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The metalworking industry is one of the largest in the
United States. Although metalworking fluids (MWFs) are
ubiquitous in manufacturing as coolants and lubricants, these
emulsified fluids have a significant environmental impact
over their life cycle. Accordingly, it has become necessary
to better understand emulsion destabilization mechanisms
that lead to MWF deterioration and disposal so that

MWEF formulations can be designed for increased longevity.
This paper investigates the impact of pH and a wide
range of hard water salts on MWF emulsion stability. While
expected trends from the emulsion science literature are
observed, it is shown that MWF destabilization can lead to
an increase in the microbial load that the MWF can
sustain while only slightly improving manufacturing
performance as measured by the tapping torque test.
Experimental observations also indicate that these trends
are strongly correlated with increased emulsion particle
size, regardless of whether increased particle size is achieved
by aging, by reductions in pH, or by the addition of hard
water salts. In MWF systems, these conditions typically result
from the accumulation of divalent and trivalent cations
over time due to hard water additions and exposure to metal
workpieces and tools. While MWFs are formulated with
EDTA to avoid emulsion destabilization due to cation
accumulation, it is shown that EDTA can be ineffective or
highly inefficient for this purpose due to direct interactions
between EDTA and the MWF emulsifier system. Given the
ineffectiveness of EDTA and commonly utilized MWF
emulsifier systems to maintain stable emulsion size in the
presence of high concentrations of hard water salts, a
more effective and environmentally preferable technological
change to the MWF formulation design is proposed and
successfully demonstrated.
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Introduction

Metalworking fluids (MWEFs) serve as coolants, lubricants,
chip evacuators, and corrosion inhibitors in metal cutting
operations. They improve machining performance by in-
creasing tool life, improving surface finish and tolerances,
reducing cutting forces, and reducing vibrations (1). MWF
use is therefore central to state-of-the-art machining pro-
cesses, with over 2 billion gal of MWF consumed in North
Americaduring 2000 (2). Klocke and Eisenblaetter have shown
that MWF use accounts for approximately 7—17% of total
manufacturing costs (3). These costs as well as the potential
human health and environmental hazards associated with
MWF use have provided an impetus to eliminate MWFs from
manufacturing (4) or to reduce their use to the largest extent
possible (5). While it has been found that MWF use can be
reduced, or even eliminated in less severe machining
operations, most machining applications still require MWFs
for high productivity.

MWEF use can create human health risks from exposure
to toxic chemical constituents (e.g., biocides) or from
microbial populations that can grow in MWF (6, 7). Similarly,
MWEF disposal has associated with it environmental risks
arising from hazardous chemicals, oxygen depletion poten-
tial, and excess nutrients (8, 9). For these reasons, the United
States Environmental Protection Agency (U.S. EPA) has
become increasingly interested in the regulation of MWF
disposal. In 2001, the U.S. EPA revised their proposed effluent
limitation guidelines and standards for MWFs in the Metal
Products and Machinery Rule (10). If enacted, the rule would
regulate the disposal of MWFs supplementary to the Toxic
Substances Control Act, the Clean Water Act, and the
Resource Conservation and Recovery Act (11). Among other
restrictions, the proposed regulations would limit the daily
discharge concentration of oil and grease to 15 mg/L, which
is approximately 2 orders of magnitude below the actual oil
and grease concentrations typically found in MWFs. This
legislation, if enacted, would provide further incentive to
reduce the frequency of disposals through recycling (12, 13)
and encourage reduction in the use of hazardous constituents
in MWFs.

To achieve a reduction in disposal frequencies, it is
necessary to extend MWF lifetimes without compromising
performance levels. This requires a fundamental under-
standing of the pathways for MWF deterioration, which
include (i) microbial growth leading to biometabolism of
MWF ingredients (14); (ii) accumulation of dissolved salts
causing emulsion destabilization (11); (iii) poor concentration
control leading to performance failure (15); (iv) accumulation
of submicron particles that facilitate microbial growth and
increase the surface area for oxidation reactions (16); and (v)
oil-phase partitioning and removal of lubricants leading to
tool breakage (17).

Several of these deterioration pathways may be influenced
by emulsion stability. However, fundamental research di-
rected toward describing and quantifying the relationships
between emulsion stability, MWF formulation characteristics,
and machining performance has been minimal. In this
investigation, the impact of the accumulation of dissolved
salts on MWF emulsion stability is considered. Such an
investigation is necessary since concentrations of hard water
salts in MWFs can vary significantly under typical manu-
facturing conditions. These salts are introduced into the
system through tap water as it is added to replenish water
lost due to evaporation. While it is known that increased
emulsion droplet size and destabilization of MWF can arise
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TABLE 1. Compositions of Commercially Available Semi-Synthetic Metalworking Fluids (SS1 and SS2)?

semi-synthetic 1 (SS1)®

semi-synthetic 2 (SS2)°

component molar concn in use

water

mineral oil (naphthenic)

surfactant (sodium petroleum sulfonate)
coupler

secondary emulsifier

tall oil fatty acid

corrosion inhibitor

EDTA 2.6 x 107

component molar concn in use
water
mineral oil (naphthenic) 1.1 x 1072
surfactant (sodium petroleum sulfonate) 6.0 x 1073
coupler 1.4 x 1072
secondary emulsifier 1.5 x 1072
tall oil fatty acid 8.5 x 1073

corrosion inhibitor
EDTA 2.6 x 1074

2 Molar concentrations shown at 5% dilution of concentrate and represent “in use” conditions. » pH 9.1; single mode particle size distribution;
mean particle diameter, ~20 nm. ¢ pH 9.1; bimodal particle size distribution; mean particle diameter mode 1, ~20 nm; mode 2, ~100 nm.

due to the accumulation of hard water salts, a quantitative
assessment of ion characteristics for their impact on emulsion
droplet size, microbial growth potential, and machining
performance has yet to be described in the literature.
Moreover, the effectiveness of chelating agents added to
MWFs to counteract the accumulation of hard water ions
has also yet to be investigated.

