sH concentration at the optimum salinity. In the studied range of
Clz-1Has 250 (Eo )3H concentration, 5% Ciz-liHzs= 50 (Eo )sH was selected for further
investigation since it corresponds to a reasonably high solubilization and a large
portion of middle phase microemulsion. The present formulation with only two
surfactants can form the middle phase microemulsion, while three surfactants were
needed in the previous formulations [14-17]. This might be explained by the fact that
the structure of CJ«.Js(Po )sSo 4Na contains the PO group, which can improve the
hydrophobicity, and Ciz-1sHzs=s0 (Eo )sH is an excellent oil soluble emulsifier. From
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the results, a mixture of 0.1% Ci«is(Po )3So4Na and 5% Ci2-14H25-290(E0)5H was
used as the selected formulation for subsequent phase diagram studied and IFT
measurements to investigate the effects of water hardness.
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Figure 6.2 Solubilization parameters (SP) and phase height fraction as a function of
NaCl concentration and Ci.-Is(Po )sSvs Na concentration at an initial oil-to-water
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6.4.2 Effect of Water Hardness on Microemulsion Formation and IFT
In order to observe the effect of water hardness on the SP of different
microemulsion  systems, both  Cie-ls(Po }:SoeNa  and ~ Clz-leHes=0 (EQ)sH
concentrations were fixed at 0.1% and 5%, respectively, and water hardness was
varied from 0 to 1000 ppm. As can be seen in Figure 6.3, with increasing water
hardness, the optimum salinity ( *) tends to slightly decrease but the optimum SP

remains almost unchanged.
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Figure 6.3 Solubilization parameters (SP) as a function of NaCl concentration and
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The equilibrium IFT as a function of salnity in Figure 6.4 was
measured between an aqueous solution of the selected formulation and the dyed
motor oil in order to simulate a system close to that the actual situation in the wash
step. The total surfactant concentration was kept constant at 0.3% (based on result in
Figure 6.8), which was prepared from diluting a solution of the selected formulation
composed of 0.1% Cia-is(Po )sSo«Na and 5% C]2-14F125-290(E0)5H or 2 parts Cla-
Is(PO)sL>Na and 93 parts Ci2-14H25-290(E0)5H. As seen in Figure 6.4, for any given
salinity, the equilibrium IFT increases with increasing water hardness. As seen in
Figures. 6.3 and 6.4, the optimum salinity is approximately 4% NaCl at all water
hardness levels studied and does not vary systematically with water hardness.
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Figure 6.4 Euilibrium IFT between the dyed motor oil and the agueous solution of
the selected formulation (2 parts Cla-is(Po )sSo4 Na and 98 parts Ciz-mH25-290(EO)5H)
at different NaCl concentrations and water hardness levels.
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When phase boundaries between Winsor Type I, II, I, and IV
microemulsions are shown on surfactant concentration vs salinity (or vice versa),
these plots are known as fish diagrams [31-36], For an ionic surfactant system, the
fish diagram looks like a lower case Greek gamma with a Winsor Type |
microemulsion at low salinity, a Type Il inside the closed loop, and a Type Il at high
salinity. A Winsor Type IV microemulsion occurs at very high surfactant
concentrations and corresponds to the whole solution being a single homageneous
surfactant-rich phase [32], If a studied system consists of oil, water, and a nonionic
surfactant, the role of salt or cosurfactant is replaced by temperature [34,35),

The Type Il to IV transition occurs at surfactant concentrations far
higher than those used in detergency applications and so was not investigated here.
In fact, the most important parameter from the fish diagram for this research is the
critical microemulsion concentration (CpC), which is the minimum surfactant
concentration needed to form a middle phase (Winsor Type 111) microemulsion.
Figure 6.5 illustrates the IFT of an equilibrium system and a dynamic system as a
function of total surfactant concentration of the selected formulation (a diluted
samples of 0.1% Cie-is(Ps ):Ss+ Na and 5% Ci2-14H25-20(E0)5H or 2 parts Cis-
l5(Ps ):So« Na and 98 parts Ci2-14H25-290(E0)5H of the total actives) at 4% NaCl.
The equilibrium microemulsion system was obtained after one month of phase
equilibration while for dynamic measurements, the phases of the Studied
microemulsion system were taken at 20 min. Typically, there are two surfactant
concentrations at which there is a sharp decrease in the IFT with increasing
surfactant concentration: the first concentration is the CMC where micelle begins to
form in aqueous phase: the second concentration is the CpC where the Winsor Type |
transitions to the Type 111 microemulsion [37], From Figure 6.5, the CMC and CpC
were found at 0.015% and 0.06% of total surfactant concentration, respectively. The
CMC value obtained from Figure 6.5 is also confirmed by the CMC value
determined from the plot between surface tension and total surfactant concentration,
as shown in Figure 6.6, the traditional method of determining the CMC [38].
Equilibration time does not affect the CMC or the CpC, as shown in Figure 6.5 for
equilibrium vs dynamic IFT results so, the CpC obtained are relevant to the
conditions used in our washing experiments, where 20 min washing time was used.
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different degrees of water hardness.

