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Abstract 

The self-assembly of nonionic surfactants in aqueous solution has been extensively investigated because of 

its various applications. The nonionic surfactants under research here are all Guerbet hydrophobic C10 

branched alkyl chain, with different lengths of poly(ethylene oxide) (PEO) and with or without propylene 

oxide units. Lutensol® surfactants XP, XL series and ES series are supplied from BASF. XL, and ES series 

incorporate propylene oxide (PO) units in the surfactant chain Their micellization properties are 

investigated in aqueous solution in this thesis. The critical micellization concentration (CMC) was 

determined by pyrene fluorescence spectroscopy at 22 and 50°C. The Gibbs free energy, enthalpy and 

entropy of micellization were calculated from the CMC data and used to analyze the contributions of the 

surfactant chemistry. The nonionic surfactants in this research were all slightly temperature sensitive. 

Compared with compositionally similar surfactants, branched alkyl chain CiEOj and CiPOnEOj surfactants 

had higher CMC than linear CiEOj and CiPOnEOj surfactants. The PO group drives for micellization in 

self-assembly process of branched alkyl chain CiEOj and CiPOnEOj surfactant. Cloud point and relative 

viscosity experiments were supplied to investigate the thermodynamic properties. 
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1. Introduction 

Surfactant means active at surfaces. The surfactant reduces the free energy of surfaces and interfaces.2 Most 

water-soluble organic compounds give a reduction of the surface and interfacial tensions when added to an 

aqueous solution. However, the effect is normally much less pronounced than for surfactants. The unique 

behavior of a surfactant is that it self-assembles at interfaces and forms organized monolayers at the 

air-water and the oil-water interface,3 and monolayers or aggregates at the solid-water interface. Such 

self-assembled layers change the character of the interface. Surfactants self-assemble in water, usually 

forming micelles at relatively low concentrations, and other thermodynamically stable phases, called 

lyotropic liquid crystals, at higher concentrations, also in the presence of ‘oil’ like xylene.4 

 

Owing to their chemical structure, surfactants are amphiphilic molecules, with affinity to both a polar and a 

nonpolar environment. All surfactants have at least one polar segment, often called headgroup, that prefers 

to be in water, and at least one hydrophobic segment that prefers to be in an apolar environment; hence, the 

tendency for surfactants to go to interfaces. Figure 1 shows the chemical structure of a surfactant with one 

polar hydrophilic head group consisting of several ethylene oxide groups, and one hydrophobic tail.5 

 

The driving force for a surfactant to adsorb at an interface is to lower the free energy of a boundary between 

two immiscible phases. The interfacial free energy per unit area represents the amount of work required to 

expand the interface. The tendency to accumulate at interfaces is a fundamental property of a surfactant.6 In 

principle, the stronger the tendency, the better is the surfactant. Another fundamental property of surface 

active agents is that individual molecules (unimers) in solution tend to form micelles.6 Micelle formation7, 



2 

 

or micellization, can be viewed as an alternative mechanism to adsorption at the interfaces for removing the 

hydrophobic tail from contact with water, thereby reducing the free energy of the system. When a surfactant 

adsorbs from aqueous solution at a hydrophobic surface, it normally orients its hydrophobic tail towards the 

surface and exposes its polar head group to the water. The surface has now become hydrophilic and, as a 

result, the interfacial tension between the surface and water has been reduced. It is an important 

phenomenon, since surfactant molecules behave very differently when present in micelles than they do as 

free unimers in solution.8 Surface and interfacial tension lowering and dynamic phenomena, such as 

wetting and foaming, are governed by the concentration of free unimers in solution. Unimers and micelles 

are in equilibrium. The exchange of surfactant molecules between micelles and bulk solution is fast, with 

residence times in micelles typically much below milliseconds. 

 

Micelles are generated already at a very low surfactant concentration in water.9 The concentration at which 

micelles start to form is called the critical micelle concentration (CMC) and is an important characteristic of 

a surfactant. It is spontaneous process meaning that the Gibbs free energy of micellization is <0. The 

enthalpy of micellization is typically endothermic, but not always. The entropy increases during 

micellization (hydrophobic effect). In a micelle, in case of aqueous solution, the surfactant hydrophobic tail 

is in the interior and the polar head group is directed towards the solvent. The micelle, therefore, is a polar 

aggregate of high water solubility. 

 

The hydrophobic part of a surfactant may be linear or branched alkyl chain and the polar head group is 

usually, but not always, attached at one end of the alkyl chain. The degree of chain branching, the position 
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of the polar head group and the length of the chain are parameters of importance for the physicochemical 

properties of the surfactant.10 

 

The applications of nonionic surfactants are diverse, for example, food and drug applications, antifoam 

agent, coatings applications.11-13 The applications of the nonionic surfactants with ethylene oxide group are 

especially in liquid and powder detergents, as well as in a variety of industrial applications. They are also 

frequently used to stabilize oil-in-water emulsions as emulsifier.6 

 

