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Abstract 

The application of cutting fluid in the field of engineering manufacturing has a history of hundreds of years, and it 
plays a vital role in the processing efficiency and surface quality of parts. Among them, water-based cutting fluid 
accounts for more than 90% of the consumption of cutting fluid. However, long-term recycling of water-based cut-
ting fluid could easily cause deterioration, and the breeding of bacteria could cause the cutting fluid to fail, increase 
manufacturing costs, and even endanger the health of workers. Traditional bactericides could improve the biological 
stability of cutting fluids, but they are toxic to the environment and do not conform to the development trend of 
low-carbon manufacturing. Low-carbon manufacturing is inevitable and the direction of sustainable manufacturing. 
The use of nanomaterials, transition metal complexes, and physical sterilization methods on the bacterial cell mem-
brane and genetic material could effectively solve this problem. In this article, the mechanism of action of additives 
and microbial metabolites was first analyzed. Then, the denaturation mechanism of traditional bactericides on the 
target protein and the effect of sterilization efficiency were summarized. Further, the mechanism of nanomaterials 
disrupting cell membrane potential was discussed. The effects of lipophilicity and the atomic number of transition 
metal complexes on cell membrane penetration were also summarized, and the effects of ultraviolet rays and ozone 
on the destruction of bacterial genetic material were reviewed. In other words, the bactericidal performance, hazard, 
degradability, and economics of various sterilization methods were comprehensively evaluated, and the potential 
development direction of improving the biological stability of cutting fluid was proposed.
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1 Introduction
Cutting fluids are widely used in machining processes, 
such as turning, milling, planing, grinding, and forming 
manufacturing processes, and they have functions, such 
as cooling, lubrication, rust prevention, and chip removal 
[1–3]. The use of cutting fluid is of great importance 
because it could reduce the cutting force and tempera-
ture during the cutting process and improve the surface 
quality of the workpiece and tool life [4, 5]. In accordance 

with the composition of the cutting fluid, it could be 
divided into oil-based cutting fluid and water-based cut-
ting fluid [6, 7]. Oil-based cutting fluid is prepared with 
oil as the base fluid. It has high biological stability but 
insufficient cooling performance [8, 9]. It is mostly used 
for slow processing or heavy-duty processing. For parts 
processing, the usage only accounts for a small part of the 
total usage of cutting fluid [10, 11]. The use ratio of water-
based cutting fluid is as high as more than 90%, and water 
is used as the base fluid, which has good cooling per-
formance [12, 13]. Meanwhile, to take into account the 
functions of lubrication, cleaning, and rust prevention, 
various additives are also added [14, 15]. However, the 
moisture in the water-based cutting fluid and the high 
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trace elements in the additives could easily lead to the 
reproduction of microorganisms, hence the serious bio-
logical stability problems during usage [16, 17].

Water-based cutting fluid could breed many bacteria or 
fungi during use [18, 19]. The bacteria could decompose 
additives in the cutting fluid, destroy its stability, and 
reduce its performance. Fungi may also block the circula-
tion system of the cutting fluid [20, 21]. The proliferation 
of bacteria could produce biofilms [22–24]. The exist-
ence of biofilms provides better conditions for bacteria 
to multiply, causing a vicious circle [25–27]. A more seri-
ous problem is that endotoxins, exotoxins, and bioaero-
sols produced by bacteria in water-based cutting fluids 
could cause respiratory diseases and affect the health of 
workers [28–30]. The harm of microorganisms to cut-
ting fluids and human health has always been a problem 
in the field of mechanical processing [31–33]. Frequent 
replacement of cutting fluids due to microbial repro-
duction problems could inevitably cause a great waste 
of resources, contrary to the current green and sustain-
able development [34, 35]. Therefore, people have come 
up with various methods to inhibit the reproduction 
of microorganisms in the cutting fluid; the most com-
monly used is the use of biological bactericides. These 
bactericides could inactivate bacteria by destroying the 
cell membrane of microorganisms, destroying the struc-
ture of microbial proteins, and interfering with DNA 
synthesis [36, 37]. The types of bactericides commonly 
used in the industry include formaldehyde releasers, iso-
thiazolinones, boric acids, and amines [38]. However, 
these kinds of bactericides are generally irritating and 
allergenic, and they could not avoid the harm to human 
health while killing bacteria [39, 40]. On the basis of the 
consideration of sterilization effect and human health, 
some scholars have explored new bactericides or sterili-
zation methods used in cutting fluids. Different kinds of 
nanomaterials [41–43], transition metal complexes [44–
46], and other new bactericides were studied, including 
physical sterilization methods, such as ultraviolet (UV) 
sterilization [47], ozone sterilization [48, 49], and fine-
bubble [50] sterilization.

Low-carbon manufacturing is inevitable and the direc-
tion of sustainable development. Therefore, the use of 
environmental friendly methods to improve the bio-
logical stability of water-based cutting fluids is a current 
research hotspot. In this article, the mechanism of action 
of additives and microbial metabolites was introduced. 
Then, the denaturation effects of traditional bactericides 
on target proteins and their bactericidal efficiency were 
reviewed. The lipophilicity of nanomaterials and transi-
tion metal complexes and their influence on cell mem-
brane penetration were discussed. The destructive effects 
of UV rays and ozone on bacterial genetic material and 

their bactericidal effects were explored. Through the 
analysis, conclusions were drawn and prospects for the 
future development direction of the stability of water-
based cutting fluids were elucidated. Figure 1 shows the 
structure of this article.

2  Cutting Fluid
Machining is widely used in automotive, aerospace, and 
other fields, and it is the basis of manufacturing industry. 
Cutting fluid is an indispensable element in the machin-
ing manufacturing industry [51–53]. The use of cutting 
fluid could reduce the cutting temperature, reduce the 
friction between the tool and the workpiece, extend the 
life of the tool, and improve the processing efficiency 
[54–56].

2.1  Function
Cutting fluid has the functions of cooling, lubrication, 
cleaning and rust prevention [57, 58]. Cooling effect: in 
the process of metal processing, the friction between the 
tool and the workpiece, the friction between the tool and 
the chip, the deformation of the metal, etc. could gener-
ate a huge amount of heat. Too much heat in the process-
ing area could easily cause burns between the tool and 
workpiece, thus affecting the accuracy and smoothness 
of the workpiece surface [59–61]. In the metal processing 
process, the cutting fluid could realize the heat exchange 
effect in the metal cutting process through heat conduc-
tion and heat convection. Then, the heat in the cutting 
zone is taken away by continuous flow and vaporization 
to reduce the tool temperature [62–64], thereby improv-
ing the stability of the tool during the cutting process and 
the machining accuracy of the workpiece, reducing tool 
wear, and extending tool life [65–67].

Lubrication: during the machining process, the tool-
workpiece and tool-chip interface could produce strong 
friction [68–70]. The cutting fluid penetrates into the 
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Figure 1 Article structure
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cutting area to form a lubricating film (this kind of lubri-
cating film could be divided into adsorption film and 
reaction film. The active material in the cutting fluid 
is adsorbed on the surface of the workpiece to form an 
adsorption film, and the additive in the cutting fluid 
chemically reacts with the workpiece to form a reactive 
film [71–73]), thereby reducing the friction between tool 
workpiece and tool chips, reducing energy consump-
tion in the cutting process, reducing cutting force, and 
extending tool life [74–76].

Cleaning function: the chips produced in metal pro-
cessing, dust, and oil in the air are adsorbed on the sur-
face of tools and workpieces. This phenonenon has a 
certain effect on processing [77–79]. Cutting fluids could 
remove all kinds of dirt during the flow process to clean 
workpieces and tools [80, 81].

2.2  Classification
Cutting fluids could be divided into two groups in 
accordance with their composition: oil-based and water-
based groups [82, 83], as shown in Figure 2.

