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Design of industrial wastewater 
demulsifier by HLD‑NAC model
Hassan Ghasemi & Fatemeh Eslami*

The chemical method is one of the treatment techniques for the separation of oil–water emulsion 
systems. The selection of appropriate demulsifiers for each emulsion system is the most challenging 
issue. Hydrophilic‑lipophilic‑deviation (HLD) is a powerful semi‑empirical model, providing predictive 
tools to formulate the emulsion and microemulsion systems. This work aims to apply HLD to obtain 
an optimal condition for demulsification of oil‑in‑water emulsion system—real industrial wastewater—
with different water in oil ratios (WOR). Therefore, the oil parameter of the contaminant oil and 
surfactant parameter for three types of commercial surfactants were calculated by performing 
salinity scans. Furthermore, the net‑average‑curvature (NAC) framework coupled with HLD was used 
to predict the phase behavior of the synthetic microemulsion systems, incorporating solubilization 
properties, the shape of droplets, and quality of optimum formulation. The geometrical sizes of 
non‑spherical droplets (Ld, Rd)—as an indicator of how droplet sizes are changing with HLD—were 
consistent with the separation results. Correlating Ld/Rd at phase transition points with bottle test 
results validates the hypothesis that NAC‑predicted geometries and demulsification behavior are 
interconnected. Finally, the effect of sec‑butanol was examined on both synthetic and real systems, 
providing reliable insights in terms of the effect of alcohol for WOR ≠ 1.

Nowadays, the negative impacts of oily wastewaters have been increasing, and because of their operational and 
environmental disadvantages, proper separation methods must be used to alleviate safety  concerns1–3. The chemi-
cal method through using demulsifiers is widely recommended as the first choice for treating water-in-crude oil 
emulsions on industrial scales due to its higher performance than other  methods4.

Salager’s semi-empirical correlation of hydrophilic-lipophilic-deviation (HLD) is used in order to obtain the 
optimal formulation of emulsion  treatment5. This correlation specifies a linear relationship between variables 
influencing the phase behavior of surfactant-oil–water (SOW)  systems6. It should be noted that the insights 
delivered by the HLD model are also applicable to the demulsification or stability of emulsified systems since 
emulsion systems can be described by the equilibrium phase behavior of the corresponding microemulsion 
 systems7. Therefore, according to the literature, the HLD of SOW systems can be  expressed8,9:

where S is the salinity of the aqueous phase (g NaCl/100 mL), reflecting the influence of salinity on the water-
surfactant interactions. F(S) is the function of salinity, being expressed as Ln(S) and b(S) for ionic and nonionic 
surfactants, respectively. Equivalent Alkane Carbon Number (EACN) represents oil  hydrophobicity10 and f(A) 
is the function of alcohol, which usually acts as co-surfactant or co-solvent in the  system11. It is expressed as 
maCa in the HLD formulation, where ma is a constant value depending on the alcohol type and Ca represents its 
 concentration12. �T is the temperature deviation from 25 °C, and Cc is the indicator of hydrophilicity of the sur-
factants in the system. b, k and αt are constant parameters, depending on the nature of the system’s  materials13,14. 
According to HLD values, four types of phase behaviors named Winsor I, II, III, and IV are observable in SOW 
 systems15,16. Winsor III of microemulsion systems is the optimal zone for demulsification, where the HLD value 
is nearly  zero17. In addition, IFT and system stability reach their lowest values within Winsor III. It can be said 
that HLD plays a significant role in characterizing the phase behavior of SOW  systems15. For example, the Phase 
Inversion Point (PIP), which happens at HLD = 0, provides important information for the formulation of SOW 
systems, such as addressing some issues about the self-assembly processes in pharmaceutical applications or 
choosing an appropriate demulsifier for a system of interest.

Although HLD is a well-known method to produce the desired types of SOW systems, it does not pro-
vide sufficient information about the physical properties of SOW systems. Moreover, the HLD model applies 
to WOR near 1. Therefore, Acosta and colleagues promoted the HLD concept by connecting it with a new 

(1)HLD = F(s)− k(EACN)− f (A)− αt(�T)+ Cc
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complementary model termed net average curvature (NAC), thereby providing a tool capable of predicting SOW 
systems  properties18. The NAC concept introduces two statistical explanations for the curvatures of surfactant 
film adsorbed at the interface. The first equation  is19:

where Hn is the net curvature; Ro and Rw are the radii of coexisting hypothetical spherical droplets of oil and water, 
respectively. Details of the NAC calculation procedure depending on the Winsor type can be found  elsewhere20–22. 
L is a length scaling parameter that is the function of the surfactant tail chains tuned to the experimental results 
as a fitting  parameter15,22,23.

The second equation regarding the HLD-NAC, which is called the average curvature, Ha , is represented  by18,19:

It is generally accepted that the characteristic length parameter ( ξ ) can characterize the surfactant ability in 
solubilizing oil and  water24. For instance, to predict the boundaries of three-phase regions where the radii of 
droplets cannot exceed the characteristic length, HLD-NAC can be implemented to identify the initial point of 
transition regions by defining the following  equations25:

Here, similar to the L parameter, an experimental method of phase salinity scan is applied to obtain the 
characteristic length; because theoretical methods of calculating ξ are not appropriate for all different classes 
of surfactants.