Figure 6.7 illustrates the fish diagram for our selected surfactant
mixture as a function of water hardness at a 1.1 oil-to-surfactant solution volumetric
ratio and at 30 c¢. In the studied range of water hardness, water hardness did not
affect the fish diagram, due to the very small level of anionic surfactant in the
mixture (2 parts CiaisPO)s>4A\a in the formulation). In addition, the effect of
adding builder in the presence of water hardness on microemulsion formation at 1:1
oil-to-water volumetric ratio was also observed at 1000 ppm of water hardness and at
5:1 builder-to-water hardness mole ratio. With adding excess builder in the system,
the phase transformation of microemulsion type as varying salinity was coincide with
the system in the presence of 1000 ppm of water hardness without adding builder.
For any given degree of water hardness, the CpC was found at a very low surfactant
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concentration of about 0.06%. From the fish diagram, the selected formulation could
produce a Winsor Type Il microemulsion in the salinity range of 2 to 10%. The total
surfactant concentration of 0.3% in the washing bath used for the detergency
experiments, which will be discussed later, is located in the Winsor Type Il region,
which is slightly higher than the CpC (0.07%) and much higher than the CMC
(0.015%). Therefore, it can be noted that the washing bath used in the detergency
experiments can still provide the middle phase microemulsion condition, which often
corresponds to high detergency performance [15,16].
6.4.3 Effect of Total Surfactant Concentration on Detergency Performance

Figure 6.8 shows oil removal as a function of the total surfactant
concentration of the washing solution. The different concentrations of the selected
formulation were prepared from diluting a solution of the selected formulation
composed of 0.1% Ci#is{Po)aSoaNa and 5% CizaHz290(Eo)=H or 2 parts C)4-
I5Po)3S0aNa and 98 parts Ci2-J4H25-290(EO)5H. In addition, the commercial
detergent was diluted from 14.5% total surfactant concentration to different
concentrations for comparison with the selected formulation. The approximate
surfactant compositions supplied by the commercial detergent manufacturer were
used to estimate surfactant concentrations. The selected formulation gave a much
higher detergency performance than the commercial detergent at any given total
surfactant concentration. For the selected formulation, detergency performance
steadily increased with surfactant concentration and it plateaued at 79-84% above
about 0.1% surfactant concentration. Hence, a 0.3% surfactant concentration of the
selected formulation (2 parts Ciis(Po)sSoaNa and 98 parts Ci2-14H25-290(E0)5H)
was considered as the optimum concentration for laundering. The appearance of the
fabric before and after the washing process by using 0.3% total surfactant
concentration of the selected formulation is shown in Figure 6.9. The brightness of
the fabric after washing appeared nearly the same as before soiling the fabric with
dyed oil consistent with the 84% oil removal. Table 6.1 gives a comparison of motor
oil detergency performance of the present study with our previous studies; the
present formulation provides a slightly higher oil removal than those previous

formulations [14-17],



104

100
80 +
9
T 60-
(=]
g
2
T 40
=
°
-
20 7 —@— Selected formulation
—a— Commercial liquid detergent
O 1 1 1 1 % 1 1 L l.__)l I 1 1 L ]L 1 1 1 1 { 1 1 1 1 i 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Total surfactant concentration (%)

Figure 6.8 Effect of total surfactant concentration on oil removal of the selected
formulation (2 parts Ciis(Po )3S0aNa and 98 parts 12-14 25-290(£0)5 ) at 4% of

salinity and 30 °c.

() Unsoiled fabric () Soiled fabric (c) Fabric after washing

Figure 6.9 Standard photographs of: (a) unsoiled fabric, (b) soiled fabric with dyed
motor oil, and (c) fabric after washing with 0.3% total surfactant concentration of the
selected formulation (2 parts Cizis(PO)aC>4Na and 98 parts  12-14 25-290(£0)5 )
with the 4% salinity.
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Table 6.1 The detergency performance of motor oil removal compared to previous studies [14-17].