The main components of oil-based cutting fluids 
include animal and vegetable oils and mineral oils. Oil-
based cutting fluids were originally produced from ani-
mal and vegetable oils. However, because animal and 
vegetable oils are prone to corruption during use, they 
were gradually replaced by mineral oils [85, 86]. Oil-
based cutting fluid has good lubricity. However, short-
comings exist, such as oil mist that is easy to produce and 
fire that is easy to catch during use [87]. Therefore, oil-
based cutting fluids are mainly used for processing large 
or heavy parts. Meanwhile, because oil-based cutting 
fluid has good lubricating performance but poor cooling 
performance, it is generally used for low-speed cutting. 
Water-based cutting fluid is often used in high-speed 
cutting to ensure the machining accuracy.

Water-based cutting fluids could also be divided into 
emulsions, semi-synthetic fluids [10, 11], and synthetic 
fluids. Emulsion is formed by mixing base oil and water 

in a certain proportion. Its oil content is 60%–90%, the 
particle size is 1–10 μm, and its appearance is milky 
white [77, 88]. Emulsion has lubrication and cooling 
functions. However, its stability is poor, and it is easy 
to breed bacteria in the process of use [60]. Semi-syn-
thetic fluid integrates the advantages of emulsion and 
synthetic fluid. Compared with emulsion, it adds more 
surfactants, which make the oil droplet size smaller, 
ranging from 0.05 μm to 0.1 μm. Therefore, it is more 
stable and less prone to deterioration. The appearance 
of semi-synthetic liquid is transparent or translucent. 
Therefore, observing the condition of the cutting area 
during machining is easy [85, 89]. The synthetic solu-
tion does not contain any oil. It uses other additives, 
such as water-soluble synthetic grease, to achieve its 
lubricating properties [65]. Its appearance is transpar-
ent, and it has excellent cooling performance. However, 
the machine tool is prone to rust after it is used [90], as 
shown in Table 1.

With the improvement of processing conditions; the 
call for energy saving and emission reduction; and the 
research on additives, such as lubricants, corrosion 
inhibitor, and bactericides, water-based cutting fluids 
have been developed rapidly due to their excellent cool-
ing performance and low cost [91, 92]. In 2018, water-
based cutting fluids have accounted for 90% of the total 
global demand for cutting fluids [12].

Animal Oils Vegetable
oils Mineral oils emulsion Semi-synthetic

cutting fluids
Synthetic

cutting fluids

Oil based Water based

Cutting fluids

Figure 2 Classification of cutting fluid [84]

Table 1 The difference between different types of cutting fluids

Type Oil content (%) Particle size (μm) Appearance

Oil-based 100 ‒ Transparent

Emulsion 60‒90 >1 Milky

0.1‒1 Milky blue

Semi-synthetic 10‒30 0.05‒0.1 Translucent gray

<0.05 Transparent

Synthetic 0 ‒ Transparent
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2.3  Additives
Water-based cutting fluid is made by mixing mineral oil 
or synthetic oil with water in a certain proportion. It is a 
coolant and lubricant widely used in processing. Adding 
various additives to the cutting fluid is often necessary 
to enhance the performance of the cutting fluid and pro-
long its service life. Some examples, such as oily agents, 
extreme-pressure agents, emulsifiers, defoamers, corro-
sion inhibitors, and bactericides, are shown in Table 2.

The oily agent could form an adsorption film on the 
friction interface, thereby reducing the friction in the cut-
ting zone. The commonly used oily agents include animal 
and vegetable oils, higher fatty acids, amines, and amide 
compounds. However, when the temperature of the fric-
tion interface increases, the activity of the molecules also 
increases. Therefore, the adsorption strength of the oil 
film decreases, resulting in the failure of the oil-based 
agent. Extreme-pressure additives contain organic com-
pounds, such as phosphorus, sulfur, and chlorine. They 
react with metal surface and form chemical reaction film 
under high temperature and high pressure boundary 
lubrication. Therefore, they could induce a lubricating 
effect when the oily agent fails [14, 15].

After machining, a metal workpiece retains water on 
the surface, and it easily rusts after contacting with oxy-
gen. Therefore, adding corrosion inhibitor to ensure that 
the workpiece does not rust in a period of time is nec-
essary [94]. Corrosion inhibitors could be divided into 
anode corrosion inhibitors, cathodic corrosion inhibi-
tors, and mixed corrosion inhibitors [95]. Anodic cor-
rosion inhibitors could form oxide film on the surface 
of metal workpiece, thus delaying workpiece corrosion 
[96]. Cathodic corrosion inhibitors could be deposited on 
the cathode area to prevent electrons from flowing from 
the anode to the cathode [97, 98]. The mixed inhibitors 
could form a film on the surface of the workpiece to pre-
vent corrosion. The mixed inhibitor is a polar material. 
Its head is adsorbed on the surface of the workpiece, and 
the nonpolar tail is closely arranged perpendicular to the 
workpiece, forming a tight protective film. In addition, 
the nonpolar tail could absorb hydrocarbons to increase 

the thickness of the protective film, as shown in Figure 3 
[94].

During the processing, due to the presence of sur-
factants in the cutting fluid, the cutting fluid tends to 
foam when it impacts the workpiece or the machine tool. 
The gas in the foam reduces the cooling performance of 
the cutting fluid. Thus, adding a defoaming agent is nec-
essary. The defoaming agent plays an important role by 
inhibiting foam formation, thinning the foam film to the 
crack, and making the foam easier to fuse to accelerate 
bubble rupture.

Emulsifiers are mostly surfactants, one end of which is 
hydrophobic, and the other end is hydrophilic. It could 
form a molecular film at the interface of oil and water, 
reduce its surface tension, and make oil and water form a 
stable emulsion [99, 100], as shown in Figure 4.

Due to the emergence of various additives, the per-
formance of water-based cutting fluids has been greatly 
improved. However, the cutting fluid is easily attacked 
by microorganisms. Every year, a large amount of cutting 
fluid is corrupted and deteriorated due to the prolifera-
tion of microorganisms, resulting in waste of energy and 
resources. Therefore, the microbial spoilage of cutting 
fluid needs to be solved urgently.

3  Biological Stability Issues in Water‑Based 
Cutting Fluids

Water-based cutting fluids are extremely susceptible 
to microbial contamination. During the use of cut-
ting fluid, the bacteria and microorganisms that exist in 
the water, on the workpiece, on the skin of the worker, 

Table 2 Additives [93]

Category Additive Effect

Oily agent, extreme pressure agent Sulfur, phosphorus, chlorine and other organic compounds Enhance the performance of the 
lubricating film

Corrosion inhibitor Sodium nitrite, phenethanolamine Prevent corrosion of the workpiece

Anti-foam Dimethyl silicone oil, emulsified silicone oil Reduce or eliminate foam

Emulsifier Sodium Petroleum Sulfonate Emulsion formation

Bactericide Formaldehyde-releasers, isothiazolinone Inhibit bacterial reproduction

Polar head

Non-polar tail

Hydrocarbon
Molecule

Figure 3 Mechanism of corrosion inhibitor [94]
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in the remaining liquid before the machine tool, and in 
the air are mixed into it [16]. The cutting fluid also con-
tains organic matter needed for microbial reproduction; 
nitrogen, phosphorus, sulfur, and other trace elements 
in various additives; and water. The flow of cutting fluid 
makes it have more oxygen. All these phenomena pro-
vide favorable conditions for microbial reproduction and 
metabolism [102]. The metabolites of one microorgan-
ism in the cutting fluid may also become a food source 
for another organism to accelerate the propagation speed 
of microorganisms. In addition, the water-based cutting 
fluid in the machine tool is a complex system. The spe-
cies and quantity of microorganisms change continuously 
during the use of cutting fluid [103].