Based on the points mentioned above, it would seem that one of the most comprehensive ways to characterize 
the optimal zone for demulsification is by the HLD-NAC model. Here, we use two fundamental features of this 
model—which are closely interconnected—to evaluate the demulsification performance: solubilization proper-
ties and surfactant micellar structures. The former has been related to the phase volume fractions measurement 
and its connection with the quality of the optimum formulation, followed by calculation of L and ξ through the 
salinity scans. The latter is associated with the elongation of micellar structures from the spherical shape ( Ld
=0) to the cylindrical one ( Ld ≫ Rd)26. The dimension of micellar structures Ld and Rd are predicted by two 
statistical explanations of HLD-NAC7.

Our goal is to apply the HLD-NAC method to demulsify the oil in water emulsion in the present study. In this 
way, exploring the PIP of microemulsion systems evaluates the demulsification performance effectively. Thus, we 
investigate two types of systems: industrial wastewater from an olefin plant named industrial emulsion IE and a 
synthesized oil in water microemulsion produced by the contaminant oil in IE called synthetic microemulsion 
system ( SµE ). This study has five objectives: (1) designing the fastest method to find the HLD parameters for the 
SµE system. (2) examining the efficiency of the candidate surfactants based on the HLD concept by evaluating 
the phase separation process in SµE and IE. (3) implementing the NAC model to examine the phase behavior 
of SµE and validate the obtained results. (4) examining the sec-butanol effect on the separation process for both 
systems. Although several studies have shown alcohol effects on phase separation mechanism, our study is the 
first one reporting the alcohol effect on SOW systems with WOR  = 1 . (5) investigating the demulsifier concen-
tration on the optimum condition.

Materials and methods
Chemicals. Both sodium dodecyl sulfate (SDS) and sodium bis-2-ethyl hexyl sulphosuccinate (AOT) sur-
factants (98%) were purchased from Sigma Aldrich, and Merck, respectively, and they were used as basis sur-
factants to measure the oil parameter. The surfactants Tween 80 (T80) (100%) and Span 20 (S20) (100%), as 
well as Hexane (99% +) as test oil, were supplied from Merck. The commercial surfactants KELA 3 (K3), KEOL 
6 (K6), and Aria Kokoat (AK) were prepared from the Kimiagaran Company (Tehran, IR) to be used for waste-
water treatment. The industrial wastewater (IE) and its contaminant oil used in this research were donated by 
Morvarid Petrochemical Company (Tehran, IR). Distilled water (< 5 µs/cm ) and sec-butanol (99.5%) —which 
plays the role of solvent— were purchased from Merck.

Determination of HLD parameters. As previously stated, EACN, the parameter identifying the power of 
hydrophobicity of the oils, is easily calculated through phase scans. In this research, the salinity scan was utilized 
to evaluate the EACN. Considering the low price and higher sensitivity of ionic surfactants to the salt compared 
with nonionic ones, these types of surfactants are mostly used for the phase  scan27. To measure the EACN of the 
oil, we used NaCl and the mixture of SDS-AOT as the salt, and ionic surfactant, respectively. The properties of 
these surfactants are available in Supplementary Table S1. To reduce the number of experiments, specifying the 
scan’s scope before carrying out the salinity scan is recommended. Here, the initial guess for EACN was obtained 
through a GC/MS analysis (Supplementary Fig. S1) of the oil.
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GC/MS analysis showed approximately 50 components in the oil. We classified it into two groups to make 
the initial guess for EACN possible. The components having definite EACN, such as linear alkanes, were placed 
in the first group and the rest in the second group. We estimated the EACN of the second group by assigning the 
EACN of the most similar oils to them structurally with well-defined values. Using the linear mixing rule based 
on weight fraction for the two groups, we reported 2.78 as the initial guess for the EACN of the oil. Finally, as 
Supplementary Fig. S2 shows, by performing the salinity scan, the three-phase system of Winsor III was observed 
in S = 2, which corresponded to the EACN of 1.7 for the contaminant oil (Supplementary Table S2).

In order to complete the HLD calculations, we needed the Cc of all the surfactants used in this study. The Cc 
parameters for Tween 80, Span 20, SDS, and AOT were found in the  literature28. However, we performed the 
salinity scan to measure the Cc of the commercial nonionic surfactants such as K3, K6, and AK. To determine the 
optimal salinity of the scan, we carried out the same procedure as the EACN measurement: wherever the three-
phase region was visible, the Cc value was identified (Supplementary Fig. S3). The Cc parameters are presented 
in Table 2. It should be noted that the calculation of EACN and Cc in the mixture of the oils or surfactants was 
based on the mass fraction linear mixing rule and mole fraction linear mixing rule,  respectively29,30.

Phase behavior scans of SOW systems with a mixture of surfactants. SµE system was formu-
lated with 5 mL of an aqueous phase consisting of a mixture of surfactants and 5 mL of the contaminant oil. In 
the aqueous phase, the surfactant concentration was constant and equal to 5 wt%. The salinity of the industrial 
wastewater was obtained 0.1 using a conductive detector. Due to this tiny quantity, we did not consider the salin-
ity effect in SµE . Regarding the operating temperature of the working units in the wastewater treatment process 
in the related plants, the experiment is carried out at 25 °C ( �T = 0). All vials containing microemulsions were 
shaken by hand 15–20 times and placed in suitable positions to reach an equilibrium state, taking 48 to 72 h. To 
investigate the efficiency of demulsifiers on phase separation in the real wastewater, we injected 10 mL of IE with 
WOR ≠ 1 into the tubes along with 5 wt% of surfactants.

