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Zinc oxide nanoparticles (ZnO NPs) have demonstrated the ability to improve 

lubrication and thermal conductivity, and stand as promising metalworking 

lubricant and coolant additives due to their low cost compared to other NPs. 

While nanomaterials are a focus of research due to their potential to enable 

advanced technologies, little is known about their effects on the environment and 

human health. This research investigates two main characteristics of ZnO 

metalworking nanofluids (MWnF™). First, the stability of ZnO NPs (20nm) is 

investigated in mixtures of a microemulsion (TRIM® MicroSol® 585XT) and 

dispersants, all of which are commercially available. Second, toxicological 

assessments are conducted to survey the effect of ZnO NPs on MWnF™ safety. 

The results revealed that none of the dispersants enhanced the stability of ZnO 



 
 

NPs more than the prepared microemulsion alone. Research also revealed that 

ZnO MWnF™ had a significantly higher toxicity than the prepared 

microemulsion. This demonstrates the need for precautionary development of 

metalworking nanofluids.  
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NOMENCLATURE 

Al2O3  Aluminum Oxide 

circ  Circulation 

COF   Coefficient of Friction 

Cu   Copper  

CuO  Copper Oxide 

D  Diffusion Constant 

DLS  Dynamic Light Scattering 
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MWF  Metalworking Fluid 

MWnF™ Metalworking Nanofluid 

nc  Notochord 

NCC  Nanocrystalline Cellulose 

NF  Nanofluid 



 
 

NP  Nanoparticle 

otic  Otic vesicle 

PAO6  Polyalphaolefin 

PE  Pericardial edema 

PPM  Parts per Million 

PTFE   Polytetrafluoroethylene  

R  Particle Radius 

SHMP  Sodium Hexametaphosphate 

sm  Spontaneous movement 

T  Absolute Value of Temperature 

TiO2  Titanium Dioxide 

tr  Touch Response 

YSE  Yolk sac edema 

Zave   Average Hydrodynamic Diameter 

ZnO  Zinc Oxide 

ζ   Zeta Potential 

η  Viscosity 

μ  Dynamic Viscosity 

ρf  Fluid’s Mass Density 

ρp  Particle’s Mass Density 

υs  Settling Velocity 
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CHAPTER 1 - INTRODUCTION 

1.1 Motivation 

Machining has been one of most versatile manufacturing processes in industry for 

many decades. Due to its ability to form metal parts to a high tolerance, it has 

been widely used in a variety of industries such as automobile and aerospace. 

Metalworking fluids (MWFs) have a key role in machining processes by 

providing lubricity and thermal conductivity which reduces cutting force, 

temperature, and prolongs tool life, among other attributes. Annually, industrial 

units use more than 500 million gallons of fluids for metalworking purposes [3]. 

This massive MWF consumption comes with formidable environmental and 

economic impacts. A significant number of scientists and industrial experts have 

been investigating approaches to reduce these destructive impacts as discussed in 

detail later in this thesis. 

Studies have shown that adding nanoparticles (NPs) to MWFs can improve their 

efficiency in terms of lubricity and thermal conductivity [4]. As a result, MWF 

consumption and its relative pollutive qualities can be reduced. However, NPs 

themselves can have a toxic nature and represent a potential source of 

environmental damage. Thus, toxicology assessment of NPs and nanofluids (NFs) 

is a remarkable necessity to commercialize outcomes of research. A need exists 
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for further investigation in this arena since nanotechnology is in its early stages 

and little is known about the relationship between NP physiochemical properties 

and functional, environmental, and safety and health attributes.  

1.2 Background 

Seeking more efficient production processes has consistently been one of the 

highest priorities of manufacturers and industrial stakeholders over the past 

century. Improving machining processes has historically been and remains a 

foundational activity along this path and, as a result, advancing MWFs is highly 

desirable. In every metal machining process, there is significant friction between 

cutting tool and the material removed and, as a result, this friction causes a high 

temperature in the cutting zone, an increase in cutting force and energy, and 

deleterious tool wear. MWFs reduce heat and friction due to their thermal 

conductivity and lubricity properties, respectively. It is notable that other features 

have been added to MWFs since the late 19th century through their evolution by 

mixing them with compounds such as anti-weld agents, corrosion inhibitors, 

defoamers, and extreme pressure performance additives. 

Frederick Winslow Taylor is considered to be the grandfather of machining 

technology. In 1894, by conducting machining experiments on steels, Taylor 
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converted the forming of metals from an art to a science in order to enhance mass 

production of metal parts [5]. In his initial experiments, he used a continuous 

stream of water as a cutting fluid to reduce the heat caused by friction [6]. This 

was the first generation of MWFs, however, water was replaced by mineral oils in 

late 19th century, since water increased corrosion and did not perform as well as a 

lubricant [7]. In the early 1900s, emulsified lubricants, the mixture of soluble oil 

and water, were introduced [8]. Due to the higher thermal conductivity of water, 

emulsified lubricants performed better than straight oils as a coolant while also 

taking advantage of the lubricative properties of oil. Next, semi-synthetic 

lubricants were developed in the 1970s [9]. Semi-synthetic lubricant is the 

mixture of water with less than 50% oil [9]. The ratio of oil to water in semi-

synthetic lubricants is lower than emulsified lubricants, and as a result, semi-

synthetic lubricants were more cost effective. In the same decade, water-based or 

synthetic MWFs were developed by adding chemical compounds to water in an 

attempt to remedy the issues caused by the use of oil, such as linked 

environmental risks and its flammability [10]. However, synthetic fluid caused 

corrosion and deposits on machining apparatuses and were not successful in the 

machining of some metals, such as aluminum [11], [12]. 

In the late 20th and early 21st century, the idea of non-traditional machining 

became popular due to new challenges that industry faced, for example, poor 
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machinability of exotic alloys, which increased the necessity of new cutting 

technology. 

In the same period, there has been a global trend toward production and 

application of nano-based materials. The production rate of nano-based consumer 

products continues to increase, with six times more products available 

commercially between March 2005 (212 products) and February (1317 products) 

2013 [13]. MWnF™ is a great example of this trend in MWF markets since they 

have drawn much attention due to their numerous advantages. Adding NPs to 

MWF can promote several characteristics of this fluid, such as thermal 

conductivity and lubricity. Higher thermal conductivity results in energy saving in 

machining processes and enhancement of machining at higher speeds. It is 

noteworthy that improving lubricity can increase the cutting tool life and decrease 

machining time.  

Using NPs in MWFs, however, is particularly contentious from the perspective of 

safe manufacturing due to the many unknowns surrounding their potential 

toxicity. The effect of NPs on MWF performance and its relative biological 

impact are not well understood. Developing safe and environmentally-friendly 

MWnF™ formulations is the goal of many formulation scientists. There is an 

obvious need for indicating the influential factors in toxicity of MWnF™s. These 

factors can be used to develop biologically and environmentally safe MWnF™s. 
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1.3 Research Objective 

Nowadays, in order to address industry needs, new MWFs are being developed. 

Obviously, new challenges have arisen with these developments. For example, the 

performance and safety of MWnF™ is not well understood, and there is room for 

further investigation on this subject. There is a need for indicating the influential 

factors on the lubricity, thermal conductivity, and safety of MWnF™. The purpose 

of this research is to develop a better understanding of biological responses 

caused by addition of NPs to MWFs through toxicological assessment of MWnF™ 

using the zebrafish model. 

1.4 Research Tasks 

Task 1. Review of the Current State of Knowledge. The objective of this task 

was to summarize a broad range of previous works on NPs with a focus on NFs. 

First, different types of NPs and their characteristics are presented. Then, an 

overview of metal cutting coolants and lubricants types and their efficiency and 

applications are provided. Attention is given to work which investigates the 

stability of nano-suspended solutions. Techniques for preventing NPs from 

aggregating and settling in solutions and methods for evaluating their stability are 

reviewed. Furthermore, biological responses caused by NPs and NFs and 
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associated toxicology assessment methods are explored. Later, general obstacles 

faced by researchers are reported. This task also identifies the uniqueness of this 

work and its contributions to both industry and science in the context of 

limitations of prior research. 

Task 2. Fluid Stability Evaluation. Adding NPs to cutting fluids has resulted in 

significant improvements in MWF performance [14]. In order to achieve the goal 

of this research, ZnO NPs were dispersed in a semi-synthetic MWF (TRIM® 

MicroSol® 585XT). An important issue in NF preparation is the agglomeration of 

NPs. Aggregated particles make clusters and settle out of suspension, effectively 

reducing the efficiency of the MWnF™. This effect may also result in an 

inaccurate toxicology evaluation outcomes. Resolving this issue is investigated in 

this task. Thus, MWnF™ formulations with the highest stability were identified by 

measuring NP size distributions in the suspensions using the dynamic light 

scattering (DLS) method. 

Task 3. MWnF™ Toxicity Evaluation. The most stable suspension was moved 

to this phase. This main goal of this task was to evaluate the toxicity of MWnF™ 

formulations by observing embryonic zebrafish development when exposed to 

varying concentrations of NPs. The biological responses caused by addition of 

ZnO NPs to the MWF were investigated by observing embryo mortality and 
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developmental malformations and compared to formulations of the base fluid 

without ZnO NPs added. 

1.5 Thesis Outline 

Chapter 1 is the introduction section, which presents the motivation for this 

research. A brief background section is also included in this chapter. Next, an 

overview of the research objective and tasks are provided. 

Chapter 2 is a review of the current state of knowledge which first presents a 

review of NPs in general. Next, MWFs and MWnF™s and their characteristics, 

including thermal conductivity and lubricity, are reviewed. A spectrum of 

previous research on stability of MWnF™ is also explored. Next, an overview of 

biological responses caused by MWnF™ is presented. Then, obstacles generally 

faced by researchers are explained. This chapter also presents the distinctiveness 

of this research and its contributions in terms of resolving some of the obstacles 

faced by previous research. 

Chapter 3 is a manuscript which reports on, the investigations of MWnF™ 

formulation stability and toxicity. Related methodologies for completing these 

evaluations are also included.  This chapter presents testing methods and 

outcomes. Later, analysis of test results is included. Outcomes are analyzed from 
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industrial, chemical, and statistical standpoints, and conclusions are drawn with 

respect to them. 

Chapter 4 presents a discussion of results and recommendations. A summary of 

the findings in this research and how they contributed in removing some 

conventional obstacles are presented. Some recommendations for possible future 

research opportunities on MWnF™ are also included. 

The appendices include detailed information on statistical analysis of the stability 

and toxicity results. Additional work which is not reported in other chapters is 

also documented in the appendices.   
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CHAPTER 2 - LITERATURE REVIEW 

 

Lowering costs is one of the primary objectives of most manufacturing 

companies. Production expenses have a large share in total costs. Machining is 

one of the most versatile procedures in manufacturing metallic parts and, as a 

result, reducing machining costs can decrease production costs significantly. In 

fact, cutting tool replacement is highly expensive and can account for up to 25% 

of total production cost [15]. One of the most effective approaches to resolve this 

problem is by improving MWFs. MWF can reduce both friction and heat in metal 

cutting, which are two of the main factors in reducing tool life, so it can 

significantly prolong tool life and reduce production costs. Investigations have 

shown that adding NPs to a MWF can improve MWF characteristics as described 

below. 

The health of machining operators is also highly important, so MWFs should be 

safe [16]–[18]. In recent decades, use of some hazardous additives to MWFs has 

been prohibited. For example, coconut diethanolamide has been banned by the 

German technical rule for hazardous substances since 1993 [19]. In addition, 

some NPs explored for use in MWFs, such as CuO and Al2O3, have been shown 

to be toxic [20], [21]. Therefore, MWFs with NP additives should be 
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toxicologically tested in order to ensure the safety of machining operators, and 

others that may be in contact with the fluid. 