While previous literature in the environmental science
and engineering community describe the behavior of anionic:
nonionic surfactant mixtures (18—20), the role of electrostatic
double layers in emulsion stability (21—24), and the impact
of surfactant structure on precipitation by divalent cations
typical of hard water (25), systematic studies of these effects
in MWF formulation design is lacking. Such studies are
needed to elucidate the causes of MWF instability under
field conditions so that MWF formulations can be designed
to be more resistant to deterioration under typical manu-
facturing system conditions. Toward this end, this paper
investigates the impact of the accumulation of hard water
ions on MWF emulsion stability, microbial resistance, and
machining performance. A novel technological approach to
achieving MWF stability in hard water is also proposed.

Experimental Materials and Methods

The experiments described in this paper were performed
using two semi-synthetic (25) metalworking fluids (SS1 and
SS2) that are commercially available and produced by
different manufacturers. While there are chemical differences
in the two formulations, they are both based on the same six
key component types. Each fluid also features the use of
ethylenediaminetetraacetic acid (EDTA), biocides, fungicides,
and dyes as shown in Table 1. Both SS1 and SS2 are based
on naphthenic mineral oil and use a binary surfactant system
with sodium petroleum sulfonate as the primary anionic
emulsifier and an alkanolamide based on diisopropanol-
amide as the secondary nonionic surfactant. Both fluids were
received as concentrate from their respective manufacturers
and were subject to the same handling and storage condi-
tions.

Emulsion stability of the two semi-synthetic MWFs was
tested by adding a variety of salts at 0, 100, 300, 500, 700, and
800 ppm as calcium carbonate (CaCOs3). Conversions (based
on equivalent charge of the cation with respect to calcium)
from ppm as CaCO; to molar concentrations for each cation
are presented in Table 2. The salts were chosen to represent
a wide range of anionic and cationic species and charges
and included salts of aluminum (AICl3, AISO,), calcium (Ca-
(OH),, CaCl,, CaSO,), magnesium (MgCl,, MgSO,), potassium
(KOH, KCI, K,COs3, K;SO4), and sodium (NaOH, NaCl, Na,-
CO3, NayS0Oy). The appropriate amount of each salt for the
desired level of hardness was added to a 25-mL sample of
diluted fluid, vigorously shaken for 1 min, and allowed to
equilibrate. After 48 h, the emulsion droplet size of the fluid
(and in some cases the ¢-potential) was measured.

TABLE 2. Conversions Based on Normal Equivalence from ppm
as Calcium Carbonate to Molar Concentration for Each Cation

mol of
AlR/L

mol of Ca2*,
MgZH/L

mol of Na™,
K*/L

ppm as
CaCOs

0 0
100 2.0
300 6.0
500 1.0
700 1.4
800 1.6

1000 2.0

PoONGOWR O
coocoooo
X X X X X X

Emulsion droplet size and {-potential were measured
as indicators of emulsion stability. One of the most common
techniques to determine particle size is photon correlation
spectroscopy (PCS). PCS allows for the detection of subtle
fluid particle motion changes, including indications of
coalescence (26, 27). For this research, a Nicomp 370/DLS
(Particle Sizing Systems, Santa Barbara, CA) particle sizing
system was used, with its particle size estimation capability
verified independently by a wide-angle laser light scattering
apparatus similar to the one described by Lee et al. (28). PCS
is useful to measure particle sizes over a range of 10—1000
nm. For particle sizes greater than 1000 nm, a Multisizer 3
(BeckmanCoulter, Fullerton, CA) was used. This instrument
utilizes the well-known “Coulter Counter” method (29). To
provide a better understanding of the mechanisms desta-
bilizing the MWFs, ¢-potential was measured by electro-
acoustic spectroscopy using a ZetaProbe instrument (Col-
loidal Dynamics, Warwick, RI). {-potential values for the MWF
emulsion particles after the addition of dissolved salts are
reported normalized with respect to the measured MWF
¢-potential prior to the introduction of salts.

Machining performance was measured on the fluids using
a MicroTap Mega G8 (Rochester Hills, MI) at a machining
speed of 1000 rpm on 1018 cold rolled steel workpieces that
were predrilled and prereamed with 240 M6 holes (Maras
Tool, Schaumburg, IL) with titanium nitride-coated (TiN)
and uncoated high-speed steel taps with 60° pitch and three
straight flutes. MWF evaluations were carried out according
to ASTM D 5619, the Standard for Comparing Metal Removal
Fluids Using the Tapping Torque Test Machine (30), with
several modifications made to account for the use of a MWF
evaluation test bed that permits multiple evaluations on a
single workpiece as proposed by Zimmerman et al. (31). MWF
performance is reported as tapping torque efficiency (), with
higher efficiency indicating higher MWF performance.