Determining the amount of phase separation. After reaching equilibrium, results were characterized 
by TOC (TOC-V CPN, Shimadzu) analysis to detect separation capability in both systems. 1 mL of the aqueous 
phase of any tube was poured into a special glass and placed at the TOC analyzer. The bottle test is also used in 
this study to monitor the volume of the separated phases in SµE system. Since the tubes are at equilibrium with 
the defined values, the efficiency of the mixtures of surfactants was simply calculated by dividing the separated 
volumes of oil by their initial volume in the systems.

Effect of alcohol on phase separation. The effect of alcohol on the treatment process was examined by 
adding 2 volume percent of sec-butanol into the SµE and IE systems.

Effect of surfactant concentration on SµE phase behavior. 0.5, 2, and 4 weight percent of the sur-
factant mixture of AK and K3 were prepared to be added in 10 mL vials of water (W) and oil (O). The aqueous 
phase containing surfactants and oil was gently mixed to reach phase equilibrium. After about 72 h, the results 
were examined.

Results and discussion
The three surfactant mixtures were prepared to provide the desired Cc of the system for the demulsification 
purpose:

Mixture (1): Tween80 (T80) + Span 20 (S20)
Mixture (2): K3 + AK
Mixture (3): K3 + K6

The same Cc values for these mixtures are set. Thus, using the mixing rule and their molecular weights, each 
mixture’s mole and weight fractions in both SµE and IE were calculated easily.

The efficiency of Mixture (1). Here, the Mixture (1) performance on SµE was evaluated; as shown in 
Fig. 1a, the oil and water phases separated spectacularly, forming the Winsor III. The TOC data in Table 1 indi-
cates that the quantity of hydrocarbons in the aqueous phase is about 0.1 mg/L. Given the initial concentration 
of hydrocarbons in the system (0.5 mg/L based on TOC), nearly 80% of the surfactants are present in the bicon-
tinuous region. For the sake of simplicity, we assumed that the excess phases are pure.

However, the bottle test showed that Mixture (1) achieved approximately 90% of phase separation. To examine 
the stability of the system, we placed the vial at room temperature for two weeks. It is observed that the system 
did not experience any significant changes during this period, and the three-phase region’s boundaries did not 
fluctuate widely. Therefore, the system achieved high stability using Mixture (1).

The efficiency of Mixture (2). Figure 1b shows a successful phase separation of SµE by Mixture (2) since 
a distinguished bicontinuous phase is formed. As illustrated by the bottle test, the excess oil content is estimated 
to be around 80%, being less than that found in the presence of the Mixture (1). Furthermore, Table 1 reveals that 
the TOC value in the aqueous phase of SµE is equivalent to 0.15 mg/L, which is higher than the previous case. 
So, these results prove the higher capability of Tween80 and Span 20 to treat this system.
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As it can be seen, Mixture (1) could generate the excess aqueous phase with a brighter color compared to 
Mixture (2), justifying a higher tendency of Mixture (1) for separation. However, separation of synthetic micro-
emulsion system in Mixture (2) was faster than in Mixture (1), and at similar conditions, the system needed about 
9 h to reach the equilibrium. This difference is probably attributed to the surfactant’s velocity when moving to 
the interface because the different structure of the surfactants considerably influences this process.

The efficiency of Mixture (3). As shown in Fig. 1c, Mixture (3) exhibited the minimum performance in 

SµE and could not fulfill the overall goal. Although Mixture (3) achieved the desired HLD value, Table 1 clari-
fies that the separation process did not occur properly. Comparing these three surfactant mixtures, Mixture (1) 
could be the first choice for phase separation.

HLD‑NAC modeling of solubilization properties. In order to calculate solubilization volumes, values 
of length parameter (L), surface area ( ai ), and characteristic length ( ξ ) must be known. The procedure to fit NAC 
parameters developed by Acosta et al.18 is outlined in Supplementary Fig. S4, using the surfactants’ properties 
in Table 2.

Supplementary Figure S5 shows the phase scan for the SµE system containing Mixture (1) from the salinity 
of 1 to 5 g/100 mL. The experimental equilibrated phase volume fractions of SµE for Mixture (1), (2), and (3) are 

Figure 1.  Phase separation results for the synthetic microemulsion system ( SµE ) formed with a) Mixtures (1), 
b) Mixture (2), and c) Mixture (3).

Table 1.  TOC values and bottle test results for the SµE in the presence of all three mixtures of this research. 
a TOC measurement uncertainty based on the TOC analyzer catalog.

Mixture TOC (mg/L) Bottle test (%)

T80 + S20 0.1 ± 0.2a 90

K3 + Ak 0.15 ± 0.2 80

K6 + K3 0.33 ± 0.2 45

Table 2.  HLD-NAC parameters for the surfactants in the present study. *This surfactant behaves as a 
lipophilic linker, with little participation in interface.

