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Abstract

Adding nanoparticles (NPs) to metalworking fluids (MWFs) has been shown to improve
performance in metal cutting. Zinc oxide nanoparticles (ZnO NPs) and titanium dioxide
nanoparticles (TiO2 NPs), for example, have exhibited the ability to improve lubricant
performance, decrease the heat created by machining operations, reduce friction and wear, and
enhance thermal conductivity. ZnO and TiO2 NPs are also relatively inexpensive compared to
many other NPs. Precautionary concerns of human health risks and environmental impacts,
however, are especially important when adding NPs to MWFs. The goal of this research is to
investigate the potential environmental and human health effects of these nanoenabled products
during early design and development. This research builds on a prior investigation of the stability
and toxicity characteristics of NPs used in metalworking nanofluids (MWnF™). The previous
study only investigated one type of NP at one level of concentration. This research expands on
the previous investigations through the valuation of three different types of NPs that vary in
morphology (size and shape) and was conducted over a wide range of concentrations in the base
fluid. In the presented work, mixtures of a microemulsion (TRIM® MicroSol® 585XT), two
different types of TiO2 NPs (referred to as TiO2A and TiO2B) and one type of ZnO NP were used
to evaluate MWnF"™ stability and toxicity. Dynamic light scattering (DLS) was used to assess
stability over time and an embryonic zebrafish assay was used to assess toxicological impacts.
The results reveal that, in general, the addition of these NPs increased toxicity relative to the NP-
free formulation. The lowest rate of zebrafish malformations occurred at 5 g/L TiO2A NP, which
was even lower than for the base fluid. This result is particularly promising for future MWnF™
development, given that the mortality rate for 5 g/L TiO2A was not significantly different than
for the base fluid.
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Introduction

Metalworking fluids (MWFs) are used to reduce the heat and friction in machining operations
(Schey, 1967). Due to the large use of MWFs globally, which is more than 500 million gallons
annually, industry is concerned about their sustainability (Clarens et al. 2008). Manufacturing
sustainability performance (e.g., environmental, economic, health and safety aspects) can be
enhanced by improving the efficiency of MWFs. For instance, improving the heat transfer
properties of MWFs can reduce the rate of cutting tool replacement, which is highly expensive
(Jen et al. 2002).

Many researchers have undertaken various strategies to improve MWEF sustainability
performance. To enhance environmental performance, for example, biocide-free MWFs were
compared to conventional mineral oil based fluids by Winter et al. (2012), and were found to
reduce measured machining forces and workpiece surface roughness. Minimum quantity
lubrication (MQL) application of MWFs have been applied to reduce environmental and health
impacts and enhance penetration into the cutting zone (Lee et al. 2010; Park et al. 2010; Wang
and Clarens, 2013; Weinert et al. 2004). Microfiltration has been shown to reduce health risks
and environmental impacts of MWFs (Ham et al. 2010). Studies have shown that nanoparticle
(NP) additives decrease friction, improve lubricity and thermal conductivity, reduce cutting
forces, and improve the machining performance compared to NP-free MWFs (Kotnarowski,
2008; Mosleh et al. 2009; Rapoport et al. 2005). Thus, advantages of using such metalworking
nanofluids (MWnF™) include reduction of energy and fluid consumption, reduction of related
economic and environmental impacts, and enhancement of cutting tool life. To identify the
potential hazards of using MWnF™, however, they must be evaluated more holistically (Krajnik
et al. 2011).

Thus, the goal of this research is to investigate environmental and human health concerns as a
part of precautionary MWnF™ development. The research builds on a prior investigation of the
stability and toxicity of MWnF™ formulations. Several prior studies that found NPs additives to
improve MWEF performance are presented. Research exploring the uncertainties surrounding NP
life cycle environmental performance is also briefly reviewed. Finally, methods employed to
explore the stability and biological responses of several MWnF™ formulations using two
different types of TiO2 NPs and a ZnO NP are presented and the results are discussed.