Quantification of microbial concentration in MWFs was
performed using a direct fluorescent counting technique.
Prior to counting microbial population in the MWF systems,
100 mL of each MWF was autoclaved and adjusted to a pH
between 9.0 and 9.1. The systems were then inoculated to
achieve 10° cells/mL with a microbial sample collected from
the sump of a 30 000-gal MWF reservoir that had been in-
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FIGURE 1. Observed microbial concentrations as a function of particle size for (A) petroleum-based MWF (with corresponding tapping
torque data) and (B) vegetable and petroleum-based MWF (without tapping torque data). Microbial culture was isolated from an industrial
facility, cultured over several generations, and incubated for 48 h. Particle size changes were induced by adding calcium. 95% confidence

intervals are shown.

use for several months. The microcosms were incubated at
30 °C, and after 48 h, triplicate 1-mL samples were taken
from each microcosm and centrifuged at 2100 rpm for 30
min. The supernatant was decanted, and the cell pellet was
resuspended in pH 7.2 phosphate-buffered saline (PBS) to
1.5 mL. This procedure was repeated three times to achieve
arecovery rate of 70%. After the final washing, the cell pellet
was resuspended in PBS to 0.5 mL and stained using 0.5 mL
of Acridine Orange at aconcentration of 1 mg/mL. The stained
cell suspension was then filtered through a 25 mm diameter,
0.22-um pore, prestained black polycarbonated filter (Os-
monics, Inc., Minnetonka, MN) and transferred to prepared
slides for counting by epiflourescent microscopy (Axioplane,
Zeiss, Germany).

Impact of Dissolved Salt Addtion on Bioresistance and
Tapping Torque
The introduction of acids and hard water salts can impact
semi-synthetic MWFs by increasing the droplet size of the
emulsions. In turn, it is possible that the droplet size of the
emulsion can significantly impact the bioresistance of MWF
systems (32). For instance, Figure 1 illustrates the relationship
between increasing emulsion droplet (or “particle”) diameter,
tapping torque performance, and microbial load for both a
petroleum- and a biobased semi-synthetic MWF formulation
after the addition of calcium hydroxide. For the petroleum-
based MWF (Figure 1A), a mean emulsion size shift from 20
to 2000 nm was observed and led to a slight, albeit statistically
significant, improvement in machining performance as
measured by tapping torque efficiency. Interestingly, the
same emulsion particle size shift increased the total microbial
load in the MWF by nearly 440%. Repeating the experiment
for a biobased MWF (Figure 1B) led to similar results.
The results shown in Figure 1 are likely to be due to the
physical size of the MWF emulsion rather than the addition
of calcium. This is because similar results to Figure 1 were
observed under conditions of low pH and MWF aging, as
previously observed in the literature (11). Moreover, calcium
is not typically a limiting nutrient in agueous systems such
as MWFs (33). The results shown in Figure 1 are also
consistent with recent research efforts by Hamouda et al.
(34) and Hamouda and Baker (35), which describe the
effectiveness of anionic and nonionic nanoemulsions against
Bacillus spores, enteric G-bacilli, yeasts, fungi, and viruses,
suggesting that stable nanoemulsions have inherent anti-
microbial properties.
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These data enhance the notion that stability of nanoscale
emulsion droplets is a key parameter in the design of MWFs
for improved microbial resistance and improved MWF
longevity, as microbial growth can lead to the release of acids
that can in turn further increase particle size and accelerate
the deterioration of MWFs. This acceleration results from
the higher probability for coalescence and flocculation
associated with larger droplets (36). Since coalescence and
flocculation can in turn lead to increased microbial growth
(e.g., Figure 1) and the release of acids that can further
destabilize the MWF, the emulsion may completely break
down into oil and water phases leading to premature MWF
disposal. Higher microbial loads can also alter MWF per-
formance by selectively metabolizing individual components
(37), accelerating corrosion of tools and machined product
(38), and creating masses of biofilm that can physically block
MWF delivery lines (39). Given the potential health risks
associated with microbial proliferation and the potential
impact of microorganisms on MWF deterioration and
performance, the small and short-term increase in machin-
ability due to the addition of calcium salts is not likely worth
the consequences of a concurrent and significant increase
in microbial growth. This conclusion motivates investigations
into MWF stability under hard water conditions and the
design of alternative hard water stable MWF systems.

Impact of Dissolved Salts and pH on Tapping Torque
Measurement and Microemulsion Particle Size

To understand the impacts of dissolved salts on emulsion
particle size and machining performance, varying amounts
of Ca(OH), were added to SS1 and SS2. While Figure 2 suggests
that an increasing emulsion particle size is correlated with
improved tapping torque efficiency in both SS1 and SS2, it
is important to note that the concentration of calcium
hydroxide, and therefore pH, was also increasing in each
system. This raises the issue of whether improved tapping
torque efficiency was due to the additional calcium, the
increased pH, or the increasing emulsion particle size. To
resolve the cause of the improved machining performance,
the mean emulsion particle size of SS1 was increased to 100
and 500 nm in separate experiments using calcium salts,
magnesium salts, and nitric acid. The results indicate that
for agiven emulsion particle size (100 or 500 nm) the tapping
torque efficiencies are statistically identical (Figure 3). That
is, the final particle size determines the machining perfor-
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mance of the MWF regardless of the cause of the particle size
shift.

To evaluate the impacts of pH on emulsion particle size
and machining performance, nitric acid was introduced to
SS1 and SS2 in order to incrementally reduce the pH to 6.5.
Size measurement results for SS1 and SS2 over this pH range
indicate that emulsion particle size increases with decreasing
pH. This is most likely the result of the hydrogen ions
protonating the anionic emulsifier, which neutralizes elec-
trostatic repulsive forces and increases the potential for
emulsion droplets to collide (40—42). For instance, 70% of
the emulsion droplets are no longer within their initial size
range at pH 6.5. However, in the case of SS2, only 45% of the
emulsion particles are outside the initial size range. This
indicates that even small changes in MWF formulation can
have a major impact on emulsion stability under acidic
conditions. Although not shown, the emulsion completely
separates below a pH of 5, making it especially important to
maintain higher pH values regardless of the MWF formula-
tion.