Tween 80 Span 20 K3 K6 AK

Area per molecule, ai (Å2/molecule) 85 0 36 51 47

Surfactant parameter, Cc − 3 3.5 2.8 − 0.5 − 0.2

Mw(g/mole) 1310 346 318 546 596

vs/as (Å) 25.8 * 16 17.8 21

Reference 28 28 This work This work This work
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shown in Fig. 2, along with the predicted phase volume fractions based on the HLD-NAC model. The best-fitted 
value for L and ξ has been summarized for all three mixtures in Table 3. As can be seen, HLD-NAC predicts the 
phase volumes within an acceptable deviation. The surfactant parameters used in this study are reported here 
for the first time, except for Tween 80 and Span 20. According to Table 3, the value of predicted L for systems 
containing Span 20 is substantially large compared to the other surfactants. This large value is mainly related to 
the role of Span as a lipophilic linker which consequently increases the solubilization capacity in the microemul-
sion  systems31. The presence of lipophilic linkers results in the ordered arrangement of oil molecules next to the 
surfactants’ hydrophobic part and the substantial upward trend of the characteristic  length32.

Performance of surfactant mixtures by the quality of the optimal formulation. Salager found 
that the power of HLD predictions in the three-phase region depends on the Winsor interactions or the affinity 
of the surfactants for both phases. He showed that the narrowest region of the middle-phases is the best condi-
tion to verify the HLD  concept33. On the other hand, Acosta et al. stated that NAC parameters could express the 
three-phase region. Therefore, the characteristic length and the surfactant tail can evaluate the HLD at the phase 
transition point (Eqs. (4) and (5)). To the best of our knowledge, we connect these two distinct ideas for the first 
time in terms of demulsification performance. We found that, even though the HLD is zero, the formulation-
related quality at optimum condition does not remain the same for all surfactants. Therefore, we are evaluating 
the performance of surfactant mixtures by quantifying the quality of the optimal formulation. The HLD values 
at the phase transitions obtained by NAC parameters ( ξ , L) are listed in Table 3. These values enable us to deter-
mine the width of the bicontinuous range .

It is evident that the smaller the ratio of 2L/ξ , the narrower the transition phase width. Since the middle phase 
in the Mixture (1) is the narrowest one ( − 0.386 < Winsor III < 0.386), the HLD concept is more effective for this 
system and, this system forms Winsor III with higher efficiency. It is worth noting that this finding is in accord-
ance with other results based on the shape of droplets ( Ld/Rd ) and TOC. Hence, by quantifying the quality of 
optimal formulation using a simple salinity scan, a more effective surfactant to demulsify an emulsion is chosen 
among the candidate surfactants, which satisfies HLD = 0. This approach contributes to the improvement of a 
more sophisticated connection between demulsification and HLD-NAC.

Performance of surfactant mixtures by the shape‑based NAC model. As mentioned, calculat-
ing the droplets radii in the previous section are the key steps to obtain oil and water volumes in the SµE . The 
assumption of the existence of spherical droplets might not be accurate in the phase transition regions. Acosta 
et al. modified the physical interpretations of droplets and developed the following equations. They also pro-
vided a significant implication for understanding how the simulated shape of droplets changes by varying HLD 
using the following  equations34:

The simulated shape of droplets in the microemulsion systems consists of a cylindrical neck region of length 
( Ld ) and hemispherical end caps of radius ( Rd)35. When approaching the three-phase region, micelles’ shapes 
change from a sphere ( Ld=0) to rods ( Ld ≫ Rd ), highlighting that the state of the system shifts into bicontinuous 
channels. Here, for the first time, this approach is applied to evaluate the separation efficiency of each surfactant 
mixture by comparing the ratio of Ld/Rd.

Supplementary Figure S6 shows Rd and Ld for all the mixtures in this study. As shown in Fig. 3, the ratio of 
Ld/Rd  for Mixture (1) is the highest. This implies that the system in the presence of this mixture can produce 
such elongated structures whose shapes look more like a network of bicontinuous channels than the other mix-
tures. In other words, the spherical droplets in a system with a high Ld/Rd have more tendency to be converted 
to a bicontinuous system.

The predicted trends are consistent with the previous results in TOC analysis. Hence, Ld/Rd is a valuable 
indicator for detecting the system’s entry into the transition phase region. Undoubtedly, more research is needed 
before this approach can be applied to more complex systems. For instance, salt concentration effects on the 
micelles’ core solubilization may influence the whole system, which is out of the scope of this  study19,34.
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Table 3.  HLD transition values predicted by ξ and L for the synthetic microemulsion system containing 
Mixures (1), (2), and (3).

Mixture name ξ L HLD Transition

T80 + S20 528 140 ± 0.386

K3 + Ak 220 68 ± 0.506

K3 + K6 104 36 ± 0.633



6

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16111  | https://doi.org/10.1038/s41598-021-95485-7

www.nature.com/scientificreports/

Figure 2.  HLD-NAC volume fractions calculated with salinity scan (salinity between 1 and 5 g/100 mL at room 
temperature) for the synthetic microemulsion system ( SµE ) formed with (a) Mixture (1) (b) Mixture (2), and 
(c) Mixture (3). After minimizing the objective function, which is described in the supplementary file, using the 
experimental fractional volumes (circles and triangles) and those predicted by the HLD-NAC model (solid and 
dashed lines), L = 140 and ξ=528 for Mixture (1), L = 68 and ξ =220 for Mixture (2), and L = 36 and ξ=104 for 
Mixture (3) were measured.