3.1  Types of Microorganisms
The microorganisms in cutting fluid include bacteria and 
fungi. Bacteria could be divided into aerobic bacteria and 
anaerobic bacteria, such as Escherichia coli, Staphylo-
coccus aureus, pneumococcus, Salmonella typhi, Pseu-
domonas aeruginosa, Pseudomonas oleifera, and sulfate 
reducing bacteria. Fungi are divided into yeast and mold, 
including Penicillium, cephalosporin, Aspergillus, and 
Fusarium. Facultative anaerobes are special and impor-
tant biodegradants. When sufficient oxygen is present, 
facultative anaerobes behave like aerobic bacteria. When 
oxygen is not sufficient to support aerobic metabolism, 
they behave like anaerobic bacteria. Especially in biofilm 
community, facultative anaerobic bacteria consume oxy-
gen, thus creating conditions suitable for anaerobic bac-
teria to survive [104].

In addition, because bacteria differ in accordance with 
the chemical composition, shape, and metabolic sub-
stances of their cell walls and respond differently to stain-
ing, they could also be divided into Gram-positive and 
Gram-negative bacteria [105]. Gram-positive bacteria 
have a thicker cell wall, and multiple peptidoglycan layers 

are present within this cell wall. The cell wall of Gram-
negative bacteria is thinner, with a characteristic outer 
membrane [50], as shown in Figure 5.

The number of microorganisms in cutting fluid is the 
key to affecting the cutting fluid performance and judge 
whether replacement of cutting fluid is necessary. Some 
scholars have found through research that the micro-
bial concentration of contaminated cutting fluid ranges 
from  104 colony forming units (CFU)/mL to  1010 CFU/
mL [106]. Shennan’s study found that the bacteria in 
water-based cutting fluids were mainly Gram-negative 
bacteria with a microbial concentration of approximately 
 108 CFU/mL [103]. Some scholars further analyzed the 
16S ribosomal DNA metagenome of microorganisms 
in used cutting fluid. They found that a large number of 
bacteria belonged to Pseudomonas, and the diversity of 
Pseudomonas bacteria was low [107, 108]. Pseudomonas 
is a kind of Gram-negative aerobic bacteria, which is the 
most common genus in cutting fluid, and it widely exists 
in soil and water environment [107].

In addition, the microbial species in the cutting fluid 
change with the degree of pollution. When the pollu-
tion is not serious, the spoilage bacteria are mainly Pseu-
domonas [103, 109]. When the microbial contamination 
reaches  108 CFU/mL, facultative anaerobes are the main 
bacteria. In the last stage of cutting fluid decay, the pH 
value of the cutting fluid decreases and the bacterial 
diversity increases. Various Gram-negative bacteria could 
be isolated from cutting fluid, including Acinetobacter, 
Achromobacter, and Alcaligenes. In addition, cutting 
fluid is contaminated by other common bacteria, such 
as Gram-positive bacteria (Micrococcus, Staphylococ-
cus, Streptococcus, and Bacillus) and atypical mycobac-
teria [109–114]. Yeasts and filamentous fungi could also 
contaminate cutting fluid, but these are less abundant 

Hydrophilic Head Lithophilic Tail

Oil Water

O/W W/O
Figure 4 Action mechanism of emulsifier [101]
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Figure 5 Gram-positive and Gram-negative cell wall structure [118]
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 (102–104 CFU/mL) [36, 115, 116]. Molds are mostly 
adhered to machine tool walls or pipes [117].

When the microorganisms in cutting fluid propa-
gate to a certain extent, many microorganisms like to 
gather to form a multicellular community. This multi-
cellular community is called biofilm [25–27], as shown 
in Figure 6. Biofilms appear as a slimy film or flocculus 

in a liquid gathered on a moist wall surface, as shown 
in Figure 7. Biofilms also have complex structures, such 
as channels for fluid and nutrient transport, which 
could provide a sanctuary for microorganisms. Oxy-
gen concentration gradient, organic matter concentra-
tion gradient, and pH value gradient could be formed 
at different positions of biofilm. Therefore, aerobic and 
anaerobic bacteria and acidophilic and acidophilic bac-
teria coexist. The interaction of microorganisms in the 
biofilm could also make the microbial resistance to bac-
tericides 1000 times higher than before [119]. Some of 
them could go into dormancy until the external envi-
ronment is suitable for their survival [120].

When the environment is suitable, the microbial spe-
cies mentioned above could split once every 30 min or 
so. The number increases in geometric progression. 
When the machine is shut down, the cutting fluid is 
still. The growth of aerobic bacteria consumes the oxy-
gen in the cutting fluid. When oxygen is not sufficient, 
anaerobic bacteria multiply. Anaerobic bacteria, such 
as sulfate-reducing bacteria and Citrobacter, could 
decompose sulfur groups in sulfate. Anaerobes gener-
ate hydrogen sulfide, which is dissolved in cutting fluid, 
by metabolism. When the machine tool is started again, 
hydrogen sulfide will be released, causing peculiar smell 
around the machine tool. As the reproduction speed of 
anaerobic bacteria is lower than that of aerobic bacte-
ria, when the odor appears, it is a sign of severe spoil-
age of the cutting fluid, as shown in Figure 8.

Predators

Microbicides

Food shortage

pH

Limited cooperation
Limited communication

Microbicides
Predators
Food shortage
pH

Shelter
Dormancy

Communication
Cooperation

Defence
Foraging

(a)

(b)

Figure 6 a Some bacteria are in a free state, b A large number of 
bacteria aggregates to form a biofilm [121]

Figure 7 a Newly formed biofilm is easier to remove, b Mature biofilm is more difficult to remove [121]
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3.2  Microbial Influence
The microorganisms in cutting fluid could cause irre-
versible damage to the cutting fluid and machine tools. 
Bacteria decompose the emulsifier in the cutting fluid. 
When the emulsifier is consumed to a certain extent, the 
stability of the cutting fluid could be destroyed. Oil could 
precipitate out of this stable state, thereby affecting the 
lubricating performance of the cutting fluid. It could also 
reduce the PH value of the cutting fluid, thereby reducing 
its rust-proof performance [123]. It could make unsatu-
rated bonds in the cutting fluid become saturated bonds, 
remove side chains from complex molecules, and shorten 
chain length [122], thus reducing the function of cutting 

fluid. It could also cause malodor, reduce tool life (metal 
corrosion), increase friction heat, increase energy con-
sumption, and reduce the surface finish of the workpiece 
[124].

Moulds and fungi could change the color of cutting 
fluid when they reproduce in large quantities. Lumps that 
block the circulation system of the cutting fluid, over-
load the circulation system, and have a certain effect on 
the filter and the liquid supply pipeline could also be pre-
sent [124]. Meanwhile, molds and fungi undergo spore 
reproduction. Spore has very strong viability, high heat, 
and dry resistance. The mold must be removed with the 
spores to completely remove it. Thus, removing molds is 
more difficult than removing bacteria [125].

Microbes also aggregate to form biofilms, as shown 
in Figure 9. Biofilms are complex microbial communi-
ties growing in cutting fluids. They could be composed 
of various organisms, including Gram-positive and 
-negative bacteria and yeast. Biofilms could generate 
mucus, causing filter blockage, product contamination, 
and equipment damage [106]. Biomembranes could 
also create conditions that promote electrochemistry. 
Electrons could flow from the anode area covered by 
the biofilm to the cathode area on the metal surface, 
forming an electric current and corroding the metal. 
The common form of corrosion caused by microorgan-
isms is pitting [126]. In addition, most of the micro-
organisms produce acidic metabolites (mainly C1–C6 
carboxylic acids) [127]. These organic acids are not 
very corrosive. However, they could react with inor-
ganic chlorides to form weak organic bases and strong 

Diluted with water 
80-90%

Unused cutting fluids
Protein, Hexane, 

Polysaccharide and its 
metabolite

Waste water-soluble cutting fluids 
Lifetime 2-4 months

Generated organic acid 
(Degradation of concentration 

and pH of cutting fluids)

Produced odor(H2S), 
Bronzing of cttting fluids

Aerobic bacteria

Facultative anaerobic bacteria

Sulfate-reducing bacteria

Replacement of cutting fluids

Figure 8 Mechanism of microbial degradation of water-based 
cutting fluids [122]
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Figure 9 Main stages of biofilm formation [128]
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inorganic acids. They cause metals to be further cor-
roded, especially hydrochloric acid (Eq. (1)) [127]:

In addition, the microorganisms in cutting fluid could 
have some effects on human physical health. The dam-
age to workers’ health is mainly allergic diseases. The 
Mycobacterium cells and their metabolites in cutting 
fluid may cause a series of inflammations ranging from 
mild rhinitis to fatal allergic pneumonia [129]. Hydro-
gen sulfide, the metabolite of anaerobic bacteria, is an 
odorous and highly toxic gas. It could cause toxicity to 
human lung, heart, and other organs. Various patho-
gens may also cause infection in workers’ wounds [129].