2.1 Nanoparticle Characteristics 

The National Nanotechnology Initiative defines nanotechnology as “the 

understanding and control of matter at dimensions between approximately 1 and 

100 nanometers, where unique phenomena enable novel application” [22]. Thus, 

any particle with dimensions between 1-100 nanometers can be considered as an 

NP. 

NPs are being used in many products such as clothing and electronics due to their 

unique characteristics [23], [24]. Due to their small size, the same mass of NPs 

has a significantly larger surface area in comparison to bulky particles. Some of 

their unique attributes are due to their relatively large surface area. As an 

example, this property enhances their light absorption ability which is crucial in 

developing solar cells [25]. 

Recently, new synthesis techniques have made it possible to produce NPs of 

various shapes (morphologies) including spherical [26], tube [27], box [28], reef, 

and fiber [29]. Scientist can design NPs with particular morphologies for specific 
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purposes. For example, nanotube carbons are developed for electrical applications 

due to their ability to conduct electricity like a nanowire [30]. 

Another important characteristic of NPs is due to fast Brownian motion at the 

nano scale, which is due to the fact that smaller particles move faster in media. It 

is been shown that thermal conductivity of fluids can be enhanced through 

addition of NPs due to this feature [31]. In the same study, correlation of particle 

size and thermal conductivity was modeled theoretically, and showed that smaller 

suspended particles result in higher thermal conductivity due to their faster 

Brownian motion. Thus, NPs can be a potential candidate for cooling systems due 

to their small size. This is important to consider as heat transfer is one of the main 

purposes of using MWFs in machining. As a result, many research projects have 

been conducted to investigate the thermal conductivity of MWFs with suspended 

NPs. A broad range of these investigations is discussed in the next section. 
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Figure 2.1. Particle Size and Thermal Conductivity Correlation [31] 

2.2 Metalworking Nanofluids 

MWFs can be categorized into three main types: straight, semi-synthetic, and 

synthetic fluids. Water was replaced by straight oils like mineral oils in late 19th 

century, since the use of water increased rust and did not perform as well as a 

lubricant [7]. In the early 1900s, emulsified lubricants, mixtures of soluble oil and 

water, were introduced [8]. Due to the higher thermal conductivity of water, 

emulsified lubricants performed better than straight oils as a coolant, while also 

taking advantage of the lubricative properties of oil. Next, semi-synthetic 

lubricants were developed in the 1970s [9]. Semi-synthetic lubricant is the 
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mixture of water with less than 50% oil [9]. The ratio of oil to water in semi-

synthetic lubricants is lower than emulsified lubricants, and as a result, semi-

synthetic lubricants were more cost effective. In the same decade, water-based or 

synthetic MWFs were developed by adding chemical compounds to water in an 

attempt to remedy the issues caused by the use of oil, such as linked 

environmental risks and its flammability [10]. Synthetic fluid caused corrosion 

and deposits on machining apparatuses, however, and were not successful in the 

machining of some metals, such as aluminum [11], [12]. 

In the late 20th and early 21st century, the idea of non-traditional machining 

became popular due to new challenges that industry faced, for example, poor 

machinability of exotic alloys, which increased the necessity of new cutting 

technology. In the same period, there has been a global trend toward production 

and application of nano-based materials. The production rate of nano-based 

consumer products continues to increase, with six times more products available 

commercially between March 2005 (212 products) and February (1317 products) 

2013 [13]. Several of these products were developed through addition of NPs to 

liquids, for example, ZnO suspended sunscreens [32]. It has been shown that 

addition of ZnO NPs to sunscreens enhance their absorption of deleterious 

irradiations [33]. Choi et al. defines an NF as any fluid which contains suspended 

and dispersed metallic NPs [34]. An MWnF™ is an NF which is used as an MWF 
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[35]. MWnF™s have drawn much attention due to their advantages. It has been 

shown that adding NPs to a base MWF can promote fluid thermal conductivity 

and lubricity [34]. Higher thermal conductivity results in energy savings in 

machining processes and enhancement of machining at higher speeds.  

2.2.1 Thermal Conductivity Effect 

The addition of NPs with different heat transfer capacities to MWF can result in a 

significantly different thermal conductivities [36]. Table 2.1 summarizes the 

thermal conductivities of common metallic NPs that have been used in MWnF™ 

formulation. 

Table 2.1. Thermal Conductivity of Common Metal NPs and MWF Base Fluids 
[33], [34], [35] 

 Material Thermal Conductivity (W/m-K) 

N
an

op
ar

tic
le

 

Aluminum 237 

Copper 401 

Molybdenum 138 

Titanium 22 

Zinc 116 

B
as

e 
F

lu
id

 

Water 602 

Vegetable oil 170 

High Temperature Mineral Oil 130 



15 
 

Aluminum oxide (Al2O3) has also been used in several thermal conductivity 

investigations. Masuda et al. found that adding 4.3% volume fraction of 13 nm 

Al2O3 NPs to water increases the fluid’s thermal conductivity by 30% [37]. 

Khandekar et al. were successful in reducing the crater wear, flank wear, and 

cutting forces in turning by adding 1% volume concentration of <100 nm Al2O3  

to Servo-Cut-‘S’ cutting fluid [14]. Copper (Cu) is one of the most applicable NPs 

in preparing MWnF™ due to its capability of increasing thermal conductivity of 

NFs. Eastman et al. were successful in increasing the thermal conductivity of 

ethylene glycol by up to 40%, evaluated using the transient hot-wire method, by 

adding less than 10 nm Cu NPs at a volume concentration of 0.3%  [38]. Putra et 

al. found that 4% volume concentrations of 28.6 nm Cu and 38.4 nm Al2O3 NPs 

can enhance the thermal conductivity of water up to 36% and 24.3%, respectively, 

in temperatures between 20°C and 50°C [1]. Another study reported that adding  

1% volume concentration of <20 nm Cu NPs to ethylene glycol can increase its 

thermal conductivity up to 70% [39]. 

Copper oxide (CuO) is a common NP shown to boost the thermal conductivity of 

the base fluid. It is notable that there has been more research around CuO in 

comparison to Cu since Cu tends to bond with oxygen in the environment and, as 

a result, it is harder to handle and keep it from bonding. Kwak et al. showed a 6% 
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increase in the thermal conductivity of ethylene glycol by suspending 10-30 nm 

CuO NPs in it at 1% volume concentration [40]. 

Titanium dioxide (TiO2) has also been shown to be influential on thermal 

conductivity of carrier fluids.  A study showed that the thermal conductivity of 

deionized water increases up to 33% by addition of 15 nm spherical TiO2 NPs at 

5% volume fraction [41]. In the same study, rod shaped TiO2 NPs were found to 

be capable of increasing the thermal conductivity of deionized water by 12%. 

ZnO NPs are also considered as promising candidates for improving the thermal 

conductivity of base fluids. Yu et al. employed transient short hotwire method to 

measure thermal conductivity of 10-20 nm ZnO suspensions in ethylene glycol. 

They discovered that 0.5% volume concentration of 10-20 nm ZnO NPs enhance 

the thermal conductivity of carrier fluid by 26.5% [42]. Kole et al. observed a 

40% increase in thermal conductivity of ethylene glycol by adding 3.5% volume 

concentration of 30-40 nm ZnO NPs at 30 °C [43].  

2.2.2 Lubricity Effect 

Lubricants are substances which reduce the friction in machining and reduce the 

surface roughness. As a result, they also reduce the relative heat caused by 

friction between the chip and the tool, and between the tool and the work piece. 
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Thus, lubricity is another aspect which should be considered in examining the 

potential of MWnF™ for being used in challenging machining processes. It is 

noteworthy that improving lubricity can increase the cutting tool life and decrease 

machining time. Several studies have shown that adding NPs to MWF can result 

in improving lubricity. An overview of the investigations which resulted in the 

most promising improvements is presented below. 

CuO, which was previously discussed in terms of thermal conductivity, has also 

been explored for lubrication purposes. Kotnarowski et al. discovered that adding 

0.25% volume concentration of CuO NPs, with mean particle size of 66 nm, to 

SN 100 and Hydrorafinat II basic oils result in 10-25% reduction in coefficient of 

friction (COF) using modified friction couples of Amsler and T-05 apparatuses 

[44]. Another study showed that addition of 0.035% weight concentration of 

micellar CuO NPs (size not reported) to 2% oil in water emulsification can reduce 

the cutting forces in drilling and turning of 5140 steel by up to 50% [45]. 

Molybdenum disulfide (MoS2) has been widely explored as a lubrication additive 

to MWF. Zhou et al. showed that addition of MoS2 to liquid paraffin, which was 

used as lubricant in a ball-on-disc tribological test, resulted in reduction of COF to 

one half, but an increase in wear loss was also reported [45].  Shen found a 30-

50% reduction in COF in grinding, by dispersing 5-20% mass concentration of 
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less than 100 nm MoS2 NPs in three different base fluids (paraffin, CANMIST, 

and soybean oils) [47]. 

Although less research has been done to investigate ZnO NPs tribological 

attributes, the few studies have shown interesting results. McCook et al. reached a 

60% reduction in COF by dispersing 1% and 14.5% volume concentrations of 53 

nm ZnO and 200 nm Polytetrafluoroethylene (PTFE) NPs, respectively, in epoxy 

[48]. In addition, Jankaukas and Belyaev showed that adding a 4.3% volume 

concentration of 100 nm ZnO NPs to mineral oil, reduced wear by 10-20% using 

a ball-on disk test [49]. Hernández Battez et al. investigated the tribological 

performance of polyalphaolefin (PAO6), which is a common lubricant, in the 

presence of 20 nm ZnO, 30-50 nm CuO, and 20-30 nm ZrO2 NPs as additives to 

PAO6 [50].  They tested the suspensions with 0.5 %, 1%, and 2% weight 

concentration of each NP on four-ball friction testing machine and ZrO2 resulted 

in the highest friction reduction of 21% using a 0.5% weight concentration 

(Figure 2.2).    
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Figure 2. 2. Effect of NP Addition in PAO6 on the COF Reduction [1] 

 

Another feature of ZnO NPs is their relatively low cost, which makes them 

appealing for mass production purposes. According to NanoAmor, ZnO is the 

lowest cost NP between the common NP candidates for tribological applications 

(Table 2.2) [2]. It is notable that NPs are available in different quantities, thus 

prices of NPs are normalized for a 100 g of each product in the table. For 

example, the price of MoS2 is $360/0.5kg, which is normalized to $72/100g for 

pricewise comparison of NPs. 
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Table 2.2. Price Comparison of NPs with Tribological Applications [2] 

NP Cost ($/100g) Size (nm) 

ZnO 70 20 

MoS2 72 400-500 x 20-40 

Al2O3 80 20 

TiO2 80 15 

CuO 80 30-50 

2.3 Nanofluid Stability 

An important issue in NF preparation is the agglomeration of NPs in the solution. 

Aggregated particles form clusters and settle out of a mixture due to their larger 

sizes based on Stokes’ Law [51]. Appropriate suspension of NPs is crucial in 

development of MWnF™ since unsuspended, aggregated particles can reduce the 

efficiency of the MWnF™ [52]. Thus, preparing a stable solution is the first step in 

developing a viable MWnF™. 

Surfactants are materials and compounds that reduce the surface tension of liquids 

and interfacial tension of liquid-liquid and liquid-solid systems [53]. They are 

considered amphiphilic because their structure is usually composed of both 

hydrophobic and hydrophilic parts, or their tail and head, respectively (Figure 2.3) 

[54]. 
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Surfactants have a variety of applications from dispersants to emulsifiers [55], 

[56]. As dispersants, they enhance dispersion of colloids in a medium, and as 

emulsifiers, they reduce the interfacial tension between a two-phase fluid such as 

oil and water, so they can mix. Rudin et al. showed that the addition of 0.1% 

mol/m3 of Petrostep B-100 and Petrostep B-105 surfactants has a significant effect 

on emulsification of acidic or alkaline oils with water [57].   