Nonionic surfactants have either a polyether or a polyhydroxyl unit as the polar group.14 A schematic of a 

nonionic surfactant micelle is shown in Figure 2. Polyether-based surfactants are common and the polyether 

consists of oxyethylene units made by polymerization of ethylene oxide (EO).15 The typical number of EO 

units in the polar chain is 5-10, although some surfactants used as dispersants often have much longer PEO 

chains.16 The physicochemical properties of ethoxylates are very temperature dependent.17-18 Contrary to 

most organic compounds, they become less water soluble, more hydrophobic at high temperatures.19 In 

general, the poly(ethylene oxide) chain length is the prime factor in determining self-assembled structures, 

shown in Figure 3. The shorter the PEO chain, the larger is the tendency to have both with temperature and 

with concentration. At the same time, micellar growth is promoted by an increased alkyl chain length.20 

 

Novel linear novel alkyl propoxy ethoxylate (CiPOnEOj) surfactants with various number of EO units 

have been under research in our group previously7. The micellization of linear nonionic surfactants in 

aqueous solutions becomes difficult with the PEO block length increasing.7 Under the thermodynamic 
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calculation, the standard enthalpy and entropy of micellization all increase by increasing number of EO 

units. Linear CiPOnEOj surfactants are more temperature sensitive than CiEOj due to the middle PPO 

block although their micellizations of aqueous solution are similar.7 The Gibbs free energy of PPO block 

does not favor the CiPOnEOj micellization. The hydrophilicity of a PO unit is comparable to that of an EO 

unit for linear surfactants with longer EO chain length, and lower than that of EO for linear surfactants 

with shorter chain length, where a PO unit was found about 5 and 2 times, respectively, less hydrophilic 

than an EO unit.7 

 

Surfactants of a homologous series of single-branch CiEOj and CiPOnEOj are commercially produced by 

BASF Corp. under the trade name of Lutensol®. It is interesting to examine how the physicochemical 

properties of branched nonionic surfactants compare to linear nonionic surfactants with similar chemical 

structures. The single-branch alkyl chain of the Lutensol® surfactants is based on a C10 Guerbet alcohol. 

The average molar weights of XL and XP series surfactants are shown in Table 1. The difference in 

average molar mass (from OH number) between XP and XL series surfactants with the same degree of 

ethoxylation divided by the molar weight of PO (58 g/mol) can estimate the number of PO units in the XL 

series surfactants. XL-80 appears to be an outlier, perhaps impacted by impurities or possibly extra PPO 

monomer.1 

 

The aqueous micellization behavior of these surfactants is described in the sections which follow. We first 

report critical micellization concentration (CMC) data gathered by using a dye solubilization technique. 

The data were used to compute the Gibbs free energy, enthalpy, and entropy of micellization, which are 
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discussed in the context of the surfactant composition and structure. We focus on the influence of the PEO 

block and propylene oxide (PO) linker in self-assembly. We then compare micellization thermodynamics 

with linear nonionic surfactants. We also present findings on cloud point and relative viscosity of dilute 

surfactant solutions. Finally, we conclude with a summary of the results, impact of the work, and future 

directions.  
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2. Materials and Methods 

2.1 Materials 

2.1.1 Surfactants  

The Lutensol® XL, XP, and ES surfactant series are obtained from BASF Corp. and used as received. The 

average molar mass and degree of ethoxylation of every surfactants are reported in Table 1 according to 

BASF Corp.21-22 The chemical structures of each series is shown in Figure 4, Figure 5. Both XL and XP 

series surfactants contain a PEO block, a Guerbet hydrophobic C10 alkyl chain, and the difference between 

each series is that the XL series contain a propylene oxide segment, incorporated into XL-series chain. The 

Guerbet alcohols means the alkyl chain have an even number of carbons with a minimum of six carbon 

atoms and the number of carbons in the main chain is always greater by four than that of the side chain.23 ES 

series surfactants are synthesized by BASF Corp. for research, and their structures are similar to XL series 

with higher ethoxylation groups. 

 

2.1.2 Sample Preparation  

Stock solutions of surfactants were prepared in Milli-Q water. The concentrations of each surfactant were 

all in the same range 0-5 wt%. Different concentrations of each surfactant had been tested in detail many 

times due to different CMC (critical micellization concentration) of each sample. The samples were 

allowed to equilibrate for several hours prior to measurement. 

 

2.1.3 Pyrene Addition 

1 mM pyrene (Fluka, Switzerland)/ethanol solution was prepared for the experiments of fluorescence 
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spectroscopy. 2 μM of this solution was added to 3 g of surfactant solutions, and the concentrations of 

pyrene and ethanol were 0.006 μM and 0.067 vol %.7 

 

2.2 Methods 

2.2.1 Fluorescence Spectroscopy  

The fluorescence emission intensity of pyrene-containing aqueous surfactant solutions (at an excitation 

wavelength of λ = 335 nm) was recorded in 350-600 nm range by using a Hitachi 2500 fluorescence 

spectrophotometer. Five vibronic peaks characteristic of pyrene were observed and the ratios of the first to 

the third vibronic peak (I1/I3) were measured for CMC determination.24 The I1/I3 ratio decreases with 

decreasing polarity of the pyrene microenvironment. The I1/I3 ratios for each surfactant solution have been 

plotted against the logarithm of concentrations and the CMC values could be defined at the intersection 

between two lines, one drawn through the apparent down slope and one through the lower plateau on Figure 

6.25 With increasing surfactant concentrations, pyrene had accumulated to hydrophobic parts, resulting in 

the I1/I3 ratio to be decreased, until the ratio value no longer changed with surfactant concentration.  