Cutting fluid produces bio-aerosol during use. Bio-
aerosols are air-suspended particles containing organ-
isms or their metabolites. These particles are usually 
toxic or sensitive [130]. Toxic aerosols are further 
divided into exotoxins and endotoxins. Exotoxins 
are secreted by organisms, mainly diffusion proteins 
secreted by Gram-positive bacteria into the surround-
ing medium. Endotoxin is a structural component of 
organisms and an inducer of inflammatory cytokines 
[131], as shown in Figure 10. The most common endo-
toxin that workers are exposed to is a lipopolysac-
charide. It is found in the outer membrane of the cell 
wall of Gram-negative bacteria. Exposure of endotoxin 
produced by cell wall rupture to the air may cause res-
piratory disorders and narrow the human bronchial 
tubes. It could increase the release of pro-inflammatory 
cytokines, causing workers to produce fever and res-
piratory symptoms [132]. It could also cause acute or 
chronic lung inflammation, including chronic sputum 
expectoration, lung function decline, fatigue, athero-
sclerosis and even toxic shock [28, 29].

The hazards caused by microorganisms are not esti-
mable, and measures must be taken to control the 
propagation of microorganisms in cutting fluid. Among 
them, the main factors affecting microorganism mul-
tiplication are pH value, temperature, oil content, and 
water quality of water-based cutting fluids. Therefore, 

(1)R− COOH + NaCl → R− COONa + HCl.

to prevent the harm caused by microorganisms, the fol-
lowing points must be started. (1) Dilute the cutting 
fluid by using tap or demineralized water, with mini-
mal use of water with high hardness. (2) Try to avoid 
the machine tool shutdown for a long time to keep the 
cutting fluid under flow and avoid heavy multiplication 
of anaerobes. (3) Clean the machine tools and their sur-
roundings before cutting fluid injection to avoid carry-
ing bacteria at the beginning. (4) Add a fungicidal mold 
inhibitor to the cutting fluid and replenish it in a timely 
manner. Among them, the most common and effec-
tive method to control the growth of microorganisms 
in cutting fluids is to use bactericides. It could control 
microorganisms within a certain number range, thus 
extending the useful life of cutting fluid.

4  Bactericides in Cutting Fluid
4.1  Commonly Used Bactericides
The effect of Bactericides on microorganisms is generally 
divided into three stages: physicochemical absorption of 
the bactericides on the microbial surface, penetration of 
the bactericides into the cells, and the effect of the bac-
tericides on the target site. However, not all bactericides 
need to penetrate inside the cell to function. Part of the 
bactericides could act on one or more target sites, such as 
cell membranes, intracellular proteins, and nucleic acids 
(NAs). In addition, due to the diversity of microorgan-
isms, each bactericide has its own sterilization mecha-
nism, such as obstructing bacterial respiration, affecting 
bacterial metabolic processes, inhibiting protein synthe-
sis, damaging the cell wall, and impeding NA formation 
(Table 3).

The bactericides used in cutting fluid should meet the 
criteria of having broad spectrum, low concentration 
availability, stability, noncorrosive to metals, non con-
taminating environment, cheap, not causing intensive 
hazards to organisms outside the target, and not making 
the target organisms drug resistant [36].

The two main bactericides commonly used in industry 
are formaldehyde releasers and isothiazolinone. Formal-
dehyde releasers could release highly volatile formalde-
hyde. In addition, formaldehyde changes the structure 
of proteins through denaturation and interacts with 

(a) (b)

Figure 10 a Exotoxin, b Endotoxin [121]
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bacterial NAs through alkylation reactions to inhibit the 
excessive reproduction of bacterial and fungal popula-
tions [133], including Pseudomonas species, sulphate 
reducing bacteria, Fusarium species, cepacia species, and 
Candida species [124]. Isothiazolinone-based biologi-
cal bactericides have the advantage of not relying on the 
mechanism of action of formaldehyde. It mainly acts on 
bacterial membranes and proteins [134]. It has a strong 
sterilization effect on sulfate-reducing bacteria and a 
poor inactivation effect on Pseudomonas and mycobac-
teria [36].

Formaldehyde releasers have a fast sterilization speed, 
but poor stability and strong irritation to the skin. Iso-
thiazolinone has strong stability in cutting fluids, and it 
could quickly kill microorganisms. However, isothia-
zolinones are skin sensitizers that could cause contact 
dermatitis [39], and their use has been reduced [36]. 
Other chemical categories include phenols, pyridinone 
[121], iodine with propynyl carbamate, and sodium 
pyrithione [135].

Phenolic substances are antibacterial agents that act 
on cell membranes. They inactivate bacteria by interact-
ing with the cell membrane surface to disintegrate the 
cell and release the substance inside the cell. Phenolics 
could also coagulate cell fluid, cause cell death, or inhibit 
cell growth [136, 137]. In addition, phenolic bactericides 
could inactivate acid-resistant bacteria more effectively 
than other bactericides. However, the chlorine con-
tained in its component produces a special odor, and it 
is difficult to remove in the waste liquid [138]. Therefore, 
although phenolic resins have been registered for cutting 
fluids, they are still restricted by wastewater discharge 
regulations. Iodopropynylcarbamate is a broad-spectrum 
mold control agent with rapid bactericidal effect. How-
ever, its water solubility is poor, and its thermal stability 
is general. The sodium pyrithione antifungal agent has 
good water solubility and stability in cutting fluid, but its 
sterilization speed is slow [139].

4.2  Boric Acid and Formaldehyde‑Releasers
Boric acid and formaldehyde releasers are commonly 
used bactericides in cutting fluids in industry. Boronic 

acid has a molecular formula of H3BO3, and it is an inor-
ganic acid. Its structural unit is a planar triangle [140], 
as shown in Figure  11. The atomic number of boron in 
the periodic table is 5, and the valence electron structure 
is 2S22P1. Its number of valence electrons is less than 
the number of valence orbitals, and it has electron loss 
[141]. Therefore, it could easily react with the hydroxyl in 
organic compounds (form borate after dehydration) and 
form boric acid monoester, diester, triester, and tetra-
substituted spiro ring structure [140].

Formaldehyde is a colorless gas with a pungent odor. 
Formalin is a 37%–40% aqueous formaldehyde solution. 
Formaldehyde releasers exhibit a wide range of antibacte-
rial activities, and they are by far the most popular and 
effective bactericides applied in cutting fluids. Anton C. 
de Groot et al. listed the CAS numbers, chemical struc-
tures, and molecular formulas of several commonly used 
formaldehyde releasers in water-based cutting fluids 
(Table 4) [142].

4.2.1  Sterilizing Mechanisms
Boric acid is an enzyme inhibitor that could block 
enzymes in phospholipid metabolism. The boron in 
borate is an electron-deficient element that could com-
bine with external electrons. It could change the perme-
ability of the cell membrane or cell wall by binding to the 
negatively charged cell surface, causing the cell to rupture 
and die.