Comparison Tongcumpou etal. [14-16]  Tanthakit etal. [17] The present work

28.6 parts ADPODS 13 parts ADPODS
Surfactant composition in the formulation 42.9 parts AOT 435 parts AOT
28.6 parts Span 80 43.5 parts Span 80

2 parts Ci4-i5(P0)3S0MNa
98 parts Ci2-14H25-290(E0)™H

Total surfactant concentration in the formulation (%) 1 115 5.1
Total surfactant concentration in the washing bath (%) 0.112 0.115 0.3
NaCl concentration in washing bath (%) 16 2.83 4
Washing temperature ( C) 30°C 30°c 30°c
Maximum oil removal (%) 18 83 84
Detergents requlation ADPODS can he us(e)dctigolg;l)*(applications until Dassed

*Industrial and institutional (1&I) detergents/cleaners.
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6.4.4 Effect of Water Hardness and Builder on Detergency Performance

The washing experiments were carried out at different water hardness
levels with the standard polyester/cotton blend as a testing fabric. In the detergency
experiments, the same degree of water hardness was added in the rinsing water as
that in the washing solution. Again, a 0.3% total surfactant concentration used for the
detergency experiments was prepared from diluting the selected formulation (2 parts
CizigPo)3S04Na and 98 parts Ci2-14H25-290(E0)5H). Figure 6.10 shows the total oil
removal and the IFT between the agueous surfactant solution and the dyed oil as a
function of water hardness at 4% salinity (IFT datum from Figure 6.4).

100 T 01
_— IFT e
< 80 4
é L
®
5 ol §
E 60 Total oil removal 3
= 5
|
S 3
0T
ﬁ L Washing conditions:
20 | - Total surfactant concentration = 0.3%
- - Salinity = 4%
| - Washing temperature = 30 °C
0 * * ‘ * + f 0.01

0 100 500 1000
Water hardness (ppm)

Figure 6.10 The total oil removal and the equilibrium IFT between oil and washing
solution ofthe selected formulation at 4% salinity with different degrees of water
hardness using a polyester/cotton blend at 3o -c.

As the water hardness increased, the total oil removal tended to
decrease significantly, whereas the IFT only slightly increased. These results can be
hypothesized that the divalent cations of water hardness coadsorb on the fabric with
the surfactant (divalent cations acting as a bridge between negatively charged
surfactant and the negatively charged sites on the fabric). The calcium ions (divalent
cation) and anionic surfactant synergistic coadsorption was found in the  dying
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behavior for soap (octanoate) adsorption on carbon black with calcium [38],
Therefore, low surfactant avialable in the washing solution leads to a lowering of
surfactant molecules adsorbing on the interfacial surface between the washing
solution and the stained oil, resulting in increasing of IFT and a lowering of ol
removal. Interestingly, the main composition of the selected formulation was C
u 25200( 0)5, a nonionic surfactant, which might be difficult to coadsorb with
divalent cations. However, it was found that calcium ion can interact with the
lonepair electrons in the oxygen atom of the ether radical in polyoxyethylenes as a
coordinating agent in nonionic surfactants (alcohol ethoxylate) in the presence of
water hardness [39]. Therefore, the nonionic surfactant present in the selected
formulation possibly interacts partially with the divalent cations, resulting in a
lowering of nonionic surfactant molecules for laundering.

100

m Wash Step
~ . First Rinse Step
& 80 + B Second Rinse Step
§" Total Oil Removal
@
=
<
§ 60 —
|
=
>
)
£ 40
£
-
o
20 [ r
0 _J [ i M e

500 | 1000
Water hardness (ppm)

Figure 6.11 The total oil removal and the equilibrium IFT between oil and washing
solution of the selected formulation at 4% salinity with different degrees of water
hardness using a polyester/cotton blend at so <c.
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The percent oil removal at each step and the total oil removal from the
polyester/cotton blend fabric using a 0.3% total surfactant concentration of the
selected formulation at 4% NaCl at different degrees of water hardness are shown in
Figure 6.11. As the water hardness increased, the oil removal in the wash step
increased slightly while the oil removal in the first and second rinse steps decreased
remarkedly. In the case of washing without water hardness, the oil removal in the
first rinse step was found to be much higher than that in the wash step. This is due to
the lowest IFT at 0 ppm water hardness, as indicated in Figure 6.10, causing more oil
penetration into the fabric structure, known as the spreading effect [15,16]. As a
result, the oil removal was very low in the wash step but very high in the first rinse
step [16]. The total oil removal decreased with increasing water hardness. From the
results, the efficiency of oily soil removal is believed to relate to the adsorption of
both the surfactants and the divalent cations on the surface of the fabric as well as the
intereaction between the divalent cations and the surfactants.