 

2.2.2 Cloud Point  

The cloud point data was collected in a sealed 20 mL test tube. All total weight of samples of nonionic 

surfactants were around 5 grams and all the concentrations of samples were around 1.0 wt% to control 

variates. With the temperature measured by a calibrated thermometer (ERTCO), each test tube was 

submerged in a beaker heated by a hot plate (Fischer Scientific). All experiments were carried out with the 

same heating rate due to the same final set temperature of the hot plate. There would be one paper with 
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bright-colored letters of the alphabet behind the sample in order to observe the cloud point. The cloud point 

was defined when the letters could not be easily distinguished through the sample. 

 

2.2.3 Relative Viscosity  

Relative viscosity measurements of the Lutensol® nonionic surfactants in aqueous solution were made by 

using a Cannon-Fenske Routine viscometer (Size 25) 5, 26 at room temperature, around 22 °C. The set 

concentrations were considered by the CMC of surfactants obtained from pyrene fluorescence 

spectroscopy. The values of the efflux time of surfactant containing solution divided by the efflux time of 

the solvent (water) provided the relative viscosity data. At least two measurements were made per sample 

and averaged together. The standard deviation in relative viscosity was 0.06% mm2/s. 
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3. Results and Discussion 

3.1 Critical Micellization Concentration (CMC)  

The CMC values obtained by fluorescence at 22 and 50 °C are presented in Table 2, and the pyrene I1/I3 

ratio is plotted versus the logarithm of surfactant concentration in Figure 8. The I1/I3 data indicated that the 

second inflection point moves to the direction of higher surfactant concentration when the PEO block 

increases. In term of consideration of the whole series, XL-80 appears to be an outlier.1 The second 

inflection points at 50 °C shifted to left compared to the second inflection points at 22 °C for each surfactant. 

The second inflection point in the I1/I3 ratio data reflects the CMC.24 The Lutensol® surfactant series 

indicate that, the CMC (wt%) decreased average 2% as the temperature increased from 22 to 50 °C. A clear 

offset between the CMC of the XP and XL series surfactant exists at both temperatures. The reason is 

probably the influence of PO linker in micellization and it will be discussed in the section 3.4. 

 

3.2 Thermodynamics of micellization  

According to the Law of Mass Action, the micellization process of surfactants assumes that there’s a 

thermodynamic equilibrium between unimers and micelles.27-29 The standard Gibbs free energy of 

micellization for nonionic surfactants can be calculated by the following equation assuming equilibrium 

between unimers and micelles 

Δ𝐺° = 𝑅𝑇 ln(𝑋𝐶𝑀𝐶) 

where R is the ideal gas constant, T is the absolute temperature, and Xcmc is the surfactant mole fraction at 

the CMC. The standard free energy of micellization (ΔG°mic) has a negative value because the hydrophobic 

effect causes the self-assembly of nonionic surfactants in aqueous solution as a spontaneous process. 6, 27 
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When a hydrocarbon is added to water, water molecules orient around the hydrocarbon with two main steps, 

cavity formation in the water in order to accommodate the hydrophobe and structuring of water around the 

hydrophobe as shown in Figure 7.6 

 

The standard enthalpy of micellization (ΔH°mic), according to the Gibbs-Helmholtz equation, can be 

expressed as 

ΔH°𝑚𝑖𝑐 =  −RT2  ∗  (∂ ln X𝐶𝑀𝐶  /  ∂ T)  

which is assumed independent of temperature for the temperature range considered. Cavity formation 

requires large energy in order to accept the hydrophobe. The cavity formation requires the breakage and 

reconstitution of hydrogen bonds. Hence, this process is associated with a large and positive enthalpy. At 

the same time, the entropy contribution is negligible because of nearly no change of the number of 

hydrogen bonds.6 

 

The standard entropy of micellization (ΔS°mic) can be derived by the Gibbs free energy and enthalpy 

ΔS°𝑚𝑖𝑐  =  (ΔH°𝑚𝑖𝑐  −  ΔG°𝑚𝑖𝑐) / T  

Water structuring increase the solubility of nonionic surfactants in water which is associated with a large 

and negative entropy and enthalpy. This seems as enthalpy-entropy compensation. Any change of structures, 

no matter built up or destroyed, is associated with large entropy and enthalpy contributions. The free energy 

of water structuring is negative which increases the solubility of a hydrocarbon in water and counteracts the 

hydrophobic effect. The hydrophobic effect is the major importance for the self-assembly of all types of 

surfactants and polymers in bulk and at interfaces and for the solubility of most types of organic substances 
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in water.6 

 

The CMC data derived from fluorescence spectroscopy are used for the calculation of ΔG°mic, ΔH°mic and 

ΔS°mic. The calculated values for all surfactants studied here are presented in Table 4. At the same time, the 

trend of ΔG°mic, ΔH°mic and ΔS°mic can be observed through Figure 9 versus the number of ethoxylation 

group (N(EO)). Figure 9 shows that the value of ΔG°mic increases with the temperature decreasing. 