A common approach in stabilizing NPs in a fluid is with the addition of 

surfactants [58]. A surfactant can coat the NPs and prevent them from aggregating 

by causing steric repulsive forces between the NPs. In the medium, as two 

surfactant coated NPs approach each other, chain-chain interaction of adsorbed 

Hydrophobic Tail in Oil Hydrophilic Head 
in Water

Figure 2.3. Schematic View of Surfactant Structure [54] 
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surfactant tails generate steric repulsive force which keeps NPs distant [59] 

(Figure 2.4). 

 

Johnson et al. used aromatic thiol molecules as a surfactant to stabilize 2.9-6.0 nm 

gold NPs [60]. The ratio of gold particles to thiol ranged from 0.55:1 to 0.85:1 in 

this study. Harris et al. successfully dispersed 8.8 nm magnetite nanocrystals in an 

aqueous medium with addition of triblock copolymers surfactant [61]. Ojha et al. 

stabilized 50-80 nm ZnO NPs in demineralised water through addition of 1:2, 1:3, 

and 1:4 weight ratio of sodium hexametaphosphate (SHMP), a commercial 

surfactant, to ZnO [62]. SHMP was also used in prior work by the research group 

to disperse ZnO NPs [35]. 

Figure 2.4. Basic Structure of a Nanofluid with Steric Stabilized Spherical 
Nanoparticles 
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Ultrasonication is another approach for boosting the stability of the NPs in an NF. 

Sonication fragments the NP clusters and disperses NPs in the liquid by 

oscillating the agglomerated particles using ultrasonic waves [63]. Nguyen et al. 

showed that sonication (with 30% amplitude) of 1 g/L concentration of 13nm 

Al2O3 NPs in water can significantly lower the average size of NPs in the 

suspension [64]. This is an indication of a considerable NP stability enhancement 

based on to Stoke’s law. 

2.3.1 Stability Evaluation 

In case of agglomeration, NPs form large clusters. According to Stoke’s law, 

larger particles have higher settling velocity [65], thus size measurement of 

suspended particles can be employed as diagnostic for NF stability evaluation. 

Chen et al. used size distribution of graphite NPs as a measure of their stability in 

the suspension [66]. The settling velocity of particles with different sizes can be 

calculated theoretically by Stoke’s equation (Eq. 2.1) 

 υs=
2(ρp- ρf) 

9μ
gR2

 (2.1) 

Where υs is the particle’s settling velocity, ρp and ρf are respectively the particle 

and fluid’s mass density, g is standard gravity, R is the radius of the particle, and 
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μ is dynamic viscosity. Based on this equation, the settling velocity of particles is 

proportional to the square of particle radius. 

Sattelle showed that the hydrodynamic diameter of particles can be evaluated by 

measuring the intensity variation of scattered laser light [67]. Sattelle’s finding 

was the fundamental idea behind the DLS method, which measures hydrodynamic 

diameter of colloids in a medium. Hydrodynamic size is the diameter of the 

hypothetical firm sphere which has the same diffusion velocity as understudy 

particle (Figure 2.5). The magnetic core size of a NP is the diameter of the NP 

itself. 
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A DLS device is equipped with a sensor which measures the intensity of scattered 

laser rays which hit the under experiment sample. Due to Brownian motion of 

particles in the liquid, laser rays scatter at different intensities. Intensity 

fluctuations are used to measure the velocity of particles’ Brownian motion [68]. 

Next, this velocity is used to calculate particle size by the Stokes-Einstein 

equation (Eq. 2.2) [69]: 

 R= 
kBT

3πηD
 (2.2) 

where R is the particle radius, kB is Boltzmann constant, T is the absolute value of 

temperature, π is the Pi constant, η is viscosity of the medium, and D is 

the diffusion constant of the medium. 

Figure 2.5. Hydrodynamic Diameter and Magnetic Core Diameter Illustration 
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DLS has been widely used to evaluate the stability of NPs. Chen et al. 

investigated the effect of less than 1 M concentrations of calcium, strontium, and 

barium cations on the aggregation of 75 nm alginate-coated iron oxide NPs using 

DLS [70]. Hu et al. employed DLS to measure the effect of humic acid on the 

stability of 58 nm magnetite NPs at different pH levels and ionic strengths and 

found that different concentrations of humic acid can result in stabilization or 

agglomeration of magnetite NPs [71]. Smith et al. investigated the effect of 

oxidization on stability of 10-20 nm× 5−20 μm multi-walled carbon nanotubes 

(MWCNTs) by DLS [72]. Their experimental results showed that surface 

oxidization has significant effect on the stability of magnetite NPs in an aqueous 

medium. 

2.4 Toxicology Evaluation 

The idea of using NPs in MWFs has become challenging in recent decades. It is 

particularly contentious from the perspective of safe manufacturing due to the 

toxic nature of some NPs. The effect of NPs on MWF performance and its 

relative biological responses are not well understood. Developing safe and 

environmentally-friendly MWnF™s is the goal of many formulation scientists. 

Due to close interaction of machinists to MWF, in vivo toxicological assessment 

should be undertaken to ensure their safety. In vivo term is derived from a Latin 
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word and means “within the living”. It refers to the tests which are conducted on 

living organisms to assess the biological properties and responses. 

Researchers around the globe have been investigating potential health hazards of 

NPs for different exposure scenarios including inhalation, uptake, and dermal 

routes of exposure [73]. It is been shown that smaller than 10nm metallic NPs can 

penetrate into hair follicle and stratum corneum but not the skin [74]. In another 

study, Lam et al. discovered that inhalation of carbon nanotubes can lead to 

initiating events for pulmonary diseases [75].  

Some investigations have also been conducted on the toxicity of ZnO NPs. 

According to Beckett et al., inhalation exposure of healthy human subjects (in 

resting mode) to 500 μg/m3 concentration of ZnO NPs for 2 hours does not cause 

significant respiratory, hematologic, and cardiovascular issues [76]. Bai et al. 

exposed zebrafish to 30nm ZnO in water and discovered mortality and 

malformation in zebrafish depending on the concentration of ZnO [77]. In their 

experiments, 1-25 mg/L was found to be the lowest ZnO NP concentration range 

that elucidates a significant response. Wang et al. showed that mice which uptake 

1-5 g/kg body weight doses of 20nm and 120nm ZnO NPs face pancreas, liver, 

bone, heart, and spleen damage [78]. 
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Mice are mammals which have been used extensively for human health related 

toxicological assessments. Yet, conducting research on mice is highly time and 

money intensive. On the other hand, the zebrafish model can be used as a rapid 

toxicity evaluation model and is being used in several industries, including 

pharmaceutical [79]. It has been shown that zebrafish are suitable for modeling 

human diseases in most of the cases due to human genetic analogies [80]. 

The zebrafish model benefits from several advantages, which make it highly 

appealing for toxicity evaluation. First, zebrafish have a short lifecycle which 

permits rapid toxicity assessment [81]. Second, toxicological tests can be 

replicated numerous times because of the zebrafish’s high fecundity. Female 

zebrafish can spawn hundreds of eggs weekly, and most of the body organs of 

embryos develop within 48 hours [82]. Next, embryo transparency feature which 

makes nondestructive evaluations possible. It is also notable that they are 

appropriate for lab research purposes due to their small sizes which enables 

minimal housing investments. 

2.4.1 Zebrafish Exposure Protocol 

The exposure of zebrafish to suspensions follows the procedure repeated by 

Truong et al. [83].  Zebrafish embryos carry a natural membrane (chorion barrier), 

which protects them from environmental hazards. In order to see the effects of 
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material exposures, these barriers are removed enzymatically at seven hours post 

fertilization (7hpf). Embryos rest for 30 minutes after dechorination. 

Dechorionated embryos are individually exposed in wells of 96-well plates to 

suspensions and controls. Plates are kept at standard laboratory conditions of 

28°C on a 14h light: 10h dark photoperiod. Toxicological assessments are 

conducted at 24hpf and 120hpf, in which 21 endpoints are evaluated. 

2.5 Limitations of Prior Research and Contributions of this 
Research 

As reported in previous sections of this chapter, there is a significant body of 

investigations on NPs and MWnF™ in terms of their potential to improve 

machining. Scientist all around the globe have contributed to expanding the 

borders of this research field. However, there are few limitations in these studies 

which should be taken into consideration. In addition, there are also some general 

obstacles faced by researchers which need to be identified. The following are the 

most commonly highlighted obstacles: 

1. There is a broad range of investigations on the addition of NPs to MWF, 

however, stability of NPs in MWnF™ is rarely addressed. It is notable that 

aggregated NPs in the base fluid result in less promising tribological 

characteristics [52]. 
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2. There is a lack of published studies on industrial surfactants’ performance 

in stabilizing of NPs in MWnF™. 

3. The stabilizing effect of bio compounds like nano crystal cellulose on ZnO 

NPs has not been addressed. 

4. Due to the incompatibility of zebrafish embryos and base fluid (MicroSol 

585XT), previous work failed to fully address its toxicity using the 

zebrafish model. It is notable that the fluid has undergone rigorous testing 

by the company prior to commercialization. 

5. There is not any published work on zebrafish toxicity assessment of a 

MWnF™ with a commercial MWF as the base fluid. 
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Abstract 

Zinc oxide nanoparticles (ZnO NPs) have demonstrated the ability to improve 

lubrication and thermal conductivity, and stand as promising metalworking 

lubricant and coolant additives due to their low cost compared to other NPs. 

While nanomaterials are a focus of research due to their potential to enable 

advanced technologies, little is known about their effects on the environment and 

human health. This research investigates two main characteristics of ZnO 

metalworking nanofluids (MWnF™). First, the stability of ZnO NPs (20nm) is 

investigated using dynamic light scattering (DLS) for mixtures of a 

microemulsion (TRIM® MicroSol® 585XT) and several dispersants, all of which 

are commercially available. Second, toxicological assessments using a zebrafish 

assay method are conducted to survey the effect of ZnO NPs on MWnF™ safety. 

The research revealed that none of the dispersants enhanced the stability of ZnO 

NPs more than the prepared microemulsion alone. The work also revealed that 

ZnO MWnF™ had a significantly higher toxicity than the prepared 

microemulsion. This demonstrates the need for precautionary development of 

metalworking nanofluids. 

Keywords 
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Nanotoxicology, Nanofluid Stability, Zinc Oxide Nanoparticles, Turning, 

Titanium Alloy, Microemulsion, Dispersants 

3.1 Introduction 

Machining remains one of most widely used manufacturing processes due to its 

ability to flexibly produce components to a high tolerance, and is applied in a 

variety of metals industries for the production of medical, automotive, aerospace, 

and other products. Metalworking fluids (MWFs) have a key role in machining 

processes in providing lubricity and thermal conductivity. Annually, industry uses 

more than 500 million gallons of fluids for metalworking purposes [3]. This high-

level of consumption is attendant with formidable environmental and economic 

impacts. Academic and industrial experts have been investigating approaches to 

reduce deleterious impacts through improvement of MWF efficiency. Lowering 

production costs has consistently been one of the highest priorities of 

manufacturers and industrial stakeholders over the past century. Reducing 

machining costs can decrease production costs significantly. In fact, cutting tool 

replacement is highly expensive and can account for up to 25% of total 

production cost [15]. One of the most effective approaches to resolve excessive 

tool replacement rate is improving MWF efficacy. 
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In metal machining processes, there is substantial friction between the cutting tool 

and the material removed (at the tool-chip interface). This friction, in addition to 

material deformation in the primary shear zone, causes a high temperature in the 

region of cut, an increase in cutting force and energy, and accelerated tool wear 

due to high temperature softening. MWFs reduce heat and friction due to their 

ability to conduct heat and provide lubrication, and thus, significantly prolong 

tool life and reduce production costs. 