Advancements in nanolubricants

The tribological (friction and wear) properties of several NP additives have been explored.
Tungsten disulfide (WS>) and molybdenum disulfide (MoS2) NPs were found to play a key role
where fluids were unable to support the loads under severe conditions (Rapoport et al. 2005).
Mosleh et al. (2009) showed that using WS> and MoS> NPs in oil reduced the wear volume in
testing of 440C ball-titanium sheet pairs and 440C ball-steel sheet pairs by 25-30% and 55-65%,
respectively. While the coefficient of friction (COF) for the 440C ball-titanium sheet pair was
reduced by 10%, no improvement was noticed for the 440C ball-steel sheet pair. Kotnarowski
(2008) added CuO NPs to SN 100 and Hydrorafinat Il basic oils to evaluate the COF reduction.
They concluded that adding 0.25% by volume CuO NPs is most effective, resulting in 10-25%
reduction in COF. Hu and Dong (1998) found 20 nm titanium oxide NPs added to 500 SN base



oil decreased COF by 12%, and the wear resistance and load capacity of the fluid were
improved. McCook et al. added different NPs to an epoxy matrix to test the COF and wear
resistance by using a linear reciprocating pin-on-disk tribometer (McCook et al. 2006). Optimum
wear resistance was observed with a 1% by volume ZnO and 14.5% by volume
polytetrafluoroethylene (PTFE) NPs. Similarly, optimal COF reduction was found with 3.5% by
volume ZnO and 14.5% by volume PTFE NPs. Turgut et al. showed a 3% volume fraction of
TiO2 in a water-based nanofluid improved thermal conductivity by 7.4% compared to the base
fluid (Turgut et al. 2009). The viscosity increased with an increasing volume fraction of NPs.
LotfizadehDehkordi et al. (2013) employed a UV-Vis spectrophotometer and observed thermal
conductivity enhancement by using a high concentration of TiO. in water-based nanofluids.
Yang and Du (2012) observed the same characteristic of other water-based nanofluids.

These tribological enhancements have led to demonstrated improvements in machining
processes. Using 3% by volume alumina and 1% by volume multi-walled carbon nanotube
(MWCNT) nanofluids (NFs) in oil significantly reduced the force, energy, and temperature of
cutting (Roy and Amitava, 2013). Shen et al. (2008) found that adding 5-20% by volume of 100
nm MoS: NPs to three different fluids (paraffin, soybean oil, and CANMIST) decreased the COF
in grinding of cast iron by 30-50%. Khandekar et al. (2012) found that adding 1% by volume of
Al>03 to a conventional cutting fluid reduced cutting force, tool wear, and surface roughness
compared to the conventional cutting fluid.

Precautionary concerns

Although NPs can improve the tribological properties, there are uncertainties about their life
cycle sustainability performance. The toxicity of MWnF™ is one of the uncertainties that must
be considered in their early development (Niyaghi et al. 2014). Broadly, the potential health risks
of NPs are little known since the development of nanomaterials is in its early stages. Hoet et al.
(2004) provided a comprehensive review of data analysis on the health risks of nanomaterials.
Various nanomaterial attributes, such as size, shape, and morphology, affect toxicity and must be
considered in the development of safer nano-based products (Harper et al. 2008; Thomas, 2005).

In previous research by the authors, various concentrations of 20 nm ZnO NPs were added to a
commercially available semi-synthetic microemulsion (TRIM® MicroSol® 585XT) to
investigate the cutting force and temperature in turning of a titanium alloy (Ti-6Al-4V)
(Sahakian, 2011). Machining tests revealed that the lowest temperature and cutting force
occurred at 0.5% by weight of ZnO NPs in the MWF. The stability and toxicity of 20 nm ZnO
NPs used were also investigated for a range of concentrations (Niyaghi et al. 2014). It was
concluded that the surfactants contained in the base fluid were sufficient for dispersion of the
NPs. Using a zebrafish embryo assay, it was found that 20 nm ZnO NPs increased the toxicity of
the base MWF over a range of concentrations. In related work, Bai et al. (2010) studied the
toxicity of 30 nm ZnO NPs in a water suspension using a zebrafish embryo test. The results
indicated that concentrations of 0.05 and 0.1% by volume of ZnO NPs cause mortality of
zebrafish embryos. In lower concentrations (1-25 mg/L), malformations such as body and tail
deformities were observed.



Materials and Methods

The research reported herein focuses on stability and toxicity assessment of different NPs for a
variety of concentrations. The objective is to assess NPs that vary in morphology (size and
shape) and composition that have been shown to improve machining performance in order to
assist precautionary development of MWnF™ that balance both process performance and safety.