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16111  | https://doi.org/10.1038/s41598-021-95485-7

www.nature.com/scientificreports/

Furthermore, a meaningful connection between HLD-NAC geometrical sizes of non-spherical droplets and 
demulsification behavior was found. It is hypothesized that a direct relationship exists between the volume 
fraction of separated oil in bottle test results and Ld/Rd values at the phase transition point. Since Ld/Rd varies 
as a function of HLD, the values of Ld/Rd at phase transition points correspond to the HLD transition values. 
Figure 4 shows the plot of volume fraction of separated oil for SµE systems containing all three surfactant mix-
tures versus the Ld/Rd values of these systems at the phase transition point. Although further experiments are 
needed to confirm this hypothesis, correlating our experimental data verifies it with a high value of R-squared. 
It can be concluded that each emulsion system with higher Ld/Rd at phase transition point performs better in 
terms of demulsification.

Performance of surfactant mixtures in the presence of alcohols in the SµE systems. In this 
research, sec-butanol was used to determine its effect on phase separation. According to the references, sec-
butanol is neutral alcohol that accelerates the rate of  separation36. The effect of sec-butanol on Mixture (1) in 
the SµE system is shown in Supplementary Fig. S7. Measuring the phase separation time, which is about 12 h, 
we noticed a shorter equilibrium time by injecting the alcohol than without alcohol (72 h). Besides, sec-butanol 
causes minor deviation of the upper and lower boundaries of the middle phase in the SµE system compared 
with the same system without sec-butanol. This behavior confirms its less significant contribution to the system’s 
performance. Adding alcohol, we observe high turbidity in the system as a negative impact, which has an adverse 
effect on the demulsification process. In general, its advantages outweigh the negative effect on this system. In 
contrast, according to Supplementary Fig. S7, sec-butanol leads to poor performance in phase separation for 
Mixtures 2 and 3. As it was stated by Salager, in general, injecting the alcohol may affect all the formulation 
variables as it may partition in both oil and the aqueous phase. It seems that a non-ideal behavior of alcohol-
surfactants in Mixtures 2 and 3 disturbs the balance in the SOW  systems12.

The efficiency of surfactant mixtures on demulsification process in IE systems. Figure 5 pre-
sents the TOC results of Mixture (1) and Mixture (2) in the IE system with and without alcohol. TOC of the 
industrial wastewater without any treatment is 300 mg/L. After the demulsifier injection—without any alcohol—
TOC for Mixture (1) and (2) rises to 2840 mg/L and 5000 mg/L, respectively. This may be related to the organic 
nature of the demulsifiers, demonstrating that HLD prediction was not effective in the treatment of this system, 
and the phase separation was not carried out adequately. Of course, this was not unexpected, given that HLD has 
been designed for systems with water in oil ratios of 1:1.

When dealing with real wastewater, the volumes of water are substantially higher. Therefore, the hydrophilic-
lipophilic nature of the system alters significantly, and the amounts of consumed surfactant and the Cc value 
required to reach HLD = 0 for this real wastewater are not in accordance with the synthesized emulsion with 
WOR = 1. To inspect the effect of WOR on the separation efficiency, we prepared the SµE tubes similar to the 
previous section but with different water in oil ratios, ranging from 60/40 to 90/10. Due to the fast phase sepa-
ration in using Mixture (2), we chose this mixture to evaluate the demulsification efficiency in the IE system. 
The findings were illustrated in Supplementary Fig. S8. As demonstrated in Fig. 6a, aside from the 50/50 ratio 
(WOR = 1), which exhibited 80% separation, 60/40 and 70/30 ratios showed considerable separation performance 
of 35% and 10%, respectively. In other words, results indicate that the predictive power of HLD has lowered 
steeply with the increase in the water in oil ratio. Besides, the TOC results in Fig. 6b confirmed that the surfactant 
parameter designed by HLD is not suitable for the WOR far from 1.

Figure 3.  The ratio of cylindrical length to radius of microemulsion droplets ( Ld/Rd ) in the synthetic 
microemulsion system for all three mixtures predicted via the HLD-NAC model.
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Generally speaking, poor solubility of surfactant in the continuous phase creates significant obstacles for SOW 
systems formulation. In order to overcome this issue, the HLD-NAC approach is proposed, and the fish diagram 
can provide the information to appropriately decide what changes are needed to accomplish the separation target. 
When the water volume in the SOW system is considerably higher than oil volume, similar to wastewaters, there 
is not enough space at the interfaces to occupy all the surfactants; thus, the excess surfactants have to disperse 
in the water phase. If the surfactants are not hydrophilic enough, the system shifts to a more hydrophobic state, 
and the system’s balance will be upset. As a result, the wastewater requires a more hydrophilic (more negative 

Figure 4.  Bottle test results (volume fraction of separated oil) vs. ( Ld/Rd ) at phase transition points in the 
synthetic microemulsion system for Mixture (1) (square), Mixture (2) (circle), and Mixture (3) (diamond).