In the late 20th and early 21st centuries, advanced machining technologies became 

popular due to new challenges faced by industry, including the poor machinability 

of hard metals, which also necessitated new cutting technology development. 

During the same period, there has been a global trend toward the industrial 

production and application of nanomaterials. In fact, the production rate of nano-

based consumer products continues to increase, with a six-fold increase in 

products available commercially between March 2005 (212 products) and 

February 2013 (1317 products) [84].  

Metalworking nanofluid (MWnF™) is an example of this trend in MWF markets, 

and has drawn much attention due to its advantages (e.g., nGlide® is 

commercially available from NanoMech® [85]. Studies have shown that 

nanoparticle (NP) additives to MWFs can improve MWF performance by 

increasing thermal conductivity and lubricity, and reducing tool wear, coefficient 



35 
 

of friction (COF), and cutting forces [47], [86], [87]. Several prior studies are 

presented later below. These improvements can lead to energy savings and 

enhancement of machining at higher speeds, as well as reduction of machining 

time, fluid consumption, and related costs and environmental impacts. Using NPs 

in MWFs has presented a challenge, however, due to uncertainties about their life 

cycle environmental performance and costs. Use of NPs is particularly 

contentious from the perspective of sustainable manufacturing due to 

uncertainties regarding their toxicity and high unit cost. Developing low-cost, 

efficient, safe, and environmentally-friendly MWnF™ is the goal of formulation 

scientists [16], [18].  

Several studies have shown that long term inhalation of MWF mist can 

significantly increase the chances of several kinds of cancer including lung, 

prostate, colon, pancreas, and stomach [88], [89].  In a study by Beckett et al., it 

was discovered that inhalation of carbon nanotubes led to initiating events for 

pulmonary diseases [75]. Nurkiewicz et al. exposed mice to 21nm TiO2 NPs and 

microscopic examination of mice revealed a major impaired vasodilator response 

or arteriolar constrictions [90]. It is hypothesized that exposure of machining 

workers to mist of MWnF™ could lead to severe health issues without proper 

consideration of toxicological potential during MWnF™ research and 

development. Thus, there is a need for exploring MWnF™ safety in more depth.  
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Another important route of exposure is transdermal exposure, which is a primary 

route of exposure among machining workers. Several studies have investigated 

the effects of transdermal exposure to NPs. Inconsistent results have been 

reported for different NPs and exposure scenarios. For example, some sunscreens 

contain NPs, and Tan et al. found that titanium NPs in sunscreens can penetrate 

the dermis and epidermis [91]. Tinkle et al. found that micrometer-sized 

beryllium particles not only penetrate the skin, but also can be found in the 

lymphatic system of under experiment mice [92]. Nohynek et al. reported, 

however, that most in vitro and in vivo investigations of the absorption of metal 

oxide NPs result in minor penetration into the circulatory system [93]. Further 

investigation is needed to understand and improve the sustainability performance 

of MWnF™, since nanomaterials development and application is in its early stages 

and little is known about their potential environmental and human health risks 

[94]. Influential nanomaterial factors (e.g., size and shape) on toxicity must be 

elucidated to develop biologically and environmentally safer MWnF™ 

formulations [95].  

Jankaukas and Belyaev showed that adding 4.3% volume concentration of 100 nm 

ZnO NPs to mineral oil, reduced wear by 10-20% using a ball-on disk test [49]. 

McCook et al. reached a 60% reduction in COF by dispersing 1% and 14.5% 

volume concentrations of 53 nm ZnO and 200 nm Polytetrafluoroethylene (PTFE) 
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NPs, respectively, in epoxy using a linear reciprocating pin-on-disk tribometer 

[48]. Hernández Battez et al. investigated the tribological performance of PAO6, 

which is a common lubricant, in the presence of 20 nm ZnO, 30-50 nm CuO, and 

20-30 nm ZrO2 NPs as additives to PAO6 [50].  They tested the suspensions with 

0.5%, 1%, and 2% weight concentrations of each NP using a four-ball friction 

testing machine. ZrO2 NPs resulted in the highest friction reduction (21%) using a 

0.5% weight concentration. Kotnarowski et al. discovered that adding 0.25% 

volume concentration of CuO NPs, with a mean particle size of 66 nm, to SN 100 

and Hydrorafinat II basic oils result in 10-25% reduction in COF using modified 

friction couples of Amsler and T-05 apparatuses [87]. 

MWF thermal conductivity is another characteristic that can be enhanced through 

the addition of NPs. Yu et al. employed a transient short hotwire method to 

measure the thermal conductivity of 10-20 nm ZnO suspensions in ethylene 

glycol. They discovered that a 0.5% volume concentration of 10-20 nm ZnO NPs 

enhanced the thermal conductivity of the carrier fluid by 26.5% [42]. 

Al2O3 has also been used in several thermal conductivity investigations. Masuda 

et al. found that adding a 4.3% volume fraction of 13 nm Al2O3 NPs to water 

increased the thermal conductivity by 30% [37]. A variety of investigations using 

Cu NPs also have shown promising improvement in thermal conductivity of 

fluids. Eastman et al. were successful in increasing the thermal conductivity of 
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ethylene glycol up to 40%, evaluated using transient hot-wire method, by adding 

less than 10 nm Cu NPs at a volume concentration of 0.3% [38]. Putra et al. found 

that 4% volume concentrations of 28.6 nm Cu and 38.4 nm Al2O3 NPs can 

enhance the thermal conductivity of water up to 36% and 24.3%, respectively, in 

temperatures between 20°C and 50°C [1]. Another study reported that adding 1% 

volume concentration of <20 nm Cu NPs to ethylene glycol can increase its 

thermal conductivity up to 70% [39]. Kwak et al. reported a 6% increase in the 

thermal conductivity of ethylene glycol by adding 1% volume concentration of 

10-30 nm CuO NPs [40]. A study by Murshed et al. showed that the thermal 

conductivity of deionized water increased up to 33% with the addition of 15 nm 

spherical TiO2 NPs at a 5% volume concentration [41]. In the same study, rod-

shaped TiO2 NPs were found to be capable of increasing the thermal conductivity 

of deionized water by 12%. 

The results of these fundamental tribological and thermal conductivity tests have 

been substantiated with machining experiments. Shen et al. found a 30-50% 

reduction in COF in grinding by dispersing 5-20% mass concentrations of less 

than 100 nm MoS2 NPs in three different base fluids (paraffin, CANMIST, and 

soybean oil) [47]. Khandekar et al. were successful in reducing the flank wear and 

cutting forces in turning by adding 1% volume concentration of <100 nm Al2O3 to 

Servo-Cut-‘S’ cutting fluid [14]. Pawlak et al. showed that addition of 0.035% 
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weight concentration of micellar CuO NPs (size not reported) to 2% oil in water 

emulsification reduced the cutting forces in drilling and turning of 5140 steel by 

up to 50% [45]. In addition, MWnF™ have been explored by a number of other 

researchers for grinding [96]–[100], drilling/milling [101]–[106], and turning 

[35], [107], [108]. 

In a prior study by the authors, turning of a titanium alloy (Ti-6Al-4V) with 

varying concentrations of 20nm ZnO NPs was explored [35]. A commercially 

available semi-synthetic microemulsion (TRIM® MicroSol® 585XT) designed for 

machining a variety of alloys, including titanium, was selected as the MWF 

employed to prepare the base fluid. ZnO NPs, which had been previously 

explored as MWF additives, are relatively inexpensive and were dispersed using 

sodium hexametaphosphate (SHMP) [109]. This fluid formulation was termed a 

ZnO MWnF™. The goal of the experiments was to investigate the effect of adding 

NPs to an MWF in turning of Ti-6Al-4V by measuring cutting forces and 

temperatures. The machining tests revealed a reduction in cutting temperature and 

unresolved cutting forces (three load cells placed in contact with the tool holder 

measured forces in ordinal directions). While X-axis (radial to the workpiece) 

force magnitudes increased marginally, they were the lowest forces measured, 

being on average 14% and 13% of the Y-axis (axial to the workpiece) and Z-axis 

(tangential to the workpiece) forces, respectively. Based on statistical analysis of 
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triplicates, the average Y-axis and Z-axis force magnitudes were reduced by 

7.37% and 7.13%, respectively, at a 0.5% ZnO NP concentration by mass (Figure 

1). Similarly, cutting insert temperatures demonstrated a maximum reduction of 

4.55% at 0.5% mass ZnO NP concentration (Figure 2). These results 

demonstrated the potential for improvements in machining titanium using a ZnO 

MWnF™, and corroborated the results of other researchers reported above for 

machining of steels. While comparatively lower reductions were found in forces 

and temperatures than for tribological experiments (e.g., for COF and wear), 

industry proprietary tests have indicated that primary tribological results do not 

correlate well with ultimate MWF performance in machining. 

 

Figure 3.1 Cutting Force Variation in Three Orthogonal Directions with the 
Addition of ZnO NPs at Different Concentrations 
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Figure 3.2 Cutting Insert Temperature Variation with the Addition of ZnO NPs at 
Different Concentrations 

Agglomeration of NPs is a key issue to consider in nanofluid (NF) preparation, in 

addition to cost, environmental impacts, and health effects, since it is a 

characteristic of fluid stability. Aggregated particles form clusters and settle out of 

suspension due to their size, based on Stokes’ Law (Eq.[1]), which reveals that 

settling velocity is proportional to the square of particle size.  

 υs=
2(ρp- ρf) 

9μ
g∙R2 [1] 

Appropriate suspension of NPs is crucial in the development of an MWnF™ since 

unsuspended, aggregated particles can reduce machining efficiency and result in 

inaccurate toxicology evaluation [52], [77]. Instable MWnF™s formulations 

initially have dispersed NPs, which would then agglomerate over time, resulting 

in inaccurate predictions of development endpoints using the zebrafish assay 
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method.  In addition, agglomerated NPs have a lower probability of penetrating 

human skin than dispersed NPs, and would be safer in an occupational setting 

[110]. Preparing a stable suspension is the first step in developing a viable 

MWnF™. The authors contend that the critical second step is ensuring the safety 

of the MWnF™. Thus, the research presented herein investigates the performance 

of ZnO MWnF™ formulations in terms of fluid stability and toxicity. The methods 

developed and applied to complete the research work are introduced below and 

the results are then presented and discussed.  

3.2 Fluid Stability 

A common approach to stabilizing NPs in a fluid is with the addition of 

surfactants. Surfactants are materials and compounds that have a variety of 

applications, from dispersants to emulsifiers [53], [55], [58]. They have an 

amphiphilic structure, meaning they are composed of a hydrophobic head and a 

hydrophilic tail [54]. As surfactant-coated NPs approach each other in a medium, 

chain-chain interactions of adsorbed surfactant tails generate steric repulsive force 

which keeps the NPs separated [59]. Hydration force is another NP-NP repulsive 

force which occurs in the presence of surfactants, and is generated by water 

molecules bonded with hydrophilic tails of surfactants [111]. 
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A wide range of research studies have focused on stabilizing NPs using 

surfactants. Johnson et al. used aromatic thiol molecules as a surfactant to 

stabilize 2.9-6.0 nm clusters of gold NPs [60]. The ratio of gold particles to thiol 

ranged from 0.55:1 to 0.85:1 in their study. Harris et al. successfully dispersed 8.8 

nm magnetite nanocrystals in an aqueous medium with the addition of triblock 

copolymers surfactants [61]. Ojha et al. stabilized 50-80 nm ZnO NPs in 

demineralized water through the addition of 1:2, 1:3, and 1:4 weight ratios of 

SHMP, which is a commercial surfactant, to ZnO [62]. SHMP was also used in 

preliminary work by the authors to disperse ZnO NPs [35]. 