 

Figure 9 shows that ΔH°mic and ΔS°mic of XP surfactant series both increase with the number of ethylene 

oxide groups (N(EO)). It seems that when there is no propylene oxide group, the enthalpy and entropy both 

increase as the length of ethoxylated group increases. However, with the propylene group added in the 

amphiphile, the trend of enthalpy and entropy seems not simply increasing when plotting with respect to the 

number of ethoxylation group shown in Figure 9.30 This suggests that the propylene group is playing an 

important role and will be discussed in the section 3.4 below. Generally, the result is that the enthalpy and 

entropy of micellization increase as the number of ethoxylation group increases in conclusion. 

 

In order to understand why the CMC is changing with surfactant composition, we decomposed ΔG°mic into 

contributions as 

ΔG°𝑚𝑖𝑐 =  ΔG(HP) + ΔG(contact) + ΔG(packing) + ΔG(HG) 

The Gibbs free energy of hydrophobic free energy contribution (ΔG(HP)) represents a complete transfer of 

the hydrocarbon chain out of the solvent. The solvent contact is less with increasing micelle size in terms of 

unimer, and ΔG(HP) decrease is the source of the cooperativity in the micelle formation process. The positive 
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free energy of ΔG(contact) relates to the solvent hydrocarbon contact in the micelle. ΔG(packing) is a positive free 

energy contribution from conformational effects of micelle-solvent. Because surfactant molecule enters a 

micellar aggregate, becomes straighter and constraints from neighboring chains. Head group interactions 

(ΔG(HG)) make the most significant positive contribution to the Gibbs free energy of micellization. ΔG(HG) 

depends on structural details of the head group due to the head group interactions.27 

 

Furthermore, the total free energy of micellization can be composed to ΔG(C), ΔG(EO), and ΔG(PO) due to the 

transfer of the alkyl chains, PEO block, PPO linker from water to the micelle core. ΔG(contact), ΔG(packing) are 

all proportional to the area of the aggregate and aggregation number,27 so that their contributions to ΔG°mic 

are smaller than ΔG(HP) and ΔG(HG). Hence, in the case of the surfactants here, we believe the formula can be 

simplified to  

ΔG°𝑚𝑖𝑐  =  ΔG(C)  +  ΔG(PO) +  ΔG(EO)  

The hydrophobic free energy contribution, for transferring hydrocarbon chain out of the aqueous solvent 

into the oillike interior of the micelle from the corresponding values for pure hydrocarbons, can be obtained 

by the following equation.27 

ΔG(C)  =  −3.0(N𝐶 − 1) –  9.6  

where NC equals the number of carbon atoms in the alkyl chain, 3.0 kJ/mol is the value of the Gibbs free 

energy for each methylene group and 9.6kJ/mol for the methyl group.27 

 

Hence, ΔG(EO) can be extracted by XP nonionic surfactants series which are only constituted by carbon 

chain and PEO group. ΔG(EO) is the same for XL and XP series with the same average degree of 
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ethoxylation.1 Then, the value of ΔG(EO) can be substituted to calculate the free energy contribution of the 

PO group in the XL and ES series through the equations presented. The values of free energy contributions 

to micellization in aqueous solution for each part of the surfactant are given in the Table 5. 

 

3.3 Influence of the PEO block in micellization  

Poly(ethylene oxide) (PEO) is the hydrophilic part of the nonionic surfactants studied in this thesis. PEO is 

well soluble in water.18 However, for homopolymer PEO in water, there is a separation into dilute and 

concentrated polymer phases at temperatures above 100 °C, showing that water becomes a less good 

solvent for the EO groups as temperature increases.27 An additional important effect is operating for EO 

chains. The polarity of an EO chain varies substantially with its conformation. A detailed analysis reveals 

few polar conformations of low energy while less polar ones are more abundant but of somewhat high 

energy. An increase in temperature leads to an increased population of the less polar configuration, resulting 

in a low affinity for water.27 

 

XP-series surfactants only contain carbon chain and PEO groups. EO groups can easily form hydrogen 

bond with water. Nevertheless, PEO and H2O are all strongly polar. The hydrogen bond must be broken and 

reconstituted when micellization happens. As Table 4 shows, the values of enthalpy of XP-series are all 

positive and increasing as the PEO block length increases. The cavity formation27 costs enthalpy which 

indicates that the broken hydrogen bonds are more than the new hydrogen bonds with water and EO groups. 

As the PEO block becomes longer, there are more hydrogen bonds which must be disrupted during cavity 

formation. The shorter the PEO chain length, the larger the tendency for micelles to grow in size with 
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temperature and surfactant concentration. Hence, by decreasing the PEO chain length, there is less polar 

head group repulsion.6, 27 

 

Moreover, Figure 9 shows that the net free Gibbs free energy contribution of the PEO block of the majority 

of XP series surfactants increases as the PEO block becomes longer. The ΔG(EO) increased 6% as the PEO 

block length increased from 3 to 9. However, Figure 10 shows that with the increasing number of EO group 

from 3 to 9, the Gibbs free energy of each EO group is decreasing 65%. It indicates that the long tail of 

hydrophilic part is well solvated in the aqueous solution and far away from the core of micelle formed by 

the hydrophobic part. The hydrogen bonds of water and each EO group of XP series surfactant with longer 

PEO chain length make less contributions in the micellization process. 