Formaldehyde releasers control microbial reproduction 
by releasing formaldehyde. Their target is the amino acid 
or protein of bacteria. These are usually enzymes or other 
proteins or important components that undertake the 
main functions of the cell. Its release rate of formaldehyde 

Table 3 Mechanism of different kinds of organic molecules to kill microorganisms [36]

Types of bactericides Mechanism

Acid Interaction with cell membrane

Alcohol Denature protein and dissolve cell membrane

Formaldehyde and formaldehyde-releasers Combine with NH2 group and affect protein and nucleic acid

Biguanides Interact with cell membrane and affect protein and nucleic acid

Isothiazolinone Inhibit enzyme

Phenolic compounds Denature protein and modify cell membrane

a b

Figure 11 a Structural formula of boric acid, b Boric acid 3D model
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has a relationship with the properties of the bactericides, 
its concentration, the pH value of cutting fluid, tempera-
ture, and the degree of microbial contamination [132]. 
Aldehydes belong to the group of electrophilic addition 
active species. Given the lack of electrons at its carbonyl 
carbon atom, it could react with cell nucleophiles to exert 
antibacterial activity. The nucleophilic reaction with alde-
hydes in cells are amino and thiol groups, amino acid, 
or protein amide groups. These are the components of 
enzymes, as shown in Figure 12.

The reaction process of formaldehyde with amino 
group on protein is as follows [144].

In acid or neutral solutions:

In alkaline solution:

The reaction of sulfhydryl group on protein molecule 
with formaldehyde is as follows:

4.2.2  Bactericidal Effect
Li et al. studied the germicidal efficacy of boric acid bac-
tericides (ammonium borate) and formaldehyde releas-
ers (triazine) with different concentrations. Before the 
experiment, the total number of bacterial colonies was 
more than  107 CFU/mL, and the total number of fungal 
colonies was more than  103 CFU/mL. The test results are 
shown in Figure 13.

The experiments showed that the antibacterial ability 
of ammonium borate and triazine bactericides was posi-
tively correlated with the concentration. The inactivation 
effect on bacteria was stronger than on fungi. The ammo-
nium borate concentration of 5% showed enhanced steri-
lization performance. Triazines have a fast sterilization 
speed, but the inhibition time of bacteria and fungi after 

(2)P−NH2 + CH2O → P−NCH2 + H2O.

(3)
2P−NH2 + CH2O → P−NHCH2NH− P + H2O.

(4)P− SH + CH2O → P− SCH2OH.

Table 4 Formaldehyde-releasers [142]

Name CAS Molecular formula Chemical structure

Bioban®CS-1135 51200-87-4; 75673-43-7 C6H13NO; C5H11NO

Bioban®CS-1246 7747-35-5 C7H13NO2

Bioban®P-1487 37304-88-4 C13H25N3O4; C8H16N2O3
 

1,6-Dihydroxy-2,5-dioxane 3586-55-8 C4H10O4

Figure 12 Reaction between aldehydes and amino acids [143]
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sterilization is not long enough. The number of fungal 
colonies quickly recovers to the initial value.

4.2.3  Harm to the Environment and Workers
Boron is a common element in rock, soil, and water. 
Inhalation of boric acid or borate could cause respira-
tory irritation. Researchers found that when the average 
intake of boric acid was 4.1 mg/L, the eyes were stimu-
lated; the mouth, nose, or throat dried; and the throat 
suffered from pain and coughing. [146]. In addition, 
boron is a dynamic trace element. It affects the metab-
olism or utilization of many substances involved in life, 
including calcium, copper, magnesium, nitrogen, glu-
cose, triglycerides, reactive oxygen species, and estrogen. 

Through these effects, boron could affect the function or 
composition of multiple human systems including, the 
immune system, blood, brain, and bones. EU regulators 
consider boric acid to be Class 1B reproductive toxic. The 
World Health Organization stipulates that the maximum 
concentration limits of boron in industrial drainage and 
drinking water are 10 and 1 mg/L, respectively [147].

Due to the presence of formaldehyde releasers in cut-
ting fluid, workers who frequently touch with cutting 
fluid are prone to occupation dermatitis. The incidence 
rate of hand eczema was reported to be 20%–25% in 
3 years. Formaldehyde is also a strong sensitizer, and 
it is a common cause of allergic contact dermatitis. In 
the United States, the sensitization frequency of this 

(b)(a)

(d)(c)

Figure 13 Sterilization effect of ammonium borate on bacteria [145]
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allergen is approximately 8%–9%. The European plaque 
test results reported that the sensitization frequency is 
between 2% and 3%, and the Spanish sensitization fre-
quency is 1.61% [148]. Irritative contact dermatitis is 
more common than allergic contact dermatitis. Anton de 
Groot counted the sensitization rates of different kinds of 
formaldehyde releasers [124, 149].

5  Exploration of New Bactericides
In addition to the existing bactericides used in cutting 
fluids, the bactericides used in other fields were discussed 
to explore more possibilities for various bactericidal 
materials to be applied in cutting fluids, including nano-
materials and transition metal complex used in medicine, 
animal and plant science, and other fields.

5.1  Nanomaterials
Bacteria could develop resistance to bactericides by 
secreting enzymes that degrade the bactericides, thus 
altering the permeability of the cell membrane and the 
target proteins of the bactericides [42, 150]. Therefore, 
the sterilization performance of the bactericides is greatly 
reduced after a period of application. Other alternatives 
must be considered. Nanoparticles are small in size, and 
they could easily pass through cell membranes. Nano-
particles enter the cell faster than the cell removes the 
nanoparticles. Therefore, nanoparticles could accumulate 
in the cell, thereby hindering the physiological process 
of the cell and destroying the cell structure and function 
[151]. The use of nanomaterials could thus be consid-
ered as an alternative to bactericides. Some scholars have 
found that the antibacterial activity of nanomaterials is 
related to shape, size, electronic structure, and surface 
properties [42]. Bacteria could be inactivated through 
various mechanisms, including cell membrane rupture, 
inhibition of nutrients from entering the cell, and block-
ing of cells from attaching to solid surfaces [41, 42]. Vari-
ous nanomaterials are known to produce bactericidal 
effects against Gram-negative and -positive bacteria, 
such as Cu [152], CuO [153, 154], Ag [152, 155], silver 
phosphate [156], graphene-derived materials, and carbon 
nanotubes [157]. The effect of nanoparticles on Gram-
negative bacteria is considerably more significant than 
that on Gram-positive bacteria [158].

Since the ancient times, people have known that silver 
and its compounds have strong antibacterial and bacte-
ricidal effects. They have broad-spectrum antibacterial 
activity against bacteria and fungi [159–161]. Compared 
with other metals, silver is more toxic to microorganisms 
than to mammalian cells [162, 163]. Humberto H. Lara 
found that silver nanoparticles could inhibit the forma-
tion of biofilms by destroying the cell wall of Candida 
albicans. They could also disrupt the membrane potential 

to create small pores in the cell membrane, thereby trig-
gering the leakage of ions and other substances in the cell 
to kill the bacteria. He proved their sterilization activity 
against Candida albicans through experiments [164]. 
Anna Ogar studied the inhibitory effect of silver nano-
particles on fungi. Experimental results showed that their 
inactivation effect on fungi depends on the concentra-
tion and release rate of Ag ions. The author also found 
that silver nanoparticles with a concentration of 30–200 
mg/L could significantly inhibit the growth of fungi [165]. 
Melisa Monerris explored the sterilization ability of silver 
ion nanocomposites against P. aeruginosa [166]. Nasrol-
lahi studied the inhibitory effects of silver nanoparticles 
on Candida albicans and Saccharomyces cerevisiae and 
found through experiments that they have a strong inac-
tivation effect. The 50% minimun inhibitory concentra-
tion values for Candida albicans and Saccharomyces 
cerevisiae were 0.5 and 4 mg/mL, while the 90% minimun 
inhibitory concentration values were 2 and 32 mg/mL, 
respectively. The reason may be that nanosilver particles 
could inactivate bacteria by destroying the integrity of the 
membrane, affecting the permeability of the membrane, 
and reducing the activity of enzymes [163]. In the anti-
bacterial activity test, a certain amount of nanoparticles 
was added to the cutting fluid. The smaller the particle 
size of the nanoparticles is, the more contact area with 
the cutting fluid, hence the better the antibacterial per-
formance. Vijay C Verma studied the synthesis of nano-
silver and its antibacterial activity against C. albicans, 
Pseudomonas fluorescens and E. coli. Its average mini-
mum inhibitory concentration (MIC) for C. albicans was 
5.83 µg/mL, and the minimum bactericidal concentration 
(MBC) was 9.7 µg/mL [167]. Yen San Chan studied the 
antibacterial properties of synthetic silver nanoparticles 
(AgNPs) against S. aureus, E. coli, A. niger, and C. albi-
cans. The results showed that AgNPs have strong anti-
bacterial and antifungal activities [168].