Surfactants, as emulsifiers, reduce the surface tension of liquids and the interfacial 

tension of liquid-liquid and liquid-solid systems [53]. Due to their amphiphilic 

structure, they have been widely used in developing semi-synthetic oils. They can 

reduce the interfacial tension between oil and water, so these two phases of liquid 

can mix. Rudin et al. showed that the addition of Petrostep B-100 and Petrostep 

B-105 surfactants significantly enhanced the emulsification of acidic or alkaline 

oils with water [57]. 

In the research presented herein, the effect of different dispersant types and 

concentrations on stability of ZnO NPs in a semi-synthetic fluid was measured. 

Surfynol CT-171, Surfynol CT-324, Triton X-165, Triton X-102, and NCC 

(nanocrystalline cellulose) were employed to disperse the NPs and prevent 
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aggregation. The first four are common surfactants within industry and were 

recommended by MWF formulation scientists. NCC is a bio-compound that has 

been shown to be successful in coating NPs for dispersion. 

Ultrasonication was used to enhance the stability of the NPs in the nanofluid, 

which causes NP clusters to fragment and can be used to disperse NPs in liquids 

through rapid oscillation of the agglomerated particles using ultrasonic frequency 

waves [63]. Nguyen et al. discovered that sonication (with 30% amplitude) of 13 

nm Al2O3 NPs in water (1 g/L) with 20 kHz frequency for 3 minutes can 

significantly lower the average size of NPs in the suspension [112]. Sahakian 

found similar results in comparing vibratory milling to ultrasonication in the 

preparation of ZnO NPs for an MWnF™ [35]. Use of ultrasonication resulted in 

considerable nanofluid stability enhancement. A Sonics® VCX 750 horn 

ultrasonicator was employed for sonication of suspensions in this study. 

ZnO NPs were chosen for this research for several reasons. It has been shown that 

ZnO NPs can improve lubricity by reducing friction [113]. Also, while the 

relationship between their nanoscale characteristics and toxicity is not well 

understood, the use of ZnO NPs in sunscreens is considered to be an indication of 

their safety [32]. Their low cost in comparison to other NPs offers economic 

advantages. The low dissolution rate of ZnO NPs in water makes them suitable 

for aqueous-based experiments to facilitate suspension, as done in this research. 
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The properties of the 20 nm ZnO NPs supplied by NanoAmor Inc., a prominent 

global supplier of NPs, can be found in Table 1. 

Table 3.1. Properties of the Understudy ZnO Nanoparticle [2] 

Property Value 

Purity 99.5% 

Average Particle Size 20 nm 

Specific Surface Area 50 m2/g 

Color Milky White 

Morphology Nearly Spherical 

True Density 5.606 g/cm3 

Solubility in Water Insoluble 

 

3.2.1 Stability Evaluation 

NPs tend to aggregate, sticking together and forming large clusters, and then 

precipitate out of suspension. Thus, size measurement of suspended particles can 

be employed as diagnostic for nanofluid stability. It is notable that hydrodynamic 

size and core size have two different definitions, and distinguishing between them 

is necessary for interpretation of the results of this study. Hydrodynamic size is 

the diameter of a hypothetical sphere which has the same diffusion velocity in the 

fluid as the understudy particle, while the core size of an NP is the diameter of the 
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NP itself without any coatings or surroundings. Sattelle showed that the 

hydrodynamic diameter of particles can be evaluated through measuring the 

intensity variation of scattered laser light [67]. This finding is the fundamental 

idea behind the dynamic light scattering (DLS) method which measures the 

hydrodynamic diameter of colloids in a fluid medium. A Malvern Instruments 

ZetaSizer Nano ZS DLS device was employed in this study to measure the 

hydrodynamic size distribution of particles dispersed in the MWnF™ colloids.  

In DLS, laser light is directed through the sample colloid. Scattered laser rays are 

then collected by a sensor located in the instrument. Due to the Brownian motion 

of particles in the colloid, the path distance between the laser source and the 

sensor will differ for each of the scattered rays. Fluctuations in the travel time of 

rays indicate particle movements. The smaller the particle, the faster it moves and 

the faster it causes fluctuation in travel time of laser rays. Therefore, DLS 

provides a measure of hydrodynamic diameter of particles (or agglomerates) 

based on the speed of variations in laser travel time. It is noteworthy that DLS 

calculates the size using the Stokes-Einstein equation (Eq. [2]). 

 R= 
kBT

3πηD
  [2] 

For each suspension to be tested, fluid viscosity is provided as input to instrument 

software to calculate the hydrodynamic diameter using the Stokes-Einstein 



47 
 

relationship. Since particles move slower in more viscous fluids, large particle 

sizes would be erroneously reported if an artificially low viscosity value is input. 

3.2.2 Stability Evaluation Procedure 

Initially, 50 mL of 5 g/L ZnO suspensions were prepared in a medium of semi-

synthetic microemulsion and nanopure water (1:3 ratio), which is utilized as base 

fluid in this study, and a 0.5% volume concentration of dispersion agent. The 

suspension was iteratively diluted with the base fluid to achieve lower 

concentrations of dispersion agents, while maintaining the ZnO, microemulsion, 

and water concentrations. Tested concentrations of dispersant ranged from 0.1-

0.5% by volume in 0.1% increments. Suspensions were sonicated using a VCX 

750 ultrasonicator (Sonics and Materials Inc., Newtown, CT) for 15 minutes, 

controlling power with a 40% amplitude. Suspensions were then cooled at room 

temperature for two hours prior to evaluation. 

The stability of suspensions and relative NP agglomeration were assessed using 

average hydrodynamic diameter (Zave) of colloids in the medium. The Zave value 

indicates the mean of the particle hydrodynamic diameter distribution; lower Zave 

demonstrates lower agglomeration and smaller colloids based on the dispersion of 

NPs. Samples (1.6 mL) were pipetted into cuvettes and inserted into the DLS 

instrument for size measurements, which were replicated eight times for each 
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sample, and replicates were repeated three times. Based on these experiments 

(results presented below), the suspension with lowest Zave and, as a result, the 

highest stability was selected and moved to toxicity evaluation phase. 

3.3 MWnF™ Toxicity Evaluation 

Developing a better understanding of biological responses caused by addition of 

NPs to MWFs is crucial for modern MWF technology. This challenge can be 

resolved through toxicological assessments of MWnF™. As discussed above, due 

to the close interaction of machinists with MWF and the potential for accidental 

releases to the environment, in vivo toxicological assessment should be 

undertaken to ensure their safety, which necessitates testing with living organisms 

to assess biological properties and responses. 

Researchers around the globe have been investigating potential health hazards of 

NPs for different exposure scenarios including inhalation, uptake, and dermal 

routes of exposure [114]. It has been shown that metallic NPs smaller than 10nm 

can penetrate hair follicles and the stratum corneum but not the skin [115]. These 

and results from other similar studies raise cause for concern in the non-

precautionary use of nanomaterials.  
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Although ZnO NPs are being used in sunscreens, which are in direct contact with 

the skin [32], inconsistent results are reported in terms of their toxicity. In 

addition, according to Beckett et al., inhalation exposure of healthy human 

subjects (in resting mode) to a 500 μg/m3 concentration of ZnO NPs for two hours 

did not cause significant respiratory, hematologic, or cardiovascular issues [76]. 

Wang et al., however, found mice that uptake 1-5 g/kg body weight doses of 20 

nm and 120 nm ZnO NPs face pancreas, liver, bone, heart, and spleen damage 

[78]. Similarly, Bai et al. exposed zebrafish to 30nm ZnO NPs in water and 

discovered mortality and malformations in the fish dependent on the 

concentration of ZnO [77]. 

Several mammals, including mice, have been used for human health related 

toxicological assessments. Conducting research using mice is time and cost 

intensive. On the other hand, the embryonic zebrafish is a rapid toxicity 

evaluation model being used in several industries including pharmaceuticals [79]. 

It has been shown that due to the genetic analogies of zebrafish to humans, they 

are suitable for modeling human diseases [80]. This method benefits from several 

advantages which make it highly appealing for NP toxicity evaluation. First, 

zebrafish have a short lifecycle which permits rapid toxicity assessment [81]. 

With the current increasing global trend toward NP applications, rapid techniques 

must be employed to tackle current limitations with safety testing. Second, 
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toxicological tests using zebrafish embryos can be replicated numerous times 

because of their considerable fecundity, which permits statistically powerful tests. 

Female zebrafish can spawn hundreds of eggs weekly and most of the body 

organs of embryos develop within 48 hours [82]. 

Toxicity Evaluation Procedure. In this study, a set of volume-based serial 

dilution zebrafish assay experiments were conducted for the most stable MWnF™ 

formulation identified with and without ZnO NPs to identify the relative toxic 

potential of ZnO NPs. It should be noted that a 7.5% volume concentration of 

semi-synthetic fluid was used in the preparation of suspensions, whereas 25% 

volume concentration was used in fluid stability evaluation. High concentrations 

of semi-synthetic fluid were found to be incompatible with zebrafish embryos in 

preliminary tests, requiring significant dilution levels to achieve meaningful 

results. The zebrafish assay method is not a comprehensive approach to human 

toxicology, but represents an excellent model for developing an understanding of 

deleterious effects on endpoints analogous to humans [95], [116], [117]. For any 

final formulations, standard testing procedures to confirm occupational health and 

safety should be further conducted. 

The first step in zebrafish husbandry is emulating their natural environment, 

including the use of lighting control strategies, temperature, and water chemistry. 

MWnF™ suspensions were diluted using fishwater for toxicity evaluation. 
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Fishwater is a 0.26 g/L mixture of sea salt (Instant Ocean®, Blacksburg, VA) and 

deionized water, to emulate the water which zebrafish naturally inhabit. The 

alkalinity of the suspensions was adjusted using hydrochloric acid to a range 7.2-

7.4 pH to accommodate the zebrafish embryos. 

Toxicity evaluations followed the procedure developed by Truong et al. [117]. 

Zebrafish embryos are encased in a chorionic membrane which could pose a 

barrier to exposure.  Thus, the chorion was enzymatically removed at seven hours 

post fertilization (7 hpf). Prepared dilutions were pipetted into multi-well plates to 

provide sufficient replicates for statistical analysis using standard techniques. 

Next, dechorionated embryos were individually exposed to suspensions in 96-well 

plates. Control animals were treated in the same manner but were not dosed with 

nanoparticles.  Plates were kept at standard laboratory conditions of 28°C on a 

14h light:10h dark photoperiod. Toxicological assessments were made at 24 hpf 

and 120 hpf, in which 21 endpoints of morphological malformations, behavioral 

abnormalities, and embryo mortality were evaluated. Finally, to evaluate the 

effect of ZnO NPs on the toxicity of fluid, the dose-response characteristics 

elicited by the suspensions were recorded and compared. 
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3.4 Results and Discussion 

This section presents the findings in fluid stability and toxicity evaluation phases 

that were described above. Discussion and analysis of the results are also 

included. 