 

The temperature effect is an important factor of micelle formation as shown in Figure 9 and Figure 11. The 

ratio of 50°C ΔG°mic (kJ/mol) to 22°C ΔG°mic (kJ/mol) versus the number of EO groups is increasing from 1% 

to 4% with N(EO) increased for the XP series surfactants. The Gibbs free energy contribution of hydrocarbon 

chain will vary as the temperature varies. According to the trend, with the increasing length of hydrophilic 

part, the effect of temperature to the nonionic surfactant is enhancing. This is the result of the decrease of 

steric repulsion between water and micelle.31 The increasing temperature gives rise to an increase of 

fluctuation of hydrogen bonds and the PEO blocks become dehydrated and contract. Hence, ΔG(mic) at 50°C 

is more negative than at 22°C. 

 

3.4 Influence of the PO linker in micellization  
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Poly(propylene oxide) is less polar than PEO and water, according to its pyrene I1/I3 ratio.18 Typically, 

normalized pyrene fluorescence emission spectra demonstrate this.24  PPO group is the linker between the 

alkyl carbon chain and EO groups in the XL-series surfactant. The preceding section 3.2 shows the analysis 

method for the calculation of ΔG(PO). Table 5 shows that ΔG(PO) is all negative values, the same as the ΔG(C). 

In this case, PPO moiety contributes to the driving force to form micelle. And PO group likely resides near 

the hydrophobic micelle core, together with alkyl carbon chain. Figure 9 shows that the values of Gibbs free 

energy of XL-series are all lower than XP-series for the same PEO block length. The contribution of PPO 

moiety for micellization may explain this phenomenon. Table 5 shows that ΔG(C) is equal to -36.6 kJ/mol 

and each ΔG(PO) of XL series surfactants is less than 3 kJ/mol respectively. The Gibbs free energy of each 

methylene group of Guerbet C10 chain is more negative than each PO unit of XL series surfactant. ΔG 

contribution of the PO group of XL series surfactants is 2 times less impactful than each methylene group of 

alkyl carbon chain in promoting micellization. Hence, PO group has less impact than each methylene group 

of alkyl carbon chain on micelle formation with regard to XL series surfactant. 

 

Figure 12 shows that the values of Gibbs free energy of PPO moiety cannot fit as a linear line. The effect of 

hydroxyl end groups of bulk PPO homopolymer on the I1/I3 ratio decreases as the hydroxyl number 

decreases.24 Figure 12 indicates that with the number of EO groups increasing, the value of Gibbs free 

energy of PO groups in the micelle should decrease. However, according to the experimental result, Figure 

12 shows that the value of XL-70 is a minimum. The average number of PO units per surfactant chain was 

estimated as described in Section 1.1 Hence, XL-70 possibly has a lower micellar aggregation number 

through calculation. A larger number of PO groups, low-micellar aggregation-number, at 7-EO-group 
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nonionic surfactant can explain the peaks in enthalpy and entropy curve. The temperature dependence of 

hydroxyl end groups of bulk PPO homopolymer on the I1/I3 ratio has the descending trend with regard to the 

number of PO.24 In Figure 11, the Gibbs free energy ratio of 50 to 22 °C of XL-70 is much larger than the 

other XL series surfactants. This also suggests that XL-70 has more PO groups and possibly lower 

micellar aggregation number in the micellization process. At the same time, XL-80 seems an outlier 

possibly attributable to impurities in this case.1 

 

3.5 Comparison with linear nonionic surfactants (CiEOj and CiPOnEOj)  

Extensive CMC data of CiEOj and CiPOnEOj surfactants with linear alkyl chains, at the temperature around 

22-25 °C, are available in the literature for self-assembly nonionic surfactant in aqueous solutions shown in 

Table 3 and Table 6.32-33 The physicochemical properties of linear and branched nonionic surfactant with 

similar composition can be observed by the different trend on Figure 13.  

 

The micelle is typical spherical for surfactants with long PEO chains, in particular at low temperatures and 

concentrations.24 As Figure 13 illustrated, the CMC is decreasing with the carbon chain increasing with 

regard to linear nonionic surfactant. And the other observation is that the CMC of XL series is average 100% 

higher than the linear surfactant with the same number of carbons in the hydrophobic part. Surface tension 

of C16 Guerbet ethoxysulfate surfactants also illustrates that linear Guerbet (branched) nonionic surfactants 

(7.5*10-4 mol/L) have approximately one and a half times higher CMC values than linear ones (5.8*10-4 

mol/L) at 40°C. Because Guerbet branched nonionic surfactants reduce the effective chain length and cause 

steric inhibition to micellization.34  
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Compared to linear and branched nonionic surfactants with PO group, ΔG(PO) of XL series surfactants is 

negative shown in Figure 12 but ΔG(PO) is positive for linear CiPOnEOj surfactants.7 The different attribution 

of PO group in linear and branched nonionic surfactants with PO group is still under research. 