Materials

TiO2 and ZnO NPs (Nanostructured & Amorphous Materials, Inc., Houston, TX) were chosen as
MWEF additives. The NPs were added to a semi-synthetic microemulsion (TRIM® MicroSol®
585XT by Master Chemical Corp., Perrysburg, OH). The properties of the selected TiO, and
ZnO NPs are shown in Table 1. The low dissolution rate of TiO. and ZnO NPs in water makes
them suitable candidates for suspensions at a variety of concentrations, while their availability
and low cost makes them amenable for use in a commercially viable metalworking nanofluid.

Suspensions (40 mL) of 5 g/L of NPs (TiO2A, TiO2B, and ZnO) were prepared in semi-synthetic
microemulsion with nanopure water (1:13 by volume ratio). The nanoparticles were dispersed
into the suspensions under 15 minutes of sonication using a Sonics® VCX 750 horn
ultrasonicator (Sonics and Materials Inc., Newtown, CT). The suspensions were then allowed to
cool for two hours, allowing large particles to settle out of suspension to prevent fluctuations in
size measurements. This procedure was repeated for 7.5 and 10 g/L concentrations of NPs in the
semi-synthetic microemulsion and nanopure water. In all suspensions, the concentration of the
initial microemulsion was 7.5% by volume (1:13 ratio) in nanopure water.

Table 1 Properties of the selected nanoparticles (NanoAmor 2013)

Property Zn0 TiOA TiO.B
Purity 99.5% 99% 99%
Average Particle Size 20 nm 20 nm 15 nm
Specific Surface Area 50 m?/g 210 m?/g 240 m?/g
Color Milky White White White
Morphology Nearly Spherical ~ Spherical Irregular-angular
True Density 5.606 g/cm?® 3.9 g/cm?® 3.9 g/cm?
Solubility in Water Insoluble Insoluble Insoluble

Fluid stability evaluation procedure

A dynamic light scattering (DLS) method was used to measure the size (hydrodynamic diameter)
of NPs dispersed in the MWnF™ colloids with a ZetaSizer Nano ZS DLS device (Malvern
Instruments, Westborough, MA). A significant decrease in average particle size over time was



interpreted as fluid instability due to the settling out of large particles. Thus, measuring the
average hydrodynamic diameter (Zave) indicates lower agglomeration and smaller colloids. From
each 40 mL suspension, samples (1.6 mL) were pipetted into cuvettes and inserted into the DLS
instrument. Zae measurements were replicated eight times and each of the replicates was
repeated three times. To evaluate the stability of the suspensions, these tests were repeated after
five days and one month. After evaluation, the safety performance of stable suspensions was
assessed using toxicity tests as described below.

Nanofluid toxicity evaluation procedure

Volume-based serial dilution zebrafish assay experiments were conducted for MWF and
MWnF™ formulations to identify the relative toxic potential of the selected NPs. Various
concentrations of NPs with a 7.5% volume concentration of semi-synthetic fluid were used in the
preparation of suspensions. Suspensions required dilution to obtain meaningful zebrafish assay
results. To dilute the MWnF™ suspensions, fishwater, a 0.26 g/L mixture of sea salt (Instant
Ocean®, Blacksburg, VA) and deionized water, was used. The suitable range of pH for zebrafish
embryos is 6.5 to 7.5. Thus, pH was adjusted to that range using hydrochloric acid.

The toxicity evaluation procedure used in this study has been previously reported (Truong et al.
2011). Briefly, the chorionic membrane surrounding the embryo was enzymatically removed at
seven hours post-fertilization (hpf) to yield more accurate results. The chorion is natural layer,
which protects the embryo. Next, the prepared solutions were pipetted into two 96-well plates,
which allowed 24 replicates for each concentration, enabling statistical analysis. The
dechorionated embryos were then placed into the plate suspensions to be tested. A control group
was placed in fishwater without any MWnF™ suspensions. Plates were kept at standard
laboratory conditions of 28°C on a 14h light:10h dark photoperiod. To perform the toxicology
assessment, 21 developmental endpoints were considered, and were examined at 24 hpf and 120
hpf. Developmental endpoints included morphological malformations, behavioral abnormalities,
and embryo mortality.