Similar to pH, changes in cation valence impact emulsion
particle size and machining performance. To evaluate these
impacts, a series of salts with cations ranging from plus one
(sodium) to plus three (aluminum) were added to both SS1
and SS2 at various concentrations. The pH of each fluid was
then adjusted to 9.0 prior to the measurement of particle

size and tapping torque efficiency. As shown in Figure 4A,
the addition of sodium to SS1 and SS2 resulted in little change
of the initial emulsion particle size. Figure 4B shows that
when calcium was introduced to SS1 and SS2, there isa trend
of increasing emulsion particle size with increasing calcium
concentration. In fact, when 0.008 M calcium chloride was
introduced to SS2, the MWF split into separate oil and water
phases. Increasing aluminum concentration had the most
significant impact on the increasing emulsion particle size,
with both fluids split into oil and water phases after the
addition of 0.005 M AICl; as shown in Figure 4C. In fact, at
0.008 M calcium and 0.005 M aluminum chloride, white
precipitate products begin to form, indicating that the onset
of emulsion separation and the precipitation of hard water
cations are related.

The precipitation observed in these systems is most likely
the cation (calcium or aluminum) neutralizing the anionic
surfactant, which causes the surfactant to precipitate out of
solution. This is analogous to the observations of Rouse et
al. (41), who reported the presence of precipitate as a heavy
white flock in systems containing a model monosulfonate
surfactant (Ci.-sodium dodecylbenzenesulfonate) over the
same calcium concentration range. Talens-Alesson (42) also
reported anionic surfactant precipitation resulting from
electroneutralization by aluminum cations.

Such precipitates further destabilize emulsion droplets
by acting as a nucleus for particle coalescence. Surfactant
losses arising from precipitation in turn decrease the amount
of surfactant available to “pack” around the oil droplet and
stabilize the emulsion. Due to these positive feedback
mechanisms, it can be expected that MWFs stabilized by
monosulfonate surfactants are vulnerable to the presence of
calcium and aluminum cations. As such, a renewed effort at
MWF design focused on the maintenance of electrostatic
repulsion when using anionic surfactants under hard water
conditions should be considered an important design
criterion, balanced by the need for emulsion splitting atend-
of-life for oil recovery and recycling.

To further understand the impact of specific ions and ion
charge on the emulsion stability and tapping torque efficiency
of semi-synthetic MWFs, five representative cations (Nat,
K*, Ca?*, Mg?", and AI*™) and four representative anions (OH -,
Cl~, SO, and CO3?") were added as various salt combina-
tions. Each salt was added to SS1 and SS2 at an equivalent
concentration of 500 ppm as CaCOs;. A clear trend of
increasing emulsion particle size is observed with increasing
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FIGURE 4. Particle size of SS1 and SS2 as a function of molar chloride salt concentration where the cation was added as (A) sodium

(Na*), (B) calcium (Ca*"), and (C) aluminum (AI*T).

cation charge from +1 (sodium, potassium) to +2 (calcium,
magnesium) to +3 (aluminum). The results hold for both
SS1 and SS2. In contrast, the salt counterion (anion) has
little effect on the resulting particle size or the machinability
of the fluid. These conclusions are clearly illustrated by the
correlation statistics for SS1 and SS2 calculated in Table 3.
The correlation results indicate that the mean emulsion
particle diameter is highly correlated to the cation charge
and much less so to the anion charge. The trend in Table 3
is expected whether the emulsion particle size is increasing
due to interference with electrostatic stabilizing forces or
due to increased precipitation or due to both mechanisms.
This is because more highly charged cations result in greater
disruption to electrostatic double layers and are also more
likely to react to form insoluble precipitates (42).

Itis observed in Table 3 that the tapping torque efficiency
increases with cation concentration regardless of which
cation causes the particle size shift. Moreover, tapping torque
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TABLE 3. Calculated Correlation between Cation Charge, Anion
Charge, Mean Particle Diameter, and % Tapping Torque
Efficiency

mean % tapping

cation anion particle torque
charge charge diameter efficiency
cation charge 1.00
anion charge -0.21 1.00
mean particle diameter 095 -0.23 1.00

% tapping torque efficiency 0.84 —-0.38 0.79 1.00

efficiency correlates poorly with anion concentration and
ionic strength changes caused by anions. This suggests that
corrosion, typically associated with anion concentration and
penetration of surface films, is not likely playing a significant
role in the enhanced tapping torque efficiency observed as
ionic strength is increased.



TABLE 4. Normalized £-Potential Measurements as a Function
gfs éon Concentration and Mean Particle Diameter for SS1 and

mean particle  normalized
cation MWF  ppm  diameter (um)  -potential
0 1
potassium (+1) SS2 100 0.83
SS2 300 0.74
SS1 500 0.01 0.74
SS2 500 0.08 0.72
SS2 700 0.69
calcium (+2) SS2 100 0.80
SS2 300 0.58
SS1 500 3.9 0.60
SS2 500 35 0.41
aluminum (+3) SS2 100 0.65
SS2 300 0.23
SS1 500 6.2 0.38
SS2 500 5.9 0.04

To quantify the extent to which cations are disrupting the
emulsion stabilizing forces, the {-potentials of SS1 and SS2
were measured over a range of cation concentrations and
charges. Three salts (NaCl, CaCl,, and AICl3) were introduced
into SS1 and SS2 at 500 ppm as CaCOg3. As shown in Table
4, the normalized ¢-potential approaches zero and the
emulsion particle size increases with increasing cation charge.
This demonstrates that trivalent cations are more disruptive
to the electrostatic repulsive forces than divalent and
monovalent cations. This was expected and is also consistent
with past research observations on cutting oil emulsion
stability, which indicated that sodium had little or no effect
on the ¢-potential while calcium and magnesium had a
significant effect on {-potential over the same concentration
range (43). It was also found in ref 43 that aluminum, a +3
cation, had the strongest effect on the electrostatic double
layer, yielding a very small or zero ¢-potential value even at
low concentrations.