 

3.6 Cloud Point 

Clouding is a characteristic feature of polyoxyethylene-based surfactants and many nonionic polymers in 

water. A common observation for an aqueous solution of a nonionic surfactant is that on heating the solution 

may start to scatter light strongly in a well-defined temperature range. The solution becomes ‘cloudy’. This 

is a consequence of the phase diagram shown in Figure 15. The isotropic solution region is bordered 

towards higher temperatures by a lower consolute curve, above which there is a phase separation into one 

surfactant-rich and one surfactant-poor solution. The onset of phase separation manifests itself by a 

cloudiness of the solutions.6 The cloud point indicates the onset temperature at which the surfactant 

separates from an aqueous solution due to the weakening of hydrogen bonds between the surfactant and 

water molecules.35-36 The cloud point temperature is a critical parameter in many applications, such as 

wetting, cleaning, and foaming.37 

 

Figure 14 displays the different cloud points of Lutensol® nonionic surfactant with PO group and without 

PO group. With regard to XP series (without PO group), Figure 14 shows that the cloud point depends 

strongly on the PEO chain length. The cloud point increased 30% as the PEO block length increased from 5 

to 8 with reference to XP series surfactants. For PEO homopolymer, there is a simple closed-loop two-phase 
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region.6, 38 And as can be seen in Figure 15, this two-phase region grows strongly in all directions as the 

molecular weight of the polymer is increased.6, 39 The basic features of the closed-loop appearance of the 

phase diagram are the same of the surfactant systems but these are more complex due to self-assembly 

leading to additional phases. In this case, the average molar weight of all nonionic surfactants studied here 

is less than 2000 and the experimental temperature is less than 100 °C, so all of surfactants are in the same 

phase. Furthermore, the cloud point is strongly dependent on micelle size. A high micellar aggregation 

number will have an effect analogous to a high degree of polymerization of a polymer, and thus give a low 

cloud point.6, 36 Hence, in Figure 14, the experimental nonionic surfactant with PO group illustrate a peak 

characteristic of XL-70, resulting that XL-70 possibly have a low micellar aggregation number so that they 

get a higher cloud point abnormally. At the same time, XL-80 seems an outlier possibly attributable to 

impurities in this case.1 The trend of cloud point with N(EO) is similar to ΔH°mic in terms of XL-series. 

Compared with experimental nonionic surfactant with and without PO groups, Figure 14 shows that the 

cloud point of XL series surfactants is higher than XP series surfactants in the same degree of ethoxylation. 

It indicates that PO groups as hydrophobic moiety in the nonionic surfactant can elevate cloud point and 

maybe affect the micelle size. With the number of EO groups increasing, as the surfactants of ES-series, it 

obviously shows that their cloud points quickly exceed the boiling point of water, 100 °C. The trend of 

cloud point of XL series surfactants resembles their trend of enthalpy in micellization. 

 

3.7 Relative Viscosity  

The flow properties are relevant in most applications of nonionic surfactants. However, it is beyond the 

scope of this thesis to go deep into the topic of rheology.6 The viscosity, which is defined as the resistance 
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against deformation for a fluid, can vary widely between different nonionic surfactants. 

 

Figure 16 and Figure 17 show, the values of relative viscosity of nonionic surfactants versus the 

concentration divided by each CMC at room temperature (around 22 °C). The sublines in the graph are the 

value of relative viscosity and concentration divided by CMC respectively equal to 1. When the surfactant 

concentrations are over their CMC, most of the values of relative viscosity are over 1.0. However, all 

Lutensol® nonionic surfactants, presented in Figure 16 and Figure 17, have more than one data point where 

the relative viscosity is below 1.0. No matter XL surfactant series or ES surfactant series in Figure 16 and 

Figure 17, the values of viscosity of nonionic surfactants with more EO units are higher than ones with less 

EO units. In terms of ES series surfactants, the relative viscosity increased 4% as the PEO block length 

increased from 20 to 30. This phenomenon maybe illustrates why the values of viscosity are below 1.0 

before CMC. When the surfactant concentration is far away from the CMC of the nonionic surfactant or 

the nonionic surfactant has less N(EO), the hydrogen bonds bridged with water molecule and EO unit 

maybe form distributed network. The network can be small size and stable shape to reduce viscosity.40 So, 

in this situation, the nonionic surfactants can be seen as polymer drag reducer. However, at concentrations 

near or larger than CMC, the nonionic surfactants in this research will form spherical micelle. The 

hydrogen bonds seem harder to form network in small size and stable shape. Hence, the values of 

viscosity are larger than the pure water. The contribution of the incorporated PO moiety on the solution 

viscosity requires further study to be understood. 
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4. Conclusions and recommendations for further work 

The micellization properties of a series of nonionic surfactant in the aqueous solution have been 

investigated. XP series and XL series surfactants are available by BASF under the commercial name of 

Lutensol®. ES series are BASF lab products. XP series are single branched alkyl ethoxylate. The XL and 

ES series incorporate a propylene oxide moiety. 

 

Surfactants with longer PEO block groups exhibit higher CMC and temperature sensitivity. The ΔG(EO) 

increased 6% as the PEO block length increased from 3 to 9. However, the Gibbs free energy per EO unit 

decreased 65% as the PEO block length increased from 3 to 9 units. The ratio of 50°C ΔG°mic (kJ/mol) to 

22°C ΔG°mic (kJ/mol) versus the number of EO units increased from 1% to 4% with N(EO) for the XP 

series surfactants. Because the Gibbs free energy of PO group of XL series surfactants is negative, the PO 

linker is considered to be hydrophobic. 