Results

Using the techniques described above, the stability and toxicity of various formulations were
evaluated as reported below.

Fluid stability results

The Zave (hydrodynamic diameter) values for each MWnF™ suspension was measured using
DLS at 7 hours, 120 hours, and 1 month after preparation (Figs. 1-3). It can be seen that the Zave
of all suspensions has a decreasing trend over time due to aggregation and precipitation of NP
clusters. The effect is statistically insignificant (95% confidence interval), however, indicating
good fluid stability in each case.
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Fig. 1 Effect of time on average ZnO NP size

From the results, it can be seen that average measured size increases with increasing NP
concentration. It is speculated that opportunities for aggregation increase as numbers of particles
increase. It can be seen that the smaller TiO2B NPs, which are irregular angular in shape, result
in larger average measured size and greater reduction in measured size over time. This indicates
a greater tendency for agglomeration. Table 2 presents the change in measured size for each NP
type after 120 hours and one month compared to two hours after preparation. It can be seen that
the percent reductions were low (0.37-2.99%) and the variance was small. As a result, the
mixture of NPs in the base fluid remained consistent over a one month period, which is
necessary for this type of product.
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Fig. 2 Effect of time on average TiO2A NP size
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Fig. 3 Effect of time on average TiO2B NP size

Toxicity results

Toxicity evaluation proceeded with stable formulations identified in the stability evaluation
phase. The zebrafish model was used to examine the toxicity effect of all three NPs at different
concentrations in the base fluid. First, the critical toxic concentration region of the base fluid was
determined by employing a dose range-finding experiment. The critical range is defined as the
range of concentrations that bounds the lethal point.

Table 2 Effect of time on average nanoparticle size

% Reduction compared to 2 hours after preparation

Type of Suspension
120 hours 1 month
5g/L ZnO 0.61 1.06
7.59/L ZnO 1.49 2.23
10 g/L ZnO 0.43 1.02
5g/L TIO2A 0.65 1.08
7.5 g/L TIO2A 0.62 1.46
10 g/L TiO-A 0.81 1.42
5g/L TiO,B 1.01 1.61
7.50/L TiO.B 0.37 1.32

10 g/L TiO.B 1.05 2.99
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Fig. 4 Mortality rates among samples exposed to suspensions with and without ZnO NPs

The mixture was diluted in a serial manner based on semi-synthetic fluid concentration until the
critical region was found. The lethal point for the base fluid was found to be 120 parts per
million (ppm). The fluid did not affect zebrafish embryos at microemulsion concentrations below
15 ppm. With the critical region identified, NPs were added to the base fluid in varying
concentrations (i.e., 0 g/L, 5 g/L, 7.5 g/L, and 10 g/L) to assess the effect of NP additions on the
biological responses of zebrafish embryos. Figures 4-6 show the mortality results for each of the
concentrations evaluated. Suspensions with NPs resulted in considerably higher mortality than
formulations without the NPs added for each of the three NP types examined except for the case
of 5 g/L TiO2A.
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Fig. 5 Mortality rates among samples exposed to suspensions with and without TiO2A NPs

For the base fluid, 5 and 10 g/L TiO2A, and 5g/L ZnO NPs, the rate of zebrafish embryo
malformations was recorded for dilution levels that did not cause mortality. Due to resource
limitations, malformation comparison between suspensions was only possible for these
experimental conditions. Figure 7 shows representative images of normal and malformed
zebrafish embryos from the study.
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Fig. 6 Mortality rates among samples exposed to suspensions with and without TiO2B NPs

Figure 8 presents the average number of malformations observed in the surviving zebrafish
embryos after five days of exposure for TiO.A and ZnO suspensions. The results revealed
embryos exposed to the suspensions with NPs have higher rates of malformation than those
exposed to only the base fluid. The lowest rate of malformation occurred at 5 g/L TiO2A NP,
which was, remarkably, consistently lower than for the base fluid. This result is particularly
promising, given that the mortality rate for 5 g/L TiO2A was similar for the base fluid. Figures 9-
11 provide a comparison of mortality results for samples exposed to MWnF™ suspensions with
5, 7.5, and 10 g/L NP concentrations.