3.4.1 Fluid Stability Evaluation 

There is a broad range of investigations into the addition of NPs to MWFs, 

however, the stability of NPs in the MWF is rarely reported. It is notable that 

aggregated NPs in an MWnF™ will likely result in reduced tribological 

performance and more rapid degradation of the fluid [52]. Thus, the influence of 

five dispersants on fluid stability of 5 g/L ZnO suspensions in the base fluid was 

examined. For repeatability, two suspensions were prepared per dispersant at 

0.5% volume concentration. Next, these suspensions were diluted with the base 

fluid and ZnO suspension to reach lower concentrations of dispersant, while 

keeping other additive concentrations constant. In addition, two suspensions were 

prepared with 5 g/L of ZnO in the base fluid, which is a dispersant-free medium, 

as a control group. After sonication at 300 watts for 15 minutes, suspensions were 

cooled at room temperature for two hours. Without this two-hour rest period, DLS 

measurement showed poor quality due to fluctuations in size measurements. 

These fluctuations may have been due to high temperature of the medium after 
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sonication or initial aggregation and precipitation of NPs. The system reached a 

nearly stable state after this rest time, and high quality measurements for Zave 

could be taken using DLS. 

The particle size distribution of the base fluid without any NPs added was also 

investigated. Size measurements were taken of the base fluid using DLS (Figure 

3). Evidence of a population with mean size of 30nm was observed, and is 

hypothesized to be due either to nano-sized air bubbles, suspended polymer 

molecules, or micelles within the base fluid itself. Semi-synthetic oils contain 

surfactants as emulsification agents, and these surfactant molecules form micelles 

if their concentration exceeds the critical micelle concentration [74]. Aggregation 

of suspended surfactant molecules in a fluid forms micelles, which would be 

detectable using DLS. Although the mentioned nano-sized population was 

observed in the base fluid, it will not affect the conclusions drawn regarding the 

ideal suspension candidate since we are using average hydrodynamic size. In this 

case, the nano-sized population acts as a constant in calculation of the average, 

thus the results remain comparable in a relative manner. 
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Figure 3.3 Measured Size Distribution for the MWF and Water Mixture using 
DLS 

Figure 4 reports the measured size (Zave) for representative suspensions as a 

function of different dispersants and their relative concentrations. It appears that 

variability in size measurements for the surfactants examined is the greatest at 

0.5% concentration. A Bonferroni-adjusted Welch’s t-test was used to compare 

the suspension with lowest mean Zave with the others. It is remarkable that none of 

the other suspensions were found to result in a lower Zave than the 5g/L ZnO in 

the base fluid suspension. In addition, reducing the use of nonrenewable 

dispersants (e.g., by using NCC) for stabilizing the solutions was one of the 

objectives of this research in achieving friendlier formulations. Thus, the 

suspension formulation with no dispersants added was selected as ideal candidate 

for toxicity evaluation. TRIM® MicroSol® 585XT contains oil and surfactants 

itself, and either of them can coat the NPs. Thus, addition of dispersants might 
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have resulted in overcoating of NPs which make them larger and increase their 

settling velocity. 

 

Figure 3.4 Size Measurement (using DLS) of Suspensions as a Function of 
Different Dispersants and their Relative Concentrations 

The effect of shelf time, or storage time after formulation, on suspension stability 

was also investigated in this study. Shelf time is defined as the time from 

preparation of the suspension until its use, e.g., in machining. Thus, understanding 

the stability of prepared suspensions over time is of great importance for both 

MWF companies and customers. Little attention has been given, however, to 

exploring the effect of time on MWnF™ stability in the research literature. 
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Suspensions with arbitrary concentrations of dispersant were selected and 

compared to the dispersant-free suspension. Corresponding Zave values were 

measured at 120 hours and 1 month after preparation. These results, along with 

the initial Zave values, can be found in Figure 5 for the selected suspensions. A 

decreasing trend over time was found in mean Zave of all suspensions except for 

control suspension. This trend is most likely due to the aggregation and 

precipitation of nanoparticle clusters over time. 

 

Figure 3.5 Effect of Time on Suspension Stability as Measured by Average 
Particle Size 
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3.4.2 Toxicity Evaluation 

Although several investigations have been conducted on MWnF™ formulations, 

there is a paucity of published work on the effect of NPs on safety performance. 

Thus, the zebrafish model was employed to assess the toxicity of a 5 g/L ZnO NP 

suspension in the base fluid. First, a dose range-finding experiment was 

undertaken using the base fluid to identify the concentration which significantly 

impacted the zebrafish. The base fluid mixture was diluted to 280 ppm volume 

concentration of semi-synthetic fluid with fishwater, and then iteratively diluted 

via serial dilution until discovering the critical concentration region. Next, the 

assay was conducted with finer resolution of the concentrations to define the 

dose-response more accurately. It was found that the base fluid did not 

significantly affect zebrafish at micro-emulsion concentrations below 15 parts per 

million (ppm), whereas, concentrations over 120 ppm were found to be lethal for 

zebrafish (Figure 6). Dilutions of 5 g/L ZnO in the base fluid suspension were 

prepared with the same concentrations used for the base fluid of suspension to 

indicate the effect of ZnO NP addition on the biological responses of zebrafish. A 

significant shift was observed in toxicological responses. Figure 6 shows that at 

the same concentrations, the ZnO NP suspensions resulted in considerably higher 

mortality than formulations without the NPs added. 
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Figure 3.6 Mortality of Zebrafish Embryos Exposed to Suspensions with and 
without ZnO Nanoparticles 

Zebrafish exposed to ZnO NP suspension also exhibited a higher number of 

malformations. Figure 7 demonstrates the average number of malformations 

among surviving zebrafish after 5 days of exposure. Since only four 

concentrations of ZnO NPs did not cause 100% mortality, malformation 

comparison between suspensions was only possible at these concentrations. 
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Figure 3.7 Average Number of Malformations among Surviving Zebrafish 
Exposed to Suspensions with and without ZnO Nanoparticles 

3.5 Conclusion 

The work reported herein explores the stability, using dynamic light scattering, 

and biological responses, using zebrafish assays, for ZnO MWnF™ formulations. 

Adding NPs to MWFs has been shown to be influential on machining 

performance, and this has made them attractive to industry. This research 

intended to examine two of the conventional barriers in the development of 

MWnF™ and demonstrated that further investigation is needed for understanding 

and improving MWnF™ machining performance, safety, and other attributes. The 

following is a list of conclusions drawn from the investigations presented: 
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• To investigate the effect of surfactants on the stability of ZnO NP 

suspensions in a base mixture of TRIM® MicroSol® 585XT cutting fluid 

and nanopure water (1:3 ratio), several, i.e., Surfynol CT-171, Surfynol 

CT-324, Triton X-165, Triton X-102, and NCC (nanocrystalline 

cellulose), were employed as dispersion agents. None of the explored 

suspensions was as successful in stabilizing ZnO NPs as the base fluid, as 

determined by measurement of mean particle size using dynamic light 

scattering. 

• To investigate the effect of time on the stability, the mean particle size for 

several 5 g/L ZnO suspensions was monitored over a one month period. 

The 5 g/L ZnO suspension without added dispersants was the only mixture 

that exhibited a constant particle size over the time period. As a result, it 

was identified as the most stable suspension. 

• To investigate the effect of NPs on toxicity, the ZnO MWnFTM was 

compared to the base MWF mixture. It was found that the addition of 

20nm spherical ZnO NPs caused a significantly higher mortality when 

compared to the formulation without NPs. Also, a higher average number 

of malformations in surviving embryos was observed with the addition of 

ZnO NPs to the MWFs. 
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Although the tribological characteristics of MWFs can be enhanced through the 

addition of ZnO NPs, as described in prior research, further investigation is 

needed into the safety of ZnO MWnF™ and other formulations employing NPs. In 

future investigations, special attention should be given to NPs that exhibit lower 

toxicity and also are capable of improving machining performance.  

Recent nanotoxicology research has reiterated the uncertainties surrounding the 

effect of various physicochemical attributes of nanoparticles (e.g., size, shape, and 

morphology) on toxicity. Thus, developing an understanding of these attributes 

and their interactions on eventual toxicity is critical to their application in 

industrial and consumer products, such as metalworking nanofluids. In cases 

where these effects remain unknown or uncertain, care must be taken to ensure 

proper handling, use, and post-use management of nanoparticles, including 

development of training programs and appropriate personal protective equipment. 

This research demonstrates that precautionary concerns regarding MWnF™ 

formulations are warranted, and that environmental and safety performance must 

be considered in parallel with traditional machining performance measures during 

their development. 
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CHAPTER 4 - SUMMARY AND CONCLUSIONS 

 

This chapter summarizes the work presented herein, and reviews the drawn 

conclusions. A discussion about the findings in this research and how they can 

remove some conventional obstacles are presented. Some recommendations for 

possible future research opportunities on MWnF™ are also included. 

4.1 Research Summary 

Machining has been one of the most versatile processes in industry for more than 

a century. Manufacturers are using this process to form products with different 

material types, from plastic to metal. Metalworking fluid (MWF) is one of the 

main components of machining which has a significant influence on different 

aspects of machining including machining time, energy consumption, and the 

quality of finished product. Environmental issues, however, caused by MWFs 

have drawn much attention recently. In addition, challenges like poor 

machinability of exotic alloys have also increased the necessity of improving 

MWFs. Thus, a large number of scientists are constantly exploring these fluids, 

and are looking for ways to improve their lubricity and coolant characteristics. 



63 
 

According to recent investigations, addition of NPs to MWFs can enhance the 

tribological characteristics of MWFs. ZnO NPs have found to be a promising 

potential candidate due to their capability to advance thermal conductivity and 

lubricity of MWFs. In addition, their low cost has made them attractive for mass 

production. In a recent study at Oregon State University, addition of ZnO to 

TRIM® MicroSol® 585XT resulted in reduction on cutting force magnitudes and 

temperature. 

There is a growing body of investigations on MWnF™s, however, one of the most 

important aspects of MWnF™ which has been rarely addressed is their safety. It 

has been shown that NPs usually have a toxic nature, thus their addition to MWFs 

requires further investigations. Developing a better understanding of the 

biological response caused by MWnF™s is the highest priority of this study. 

Stability of MWnF™s was another challenge that was explored in this research. 

NPs tend to aggregate in the base fluid and settle out of the suspension and, as a 

result, the MWnF™ loses its features due to addition of NPs. Furthermore, 

agglomeration of NPs can result in inaccurate toxicity evaluation outcomes. 

Chapter 3 of this thesis is dedicated to a manuscript in which both stability and 

safety of ZnO MWnF™s are explored. Five dispersion agents (i.e. Surfynol CT-

171, Surfynol CT-324, Triton X-165, Triton X-102, and NCC) were employed, 

and their effect on stability of suspensions were investigated. Next, the suspension 
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with highest stability (i.e. 0.5 g/L ZnO in base fluid) was selected and moved to 

toxicity evaluation phase of this research. Zebrafish method was used to evaluate 

the toxicity of suspension with/without NPs. The findings are summarized in the 

next section.  

4.2 Conclusions 

The presented study investigated the toxicity of ZnO MWnF™ with water and 

TRIM® MicroSol® 585XT, which is a commercial semi-synthetic cutting oil, as 

the mixture base fluid. The zebrafish method was employed to evaluate the 

toxicity of understudy suspension. The effect of the dispersants and their relative 

volume concentrations on the stability of ZnO NPs were investigated. Based on 

Stoke’s Law, larger particles have a higher settling velocity in a fluid. Thus, 

suspensions with lower particle size should exhibit a higher stability. Size 

measurement of colloids was used as a measure of MWnF™ stability in this work. 

This research resulted in several findings as follows: 

1. None of the explored suspensions were successful in stabilizing ZnO NPs 

more than the dispersant-free base TRIM® MicroSol® 585XT cutting 

fluid. 
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2. The effect of time on the stability of 0.5 g/L ZnO suspensions was 

investigated in this study. The dispersant-free suspension was the only 

mixture which had a constant particle size over a one month period. As a 

result, it was selected as the most stable suspension over investigated 

period of time. 