Influence of EDTA-Based Chelation on Hard Water
Stability of MWFs

It is interesting to note that cation interference with
electrostatic repulsive forces occurs despite the presence of
a chelating agent (EDTA). In both SS1 and SS2, the sodium
salt of EDTA was included in the concentrate at a concen-
tration of 2.5 x 10~* M. This EDTA complex would ordinarily
bind with calcium on a 1:1 molar basis, and at calcium
concentrations below the EDTA concentration, there would
not be any impact on emulsion stability. However, since
emulsion stability was strongly affected, even by low con-
centrations of calcium ion in the MWEF, it is clear that EDTA
or the calcium ions in the system were unavailable in MWF
to complex. For instance, it was observed that when calcium
(as CaCl,) and EDTA were added at an equal molar
concentration (0.003 M) to SS1, the emulsion particle size
distribution tended to broaden and shift to a larger mean
value. This behavior indicated that not all of the EDTA in the
system was available for complexation.

To further explore the effectiveness of EDTA in MWFs,
formulations based on SS1 were produced with a range of
EDTA concentrations from 0.0005 to 0.01 M. Several methods
were utilized to add EDTA and salt (as 300 ppm CaCQOg) to
the system. EDTA was added directly to the concentrate
(Figure 5A), to the dilution water (Figure 5B), and to the final
MWEF as a complex with various salts (Figure 5C). As the
EDTA concentration was increased in the concentrate (Figure
5A), the emulsion particle size distribution of the formulations
shifted toward that of the unaltered MWF. However, even at
an EDTA molar concentration three times greater than that
of CaCl,, the emulsion particle size distribution was not
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FIGURE 5. Particle size distribution of SS1 with 0.003 M calcium
(as calcium chloride) added to the diluted MWF system as a function
of EDTA concentration: (A) EDTA added to MWF concentrate with
calcium dissolved in dilution water, (B) EDTA added to diluted
MWEF with calcium dissolved in dilution water, (C) a combined
EDTA and calcium solution added to dilution water prior to diluting
MWF. Reference particle size is that of the MWF without addition
of calcium chloride. Percentages indicate the percentage of particles
present in the original size range.

identical to that of the unaltered MWF, with only 69% of the
particles present in the initial size range at 0.01 M EDTA.
Consequently, the addition of EDTA to the MWF concentrate
is not effectively achieving hard water stability since the
majority of the EDTA or metal ion is unavailable to complex.
This is consistent with the recent findings of Nishimi and
Miller (44), who found that when a dilute aqueous solution
of the sodium salt of EDTA was placed in contact with an oil
phase containing a calcium sulfonate surfactant salt, the
EDTA sodium complex diffused into the oil phase. Itis likely
that, in the MWFs investigated here, the sodium ions from
the sodium petroleum sulfonate surfactant salt are similarly
complexing with EDTA and diffusing into the oil phase. The
diffusion of the sodium—EDTA complexes into the oil phase
provides a logical explanation for the lack of availability of
EDTAto provide stoichiometric protection against the impact
of hard water on MWF emulsion stability.

As the EDTA concentration in the dilution water was
increased (Figure 5B), a higher percentage of emulsion
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FIGURE 6. Chemical structures of emulsifier system components for traditional semi-synthetic metalworking fluid formulations and a new
formulation for improved hard water resistance. The traditional emulsifier system is composed of a primary anionic emulsifier (sodium
petroleum sulfonate) and a secondary nonionic surfactant (a fatty amide based on diisopropanolamide). The anionic emulsifier and nonionic
surfactant in formulation for improved hard water resistance is a alkyldiphenyl oxide disulfonate and a linear alcohol ethoxylate, respectively.
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FIGURE 7. (A) Particle size distribution and (B) % tapping torque efficiency at 0.003 and 0.008 M calcium (introduced as calcium chloride)
for a metalworking fluid formulation based on SS1 with substitutions for the emulsifier system (anionic and nonionic surfactant). Tapping
torque data were not reported for SS2 at 0.008 M calcium due to phase separation and emulsion destabilization.

particles were measured in the initial particle size range as
compared with EDTA addition to the concentrate as described
above. After the addition of a 0.01 M concentration of EDTA
to the dilution water, 80% of the emulsion particles remained
in their initial size range. However, when EDTA and CaCl,
were both introduced into the dilution water prior to addition
to the MWF concentrate (Figure 5C), there was no effect on
the particle size (as expected). Therefore, it is evident that
EDTA preferentially forms calcium complexes over sodium
in the water phase before the oil is introduced. This
experimentwas repeated with MgCl, and AICl3, and the same
behavior was observed regardless of the cation species (i.e.,
calcium, magnesium, aluminum) as shown in Figure 5C. This
indicates that the concentration of EDTA in the concentrate
is sufficient to prevent emulsion destabilization by cation
introduction if all of the EDTA and metal ion were available
to complex. At the same time, it is evident that when EDTA
is in the concentrate, or even in the dilution water prior to
mixing with the concentrate, it is not able to effectively
complex with cations in the presence of MWF concentrate
due to its partitioning to the oil phase. The unavailability of
EDTA significantly reduces the ability of MWFs to resist
emulsion destabilization due to addition of hard water salts.