Fig. 7 Representative images of a) normal b) malformed zebrafish embryo development

It can be seen that, for each concentration of 5 g/L NP MWnF™ formulations, TiO2A NPs have
the lowest mortality rate followed by ZnO and TiO2B, respectively. At a 90 ppm microemulsion
concentration the mortality rate is 60% for TiO2A NPs, for example, while it is 100% for ZnO
and TiO2B NPs. For the 7.5 g/L NP MWnF™ formulations, the mortality rates for each NP vary;
it cannot be concluded which is safest. For instance, while the mortality rate for ZnO NPs is
lower than other NPs at a 15 ppm microemulsion concentration, at a 30 ppm concentration
TiO2A NPs have the lowest mortality rate.
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Similar to the 7.5 g/L NP MWnF™ formulations, mortality rates for suspensions with 10 g/L NP
vary. Regardless of NP type, for 10 g/L NP MWnF™ formulations the mortality rate for each
concentration is significantly higher than the base fluid.

Discussion

This research investigates the precautionary environmental and human health concerns of several
MWnF™ formulations. The results presented above build upon prior research that demonstrated
good stability, but reduced toxicity, with the addition of ZnO NPs to a semi-synthetic
microemulsion. The above results show that the two different types of TiO2> NPs and the ZnO
NPs again exhibit good stability in the base fluid and reduced toxicity. Interestingly, however,
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one of the NPs evaluated (TiO2A) reduced the toxicity compared to the base fluid at a low
concentration. Below, the methods applied and statistical analysis of the results are discussed.

Nanofluid stability

As stated above, two different types of TiO> NPs and a ZnO NPs were chosen as potential
additives to an MWEF. Their low cost compared to the other NPs is one advantage (NanoAmor
2013). In addition, Abdullah et al. (2013) showed that both TiO2 and ZnO can be dispersed
stably in oil-based fluid and can be used as lubricant additives. Further, adding TiO2 was shown
to decrease the COF and increase wear resistance and load carrying capacity of MWFs (Hu and
Dong 1998), while adding ZnO to a lubricant enhanced the lubricity and reduced friction
(Hernandez Battez et al. 2006). In the work presented, a key aspect to be understood before
assessing toxicity was the stability of the selected NPs in the MWF.
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Fig. 10 Mortality rates among samples exposed to suspensions with 7.5 g/L NPs
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Clusters of NPs form due to particle aggregation, and settle out of suspension based on Stokes’
Law. This law shows that settling velocity (v,) is proportional to the square of particle size (R)
(Eq. 1):

_ 2(py=Pp)

D2
o &R [1]

S

where vs is the particle’s velocity, g is the gravitational acceleration, x is the dynamic viscosity,
R is the radius of the spherical object, and pp and pr are the mass density of the particles and
fluid, respectively. Unsuspended aggregated particles cause machining efficiency reduction and
result in inaccurate toxicity test results (Bai et al. 2010; Eastman et al. 2004).

In this research, it was assumed that measuring particle hydrodynamic diameter over time would
indicate any agglomeration and settling of NPs. Hydrodynamic diameter, the diameter of a
hypothetical sphere, can be calculated by measuring the intensity variation of scattered laser light
through a fluid (Sattelle 1988). Thus, in DLS, the hydrodynamic diameter is measured based on
the speed of the variations of the laser travel time. The DLS device used calculated the particle
sizes using Stokes-Einstein equation (Eq. 2):

_ kT
B 6mnr [2]
where D is the diffusion constant, kg is Boltzmann’s constant, T is the absolute temperature, 1 is
a viscosity, and r is the radius of the spherical particle. To calculate the hydrodynamic diameter,
fluid viscosity for each suspension was provided as an input to the DLS instrument; temperature
and radius are measured by the device.

To disperse the NPs and improve the stability of the MWnF™, ultrasonication was applied.
Ultrasonic frequency waves help to fully disperse the NPs in the mixture and fragment the
agglomerated particles (Kusters et al. 1993). Xia et al. (2010) studied the preparation of stable
nitrendipine nanosuspensions by using ultrasonication and demonstrated an improved dissolution
rate of the oral bioavailability drug. Nanofluid stability improvement was reported by Sahakian
in preparation of ZnO NPs for an MWnF™ by using the ultrasonication (Sahakian 2011). Finally,
the effect of shelf time, defined as the time after preparation of the suspension, on the stability of
suspensions was investigated to assess stability over time. Longer term stability is necessary for
a viable, commercializable product. While the DLS results indicated good stability, future work
can further assess variation in size distribution and particle count to validate the initial
assumption relating size to stability. Further, longitudinal machining tests will assist in indicating
fluid stability and viability.