3. Addition of 20 nm spherical ZnO NPs to the suspension caused a 

significantly higher mortality rate of zebrafish embryos in comparison to 

NP free suspension. A higher average number of malformations was also 

observed with addition of ZnO-NPs. It is also notable that there were 

concentrations at which ZnO addition did not elicit toxic responses. 

4.3 Contributions 

This work explored ZnO MWnF™ with water and TRIM® MicroSol® 585XT base 

fluid from both stability and safety perspectives. The following resulted from the 

research: 

1. This work studied the stability of the ZnO NPs in a synthetic 

microemulsion-based medium. Stability evaluations of MWnF™s have not 

been reported in the literature review, but are key to commercialization. A 
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new test procedure was developed for facilitating the research, which can 

be used in future investigations on MWnF™s or any other oil-based NF. 

2. There is a broad range of investigations on the addition of NPs to MWF, 

however, stability of NPs in MWnF™ is rarely addressed. Stability of ZnO 

NPs in TRIM® MicroSol® 585XT and water mixture was investigated in 

this work.  

3. There is a lack of published research on the performance of industrial 

surfactants in stabilizing of NPs in MWnF™. The effect of Surfynol CT-

171, Surfynol CT-324, Triton X-165, Triton X-102, which are 

commercially available industrial surfactants, on the stability of ZnO NP 

suspensions was explored in presented study. None further enhanced the 

stability of the suspensions. 

4. The stabilizing effect of bio compounds like nano crystal cellulose (NCC) 

on ZnO NPs has not been addressed. The work presented herein explores 

this effect for the first time, and found it did not appear to enhance 

stability. 

5. Due to the incompatibility of the embryos and base fluid (MicroSol 

585XT), previous work failed to fully address the toxicity of this fluid 

using the zebrafish model. This challenge was tackled in this work, and a 

test method was developed to determine the relative dose-response 

relationships of various suspensions. 
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6. There was not any published work on zebrafish toxicity assessment of 

MWnF™. The presented manuscript in Chapter 3 evaluates and compares 

the toxicity of MWF and MWnF™ toxicity for the first time. 

4.4 Future Work 

This work has been successful in developing new settings for evaluating 

MWnF™s. In addition, important conclusion for both academia and industry was 

drawn from presented work. These considerable achievements rationalize further 

investigations on MWnF™s. Below are the highlighted potential opportunities for 

future research steps: 

1. Although it has been discovered that the tribological characteristics of 

understudy cutting fluid can be enhanced through addition of ZnO NPs, 

further investigation is needed on safety aspects of ZnO MWnF™. Other 

toxicity methods can be employed for further toxicity investigations, as 

well as for other shapes and sizes of ZnO NPs. 

2. Stability of suspensions can also be assessed using zeta potential (ζ). ζ can 

be analytically determined from the measurement of electrokinetic 

phenomena [119]. The ζ indicates the relative resistance of a suspension to 

agglomeration; higher ζ demonstrates lower agglomeration rates based on 
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the dispersion of NPs. It is notable that dielectric constant of the fluid is 

needed for measuring ζ, and required instruments for measuring this 

constant was not available at the time of this research at Oregon State 

University. 

3. Special attention should be given to NP additives to MWFs which have 

shown less impact on zebrafish assays, and also are capable of improving 

machining. According to the presented literature review, TiO2 can be 

potential candidate. These should be examined by evaluating safely, 

machining performance, and overall effect on life cycle environmental 

impacts and costs by future research. 
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Appendix A: Time Resolved Size Measurement 

Question being addressed: How can the stability of a nanofluid be evaluated? 

Hypothesis: Time resolved nanoparticle (NP) size measurements can be used as a 

diagnostic for nanofluid (NF) stability evaluation.  

Predictions for hypothesis: An approximately constant NP size over a given 

time period indicates the stability of the formulation. 

Results: A 0.5 g/L ZnO NP suspension was prepared in a base metalworking 

fluid and colloid sizes were measured every 16 seconds over an approximately 30 

minute period of time using dynamic light scattering (DLS), as shown in Figure 

A.1. Large variations in measured sizes were observed. This is hypothesized to be 

due to low quality of measurements. 

Conclusion: This method has been used to evaluate the initial aggregation rate of 

NPs [120]. However, it was not appropriate for this research, since stability of 

suspensions after reaching a steady state was the question to be addressed. Thus, 

it was concluded to take high quality size measurements. Size measurements were 

replicated eight times for each sample, and replicates were repeated three times.
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Appendix B: Effect of Sonication on Suspensions with Different 

Volumes 

Question being addressed: Does the effect of sonication vary with changing 

suspension volume? 

Hypothesis: The lower the suspension volume, the more successful the sonication 

can be in fragmenting the NP clusters. 

Predictions for hypothesis: Sonication (with the same power, frequency, and 

time) of different volumes of a suspension will result in smaller NP sizes within 

the lower volume suspensions.  

Results: A 0.5g/L ZnO suspension with 0.4% volume concentration of Surfynol 

CT-324 was prepared and pipetted into 5 mL and 50 mL tubes. Sizes of 78.62 nm 

and 180.3 nm were measured using DLS for the 5 mL and 50 mL volumes, 

respectively. 

Conclusion: The volume of suspension sonicated impacts the effectiveness of 

deagglomeration, with higher volumes resulting in less deagglomeration. For this 

research, all of the suspensions were prepared at a 50 mL volume. 50 mL was 

chosen because we could prepare a suspension with specific concentration of NPs 

with more accuracy at 50 mL volume in comparison to lower volumes. 
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Appendix C: Required Rest Time after Suspension Sonication 

Question being addressed: How long does it take for a suspension to reach a 

steady state (where quality size measurements can be taken) after formulation? 

Hypothesis: After a period of time, initial aggregations and precipitations 

decrease to a level in which quality measurements can be taken. 

Predictions for hypothesis: For a suspension, DLS measurements show poor 

quality right after formulation. After a period of time, however, size 

measurements with low variation can be taken from the suspension. 

Results: A 0.5g/L ZnO suspension with 0.3% volume concentration of Surfynol 

CT-324 was prepared. DLS measurements were taken right after formulation 

(Figure C.1) and after 2 hours (Figure C.2). The first measurements showed 

higher variation and larger average particle sizes, however, the second 

measurement showed lower variation and smaller average particle sizes. 

Conclusion: A two-hour rest period will allow formulated suspensions to reach 

an appropriate state for quality size measurements. 
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Record 1190: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 1
Record 1191: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 2
Record 1192: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 3
Record 1193: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 4
Record 1194: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 5
Record 1195: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 6
Record 1196: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 7
Record 1197: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03132013 8
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Record 1158: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03122013 (new  preparation) 1
Record 1159: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03122013 (new  preparation) 2
Record 1160: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03122013 (new  preparation) 3
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Record 1165: SOP Player ZnO (0.5% conc.) + w ater + oil + 0.3% conc. ct-324 (50ml total) 03122013 (new  preparation) 8

Figure C.1. Size Distribution of 0.5 g/L ZnO Suspension with 0.3% Concentration 
of Surfynol CT-324 Right After Formulation 

Figure C.2. Size Distribution of 0.5 g/L ZnO Suspension with 0.3% Concentration 
of Surfynol CT-324 After 2 hours 
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Appendix D: Mixing Order in Formulation 

Question being addressed: Does mixing order of materials affect the stability of 

suspensions? 

Hypothesis: The first-added material (metalworking fluid or surfactant) will coat 

the NPs. 

Predictions for hypothesis: Two different formulation orders of a suspension 

will show different particle sizes using DLS. 

Results: Two dilution sets of 0.5 g/L ZnO with Surfynol CT-324 were prepared at 

different Surfynol CT-324 concentrations ranging 0.1-0.5% by volume. DLS 

measurements were taken from the suspensions and results showed a significant 

difference in size (Figure D.1). 

Conclusion: The order of mixing is influential on the particle sizes. Industry 

formulation scientists later informed us, however, that cutting fluid should be 

added to suspension only after all of the other materials based on industrial 

practice, due to the tendency of formulations to becoming unstable in adding 

water to oil. Thus, dispersants were added to the mixture before the cutting fluid 

in formulating the suspensions for this study. 
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Appendix E: Statistical Analysis of Stability Evaluation Results 

The stability of suspensions and relative agglomeration were assessed using Zave 

of colloids in the medium. The Zave value indicates the mean of the particle 

hydrodynamic diameter distribution; lower Zave demonstrates less agglomeration, 

smaller colloids, and higher stability based on the dispersion of NPs. 

Analysis of Variance (ANOVA) was selected, initially, as the test for comparing 

mean Zave of suspensions. ANOVA is a statistical tool which is mainly used for 

comparing multiple groups. One of the assumptions of this test, however, is 

equality of variances among groups understudy, which is violated in our dataset, 

since larger variances were observed in Zave of suspensions with highest 

concentration of dispersants. Next, it was decided to compare the suspension with 

the lowest mean Zave to others using the Welch t test which doesn’t assume that 

variances are the same. Welch t-test also has two other assumptions: data come 

from a normal distribution and each observation is independent of the others. The 

normality assumption is not violated since, based on the central limit theorem, 

mean Zave, which is the mean of 16 replicates (each were repeated three times) 

should have a normal distribution. In addition, although slight dependency exists 

in data since size measurement of dilutions were conducted sequentially, all of the 

other parts of experiments were undertaken in a fully random fashion. Thus, the 

independency assumption of the Welch t test is well-maintained in this study. 
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Since a family-wise comparison between one suspension and all the other 

suspensions was needed, Bonferroni correction was selected to control the alpha 

level (the probability of rejecting at least one null hypothesis incorrectly if in fact 

the null hypothesis was true in all cases). It is a statistical fact that alfa level 

increases when multiple confidence intervals are constructed for making multiple 

comparisons. This is why Bonferroni correction devides the alfa level by the 

number of comparisons to make the familywise comparisons wider.   The 

suspension with lowest mean Zave was the dispersant free suspension. The null 

and alternative hypothesis of this test for each suspension are below. 

Null hypothesis (Ho): There is no difference between mean Zave of dispersant free 

suspension and the other suspension. 

Alternative hypothesis (Ha): The mean Zave of dispersant free suspension is not 

the same as the other suspension. 

Table E.1 summerizes the results of this test which includes lower bound (LB) 

and upper bound (UB) of confidence intervals (CI) for each comparison. For all of 

the suspensions except 0.3% CT 324, sufficient evidence was found to reject the 

null hypothesis. Although enough evidence was not found to reject the null 

hypothesis of equal mean Zave of dispersant free and 0.3% CT-324 suspension, 

dispersant free suspension was selected because of two reasons: 
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1. The estimated mean Zave of dispersant free and 0.3% CT-324 suspensions 

were 66.3 nm and 73.8 nm, respectively. Thus, dispersant free suspension 

has a lower estimated mean Zave. 

2. Minimizing the concentration of dispersants for stabilizing the suspensions 

was one of the objectives of this research to work toward achieving safer 

formulations, and, as a result, a dispersant free suspension was preferred. 
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Table E.1. Summary of Bonferroni Adjusted Welch t Test on Stability Evaluation Results (continues on next page) 

Suspension  Mean Zave 

difference 
t-value DF 99.8% CI 

LB 

99.8% CI 

UB 
P-value Significant? 