MWF Surfactant Selection for Improved Hard Water
Stability
As the preceding sections have shown, the addition of divalent

and trivalent salts to the MWF system has a significantimpact
on emulsion particle size. A shift toward larger emulsion
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dropletsize leads to a decrease in bioresistance as well as the
potential for emulsion separation, with only a subtle im-
provement in tapping torque efficiency. These outcomes can
lead to premature fluid disposal and significant environ-
mental and economic costs. While the use of deionized water
in MWF systems could potentially avoid these impacts, there
are significant resource, energy, and economic costs associ-
ated with this strategy. Furthermore, this strategy can fail
in-use due to membrane fouling (32), leaving the MWF system
susceptible to emulsion destabilization by hard water cation
introduction. Consequently, itisimperative to develop MWF
formulations that are inherently hard water stable. Thiswould
reduce expenditures on maintenance and move MWF
formulations toward a more sustainable design (45—47).
Ideally, an inherently hard water resistant MWF would be
formulated with components that are more environmentally
friendly and less energy consuming than those currently in
use.

To assess the feasibility of producing MWFs with improved
hard water stability, a new formulation was developed using
the identical molar concentrations of ingredients as found
in SS1 (Table 1). However, the traditional surfactants were
replaced with surfactants that have a higher potential for
stability in hard water. Based on the correlation of decreasing
g-potential with increasing emulsion particle size, it was
reasoned that increasing the electrostatic repulsive forces in
the surfactant system would provide better emulsion stability
under hard water conditions. Although anionic surfactants
are utilized in MWFs to provide emulsion stability through



electrostatic repulsive forces, the results presented above
indicate that the traditional anionic surfactant, sodium
petroleum sulfonate (SPS), is not effective in this regard.
Accordingly, SPS was replaced with an alkyldiphenyl oxide
disulfonate (Dowfax 3B2, Dow Chemical Company, Midland,
MI) (Figure 6A) that was found previously to provide better
protection against surfactant precipitation by calcium (25).
Whereas SPS has a single anionic headgroup per tail group,
Dowfax 3B2 is twin-headed, providing two negatively charged
headgroups per tail group. This provides increased electro-
static repulsion and potentially greater hard water resistance
for the same molar concentration of anionic surfactant. The
nonionic emulsifier, a fatty amide based on diisoproponal
amine (DilPA), was also replaced with a biobased linear
ethoxylate alcohol (Tomadol 23-1, Tomah Products Inc.,
Milton, WI) (Figure 6B).

These surfactants were used at the same molar concen-
tration ratio as SPS:DilPA, and the concentrate was similarly
diluted to 5% in deionized water. The initial emulsion particle
size distribution of this formulation was similar to that of
SS1. While there was a slight increase in emulsion particle
size when 0.003 M calcium as CaCl, was introduced to this
formulation, at 0.008 M calcium as CaCl, the emulsion particle
size shifted back into the initial particle size range (Figure
7A). This decreasing emulsion particle size at high calcium
concentrations appears to be the consequence of the
existence of soluble anionic surfactant—cation complexes at
high cation concentrations as reported by Talens-Alesson
(42), Tezak et al. (48), and Fisher and Oakenfull (49). These
datasuggest thatitisfeasible to design inherently hard water
resistant MWF formulations. Furthermore, the improved hard
water resistant design is competitive with traditional semi-
synthetic MWF formulations in machining performance as
measured by the tapping torque test (Figure 7B).

Toxicity data also suggest that the surfactants in the new
formulation are less toxic than the surfactants in traditional
MWF formulations. For instance, toxicity evaluation of the
anionic surfactants for the fathead minnow (Pimephales
promelas) yielded an LCs, of 0.4 mg/L after 48 h for SPS (50)
and an LCs of 14.1 mg/L after 48 h for Dowfax 3B2 (51).
Toxicity evaluation based on oral exposure of a rat indicated
that DilPA has an LDs, of 2.7 g/kg bodyweight (52) while
Tomadol 23-1 has an LDsy of 2 g/kg bodyweight based on
results for similar linear alcohol ethoxylates (53). In addition,
recalling that these formulations contained no EDTA, these
formulations based on twin-headed anionic emulsifiers
demonstrate a potential for reduced mobilization of metals
from manufacturing into environmental aqueous systems
(e.g., cobalt—EDTA complexes released from manufacturing
are not easily removed by traditional waste treatment
operations). The formulations developed here also demon-
strate the possibility of designing MWFs using fewer com-
ponents as well as components that are renewable and more
environmentally benign.

Environmental Relevance

Emulsion particle size has been linked in this research to
increased microbial growth and a series of physicochemical
changes that lead to premature MWF failure. Given the
ineffectiveness of EDTA and SPS to maintain stable emulsion
size in the presence of hard water salts, a more effective and
environmentally preferable technological change to MWF
was proposed and evaluated. Specifically, it was found that
substituting a twin-headed anionic emulsifier for the typical
anionic emulsifier resulted in a MWF formulation design
that was inherently more resistant to destabilization by hard
water than traditional formulations that include SPS and
EDTA. Further investigations of biobased and more inherently
stable MWF compositions have the potential to significantly
reduce the environmental impact of machining operations.

Greater longevity can also lead to a reduction of MWF system
costs that comprise 7—17% of manufacturing costs (3), while
simultaneously reducing the energy and material require-
ments for MWF manufacture and the environmental impact
of disposal.

Acknowledgments

The alkyldiphenyl oxide disulfonate (Dowfax 3B2) and the
linear alcohol ethoxylate (Tomadol 23-1) were donated by
Dow Chemical Company and Tomah Incorporated, respec-
tively. Technical support and information related to MWF
formulations were provided by D. A. Stuart Incorporated
and Milacron Incorporated. We thank Satsuki Takahashi for
evaluating machining performance and Shu-Chi Chang for
evaluating microbial concentrations. Funding for this re-
search was provided by NSF and U.S. EPA. The contents of
this publication have not been subject to Agency review and
therefore do not necessarily reflect the views of either Agency.