Nanomaterial toxicity

Since the environmental and human health impacts of NP-based products are often uncertain or
unknown, it is especially critical to better understand and mitigate harm during product
development of MWnF™ formulations. Investigating the fluid use phase is important since
machinists come into contact with MWFs (Calvert et al. 1998; Silverstein et al. 1988; Simpson et
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al. 2003). Hazards, such as flammability and acute or chronic toxicity, are considered in early
MWEF development. To ensure the safety of using NPs in MWEFs, the authors posit that
toxicological assessments of MWnF™ are also critical. Potential health hazards due to inhalation
and dermal routes of exposure must be investigated (Thomas 2005). NP characteristics, such as
size, shape, dissolution rate, and agglomeration state must be known (Boverhof and David 2010).

Hussain et al. (2009) presented a review of physical and chemical characteristics of NPs
necessary to determine the exposure protocols and how nanomaterials affect living organisms. A
study by Lademann et al. (1999) revealed that TiO> used in sunscreens can penetrate the hair
follicle and stratum corneum. Hussain et al. (2005) studied the toxic effect of NPs including TiO-
for use in industry with the in vitro rat liver derived cell line method. The results revealed that
lower doses (10-50 mg/mL) of 40 nm TiO2 NPs had no effect on mitochondrial function, while
at higher doses (100-250 mg/mL), significant effects existed. Chen et al. (2009) investigated the
in vivo acute toxicity of TiO2> NPs on adult mice by injecting various doses. Passive behavior,
loss of appetite, tremors, and lethargy were the signs that were exhibited in the treated mice
when the deposited NPs were found in liver, kidney, and lung. Wu et al. (2009) studied the
penetration of P25 (21 nm) TiO2 NPs in mice skin and, after 60 days, the results revealed that
NPs can penetrate to the skin and reach several organs. Beckett et al. (2005) tested a 500 pg/m®
concentration of ZnO NPs for two hours on healthy human subjects, and found no significant
effects on the respiratory or cardiovascular systems. A study by Wang et al., however, found that
oral exposure to varying doses of 20 nm and 120 nm ZnO NPs given to mice can cause damage
to the liver, spleen, and pancreas (Wang et al. 2008). Bai et al. (2010) exposed zebrafish to 30
nm ZnO NPs in water and assessed mortality and malformations of the fish elicited at varying
concentrations of NPs. The study revealed that the mortality range for ZnO NPs was between 50
to 100 mg/L and the malformation range is between 1 to 25 mg/L.

As seen above, mammals (and even humans) have been used to assess health risks and
toxicological effects, which is cost and time intensive. In this research, the zebrafish model is
used a suitable alternative. It is a rapid toxicity evaluation model and the organisms are
morphologically and physiologically similar to mammals (Zon and Peterson 2005). Zebrafish
organs are genetically similar to human organs, thus the model allows researchers to investigate
a variety of human diseases (Lieschke and Currie 2007). Each female zebrafish can spawn
hundreds of eggs per day and the fish organs develop within 48 hours (Kimmel et al. 1995).
Thus, to have statistically powerful assays, toxicological tests using zebrafish embryos can be
repeated multiple times. It must be noted that the zebrafish model is not a comprehensive
solution to investigate all variety of human diseases, however, and other standard human toxicity
testing should be completed before commercializing nano-based products.

Statistical analysis of toxicity evaluation results

As mentioned above, an initial dose range-finding experiment was undertaken for the base fluid
without NPs to indicate the concentration beyond which significant impacts on zebrafish occur,
known as the critical toxic concentration. The base fluid was diluted iteratively by order of
magnitude, based on semi-synthetic fluid concentration, until discovering the range of critical
toxic concentration. Meticulous inspections were then carried out to indicate the critical toxic
concentration with more accuracy. It was found that the fluid significantly affected zebrafish at
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concentrations above 15 ppm, and concentrations over 120 ppm were found to be lethal for
zebrafish. Thus, dilutions of 5, 7.5, and 10 g/L NPs suspension were prepared at concentrations
of 15-210 ppm to evaluate the effect of NP additions on biological responses of zebrafish.