Figure 5.  The comparison between TOC results of industrial wastewater system (IE) containing Mixture (1) 
and Mixture (2) before and after injecting sec-butanol. TOC measurement uncertainty is about 50 mg/L based 
on the TOC analyzer catalog.
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Cc) surfactant to reach the optimal value than the systems with the same conditions at WOR equal to 1 (Sup-
plementary Fig. S9).

Performance of surfactant mixtures with alcohols in IE systems. In most literature, sec-butanol 
is considered neutral alcohol, and its effect was also reported in our experiments at WOR = 1. Nevertheless, 
partitioning of the alcohol in oil and water phases strongly depends on other system variables, especially the 
water in oil  ratios37. Besides, sec-butanol is water-soluble, and its constant(ma) in HLD equation (f(a)) is slightly 
 negative12. As mentioned in the previous section, with the higher ratios of water to oil, the balance of the SOW 
system becomes more hydrophobic. This behavior can be restored by exerting a hydrophilic effect—the presence 
of sec-butanol here—on the system. Therefore, the effect of sec-butanol in WOR 1 is required to be examined. 
In Supplementary Fig. S10, sec-butanol behaved surprisingly in Mixture (1) in terms of separation. The TOC of 
the system presented in Fig. 5 demonstrates that after injecting sec-butanol in Mixture (1), the TOC dropped 
from 300 mg/L—the initial concentration of oily wastewater—to 160 mg/L. It is well illustrated in Supplemen-
tary Fig. S10 that a layer of oil is separated at the top of the tube and sec-butanol plays the role of a co-solvent in 
the system, which provides a sufficient hydrophilic condition for the demulsification process. As a result, having 
a compatible demulsifier that can be obtained through a proper solvent is a critical stage in selecting a proper 
demulsifier.

However, despite the advantages of using the alcohol for IE system with Mixture (1), sec-butanol could not 
still be successful for the same system with Mixture (2) since TOC increased to 4180 mg/L as shown in Fig. 5. 
Adding sec-butanol to Mixture (2) is a better option than the same condition without sec-butanol, although this 
considerable difference cannot satisfy our demulsification target. Most probably, this is the result of the poor 

Figure 6.  Bottle test results (volume fraction of separated oil) (a) and TOC of the separated water phase (b) for 
tubes of SµE systems with different water in oil ratios. TOC measurement uncertainty is about 50 mg/L based 
on the TOC analyzer catalog.
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solubility of the mixture in sec-butanol. In fact, sec-butanol is not an appropriate solvent to tackle the solubility 
issue of industrial wastewater with Mixture (2). Besides, the solubility data of the commercial surfactants was not 
available. This investigation on the relation between HLD and WOR can provide some evidence that Cc obtained 
by HLD can only act as an initial guess for systems with WOR  = 1.

The effect of surfactant concentration on SµE  systems. The surfactant concentration should not 
be less than the concentration needed to achieve the microemulsion formulation of Winsor III. Generally, the 
concentration values between 5 and 10 wt% are selected. This section, it is aimed to understand the effect of sur-
factant concentration on the separation efficiency in SµE systems. An investigation was performed on Mixture 
(1), and surfactant concentrations of 0.5, 2, and 4 were prepared based on weight percent. According to Supple-
mentary Fig. S11, the maximum separation occurred in Cs = 4, and as the concentration decreased, the amount 
of separation was strongly dropped. As stated in the review paper by Salager et al., when a mixture of surfactants 
is used, the Cc parameter corresponding to the optimum formulation is usually not fixed and will change by 
surfactant concentration. It was also noted that this discrepancy is more critical when the surfactant concentra-
tion is low enough near the critical microemulsion concentration (Cm). In this experiment, Mixture (1)—which 
is the mixture of two commercial surfactants—is used. Therefore, we expect discrepancies in Cc parameter and 
change in separation performance with an alteration of surfactant concentration. Since Cc parameters of com-
mercial surfactants during the salinity scan are measured at five weight percent of surfactants, we can conclude 
that the more we deviate from this measured surfactant concentration, the lower separation performance is 
observed. However, this deviation is more critical at lower concentrations, for example, near 0.5 wt%, since it is 
nearer to Cm.

Conclusions
HLD is currently a suitable model to find the state of different kinds of microemulsion and emulsion systems 
and shows a reasonable accuracy at oil in water ratios near one. This work implements a stepwise procedure to 
measure HLD parameters (Cc and EACN) for both synthesized microemulsion and industrial wastewater systems 
and obtain NAC parameters (L, ξ ) by salinity scan for the synthetic microemulsion system. The phase separation 
of two systems of interest is evaluated using TOC and bottle tests. This work clarifies that HLD can measure the 
parameters of commercial surfactants and highlights the importance of the NAC framework when the optimum 
experimental condition does not correspond to HLD = 0. Using the HLD-NAC for SµE systems, parameters of 
simulated shape of droplets are obtained, and higher separation efficiency of Mixture (1) is verified. In other 
words, more effectiveness in phase separation is accompanied by entering the Winsor III region, which can be 
demonstrated by a higher value of Ld/Rd and higher quality of optimum formulation. Furthermore, the effect 
of sec-butanol on phase separation is investigated in both systems, and it is found that this alcohol—probably in 
the role of co-solvent—can produce desirable changes in real systems to achieve demulsification.