 

Compared with linear alkyl-chain surfactants of CiEOj and CiPOnEOj, the single-branched Lutensol® 

surfactants have higher CMC. The CMC of XL series is average 100% higher than the linear surfactant with 

the same number of carbons in the hydrophobe. Compared to linear and branched nonionic surfactants with 

the PO moiety, the Gibbs free energy of the PO moiety (ΔG(PO)) of XL series surfactants is negative. 

 

The cloud point measurements are in line with the conclusions of thermodynamic analysis of the free Gibbs 

energy, enthalpy, and entropy. The cloud point depends strongly on the PEO block length as a direct ratio. 

The cloud point increased 30% as the PEO block length increased from 5 to 8 with reference to XP series 
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surfactants. 

 

The relative viscosity experiments supply qualitative information about the nonionic surfactant solutions 

and are still under research. The nonionic surfactants studied here are all Guerbet C10 single-branched alkyl 

chain and hydrophobic on a free energy basis. The viscosity of nonionic surfactants with longer PEO blocks 

is larger than ones with smaller PEO blocks. In terms of ES series surfactants, the relative viscosity 

increased 4% as the PEO block length increased from 20 to 30. Although the Gibbs free energy of one 

methyl group is more negative than the Gibbs free energy of PO linker in the nonionic surfactants studied 

here, the influence of PO linker is still unclear in terms of relative viscosity in this research. 

 

When the concentration is far below CMC, or the nonionic surfactant has few EO units, the nonionic 

surfactants can be seen as polymer drag reducer. However, when the concentrations of the nonionic 

surfactants are near or larger than CMC, the values of viscosity are larger than the pure water.  

 

There are still several properties worth investigating in the future. We would like to determine the micelle 

structure in more detail, specifically, the influence of the branched Guerbet hydrophobe on chain packing 

and the aggregation number, and also the PO group location within the micelle. We would like to expand 

viscosity measurements to include all XP and XL series, so we can compare directly the effect of the PO 

group with the same degree of ethoxylation. It is interesting to study emulsification properties to 

determine if the PO linker improves emulsification efficiency. 
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Lutensol® Type Degree of ethoxylation 
Average molar mass (from 

OH number) g/mol 

XP-30 3 290 

XP-50 5 370 

XP-70 7 445 

XP-80 8 500 

XP-90 9 550 

XL-50 5 440 

XL-70 7 560 

XL-80 8 860 

XL-90 9 600 

XL-100 10 630 

XL-140 14 730 

ES 8928-A 15 819 

ES 8928-B 20 1039 

ES 8928-C 25 1260 

ES 8928-D 30 1480 

Table 1. Notation and composition of Surfactants Used in This Study. 

  



23 

 

Lutensol® 

Type 

CMC 

22 °C 

(wt%） 

50 °C 

(wt%） 

22°C 

(mol/l) 

50°C

（mol/l） 

22°C (mole 

fraction) 

50°C (mole 

fraction) 

XP-30 0.060 0.055 2.07E-03 1.90E-03 3.73E-05 3.42E-05 

XP-50 0.065 0.055 1.76E-03 1.49E-03 3.16E-05 2.68E-05 

XP-70 0.095 0.080 2.14E-03 1.80E-03 3.85E-05 3.24E-05 

XP-80 0.100 0.075 2.00E-03 1.50E-03 3.60E-05 2.70E-05 

XP-90 0.150 0.110 2.73E-03 2.00E-03 4.92E-05 3.60E-05 

XL-50 0.035 0.030 7.96E-04 6.82E-04 1.43E-05 1.23E-05 

XL-70 0.045 0.035 8.04E-04 6.25E-04 1.45E-05 1.13E-05 

XL-80 0.060 0.040 6.98E-04 4.65E-04 1.26E-05 8.38E-06 

XL-90 0.075 0.060 1.25E-03 1.00E-03 2.25E-05 1.80E-05 

XL-100 0.090 0.070 1.43E-03 1.11E-03 2.57E-05 2.00E-05 

XL-140 0.170 0.090 2.33E-03 1.23E-03 4.20E-05 2.22E-05 

ES 8928-A 0.200 0.150 2.45E-03 1.83E-03 4.40E-05 3.30E-05 

ES 8928-B 0.600 0.350 5.81E-03 3.38E-03 1.05E-04 6.08E-05 

ES 8928-C 1.500 0.650 1.21E-02 5.19E-03 2.18E-04 9.35E-05 

ES 8928-D 2.300 1.500 1.59E-02 1.03E-02 2.86E-04 1.85E-04 

Table 2. Critical Micellization Concentration (CMC) for aqueous Lutensol® surfactant solutions. 
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Amphiphile mol weight 
EO content 

(wt%) 

CMC at 

25 °C (mol/l) 40 °C（mol/l） 

C13(PO)12.2(EO)8 1266 30 7.90E-05 6.32E-05 

C13(PO)12.2(EO)17 1641 46 1.22E-04 6.09E-05 

C13(PO)12.2(EO)34 2390 63 2.09E-04 8.37E-05 

Table 3. Compositions and CMC data at 25 and 40°C for linear Ci(PO)n(EO)j surfactants, cited in 

reference.7  
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Lutensol Type 
ΔG°mic (kJ/mol) 

22 °C 

ΔG°mic (kJ/mol) 

50 °C 
ΔH°mic (kJ/mol) 