To verify the significance of the measured biological responses for each formulation, statistical
analysis was conducted using mortality results (Seyedmahmoudighomi 2014). Fitted models of
the recorded mortality rates for each combination of NP and initial concentration were compared
using the Tukey test method. From the above figures, it appears increasing NP concentration
does increase mortality rate, however, due to the scarcity of data, differences were only found to
be statistically significant when comparing 10 g/L TiO2A, 7.5 g/L TiO2B, and 10 g/L TiO2B to
the base fluid. Prior work compared the mortality rate for a ZnO MWnF™ to the base fluid, and
found that toxicity significantly increased for each dilution level (Niyaghi 2013). Thus, to
compare the relative toxicity of each combination of NP type and initial concentration, future
work would need to examine more levels within the critical concentration range to establish
accurate models for the effect of concentration level on mortality rate.

Conclusions

This research investigated the precautionary development of a nano-based products (i.e.,
MWnF™ formulations) due to the attendant environmental and human health concerns. One
purpose was to identify potential NP additives to improve MWF machining performance, while
maintaining or improving the shelf life and safety performance to ensure consumer acceptability.
Stability and toxicity were used as indicators of shelf life and safety. Formulation stability was
evaluated using dynamic light scattering (DLS), and biological responses were evaluated using
zebrafish assays, for two types of TiO> NPs and one type of ZnO NP at several concentrations (5
g/L, 7.5 g/L, and 10 g/L). The measured size reduction of NPs in the mixtures after 120 hours
and after one month was less than a 2% and 3%, respectively, for all formulations compared to
the measured size at 2 hours post-preparation. Thus, it was concluded that mixtures of each of
the NPs in the base fluid were sufficiently stable to proceed to toxicity evaluation.

Addition of NPs was found to cause higher mortality than the NP-free formulations. Increased
mortality rates were also observed with increasing concentrations for all three NP types
evaluated. Higher initial NP concentrations led to an increase in mortality at lower dilutions,
indicating that the relative amount of NPs in the mixture impacts the level of exposure, as would
be expected. A bit more surprisingly, however, the relationship between concentration and
mortality rate was found to be nonlinear, and reveals existence of phenomena to be explored. A
higher average number of malformations was also observed with addition of NPs. Among all
5 g/L NP concentration formulations, TiO2A NP exhibited the lowest mortality rate. The lowest
number malformations also occurred for 5 g/L TiO2A NP, which was even lower than for the
base fluid. This result is particularly promising for future MWnF™ development, since it
indicates the potential for maintaining, and possibly reducing, the toxicity of the base fluid.

This is the first study to explore the stability and toxicity of different MWnF™ formulations
using a prepared MWF microemulsion (TRIM® MicroSol 585XT in water) as the base fluid, and
varying NP chemistry and morphology (size and shape), and concentration. Previously, only one
type of NP and one concentration level was reported. Regardless of the NP type evaluated,
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higher concentrations of NPs were found to significantly increase toxicity. Although all three NP
types enhance tribological characteristics, the safety of the MWnF™ formulations from a
toxicological point of view remains a concern. The findings of this research reiterate, due to the
uncertainties in environmental and human health impacts, that it is especially critical to
understand these implications and to mitigate harm during the early development of nano-based
products.

The approach reported in this research can be used to assist sustainable design decision makers
in reducing use phase product environmental impacts and human health risks from the early
stages of product development. For future research, different NPs with different morphologies
and a variety of concentrations should be explored to elucidate the effect on fluid stability,
toxicity, and machining performance. Life cycle assessment approaches also should be applied to
understand comprehensive costs and environmental impacts of the production, use, and end of
life of MWnF™ formulations. This information can eventually lead to data-driven design of
lower cost, safer, and environmentally friendly nano-based MWFs. In closing, it must be iterated
that the safety of MWnF™ and other nano-based products can be enhanced by a training
programs and appropriate personal protective equipment use within industry.
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