Received: 21 March 2021; Accepted: 20 July 2021

References
 1. Ji, F., Li, C., Dong, X., Li, Y. & Wang, D. Separation of oil from oily wastewater by sorption and coalescence technique using ethanol 

grafted polyacrylonitrile. J. Hazard. Mater. 164, 1346–1351 (2009).
 2. Rongsayamanont, W. et al. Formulation of crude oil spill dispersants based on the HLD concept and using a lipopeptide biosur-

factant. J. Hazard. Mater. 334, 168–177 (2017).
 3. Duan, M. et al. A block polyether designed quantitatively by HLD concept for recovering oil from wastewater. Chem. Eng. J. 302, 

44–49 (2016).
 4. Zhang, Z., Xu, G. Y., Wang, F., Dong, S. L. & Li, Y. M. Characterization and demulsification of poly(ethylene oxide)-block- 

poly(propylene oxide)-block-poly(ethylene oxide) copolymers. J. Colloid Interface Sci. 277, 464–470 (2004).
 5. Salager, J. L., Marquez, N., Graciaa, A. & Lachaise, J. Partitioning of ethoxylated octylphenol surfactants in microemulsion-oil-water 

systems: Influence of temperature and relation between partitioning coefficient and physicochemical formulation. Langmuir 16, 
5534–5539 (2000).

 6. Salager, J., Forgiarini, A. M., Marquez, L., Manchego, L. & Bullon, J. How to attain an ultralow interfacial tension and a three-phase 
behavior with a surfactant formulation for enhanced oil recovery: A review. Part 2. Performance improvement trends from winsor’s 
premise to currently proposed inter- and intra-molecular. J. Surfactants Deterg. 16, 631–663 (2013).

 7. Kiran, S. K. & Acosta, E. J. HLD-NAC and the formation and stability of emulsions near the phase inversion point. Ind. Eng. Chem. 
Res. 54, 6467–6479 (2015).

 8. Salager, J. L. et al. Enhancing solubilization in microemulsions: State of the art and current trends. J. Surfactants Deterg. 8, 3–21 
(2005).

 9. Acosta, E. J., Yuan, J. S. & Bhakta, A. S. The characteristic curvature of ionic surfactants. J. Surfactants Deterg. 11, 145–158 (2008).
 10. Ontiveros, J. F. et al. Classification of ester oils according to their Equivalent Alkane Carbon Number (EACN) and asymmetry of 

fish diagrams of C10E4/ester oil/water systems. J. Colloid Interface Sci. 403, 67–76 (2013).
 11. Ghayour, A. & Acosta, E. Characterizing the oil-like and surfactant-like behavior of polar oils. Langmuir 35, 15038–15050 (2019).
 12. Salager, J. L., Forgiarini, A. M. & Bullón, J. How to attain ultralow interfacial tension and three-phase behavior with surfactant 

formulation for enhanced oil recovery: A review. Part 1. Optimum formulation for simple surfactant-oil-water ternary systems. 
J. Surfactants Deterg. 16, 449–472 (2013).

 13. Abbott, S. J. Surfactant Science: Principles & Practice (DEStech Publications, 2017).
 14. Stammitti-Scarpone, A. & Acosta, E. J. Solid-liquid-liquid wettability of surfactant-oil-water systems and its prediction around 

the phase inversion point. Langmuir 35, 4305–4318 (2019).
 15. Jin, L. et al. Predicting microemulsion phase behavior using physics based HLD-NAC equation of state for surfactant flooding. J. 

Pet. Sci. Eng. 151, 213–223 (2017).
 16. Ghosh, S. & Johns, R. T. Dimensionless equation of state to predict microemulsion phase behavior. Langmuir 32, 8969–8979 (2016).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16111  | https://doi.org/10.1038/s41598-021-95485-7

www.nature.com/scientificreports/

 17. Khorsandi, S., Qiao, C. & Johns, R. T. Simulation of surfactant/polymer floods with a predictive and robust microemulsion flash 
calculation. SPE J. 22, 470–479 (2017).

 18. Acosta, E., Szekeres, E., Sabatini, D. A. & Harwell, J. H. Supersolubilization in surfactant microemulsions. Langmuir 38, 186–195 
(2003).

 19. Acosta, E. J., Szekeres, E., Harwell, J. H., Grady, B. P. & Sabatini, D. A. Morphology of ionic microemulsions: Comparison of SANS 
studies and the net-average curvature (NAC) model. Soft Matter 5, 551–561 (2009).

 20. Acosta, E. Engineering cosmetics using the Net-Average-Curvature (NAC) model. Curr. Opin. Colloid Interface Sci. 48, 149–167 
(2020).