Literature Cited

(1) De Chiffre, L.; Belluco, W. Comparison of Methods for Cutting
Fluid Performance Testing. Ann. CIRP 2000, 49 (1), 57—60.

(2) Independent Lubricant Manufacturers Association. ILMA Re-
port. Lubricants World; Independent Lubricant Manufacturers
Association: Alexandria, VA, 2000; p 10.

(3) Klocke, F.; Eisenblatter, G. Dry Cutting. Ann. CIRP 1997, 46,
1-8.

(4) Aronson, R. B. Why Dry Machining? Manufacturing Engineer-
ing: Dearborn, MI, 1995; p 33—6.

(5) Popke, H.;etal. Environmentally Clean Metal Cutting Processes—
Machining on the Way to Dry Cutting; Institute of Mechanical
Engineers: London, 1999.

(6) Bennett, E.; Bennett, D. Minimzing Human Exposure to
Chemicals in Metalworking Fluids. Lubr. Eng. 1987, 43 (3), 167—
75.

(7) Skerlos, S. J.; Skerlos, L. A.; Aguilar, C. A.; Zhao, F. Expeditious

Identification and Quantification of Mycobacteria Species in

Metalworking Fluids using Peptide Nucleic Acids. J. Manuf. Syst.

2003, 22 (2), 136—44.

Skerlos, S. J.; DeVor, R. E.; Kapoor, S. G. Environmentally

Consicous Disposal Considerations in Cutting Fluid Seclection.

Presented at the ASME International Mechanical Engineering

Congress and Exposition, Anaheim, CA, 1998.

Carberry, T. Stop dumping coolant and save. Tooling Prod. 1989,

107-9.

(10) Environmental Protection Agency. Metal Products and Ma-
chinery Rule. 2001.

(11) Byers, J., Ed. Metalworking Fluids; Marcel Dekker: New York,
1994; p 487.

(12) Skerlos, S. J.; Rajagopalan, N.; DeVor, R. E.; Kapoor, S. G,;
Angspatt, V. D. Ingredient-Wise Study of Flux Characteristics
in the Ceramic Membrane Filtration of Uncontaminated
Synthetic Metalworking Fluids: Part 1: Experimental Investiga-
tion of Flux Decline. J. Manuf. Sci. Eng., Trans. ASME 2000, 122
(4), 746—52.

(13) Zhao, F.; Urbance, M.; Skerlos, S. J. Mechanistic Model of Coaxial
Microfiltration for Semi-Synthetic Metalworking Fluid Micro-
emulsions. J. Manuf, Sci. Eng. (in press).

(14) Bennett, E. O. The Biology of Metalworking Fluids. Lubr. Eng.
1972, 28 (7), 237—47.

(15) Sheng, P. S.; Oberwalleney, S. Life-Cycle Planning of Cutting
Fluids—A Review. J. Manuf. Sci. Eng. 1997, 119, 791—800.

(16) Marano, R.S.; Cole, G. S.; Carduner, K. R. Particulate in Cutting
Fluids: Analysis and Impliations in Machining Performance.
Lubr. Eng. 1990, 47 (5), 376—82.

(17) Misra,S.K.; Skold, R. O. Membrane Filtration Studies of Inversely
Soluble Model Metalworking Fluids. Sep. Sci. Technol. 1999, 34
(1), 53—67.

(18) Ahmed, N. S.; et al. Stability and Rheology of Heavy Crude Oil-
in-Water Emulsion Stabilized by an Anionic—Nonionic Sur-
factant Mixture. Pet. Sci. Technol. 1999, 17 (5&6), 553—76.

(19) Shiloach, A.; Blankschtein, D. Predicting Micellar Solution
Properties of Binary Surfactant Mixtures. Langmuir 1998, 14,
1618—36.

(20) Stellner, K.; Scamehorn, J. Surfactant Precipitation in Aqueous
Solutions Containg Mixtures of Anionic and Nonionic Surfac-
tants. J. Am. Oil Chem. Soc. 1986, 63 (4), 566—74.

(8

~

©

=

VOL. 38, NO. 8, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 2489



(21) Chen, C.-M.; et al. Influence of pH on the Stability of Oil-in-
Water Emulsions Stabilized by a Splittable Surfactant. Colloids
Surf., A 2000, 170, 173-9.

(22) Ivanov, |.; Kralchevsky, P. Stability of Emulsions under Equi-
librium and Dynamic Conditions. Colloids Surf., A 1997, 128,
155—75.

(23) Schubert, H.; Armbruster, H. Principles of Formation and
Stability of Emulsions. Int. Chem. Eng. 1992, 32 (1), 14—28.

(24) stachurski, J.; Michalek, M. The Effect of the Zeta Potential on
the Stability of a Non-Polar Oil-in-Water Emulsion. J. Colloid
Interface Sci. 1996, 184, 433—6.

(25) von Rybinski, W.; Guckenbiehl, B.; Tesmann, H. Influence of
Co—Surfactants on Microemulsions with Alkyl Polyglycosides.
Colloids Surf., A 1998, 142, 333—42.

(26) Cavallo, J. L.; Chang, D. L. Emulsion Prepartion and Stabilty.
Chem. Eng. Prog. 1990, 6, 54—9.

(27) Geiger, G. Selecting the Right Particle Size Analyzer. Am. Ceram.
Soc. Bull. 1996, 75 (7), 44—8.