To observe the effect of adding a builder, the total surfactant
concentration in the washing solution was still fixed at 0.3% and hoth washing and
rinsing solutions had a constant water hardness of either 0 or 500 ppm while the
concentration of each builder (STPP or EDTA) was varied. Each  died builder was
added only in the washing solution. Figure 6.12 illustrates the total oil removal as a
fonction of builder concentration using the polyester/cotton blend as the testing
fabric under the absence of water hardness. Insignificant differences in the total oil
removal were found with increasing builder concentration, suggesting that adding
builders to the system without water hardness does not affect the detergency
performance. In addition, the effect of builder-to-water hardness ratio on the total oil
removal is shown in Figure 6.13. The washing results, under the presence of both
water hardness and builder, showed that the addition of builder enhanced the
detergency performance only at a certain level. The results can be explained in that a
builder can bond with the divalent cations. These results also suggest that some
divalent cations still be the coordinating agent and coadsorption, even at high
builder-to-water hardness ratios. In a comparison between the two studied builders,
STPP was found to be slightly better than the EDTA.
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Figure 6.12 Total oil removal at different builder concentrations using 0.3% total
surfactant concentration of the selected formulation without adding water hardness at
30 “c.
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Figure 6.13 Total oil removal at different builder-to-water hardness molar ratios
using a 0.3% total surfactant concentration, prepared from the selected formulation
and 500 ppm water hardness in both washing solution and rinsing water.
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6.4.5 Effect of Builder on Free Divalent Cation Concentration

In order to study the effect of a builder on the amount of free divalent
cations remaining in solution, water hardness in solution was kept constant at 500
ppm with different STPP concentrations in the washing solution with and without the
polyester/cotton blend fabric. Figure 6.14 shows the amount of free divalent cations
remaining in the solution after the wash step with and without the testing fabric as a
function of builder-to-water hardness molar ratio in the absence of surfactants. The
free divalent cations decreased with increasing builder-to-water hardness molar ratio.
In addition, it was found that the amount of free divalent cations was almost zero at a
builder-to-water molar hardness ratio greater than 1 to 1 Hence, under the
surfactant-free condition, the use of a builder with equal or excess amounts can bond
all divalent cations in the solution. For any given builder-to-water hardness molar
ratio less than one-to-one molar ratio, there was a lower amount of free divalent
cations with the testing fabric than without the fabric, suggesting that the divalent
cations can adsorh on the fabric surface.

500
O Without fabric

_ W With unsoiled fabric
400 +

300 +

200 +

solution after the wash step (ppm)

100 +

Amount of free divalent cations remaining in

0 T T T
0:1 0.5:1 1:1 5:1 10:1 20:1
Bmlder-to-water hardness ratio (mole - mole)

Figure 6.14 Amount of free divalent cations remaining in solution at different
builder-to-water hardness molar ratios with and without the polyester/cotton blend
fabric, in the absence of surfactants.



Figure 6.15 shows the effect of builder-to-water hardness molar ratio
on the amount of free divalent cations remaining in the solution after the wash step
using a 0.3% washing solution prepared from the selected formulation at 4% salinity.
The results showed that the free divalent cations decreased with increasing builder-
to-water hardness molar ratio and reached zero at the builder-to-water hardness
molar ratio of Lto Land higher. Interestingly, when surfactant molecules are present,
the amount of free divalent cations was lower than that in the system using pure
water as the washing solution (see Figures 6.14 and 6.15). The results suggest that
the divalent cations can still patially coadsorp between surfactant molecules and
fabric, even when there is a builder, However, adding a builder in the system with
hard water was found to effectively improve the oil detergency performance at a
certain level (see Figure 6.13).
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Figure 6.15 Amount of free divalent cations remaining in solution at different
builder-to-water hardness molar ratios with and without the polyester/cotton blend
fabric using a washing solution containing 0.3% total surfactant concentration
prepared from the selected formulation.
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