Suresh studied nickel oxide (n-Nio) and nickel oxide 
(f-Nio) nanoparticles functionalized with the surface 
of 5 amino-2-mercaptobenzimidazole (AMB) and the 
antibacterial activity of  Ag3O4 nanoparticles and AMB 
surface functionalized  Ag3O4 nanoparticles against 
P. aeruginosa, S. aureus, and A. niger. The experimen-
tal results showed that the antibacterial and antifungal 
activities of the functionalized nickel oxide nanopar-
ticles were greater than those of the unmodified non-
functionalized nickel oxide nanoparticles. The MIC of 
f-NiO was 20 mg/mL, and the MIC of n-NiO was 80 
mg/mL. The antibacterial and antifungal activities of 
non-functionalized  Ag3O4 nanoparticles were larger 
than those of functionalized  Ag3O4 nanoparticles. 
The stronger antibacterial effect of the functionalized 
nickel oxide nanoparticles may be due to the enhanced 
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dispersion of the nanoparticles. The functionalized 
 Ag3O4 may be due to the increase in particle size that 
reduces the antibacterial effect [158, 169].

Pooja Devi studied the synthesis of silica/silver core-
shell nanoparticles and bactericidal activity against 
Bacillus subtilis (Gram-positive) and E. coli (Gram-
negative) and found that the synthesized nanoparticles 
have inhibitory effects on both bacteria. The antibacte-
rial ability of the experimental materials is related to 
the proportion of silver on the surface of the silicon 
core. When the mass fraction of silver was 0.5%, the 
MIC was 250 μg/mL, and when the mass fraction of sil-
ver was 15%, the MIC was 7.8 μg/mL [170].

Graphene oxide (GO) could destroy cell membranes 
to kill bacteria through chemical reactions. Reduced 
GO (RGO) destroys cell membranes through mechani-
cal stress to kill bacteria. Iman Sengupta investigated 
experimentally the effect of GO and reduced RGO on 
S. aureus and P. aeruginosa. The experimental results 
found that the inhibition rates of GO against S. aureus 
and P. aeruginosa were 93.7% and 48.6%, respectively, 
while the inhibition rates of RGO were 67.7% and 
93.3%, respectively [42].

Muhammad Arshad studied the synthesis of zinc-
doped silica nanoparticles synthesized in three different 
solvents (acetonitrile, n-hexane, and isoamyl alcohol), 
along with their antibacterial and antifungal properties. 
He mainly studied the biological activity against B. sub-
tilis and E. coli and the bacteriostatic activity against 
Candida and A. niger [171].

Copper ions could damage cell membranes by being 
adsorbed to the bacterial cell surface, thus curing pro-
tein structure or altering enzyme function [172–174]. 
Its antibacterial mechanism is mainly attributed to the 
strong adsorption of copper ions by bacterial cells. This 
adsorption effect has a great relationship with copper 
ion concentration [175]. Ramesh synthesized a simple, 
low-cost, and environmental friendly  Cu2O nanoparti-
cle. He used E. coli as a model to study the antibacterial 
properties of nano  Cu2O nanoparticles against Gram-
negative bacteria. An antibacterial test was performed 
on E. coli on agar plates containing different concen-
trations of nanoparticles. The initial number of bacte-
rial colonies on threagar plates was approximately  106 
CFU/mL. Figure 14 shows the variation in the number 
of bacterial colonies as a function of nano-Cu2O con-
centration. When the concentration of these particles 
was 10 μg/mL, the growth of bacteria was inhibited by 
65%. The number of bacterial colonies grown on plates 
with nanoparticles exceeding 30 μg/mL decreased sig-
nificantly, and the nanoparticle concentration of 50–60 
μg/mL could inhibit the growth of bacteria by 100% 
[176].

Table  5 summarizes the influence of different nano-
materials and their particle size on the sterilization 
performance.

As shown by the above studies, nanomaterials mostly 
achieve the inactivation of microorganisms by disturb-
ing the potential of the cell membrane and disrupting the 
cell membrane. As Gram-positive bacteria are structur-
ally different from Gram-negative bacteria, their multiple 
peptidoglycan layers could reinforce the stability of the 
cell membrane. Thus, the effect of nanomaterials on the 
action of Gram-negative bacteria should be higher than 
that on Gram-positive bacteria. In addition, the smaller 
the particle size of nanoparticles is, the more favorable 
it is to pass through the cell membrane, combining with 
other substances inside the cell. Therefore, a stronger 
bactericidal capacity could also be expected.

5.2  Transition Metal Complex
Metals are good conductors of electricity and heat, and 
they could form ionic and ionic bonds with nonmet-
als. Atoms in metals could easily lose electrons to form 
cations surrounded by free electrons. Thus producing 
conductive and antibacterial effects [177]. Heavy met-
als could be toxic to bacteria. This toxicity may be due to 
their chemical affinity with macromolecular thiol groups 
[44, 45]. Several modes of action of heavy metals are 
shown in Figure 15 [178].

The complexation of bactericides with transition met-
als could improve the biological activity of the original 
bactericides. Jie Li synthesized two Cu (II) complexes 
 [CuL1

2(OAc)2]•MeOH(1) and  [CuL2
2(OAc)2] by using 

commercial bactericides paclobutrazol  (L1) and dicona-
zole  (L2) as ligands (2). Ligand  L2 has C=C bond and 
2,4-dichlorophenyl group, and it has a higher level 
of synergy. Therefore, complex 2 has stronger anti-
fungal activity. Experimental studies on the synergy 
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Figure 14 Relationship between the number of E. coli colonies 
and the number of CuO  (Cu2O nanoparticles in the LB agar plate are 
expressed as the percentage of the number of colonies grown on the 
control plate without  Cu2O) [176]



Page 14 of 24Tang et al. Chinese Journal of Mechanical Engineering            (2022) 35:3 

between  Cu2+ and ligands and theoretical studies on 
the electronic structure of the complexes showed that 
the increase in active sites for copper ion, the synergy 
between copper ion and ligands, and the enhanced per-
meability through microbial cell membranes all con-
tribute to the enhanced bactericidal performance [179].

VM Farzaliyev studied Schiff bases and their com-
plexes with transition metals  (Cu2+,  Ni2+, and  Co2+) 
against lactic acid bacteria, P. aeruginosa, A. niger, 
Cladosporium resinosum, Penicillium, S. globosa, and 
Trichoderma viride. The antibacterial performance and 
synthesis scheme is shown in Figure  16. The experi-
mental results showed that the antibacterial properties 
of Schiff bases and their metal complexes reached the 
level of the selected standard bactericides, and in some 
cases, even exceeded the standard bactericides. In addi-
tion, due to the presence of additional dimethylamine 
fragments in the molecule, 4-dimethylamino-1 benzy-
laniline and its complexes with  Cu2+,  Ni2+, and  Co2+ 
demonstrated low concentrations (0.25%–0.5%), sterili-
zation, and bactericidal properties [180].

Fatullayeva synthesized bis-(3,5-di-tert-butyl-salicylic 
acid) hydrazone and its analogues of dihydrazine suc-
cinate. He obtained the complexes of Mn (II) and Fe 
(II) with these ligands and found through tests that the 
obtained compounds have high bactericidal and bac-
tericidal activities [181]. Rahimova synthesized the 
complexes of Cu (II) and Ni (II) with N,N-bis (p-dimeth-
ylaminobenzyl) diaminopropane, analyzed their anti-
bacterial properties. and found that the synthesized 
compounds had strong bactericidal and bactericidal 
activities [182].

