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Abstract Lubricating oil additives based on boron com-

pounds are promising materials for lubrication due to their

tribological advantages such as antiwear efficiency, good

film strength, and high temperature resistance. This article

deals with the preparation of zinc borate particles that are

well dispersed and colloidally stabilized in mineral oil.

This method starts with preparing two inverse emulsions

(water-in-oil) with sorbitan monostearate (Span 60) as a

surfactant, light neutral oil as a continuous phase, and the

aqueous solutions of borax decahydrate (Na2B4O7�10H2O)

and zinc nitrate (Zn(NO3)2�6H2O) as the dispersed phases.

The produced particles were zinc borate crystals having

both rod-like and spherical morphologies, and the diame-

ters of spherical particles were changing between 20 and

30 nm. FTIR spectra of the obtained particles showed the

characteristic peaks of trihedral borate (B(3)-O) and tetra-

hedral borate (B(4)-O) groups as well as the specific peaks

of the sorbitan monostearate. TG showed 30.42% and

22.08% mass loss at 600 �C for the samples prepared by

inverse emulsion and precipitation techniques, respec-

tively. The endothermic peak at 50 �C is observed due to

the melting of sorbitan monostearate and the heat of

melting is evaluated as -3.50 J/g. Tribological studies

revealed that sorbitan monostearate not only outperformed

as a dispersing agent of inorganic particles, but also it

proved to be an anti-wear agent. Zinc borate produced by

precipitation decreased the wear scar diameter from 1.402

to 0.639 mm and the friction coefficient from 0.099 to

0.064. The inverse emulsion was effective in decreasing

wear scar diameter and the friction coefficient by lowering

them to 0.596 and 0.089 mm, respectively.
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Introduction

The interest in the production of zinc borate has steadily

grown because of the great expectations for the applica-

tions including polymer additive as flame retardants, the

preservative in wood composites and additive for lubrica-

tion [1–5]. There have been different crystalline forms of

hydrated zinc borate which can be prepared selectively

using either borax and soluble zinc salt or boric acid and

zinc oxide. The traditional production method is precipi-

tation technique in aqueous media. Micron-sized zinc

borate species are formed by precipitation technique and

they have some limitations in their applications, notably in

the lubricating oils. Micron-sized particles have lower

dispersion property than nano-sized particles due to the

agglomeration. In order to produce nanoparticles, a variety

of the methods which are precipitation, hydrothermal

treatment, spray drying, spray thermal decomposition,

freeze drying, the microemulsion method, the phase

transfer technique, and supercritical fluid drying methods

are developed. Among the different techniques, the for-

mation of inorganic species in inverse microemulsion

environment has received special interest since it allows

the preparation of ultrafine particles within the size range

5–50 nm and it is simple, safe and can produce regularly

shaped particles with a narrow size distribution [6–8].
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Inverse-emulsion based technique for the synthesis of

inorganic particles is based on the assumption that the inner

aqueous pool serves a confined micro-reactor for the pro-

duction of desired particles [9]. Up to now, various kinds of

particles have been successfully formed by using this

technique including metal oxides and inorganic materials

[2, 7, 10].

The dispersion stability of nano-sized particles in base

oil provides the system to be used as a lubricant. With the

help of lubricants, the contact zones of moving parts can

not come in direct contact with each other and the lubri-

cants prevent the increase in temperature causing adhesion,

scuffing, or even welding [11]. In literature many studies

were conducted for the preparation of nano-sized metal

borates by supercritical fluid drying technique and the

dispersion of these species in the base oil by using sorbitan

monostearate surfactant [12–14]. In these published arti-

cles, special attention has been paid to the tribological

properties of the produced borate species and it was

claimed that nano-sized metal borate species had signifi-

cant role in reducing friction and wear properties when

added into base oils. However, the lubricating property of

the surfactant was not considered and the characterization

of the metal borates was not completed in these studies

[12–14]. The lubricating ability of sorbitan monolaurate

and ethoxylated sorbitan monolaurate in paraffin oil were

verified and as compared to paraffin oil, wear scar diameter

was reduced four times, while the friction coefficient was

reduced six times as reported by Wasilewski and Sulek

[15]. In lubricant production mineral oil and biobased oils

can be used. Moringa oil was proved to be an efficient

lubricant base oil [11].