ΔS°mic 

(kJ/mol K) 

XP-30 -25.02 -25.24 2.25 0.09 

XP-50 -25.42 -25.83 4.32 0.10 

XP-70 -24.95 -25.37 4.45 0.10 

XP-80 -25.11 -25.81 7.45 0.11 

XP-90 -24.34 -25.11 8.03 0.11 

XL-50 -27.37 -27.75 3.99 0.11 

XL-70 -27.34 -27.96 6.50 0.12 

XL-80 -27.69 -28.69 10.49 0.13 

XL-90 -26.26 -26.81 5.78 0.11 

XL-100 -25.93 -26.55 6.51 0.11 

XL-140 -24.73 -26.29 16.47 0.14 

ES 8928-A -24.61 -25.32 7.45 0.11 

ES 8928-B -22.49 -23.82 14.01 0.13 

ES 8928-C -20.69 -22.77 21.85 0.15 

ES 8928-D -20.02 -21.09 11.27 0.11 

Table 4. The Gibbs free energy of micellization (ΔG°mic) at different temperatures, enthalpy of 

micellization (ΔH°mic) and entropy of micellization (ΔS°mic) for Lutensol surfactants in aqueous solutions. 
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Lutensol Type ΔG(C) (kJ/mol) 
ΔG(EO)+ΔG(P

O) (kJ/mol) 

ΔG(EO) 

(kJ/mol) 

ΔG(PO) 

(kJ/mol) 

XP-30 -36.60 11.58  11.58  

XP-50 -36.60 11.18  11.18  

XP-70 -36.60 11.65  11.65  

XP-80 -36.60 11.49  11.49  

XP-90 -36.60 12.26  12.26  

XL-50 -36.60 9.23  11.18 -1.94 

XL-70 -36.60 9.26  11.65 -2.40 

XL-80 -36.60 8.91  11.49 -2.59 

XL-90 -36.60 10.34  12.26 -1.92 

XL-100 -36.60 10.67    

XL-140 -36.60 11.87    

ES 8928-A -36.60 11.99    

ES 8928-B -36.60 14.11    

ES 8928-C -36.60 15.91    

ES 8928-D -36.60 16.58    

Table 5. Free energy contributions to micellization in aqueous solution for each part of the surfactant. 

  



27 

 

Surfactant Temperature CMC (mol/L) 

C10EO5 24 8.0E-4 

C10EO6 24 9.0E-4 

C10EO8 24 1.0E-3 

C12EO4 20 6.0E-5 

C12EO6 25 7.2E-5 

C12EO8 25 8.4E-5 

Table 6. CMC of linear alkyl chain CiEOj surfactants.32-33 
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Figure 1. Schematic of a surfactant under this research, showing several ethylene oxide units as hydrophilic 

moiety. 
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Figure 2. Schematic of a nonionic micelle.  
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Figure 3. The surfactant self-assembly structures of nonionic surfactants are mainly governed by 

temperature and the number of ethylene oxide units.6 (Copyright 2014, Wiley) 
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Figure 4. Chemical structure of the Lutensol® XP nonionic surfactant series. 
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Figure 5. Chemical structure of the Lutensol® XL nonionic surfactant series. 
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Figure 6. The I1/I3 ratios for each surfactant solution have been plotted against the logarithm of 

concentrations. The two sublines are drawn through the apparent down slope and through the lower plateau.  
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Figure 7. Schematic of the process of cavity formation by the hydrophobic effect.  
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Figure 8. I1/I3 of aqueous solutions of XP series, XL series and ES series surfactants plotted versus 

Log(concentration of surfactant) at 22 and 50 °C.



36 

 

 

Figure 9. Variation of the Gibbs free energy (ΔG°mic) at 22° and 50°C, enthalpy (ΔH°mic) and entropy 

(ΔS°mic) of micellization with N(EO) for XP, XL and ES nonionic surfactants.
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Figure 10. The free energy contribution of the PEO block normalized by NEO is plotted versus NEO for 

XP-series surfactants.  
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Figure 11. Ratio of 50°C ΔG°mic (kJ/mol) to 22°C ΔG°mic (kJ/mol) plotted versus the number of EO groups 

of XP, XL, ES series of nonionic surfactants under consideration here. 
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Figure 12. The contribution to the Gibbs free energy of micellization of the PO group in XL-series 

surfactants plotted versus NEO. 
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Figure 13. CMC plotted versus the number of EO groups in XP series surfactants, C10(EO)n
33, C12(EO)n

32 

and C13(PO)12.2(EO)n
7, XL series, ES series.
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Figure 14. Cloud points of XP series (without PO group), and XL, ES series (with PO group) nonionic 

surfactants. The number of PO units in the XL- and ES-series surfactants varies.
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Figure 15. Phase diagrams for poly(ethylene oxide)-water for different PEO molecular weights.6 

(Copyright 2014, Wiley) 
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Figure 16. Relative viscosity of XL-50, 90, 100, 140 nonionic surfactants in aqueous solution plotted 

versus the surfactant concentration divided by the corresponding CMC (22 °C). 
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Figure 17. Relative viscosity of ES 8928-B, C, D nonionic surfactants in aqueous solution plotted versus 

the surfactant concentration divided by the corresponding CMC (22 °C). 
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