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In this study, various nonionic surfactants (NS) with different ethylene oxide (EO) numbers and tail
lengths and its binary blends with anionic surfactants (AS) were used as emulsifiers for naphthenic oil to
form the microemulsion metalworking fluids (MWFs), and the effects of them on the stability of the
emulsion system were investigated by formulation triangle method. The results indicated that binary
complex surfactants of NS and AS as emulsifiers exhibited better emulsifying effect than that of single NS.
NS with different EO numbers and tail lengths presented various emulsifying effects. NS (EO = 10)
exhibited the greatest number of stable formulations, especially the TX-10, but no linear relationship
existed between the number of stable formulations and the tail length of NS. In addition, aromatic
primary alcohol ethoxylate (APAE) series surfactants containing benzene groups similar to the
cycloalkanes in the naphthenic oil so that presented the best emulsifying affect and the greatest number
of stable formulations. The co-surfactant of sodiumdodecyl benzene sulfonate (SDBS) binary blendswith
NS exerted the best synergistic effect, and the stable formulations numbers were ranged from 5 to 7, next
sodium stearate (SS) comes last followed by sodium dodecyl sulfate (SDS-1) and sodium dodecyl
sulfonate (SDS-2).
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
[24_TD$DIFF]Metalworking fluids (MWFs), also called cutting fluids, are
widely used in machinery and manufacturing industries for
cooling, lubrication, surface cleaning, and rust prevention [1,2].
During the metalworking process, the flowing MWFs take away a
great deal of heat and form a lubricating film on the tool-work
interface, thereby reducing the cutting forces, prolonging tool life,
and improving the material performance such as surface integrity
[3,4]. Generally speaking, MWFs mainly include two types: water-
based and oil-based [5]. Owing to the risks of fuming and ignition,
toxicity generated from the oil mist, lack of oil resource and serious
environmental issues, many oil-based MWFs have been replaced
by the water-based MWFs [6]. Water-based MWFs are primarily
composed of water with high conductivity coefficient and specific
heat, thus providing remarkable cooling effects and less raw
material costs [2]. According to the percentage of based oil, water-
basedMWFs also can be divided into semi-synthetic, synthetic and
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emulsified MWF [2,7]. Semisynthetic MWFs, also named micro-
emulsion cutting fluids, combine the advantages of both synthetic
and emulsified MWFs. Many kinds of shortcomings, such as poor
cleaning, low lubricity, easy corruption and surface corrosion, are
supposedly avoided. Hence, the microemulsion cutting fluids have
been considered as the most potential water-based MWFs that
satisfy the multi-function development of modern machine
manufacturing.

MicroemulsionMWFsareprimarilycomposedofwater,basedoil,
andvarious functionaladditives [8].Mostof theadditivesareanionic
surfactants (AS) or nonionic surfactants (NS). These surfactants used
in MWFs each contribute to the total system and serve various
functions, such as lubrication, emulsification, defoaming, corrosion
inhibition, dispersing, and wetting [2,9–12]. Many properties of the
surfactants aremutually exclusive, so the effects of addition of them
are determined to ensure the optimal properties. In microemulsion
MWFs, emulsion stability is the most critical property that directly
affects its practical application. Emulsifiers disperse oil into water
andallowemulsions formationand stabilizationwhenblendedwith
water. Thus, the selection of an effective suitable is necessary for the
design of MWF formulations.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig.1. Number of stable formulations of binary complex surfactants as emulsifier in
MWF.
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To form a stable emulsion without soap or oil floating on the
surface [5], the emulsifier system must follow the alkaline-acid
and hydrophylic–lipophylic balances (HLB) [2,13,14]. Nevertheless,
Zimmerman [25_TD$DIFF]et al. [7] have studied the impact of HLB on the
stability of MWF, and found that a single indicator of surfactant
properties such as HLB is not predictive in the preparation of stable
MWF formulations. Likewise, the chemical structure of surfactants,
such as heads and tail groups, should be considered during the
design of MWFs formulations.

According to previous investigations, neutral oils, paraffinic
oils, naphthenic oils, and vegetable oils are the common base oil
used in the MWFs [5,15–17]. Thereinto vegetable oils are
nonflammable, easily biodegradable, and environment friendly,
but low oxidation and hydrolytic stabilities [18,19]. They also
provide a favorable environment for the propagation of micro-
organisms, thus decreasing the cutting ability and odor generation
of MWFs [20,21]. Paraffinic oils offer better oxidative stability and
less smoke, but they are harmful to the environment since their
higher aromatic content and poor biodegradability [22].
Naphthenic oil is a mixture derived from natural mineral oil and
mainly composed of various cycloparaffin. Compared with
vegetable oils and paraffinic oils, naphthenic oils offer better cold
performance, less aromatic content, and excellent biodegradabili-
ty. Most additives are more soluble and compatible in naphthenic
oils. Therefore, naphthenic oil is considered as one of the most
cost-effective base oils and is widely used in the cutting fluid
industry.