Under the chelation of transition metal and ligand, the 
polarity of the metal ion is greatly reduced due to the 
overlap of the ligand orbital and the partial participa-
tion of the positive charge of the metal ion and the donor 
base [183]. In addition, the compounding process could 
increase the lipophilicity of the central metal atom, ben-
eficial for the complex to penetrate the lipid layer of the 
microbial cell membrane [184]. Table 6 summarizes the 
bactericidal properties of some transition metal com-
plexes in the existing literature. A rule could be drawn 

Table 5 Nano material sterilization performance

Note: Staphylococcus aureus: S. aureus; Pseudomonas aeruginosa: P. Aeruginosa; Escherichia coli: E. coli; Bacillus subtilis: B. subtilis; candida albicans: C.albicans; 
Saccharomyces cerevisiae: S. cerevisiae; non-functionalized silver oxide nanoparticles referred as n-Ag3O4, functionalized nanoparticles as f-Ag3O4; non-
functionalized nickel oxide nano-particles are referred to as n-NiO, functionalized nickel oxide nanoparticles as f-NiO; graphene oxide: GO; reduced GO: rGO

Material Size (nm) MIC (mg/mL) Zone of inhibition (mm) Percentage inhibition Ref. No.

AgNPS 8.1–36.4 [166]

50‒80 0.3×10−4‒0.047 S. aureus: 1.4‒2.0;
E. coli: 0.8‒1.8

[168]

9‒16

C.albicans:
MIC50=0.5,
MIC90=2;
S. cerevisiae: MIC50=4,
MIC90=32

[163]

10-25 5.8×10-3 [167]

n-Ag3O4 18 S. aureus: 13‒16;
P. Aeruginosa: 13‒16

[169]

f-  Ag3O4 30 S. aureus: 7‒8;
P. Aeruginosa: 7‒11

n-NiO 16 S. aureus: 5‒6;
P. Aeruginosa: 6‒7

[158]

f-NiO 20 S. aureus: 7‒15;
P. Aeruginosa: 12‒17

Cu2O MIC50=0.01
MIC90=0.055

[176]

SiO2 50‒100 B. subtilis: 6%‒2%;
E. coli: 4.5%‒1%

[171]

SiO2+Ag 16‒35 B. subtilis: 0.016‒0.500;
E. coli: 0.008‒0.25

[170]

GO S. aureus: 97.3%
P. Aeruginosa: 48.6%

[42]

rGO S. aureus: 67.7%
P. Aeruginosa: 93.3%
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Figure 15 (a) Creation of protein dysfunction, (b) Production of reactive oxygen species (ROS) and consumption of antioxidants, (c) Damage to 
membrane function, (d) Interference with nutrient absorption, (e) Genotoxic [178]

Figure 16 Synthesis scheme [180]

Table 6 Bactericidal properties of transition metal complex

Material Atomic number Zone of inhibition 
(mm)

Ref. No.

Mn 25 9.5 [185]

Fe 26 15‒30 [186]

Co 27 20‒34 [187]

Ni 28 10‒40 [186]

Cu 29 7‒36 [186]
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from Table  6 as follows: as the atomic number of tran-
sition metals increases, the sterilization performance of 
the complexes improves to a certain extent.

Scholars found that the products after complexation of 
transition metals and bactericides could prolong the use 
time of bactericides and enhance the energy efficiency of 
sterilization. Furthermore, a large number of chips could 
be generated during metal processing, and the metal ions 
precipitated during the processing may enhance the ster-
ilization ability of the complex.

5.3  Physical Sterilization Method
In addition to the study of new chemical bactericides, 
physical methods could be used to inactivate microor-
ganisms in cutting fluid. Ozone, UV, and others have cer-
tain bactericidal effect in various fields.

5.3.1  Ultraviolet Ray
The wavelength of UV light is 10–400 nm, and its radi-
ation could cause the connection between adjacent 
pyrimidine bases in DNA. This phenomenon inhibits 
its correct replication during cell division and affect the 
reproduction of microorganisms. As a rule of thumb, the 
mechanisms through which UV radiation could dam-
age microorganisms are as follows: (i) the photo-induced 
reactions resulting from the direct absorption of UV pho-
tons by biopolymers, especially NAs and proteins, which 
are the basic constituents in common between bacteria 
and viruses [188, 189], and (ii) the photo-oxidation trig-
gered by ROS generated after UV irradiation of exog-
enous and endogenous photosensitizers, i.e., powerful 
oxidant materials or photosensitive molecules other than 
NAs and proteins [190].

In addition, UV rays are almost non-hazardous, and 
they do not cause fire or toxic contact with workers; the 
effect of UV sterilization depends on the radiation power, 
radiation time and radiation area. Due to the low trans-
parency of the cutting fluid, the penetration depth of 
UV rays is reduced, and the sterilization effect is greatly 
reduced. Microbes have the ability to repair themselves, 
which could repair the damage caused by radiation, fur-
ther reducing the sterilization ability of UV light. Ensur-
ing a higher power when the cutting fluid is sterilized by 
UV rays is necessary and the cutting fluid should be kept 
flowing continuously to achieve enhanced sterilization 
effect [191].

A notable detail that the inactivation of microorgan-
isms is strictly dependent on the amount of radiation 
absorbed and capable of giving rise to detrimental effects. 
Accordingly, some parameters play a key role on the dis-
infection behavior, one above all is UV dose (referred to 
as fluence), generally expressed as the product of the UV 
light intensity (I) and the irradiation time (Tirr), where 

UV dose is commonly expressed in J/cm−2 = W·s/cm−2 
[192].

Souza used 16 caluv lamps for 24 h of treatment of cut-
ting fluid and achieved an average reduction of 99.70% 
contamination of synthetic cutting fluid [193]. In addi-
tion, considering that the opacity of the cutting fluid 
weakens the transmission of UV light to a certain extent, 
Johnson et  al. used a high-output UV lamp that could 
withstand harsh chemical environments for experiments. 
Enhanced results were achieved, and the UV bactericidal 
rate reached more than 99% [47]. Weigel’s UV steriliza-
tion experiment found that E. coli cells were inactivated 
within 5–15 s, and fecal E. coli cells were inactivated 
within 30 s [194].

5.3.2  Ozone
Ozone is one of the most effective strong oxidants that 
could effectively inactivate microorganisms. In addi-
tion, it could rapidly decompose into oxygen molecules 
in water, and it does not form any secondary pollutants. 
Kristina et  al. verified the sterilization ability of ozone 
through experiments. The initial bacterial concentration 
was  107 CFU/mL, and the microorganisms were com-
pletely eliminated 20 min later [48, 49]. Ma proposed an 
ozone treatment system using air DBD plasma to stably 
generate high concentration ozone and inject water-
based cutting fluids. He used Klebsiella pneumoniae, P. 
aeruginosa, E. coli, and P. vulgaris for sterilization experi-
ments and counted the microbial colonies in the treated 
water for 3 days, as shown in Figure 17. Experiments con-
firmed that the sterilization rate of water-based cutting 
fluids could reach 99.99%. The turbidity, pH value, and 
odor of water-based cutting fluids all improved. Among 
them, K. pneumoniae proliferated slightly after 2 days of 
sterilization, and P. aeruginosa proliferated slightly after 
3 days of sterilization. Therefore, to maintain the effect 
of ozone treatment, Sukhwal Ma proposed a strategy of 
using an air DBD system to treat the cutting fluid every 3 
days [122].

The vertical axis in Figure  17 is the logarithmic value 
of N/N0, where  N0 is the number of surviving control 
colonies in CFU/mL. The average control numbers were 
8.2×106, 7.0×106, 2.4×106, and 2.8×106 CFU/mL; the 
results showed that the values of Log (N/N0) were −6, 
−5.6, −5.9, and −6.15, respectively. This logarithmic 
scale indicated that more than 99.9% of bacteria were 
killed [122].