 21. Ghosh, S. & Johns, R. T. An equation-of-state model to predict surfactant/oil/brine-phase behavior. SPE J. 21, 1106–1125 (2016).
 22. Jin, L. et al. Physics based HLD-NAC phase behavior model for surfactant/crude oil/brine systems. J. Pet. Sci. Eng. 136, 68–77 

(2015).
 23. Acosta, E. J. The HLD-NAC equation of state for microemulsions formulated with nonionic alcohol ethoxylate and alkylphenol 

ethoxylate surfactants. Colloids Surf. A 320, 193–204 (2008).
 24. De Gennes, P. G. & Taupin, C. Microemulsions and the flexibility of oil/water interfaces. J. Phys. Chem. 86, 2294–2304 (1982).
 25. Choi, F., Chen, R. & Acosta, E. J. Predicting the effect of additives on wormlike micelle and liquid crystal formation and rheology 

with phase inversion phenomena. J. Colloid Interface Sci. 564, 216–229 (2020).
 26. Choi, F. & Acosta, E. J. Oil-induced formation of branched wormlike micelles in an alcohol propoxysulfate extended surfactant 

system. Soft Matter 14, 8378–8389 (2018).
 27. Shahrashoob, Z. et al. Synthesis and characterization of novel surfactants based on 2-hydroxy-4-(methylthio)butanoic acid part 

3: Microemulsions from nonionic sulfoxide ester surfactants. J. Surfactants Deterg. 22, 95–102 (2019).
 28. Acosta, E. & Sundar, S. How to formulate biobased surfactants through the HLD-NAC model. Biobased Surfactants https:// doi. 

org/ 10. 1016/ b978-0- 12- 812705- 6. 00015-0 (2016).
 29. Kiran, S. K., Acosta, E. J. & Moran, K. Evaluating the hydrophilic-lipophilic nature of asphaltenic oils and naphthenic amphiphiles 

using microemulsion models. J. Colloid Interface Sci. 336, 304–313 (2009).
 30. Castellino, V., Cheng, Y. L. & Acosta, E. The hydrophobicity of silicone-based oils and surfactants and their use in reactive micro-

emulsions. J. Colloid Interface Sci. 353, 196–205 (2011).
 31. Nouraei, M. & Acosta, E. J. Predicting solubilisation features of ternary phase diagrams of fully dilutable lecithin linker microemul-

sions. J. Colloid Interface Sci. 495, 178–190 (2017).
 32. Acosta, E. Modeling and Formulation of Microemulsions: The Net-Average Curvature Model and the Combined Linker Effect (The 

University of Oklahoma, 2004).
 33. Salager, J.-L. Basic theory, measurement, applications. Encycl. Emuls. Technol. 3, 79–134 (1988).
 34. Kiran, S. K. & Acosta, E. J. Predicting the morphology and viscosity of microemulsions using the HLD-NAC model. Ind. Eng. 

Chem. Res. 49, 3424–3432 (2010).
 35. Andelman, D. et al. Structure and phase equilibria of microemulsions Polymer Dynamics View project QUB method View project 

Structure and phase equilibria of microemulsions Structure and phase equilibria of microemulsions. J. Chem. Phys. 87, 7229 (1987).
 36. Salager, J. L., Antón, R., Forgiarini, A. & Márquez, L. Formulation of Microemulsions. Microemulsions: Background, New Concepts, 

Applications, Perspectives (Wiley, 2009).
 37. Bourrel, M., Lipow, A. M., Wade, W. H., Schechter, R. S. & Salager, J.-L. Properties of amphiphile/oil/water systems at an optimum 

formulation for phase behavior. In SPE Annual Fall Technical Conference and Exhibition (Society of Petroleum Engineers, 1978). 
https:// doi. org/ 10. 2118/ 7450- MS.

Acknowledgements
The authors thank Kimiagaran and Morvarid Petrochemical Company for donating the surfactants sample 
and industrial wastewaters, respectively. Moreover, the authors wish to thank Prof. Steven Abbott (the visiting 
professor of the University of Leeds) for expert counseling, as well as Amir Ghayour (who graduated from the 
University of Toronto) for his kind assistance during this project. This research did not receive any specific grant 
from funding agencies in the public, commercial, or not-for-profit sectors.

Author contributions
H.G. performed the research and wrote the first draft of the manuscript. F.E. offered technical guidance during 
the research and edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95485-7.

Correspondence and requests for materials should be addressed to F.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1016/b978-0-12-812705-6.00015-0
https://doi.org/10.1016/b978-0-12-812705-6.00015-0
https://doi.org/10.2118/7450-MS
https://doi.org/10.1038/s41598-021-95485-7
https://doi.org/10.1038/s41598-021-95485-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Design of industrial wastewater demulsifier by HLD-NAC model
	Materials and methods
	Chemicals. 
	Determination of HLD parameters. 
	Phase behavior scans of SOW systems with a mixture of surfactants. 
	Determining the amount of phase separation. 
	Effect of alcohol on phase separation. 
	Effect of surfactant concentration on  phase behavior. 

	Results and discussion
	The efficiency of Mixture (1). 
	The efficiency of Mixture (2). 
	The efficiency of Mixture (3). 
	HLD-NAC modeling of solubilization properties. 
	Performance of surfactant mixtures by the quality of the optimal formulation. 
	Performance of surfactant mixtures by the shape-based NAC model. 
	Performance of surfactant mixtures in the presence of alcohols in the  systems. 
	The efficiency of surfactant mixtures on demulsification process in IE systems. 
	Performance of surfactant mixtures with alcohols in IE systems. 
	The effect of surfactant concentration on   systems. 

	Conclusions
	References
	Acknowledgements