However, the domestic study of semi-synthetic MWFs mostly
focused on the modification of base oil or single property, and the
development of new additives, a paucity of technical data exists in
other published reports that clarify the integral study of formula
system, especially about the emulsion stability of microemulsion
MWFs and the selection of surfactants compatibilitywellwith base
oil.

Herein, we described the emulsion stability of MWFs by the
number of stable formulations. The effects of different kinds of
single nonionic surfactants (NS) and its binary blends with anionic
surfactants (AS) on the emulsion stability of naphthenic oil-based
MWFs were investigated by using a formulation triangle method.
Additionally, the effects of the ethylene oxide (EO) numbers and
tail lengths of NS on the stable were also systematic discussed for
the design of MWFs.

Four types of twelve NS are shown in Table S1 (Supporting
information). Table S2 (Supporting information) presents the
stability of formulations with single NS as the emulsifier in the
naphthenic oil. All the NS single as an emulsifier could form homo-
stable emulsions with naphthenic oil in high surfactant-to-oil
ratios exceeding 1.25:1. The aromatic primary alcohol ethoxylate
(APAE) of TX-5 and unsaturated fatty acid ester (UFAE) of SG-20 are
far from satisfactory, only if the high surfactant-to-oil ratios up to
8:1 and 3.5:1 that can be obtain stable emulsions, respectively.
However, high surfactant concentrations not only cause the raise of
production costs and result in the difficulty in controlling foam, but
also increase the difficulty of following waste treatment [23]. It is
impractical for high surfactant-to-oil ratios to be used in practical
application in industry. Hence, to improve the unsatisfied
emulsifying effect of single surfactants, binary complex formula-
tion of nonionic surfactants and anionic surfactants as the
emulsifier were investigated and synergized to enhance their
emulsifying ability and oil solubility [24].

Different kinds of AS and NS were used to form the binary
emulsifiers, and complexed with the naphthenic mineral oil at a
certain proportion according to “formulation triangle” in Fig. S1
(Supporting information). Fig. 1 shows the effect of binary
complex surfactants as emulsifier on the stability and the number
of stable formulations. The stability of emulsion varies in
effectiveness depending on the kinds of co-surfactant used in
MWF formulation. The complex effect of sodium dodecyl benzene
sulfonate (SDBS) is the best, next sodium stearate (SS) comes last
followed by sodium dodecyl sulfate (SDS-1) and sodium dodecyl
sulfonate (SDS-2). Almost all the NS binary with SS cannot obtain
a homogeneous and stable formulation, only MOA-5/SS or TX-5/
SS complex produce just one stable formulation. The number of
stable formulations of binary surfactant with SDS-1 is primarily in
a range from 3 to 6, which is superior to that of binary surfactant
with SDS-2 (primary range 2–3). The co-surfactant of SDBS binary
complex with the nonionic surfactants exhibited the best
synergistic effect, and the stable formulations numbers are
ranged between 5 and 7.

The results may be attributed to the different water solubility,
and varying critical micelle concentration (CMC) of the co-
surfactants of AS. On the one hand, SDS-1, SDBS and SDS-1 have
better water soluble than SS. SDS-1 and SDBS are easily soluble in
water, and have high emulsifiability, permeability, and dispersi-
bility, thus exhibit better synergistic effects with the NS. SDS-2 is
freely soluble in hot water and hot ethanol, producing a small
amount of white powder at the bottom of vessel in MWF blending
process. The white powder dissolves when heated and forms a
transparent microemulsion system, but the system became turbid
or formed a highly viscous gel after aged for 7 days. Whereas SS is
poorly soluble in water, and just dissolve when heating and form a
solid pastewhen cooling. On the other hand, the CMC of SDBS is the
lowest (1.6�10–3 mol/L), next SDS-2 (9.6�10–3 mol/L) comes last
followed by SDS-1 (8.6�10–3 mol/L) as the equal number of AS
were added. Lower CMC increases the micelles number; thus, the
oil droplets disperse easily and present better emulsifying effect.
As microemulsion MWFs belong to water-based MWFs, the water
solubility of the emulsifier is critical. Fig. 1 also shows that the
lower the water solubility, the higher the CMC for co-surfactant,
and the worse emulsifying effect will decrease the corresponding
number of stable formulations.