0.5% Triton X-102 27.276 4.118 15.041 2.566 51.985 0.001 Yes 

0.4% Triton X-102 12.687 6.820 15.523 5.790 19.584 <0.001 Yes 

0.3% Triton X-102 9.936 7.445 16.033 5.018 14.854 <0.001 Yes 

0.2% Triton X-102 6.731 15.286 26.080 5.219 8.243 <0.001 Yes 

0.1% Triton X-102 10.983 17.388 20.088 8.741 13.225 <0.001 Yes 

0.5% CT-171 22.049 4.544 15.076 3.953 40.146 <0.001 Yes 

0.4% CT-171 4.113 7.348 21.651 2.147 6.078 <0.001 Yes 

0.3% CT-171 2.748 4.090 19.440 0.352 5.143 0.001 Yes 

0.2% CT-171 5.461 11.261 24.094 3.780 7.141 <0.001 Yes 

0.1% CT-171 11.395 31.792 29.828 10.181 12.609 <0.001 Yes 

0.5% Triton X-165 24.942 4.432 15.056 3.950 45.934 <0.001 Yes 

0.4% Triton X-165 29.540 9.981 15.205 18.522 40.558 <0.001 Yes 

0.3% Triton X-165 21.219 12.859 15.668 15.112 27.326 <0.001 Yes 

0.2% Triton X-165 17.967 22.359 18.006 15.066 20.868 <0.001 Yes 

0.1% Triton X-165 8.464 3.810 15.365 0.210 16.717 0.002 Yes 
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0.5% NCC 24.315 6.238 15.118 9.787 38.843 <0.001 Yes 

0.4% NCC 6.448 11.802 22.015 4.533 8.363 <0.001 Yes 

0.3% NCC 9.883 9.075 16.576 5.895 13.871 <0.001 Yes 

0.2% NCC 9.753 12.781 18.362 7.007 12.499 <0.001 Yes 

0.1% NCC 6.595 8.788 18.486 3.897 9.293 <0.001 Yes 

0.5% CT-324 29.833 4.811 15.046 6.698 52.969 <0.001 Yes 

0.4% CT-324 16.166 10.291 15.739 10.357 21.974 <0.001 Yes 

0.3% CT-324 7.561 2.477 15.192 -3.805 18.926 0.025 No 

0.2% CT-324 8.603 15.426 21.704 6.644 10.561 <0.001 Yes 

0.1% CT-324 14.743 18.484 18.055 11.864 17.621 <0.001 Yes 
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Appendix F: Toxicology Observation Details  

This appendix contains the incidence rates of the observed 23 endpoints for 

zebrafish embryos exposed to suspensions at different concentrations of semi-

synthetic fluid. At 24 hpf, four endpoints were evaluated, including mortality 

(mort), developmental progression (dp), spontaneous movement (sm), and 

notochord (nc). The remaining 19 are evaluated at 120 hpf and included body axis 

(axis), brain, circulation (circ), eye, caudal fin (fin-c), pectoral fin (fin-p), jaw, 

otic vessicle (otic), pigment, pericardial edema (PE), yolk sac edema (YSE), 

snout, swim bladder (SB), trunk, somite, and touch response (tr). This procedure 

is described by Truong et al. [117].   
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Table F.1. Incidence Rate of Endpoints in Zebrafish Exposed to MWF Dilutions 
(Lower Concentrations Plate) 

 Endpoint Control  15ppm 30ppm 45ppm 60ppm 75ppm 90ppm 105ppm 

24
 h

pf
 

mort 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

dp 8.3% 0.0% 0.0% 0.0% 0.0% 0.0% 8.3% 8.3% 

nc 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

sm 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 8.3% 

12
0 

hp
f 

mort 0.0% 0.0% 0.0% 0.0% 33.3% 75.0% 50.0% 66.7% 

axis 0.0% 0.0% 0.0% 8.3% 16.7% 8.3% 25.0% 8.3% 

brain 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

circ 8.3% 0.0% 0.0% 0.0% 41.7% 16.7% 25.0% 16.7% 

eye 8.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

fin-C 8.3% 0.0% 0.0% 41.7% 33.3% 16.7% 41.7% 16.7% 

fin-P 8.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

jaw 0.0% 33.3% 50.0% 75.0% 50.0% 8.3% 33.3% 8.3% 

otic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

pigment 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

PE 16.7% 25.0% 41.7% 91.7% 66.7% 25.0% 50.0% 33.3% 

YSE 8.3% 16.7% 41.7% 41.7% 66.7% 25.0% 50.0% 33.3% 

snout 0.0% 0.0% 33.3% 100.0% 66.7% 25.0% 50.0% 33.3% 

SB 0.0% 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 0.0% 

trunk 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

somite 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

tr 8.3% 0.0% 0.0% 8.3% 41.7% 16.7% 50.0% 16.7% 
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Table F.2. Incidence Rate of Endpoints in Zebrafish Exposed to MWF Dilutions 
(Higher Concentrations Plate) 

 Endpoint Control  120ppm 135ppm 150ppm 165ppm 180ppm 195ppm 210ppm 

24
 h

pf
 

mort 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 8.3% 8.3% 

dp 0.0% 16.7% 8.3% 0.0% 8.3% 8.3% 0.0% 16.7% 

nc 8.3% 0.0% 0.0% 0.0% 0.0% 8.3% 8.3% 0.0% 

sm 0.0% 0.0% 0.0% 0.0% 25.0% 75.0% 91.7% 91.7% 

12
0 

hp
f 

mort 0.0% 91.7% 100.0% 91.7% 100.0% 100.0% 91.7% 91.7% 

axis 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

brain 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

circ 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

eye 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

fin-C 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

fin-P 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

jaw 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

otic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

pigment 16.7% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

PE 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

YSE 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

snout 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

SB 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

trunk 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

somite 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

tr 0.0% 8.3% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 
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Table F.3. Incidence Rate of Endpoints in Zebrafish Exposed to ZnO MWnF™ 
Dilutions (Lower Concentrations Plate) 

 Endpoint Control  15ppm 30ppm 45ppm 60ppm 75ppm 90ppm 105ppm 

24
 h

pf
 

mort 8.3% 16.7% 33.3% 33.3% 83.3% 41.7% 91.7% 83.3% 

dp 0.0% 0.0% 0.0% 8.3% 8.3% 25.0% 8.3% 0.0% 

nc 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

sm 0.0% 0.0% 0.0% 25.0% 8.3% 41.7% 8.3% 16.7% 

12
0 

hp
f 

mort 0.0% 0.0% 0.0% 16.7% 16.7% 50.0% 8.3% 16.7% 

axis 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

brain 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

circ 0.0% 0.0% 0.0% 25.0% 0.0% 8.3% 0.0% 0.0% 

eye 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

fin-C 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

fin-P 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

jaw 0.0% 0.0% 8.3% 8.3% 0.0% 0.0% 0.0% 0.0% 

otic 0.0% 0.0% 0.0% 8.3% 0.0% 0.0% 0.0% 0.0% 

pigment 0.0% 8.3% 16.7% 8.3% 0.0% 0.0% 0.0% 0.0% 

PE 0.0% 0.0% 58.3% 33.3% 0.0% 8.3% 0.0% 0.0% 

YSE 0.0% 33.3% 8.3% 41.7% 0.0% 8.3% 0.0% 0.0% 

snout 0.0% 0.0% 0.0% 41.7% 0.0% 8.3% 0.0% 0.0% 

SB 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

trunk 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

somite 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

tr 0.0% 0.0% 0.0% 25.0% 0.0% 8.3% 0.0% 0.0% 
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Table F.4. Incidence Rate of Endpoints in Zebrafish Exposed to ZnO MWnF™ 
Dilutions (Higher Concentrations Plate) 

 Endpoint Control  120ppm 135ppm 150ppm 165ppm 180ppm 195ppm 210ppm 

24
 h

pf
 

mort 0.0% 75.0% 75.0% 50.0% 91.7% 91.7% 91.7% 83.3% 

dp 0.0% 16.7% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

nc 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

sm 0.0% 16.7% 16.7% 33.3% 8.3% 0.0% 0.0% 0.0% 

12
0 

hp
f 

mort 8.3% 25.0% 25.0% 50.0% 8.3% 8.3% 8.3% 16.7% 

axis 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

brain 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

circ 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

eye 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

fin-C 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

fin-P 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

jaw 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

otic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

pigment 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

PE 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

YSE 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

snout 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

SB 8.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

trunk 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

somite 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

tr 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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Appendix G: Statistical Analysis of Toxicity Evaluation Results 

Initially, a dose finding experiment was undertaken for the base fluid of 

dispersant free suspension without NPs to indicate the fluid’s critical toxic 

concentration after which significant impacts on zebrafish occur. This mixture 

was diluted, based on semi-synthetic fluid concentration, iteratively by order of 

magnitude until discovering the critical concentration region. Next, meticulous 

inspections were carried out to indicate critical concentrations with more 

accuracy. It was found that the fluid does not significantly affect zebrafish at 

concentrations below 15 parts per million (ppm), and concentrations over 120 

ppm were found to be lethal for zebrafish. Dilutions of 0.5 g/L ZnO dispersant 

free suspension were prepared with the same concentrations which were used for 

base fluid of suspension to indicate the effect of ZnO addition on biological 

responses of zebrafish. 

Recorded mortality rates need to be compared to draw conclusions regarding the 

effect of ZnO NPs on toxicity of suspensions using the proportion comparison 

method. The proportion comparison method has two assumptions: the deaths have 

a binomial distribution with the probability of dying π1 and independency of the 

fish. We use normal distribution to approximate the sampling distribution of p1 

(estimator of π1) with a normal distribution. The normal distribution requirement 

might be violated since the sample size of 12 may not be large enough to consider 
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a normal distribution for the sample. On the other hand, the independence 

assumption is satisfied since embryos are selected randomly. The only 

dependency between embryos is due to the fact that they were picked from the 

same tank. It is notable that a tank contains thousands of embryos and a few 

hundred of them were selected for each experiment. 

Test Procedure: For the same concentrations, the mortality rates of zebrafish 

embryos exposed to ZnO NP free and ZnO NP suspended mixtures are denoted as 

P1 and P2, respectively. The null and alternative hypothesis of this test for each 

concentration are: 

Null hypothesis (Ho): There is no difference between the mean mortality rate, π1, 

of zebrafish embryos exposed to ZnO NP free, and π2, the mortality rate of 

zebrafish exposed to ZnO NP suspended mixtures. 

Alternative hypothesis (Ha): The mean mortality rate of zebrafish embryos 

exposed to ZnO NP free and ZnO NP suspended mixtures are not the same. 

In order to determine the confidence interval (CI) for the difference in the mean of 

mortality rate, standard error (SE) should be calculated using Eq. B1:  
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��(�	 − ��) = ���(	���)���(	���)
�  (B1) 

where, for the same semi-synthetic fluid concentrations, the mortality rates of 

zebrafish embryos exposed to ZnO NP free and ZnO NP suspended mixtures are 

denoted as P1 and P2, respectively. The sample size for each concentration is n. 

The confidence interval is calculated using (Eq. B2): 

100(1−∝)% �� = (�	 − ��) ± [� �1 −  
2" × ��(�	 − ��)] 

Where alpha is the probability of type 1 error and z is the standard normal z score. 

Table G.1 summerizes the results of this test. In 5 out of 8 concentrations, ZnO 

NP suspended mixtures caused significantly higher mortality rates.  
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Table G.1. Comparison of Mortality Rates Using the Proportion Test 

Cutting Oil 

Concentration 

Mean Mortality 

%  Difference 
Standard Error 95% CI LB 95% CI UB Significant? 

15 PPM 0.17 0.11 -0.04 0.38 No 

30 PPM 0.33 0.14 0.07 0.60 Yes 

45 PPM 0.50 0.14 0.22 0.78 Yes 

60 PPM 0.67 0.14 0.40 0.93 Yes 

75 PPM 0.17 0.15 -0.12 0.46 No 

90 PPM 0.50 0.14 0.22 0.78 Yes 

105 PPM 0.33 0.14 0.07 0.60 Yes 

120 PPM 0.08 0.08 -0.07 0.24 No 

 



102 
 

 

 