Nadine Madanchi developed an experimental cutting 
fluid circulation system and studied the inactivation 
effect of ozone, UV, and other sterilization methods 
on microorganisms in the cutting fluid under this sys-
tem. The experimental results are shown in Figure  18 
[191]. Both methods of sterilization were found to 
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have enhanced results. The effect of ozone on cutting 
fluid was not obvious within 2 h, but the microorgan-
ism decreased from  104.5 CFU/mL to  102 CFU/mL after 
24 h. Within 24 h, the sterilization effect of UV was 
remarkable, and almost no bacteria could be detected. 

In addition, the experimental results demonstrated 
that the number of microorganisms in the cutting fluid 
without sterilization treatment was reduced to a certain 
extent. Therefore, the flow of cutting fluid also helps 
reduce the microbial population [191].
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Figure 17 Disinfection curve of Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli, and Pseudomonas vulgaris in DBD plasma of 
ozone-treated air [122]

(b)(a)

0 0.25 0.5 1 2 24
100
101
102
103
104
105

Co
nt
am

in
at
io
n

[C
U
F/
m
l]

Time[hours]
Without
treatmentTreated Reference

0 0.25 0.5 1 2 24
100
101
102
103
104
105

Co
nt
am

in
at
io
n

[C
U
F/
m
l]

Time[hours]
Treated Reference

4 48

Without
treatment

Figure 18 (a) Influence of ozone on the bacteria in the cutting fluid, (b) Influence of ultraviolet rays on the bacteria in the cutting fluid [191]
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5.3.3  Fine Bubbles
Fine bubbles (defined as bubbles with a diameter below 
100 μm, referred to as FB) could fulfill different func-
tions depending on their gas composition, bubble size, 
and bubble density, such as the action of microbubble 
disruption for bactericidal and cleaning [195]. Bubbles 
with a diameter of 1–100 μm are called microbubbles 
(MBs), and bubbles with a diameter of less than 1 μm 
are called ultrafine bubbles (UFBs). Because UFB is small 
in size, it could stay in the liquid for a longer time, thus 
takes longer to function. Hiroko Yamada prepared UFBs 
with two gases (air and  CO2), and the bactericidal effect 
against P. aeruginosa (gram-negative bacteria) and S. 
aureus (gram-positive bacteria) was experimentally veri-
fied [50]. The experimental results found that the sterili-
zation rate of  CO2-UFB was 100% against P. aeruginosa 
and 0% against S. aureus. Fluorescence microscopic 
observation showed that the cause of P. aeruginosa cell 
death was cell wall damage, because the cell wall thick-
ness was 6–10 nm for P. aeruginosa and 20–40 nm for S. 
aureus. In addition, the cell wall of Gram-positive bacte-
ria is composed of multiple peptidoglycan layers. These 
peptidoglycan layers could reduce the internal pressure 
of bacteria and prevent cell rupture [50].

Table  7 summarizes the sterilization effects of differ-
ent sterilization methods. Ozone and UV rays have better 
sterilization effects, while FB sterilization could only act 
on Gram-negative bacteria.

6  Comprehensive Evaluation of Sterilization 
Methods

On the basis of the above research status, a comprehen-
sive comparative evaluation of traditional sterilization 
methods and physical sterilization, as well as nanomate-
rials and transition metal complexes was conducted in 
this paper. The evaluation indicators included steriliza-
tion performance, hazard, degradability, and economy, as 
shown in Table 8.

Different modes of sterilization were found to have 
their own advantages and disadvantages through the 
above multiple modes of sterilization. The sterilizing 
activity of each methods on different microorganisms 

also varies. For example, certain microorganisms could 
develop resistance to partial chemical bactericides and 
FB bactericidal method is more applicable to Gram-
negative bacteria. Therefore, when a sterilization method 
could not achieve the expected effect, coupling multiple 
sterilization methods could be considered while ensuring 
the cost to extend the service life of cutting fluids.

7  Conclusions and Outlook
In this article, the biological stability of water-based 
cutting fluids and the sterilization principles and steri-
lization effects of various sterilization methods were 
reviewed. The main conclusions drawn are as follows.

(1) The molecular structure in the water-soluble cut-
ting fluid is easily decomposed by the invading 
microorganisms, leading to failure, a reduction in 
the life of the cutting fluid, and an increase in pro-
cessing costs. Especially after the microorganisms 
gather to form a biofilm, the covered area could 
promote electrochemical conditions to form an 
electric current, which could corrode the metal and 
destroy the processing quality. Therefore, improving 
the biological stability of water-soluble cutting flu-
ids is very important.

(2) Traditional bactericides include borate and formal-
dehyde. Borate is used to change the permeability of 
the cell membrane to cause the bacteria to rupture 
and die. Formaldehyde mainly uses denaturation to 
change the protein structure and interact with NAs 
to inhibit bacterial reproduction. The main influ-
encing factor of these two bactericidal effects is the 
concentration of the bactericide. When the con-
centration is 5%, it has a better antibacterial effect. 
However, these two substances are extremely harm-
ful to human health.

(3) Nanomaterials are a new type of sterilization 
method that has the characteristics of low toxicity 

Table 7 Sterilization effect of physical sterilization methods

Method MIC (mg/mL) Colonies 
number (CFU/
mL)

Percentage inhibition

O3 S. aureus: 0.24;
E. coli1: 90

104.5 to  102 99.9%

UV 106.5 to 0 99.2%

Fine bubble P. Aeruginosa: 100%
S. aureus: 0%

Table 8 Comparison of various sterilization methods

Note: * Representative grade

Method Performance Harmfulness Degradability Economy

Traditional *** *** * **

Ozone *** * *** *

UV *** * *** *

Fine bub-
bles

** * *** *

Nanoma-
terials

** * ** **

Metal 
complex

*** * ** ***
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to the human body and strong sterilization perfor-
mance. They have a strong application prospect. 
They could disturb the cell membrane potential 
and affect the integrity and permeability of the cell 
membrane, thereby triggering the leakage of intra-
cellular material. The smaller particle size of the 
nano-bactericidal materials has stronger dispersibil-
ity, which could effectively improve the sterilization 
performance.

(4) Transition metals have good biocompatibility, 
and they are easily degraded. The metal atoms in 
the center of the coordination compound have 
strong lipophilicity, which is conducive to allowing 
the complex to pass through the lipid layer of the 
microbial cell membrane. Then, it interferes with 
the genetic material in the nucleus. The higher the 
atomic number of the transition metal complexes 
is, the stronger the antibacterial properties. Mean-
while, the combination of the transition metal with 
the higher atomic number and the bactericidal 
compound could enhance the bacteriostatic ability 
of the compound. However, the underlying mecha-
nism needs to be further explored.

(5) Physical sterilization methods, such as ozone, UV 
rays, and FBs have the least harm to the human 
body; they could kill bacteria through their strong 
oxidizing properties, inhibition of DNA replication, 
and surface tension, respectively. The sterilization 
effect of this kind of sterilization method is better, 
but the economy is not high. Whether this kind of 
method could be applied to industrial production 
depends on the research of new low-cost realization 
methods.

In future research, preventing the proliferation of 
microorganisms in cutting fluid could also be considered 
from the following points.

(1) Change the composition of additives in the cutting 
fluid. Most additives with emulsification, corrosion 
inhibition, and lubrication functions are straight-
chain organic derivatives, which are easily decom-
posed by microorganisms. Branched alternatives, 
such as isostearic acid and polyester emulsifiers, 
could also be considered.

(2) Develop a hybrid sterilization system to control the 
number of microorganisms and increase the killing 
rate of bacteria and the destruction rate of biofilm 
by using the method of combining biological ster-
ilant and physical sterilization to extend the service 
life of cutting fluid.

(3) Conduct frequent liquid monitoring to measure 
bacteria/fungus, free oil, pH, and concentration. 

Establish and improve the database, respond to the 
monitoring data in a timely manner, and supple-
ment the bactericide.
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