(28) Lee, E. C.; Solomon, M. J.; Muller, S. J. Molecular Orientation
and Deformation of Polymer Solutions under Shear: A Flow
Light Scattering Study. Macromolecules 1997, 30, 7313—21.

(29) Blezard, R. G.; Pring, R. W. Electronic Techniques for Particle
Size Analysis. Miner. Process. 1969, 10 (6), 16-8 to 20-1.

(30) ANSI.ASTM D 5619: Standard Test Method for Comparing Metal
Removal Fluids Using the Tapping Torque Test Machine; 2000.

(31) Zimmerman, J.; Takahshi, S.; Hayes, K. F. Skerlos, S. J.
Experimental and Statistical Design Considerations for Eco-
nomical Evaluation of Metalworking Fluids Using the Tapping
Torque Test. Lubr. Eng. 2003, 59 (3), 17—24.

(32) Wright, J. H. Water Quality and the Performance of Water
Miscible Cutting and Grinding Fluids. Cutting Tool Eng. 1975,
27 (3—4), 5-8.

(33) Brock, T.; Brock, K.; Ward, D. Basic Microbiology with Applica-
tion, 3rd ed.; Prentice Hall: Saddle River, NJ, 1986; p 688.

(34) Hamouda, T.; etal. Anovel surfactant nanoemulsion with broad-
spectrum sporicidal activity against Bacillus species. J. Infect.
Dis. 1999, 180, 1939—49.

(35) Hamouda, T.; Baker, J.J. R. Antimicrobial mechanism of action
of surfactant lipid preparations in enteric Gram-negative bacilli.
J. Appl. Microbiol. 2000, 89, 397—403.

(36) Ivanov, I. B.; Danov, K. D.; Kralchevsky, P. A. Flocculation and
Coalescence of Micro-size Emulsion Droplets. Colloids Surf., A
1999, 152, 161—-82.

(37) Holtzman, G. H. M.; Rossmoore, H. W.; Holodnik, E.; Weintraub.
M. Interrelationships Between Biodeterioration, Chemical Break-
down, and Function in Soluble Oil Emulsions. Developments
in Industrial Microbiology, Proceedings of the Society for
Industrial Microbiology; 1982; Vol. 23, pp 207—218.

(38) Rossmoore, H. W.; et al. Lubr. Eng. 1979, 35, 559—63.

2490 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 38, NO. 8, 2004

(39) Rossmoore, L. A.; Rossmoore, H. W. Metalworking Fluid
Microbiology. Metalworking Fluids; Marcel Dekker: New York,
1994; pp 165—90.

(40) Alther, G. How to Remove Remove Emulsified Oil from Waste-
water with Organoclays. Water Eng. Manage. 2001, 7, 27—-9.

(41) Rouse, J.,; Sabatini, D.; Harwell, J. Minimizing Surfactant Losses
Using Twin-Head Anionic Surfactants in Subsurface Reme-
diation. Environ. Sci. Technol. 1993, 27 (10), 2072—8.

(42) Talens-Alesson, F. Behavior of Anionic Surfactant Micelles in
the Presence of Al+3 and Ca+2. J. Dispersion Sci. Technol. 1999,
20 (7), 1861—71.

(43) Rios, G.; Pazos, C.; Coca, J. Zeta Potentials of Cutting-Oil Water
Emulsions: Influence of Inorganic Salts. J. Dispersion Sci.
Technol. 1998, 19 (5), 661—78.

(44) Nishimi, T.; Miller, C. A. Spontaneous emulsification produced
by chemical reactions. J. Colloid Interface Sci. 2001, 237 (2),
259—66.

(45) Skerlos, S. J.; Adriaens, P.; Hayes, K.; Rihana, A.; Kurabayashi,
K.; Takayama, S.; Zimmerman, J.; Zhao, F. Challenges to
Achieving Sustainable Aqueous Systems: A Case Study in
Metalworking Fluids. Proceedings of EcoDesign 2001: 2nd
International Symposium on Environmentally Conscious Design
and Inverse Manufacturing, Tokyo, December 13—16, 2001; pp
146-53.

(46) Anastas, P.; Zimmerman, J. Design through the Twelve Principles
of Green Engineering. Environ. Sci. Technol. 2003, 37 (5), 94A—
101A.

(47) Anastas, P.; Warner, J. Green Chemistry: Theory and Practice;
Oxford University Press: London, 1998; p 144.

(48) Tezak, D.; et al. Formation of Lyotrpic Liquid Crystals of Metal
Dodecyl Benzene Sulphonates. Prog. Colloid Polym. Sci. 1984,
69, 100—5.

(49) Fisher, L. R.; Oakenfull, D. G. Micelles in Aqueous Solution.
Chem. Soc. Rev. 1977, 6, 25—42.

(50) Kimerle, R. A.; Swisher, R. D. Reduction of aquatic toxicity of
linear alkylbenzene sulfonate (LAS) by biodegradation. Water
Res. 1977, 11, 31-7.

(51) Dow Chemical Company. Dowfax Surfactants: Degradation of
Dowfax Surfactants; Dow: Midland, MI, 1998; pp 1-3.

(52) CIRP. Final report on the safety assessment of Cocamide DEA,
Lauramide DEA, Linoleamide DEA, and Oleamide DEA. In
Cosmetic Ingredient Review Program, 1986.

(53) Benke, G. M.; Brown, M. J. Safety testing of alkyl polyethoxylate.
Nonionic surfactants. I. Acute effects. Food Cosmet. Toxicol.
1977, 15, 309—18.

Received for review January 15, 2003. Revised manuscript
received December 9, 2003. Accepted February 2, 2004.

ES0340477