Due to the special amphiphilic structure, the head and tail
groups of NS significantly affect its surface activity, especially its
solubility to the hydrophobic components. Various NS with
different EO numbers paired with a AS (SDBS, SDS-1, and SDS-2)
were selected to investigate the effects of head group size on the
emulsion stability, and the results are shown in Fig. 2. The stable
formulations are closely associatedwith the EO numbers in the NS.
As the NS with EO numbers of 10 exhibits the best emulsifying
effect and the greatest number of stable formulations, especially
the NS of TX-10. Rather, too much or too little numbers of EO (5 or
20) in NS would not be effective. Numbers of stable formulations
for NS with EO numbers of 5 are primarily in a range of 1–4, which
fewer than that of NS with 20 of EO numbers (2–5).
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Fig. 2. Number of stable formulations of nonionic surfactants with various EO
numbers combined with SDS-2, SDS-1, and SDBS as emulsifiers in MWF.
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Fig. 3. Number of stable formulations of nonionic surfactants (EO = 10)with various
tail lengths combined with SDS-2, SDS-1, and SDBS as emulsifiers in MWF.
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To explain these results, three NS (MOA-3, MOA-10, and MOA-
20) were selected, the micelle droplet diameter, surfactant
solubility, and oil solubility limit were determined (details see
Supporting information). As it can be seen from Table 1, NS with
low numbers of EO (MOA-5) have a smaller size of head group and
form larger micelle aggregation numbers (1200) than MOA-10,
which decrease the micelles number and the solubility limit for
surfactants (6.1�10–4 mol) and base oils (3.5�10–4 mol), thereby
making the oil-water interfacial tension more difficult to reduce
and decreasing the stability of microemulsion system. By contrast,
large EO numbers in NS (MOA-20) significant increase the sizes of
head group and reduce the micelle aggregation number (20)
compare to MOA-10, therefore, the solubilizing power of micelle
and emulsifying and dispersing ability to oil droplets are reduced.
For another, the increasing EO numbers enhance its hydrophilic
force so that the surfactants solubility (0.096mol) is markedly
increased. Only high concentration of surfactants can bring back a
stable microemulsion system under the circumstances. However,
these results are consistent with those of conclusions in Fig. 2 and
Table S2.

As the EO numbers of NS achieve 10, the number of stable
formulations is the maximum (Fig. 2). To determine the effect of
tail length on the emulsifying properties and emulsion stability of
MWFs, NS (EO = 10) with various tail lengths were combined with
the three high water-soluble AS. As it can be seen from Fig. 3, no
linear relationship exists between the number of stable formu-
lations and the tail length of the nonionic surfactants. According to
the number of stable formulations, APAE series (TX-10) exhibits the
greatest emulsifying effect, followed by the LPAE (MOA-10) and
UFAE (SG-10), and finally by the BPAE (1310) just obtain at most
four stable formulations.

The reason lies in the distinct differences inmolecular structure
of NS. APAE contains a benzene groups that similar to the
cycloalkanes in the base oil (naphthenic oil). They have high
similarity compatibility so that exhibit a better emulsifying effect
and a greater number of stable formulations. For another, LPAE and
UFAE are linear chains that can be easily adsorbed at the interface.
Nevertheless, branch structure in BPAE increases the difficulty in
forming a micelle due to the spatial effect, and reduces the
Table 1
Micelle droplet size and oil solubility limit of three LPAE surfactants with various EO n

LPAE Aggregation number Micelle diameter (nm)

MOA-5 1200 58� 5
MOA-10 150 35� 3
MOA-20 20 23� 2
emulsifying effect and their solubilizing power for base oil. This
result is consistent with the previous reports [25]. It can display
that the number of stable formulations depends on the degree of
structural similarity between the tail of NS and emulsified oil
(Fig. 3).

In summary, four types of NS (LPAE, BPAE, APAE and UFAE)
single as an emulsifier in naphthenic mineral oil exhibits poor
emulsifying effect, only if the high surfactant- to-oil ratios
exceeding 1.25:1 that could form homo-stable emulsions. The
emulsifying effects of binary complex surfactants of NS and AS are
greater than that of single nonionic surfactant. The co-surfactant of
SDBS binary complex with NS exhibited the best synergistic effect,
and the stable formulations numbers are ranged between 5 and 7,
next SS comes last followed by SDS-1 and SDS-2. Additionally, NS
with different EO numbers and tail lengths present various
emulsifying effects. No linear relationship exists between the
number of stable formulations and the tail length of the nonionic
surfactants, while NS (EO = 10) exhibits the best emulsifying effect
and the greatest number of stable formulations, especially TX-10.
As APAE series surfactants contains a benzene groups that similar
to the cycloalkanes in the naphthenic oil. APAE has high similarity
compatibility so that exhibit a better emulsifying effect and a
greater number of stable formulations than that of LPAE, UFAE, and
BPAE. Lastly, a naphthenic oil-based MWF formula with binary
emulsifiers of APAE and SDBS were designed, and the cutting fluid
properties were discussed and compared with current MWFs.
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0.023 0.026
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Appendix A. Supplementary data

Supplementary material related to this article can be
found, in the online version, at doi:https://doi.org/10.1016/j.
cclet.2019.06.031.
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