This study attempts to prepare nano-size zinc borate that

can be used in lubricating additive by inverse emulsion

technique and to characterize both the emulsions and zinc

borate particles. Also it aims to present a new lubricant

preparation technique in the field of both colloidal systems

and nano-size particle preparation.

Experimental

Materials

Water-in-oil emulsions were prepared from aqueous solu-

tions of borax decahydrate (Etibor), zinc nitrate hexahy-

drate (Zn(NO3)2�6H2O) (Sigma-Aldrich), light neutral oil

(TÜPRAŞ A.Ş.), and sorbitan monostearate (Span 60,

Sigma-Aldrich). The precipitates of the emulsion products

were washed with deionized water, methyl ethyl ketone

(MEK) (Kimetsan), and ethanol (Riedel-de Haën). Zinc

borate synthesized by precipitation technique was also

prepared by borax decahydrate (Etibor), zinc nitrate

hexahydrate (Zn(NO3)2�6H2O) (Sigma-Aldrich), and sor-

bitan monostearate (Span 60, Sigma-Aldrich). Zinc borate

prepared in this study and Firebreak 2335 from US Borax

with composition 2ZnO�3B2O3�3H2O were also tested as

anti-wear additives in the lubricants.

Preparation of inverse emulsions

Two-inverse emulsions technique was used to obtain zinc

borate emulsion. Borax decahydrate and zinc nitrate

emulsions were prepared at 70 �C by using a rotor–stator

homogenizer combined 700 Watt with a rotor–stator gen-

erator probe of 10 mm diameter (OMNI GLH) and a

magnetic stirrer (Yellowline MSH Basic) for 2 min and

2 h, respectively. The mixing rates of the homogenizer and

the magnetic stirrer were 13500 and 1000 rpm, respec-

tively. Emulsion I was prepared by mixing 5 cm3 1 mol/

dm3 zinc nitrate in water with 50 cm3 light neutral oil

having 0.5 g sorbitan monostearate, and emulsion II was

prepared by mixing 5 cm3 1 mol/dm3 borax decahydrate in

water with 50 cm3 light neutral oil having 0.5 g sorbitan

monostearate. When emulsions I and II were mixed toge-

ther at 70 �C with the homogenizer for 2 min and magnetic

stirrer for 2 h, zinc borate crystals were formed in water

phase and dispersed in light neutral oil.

The water content of the inverse emulsions was removed

since the water caused harmful corrosion effects on sub-

strates in lubrication systems. The removal of water in zinc

borate emulsions was accomplished by water–oil separa-

tion apparatus as shown in Fig. 1 [16]. The emulsion was

heated up to 160 �C by mixing with 1000 rpm, and the

accumulation of water was achieved in the condenser. The

particles were separated from the oil by using a membrane

12

3

4

Fig. 1 Water-oil separation apparatus. 1 condenser, 2 distilling link,

3 flask, and 4 heater
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separation unit to characterize the zinc borate formed in the

light neutral oil. Then, they were washed with 15 cm3

methyl ethyl ketone, 25 cm3 water, and 25 cm3 ethanol.

Finally, the obtained particles were dried at 110 �C for 2 h

in air circulating oven.

Preparation of zinc borate by precipitation technique

Zinc borate was prepared by mixing equal volumes

(50 cm3) of 1 mol/dm3 borax decahydrate and 1 mol/dm3

zinc nitrate hexahydrate solutions and 1 g sorbitan mon-

ostearate. It was mixed at 70 �C by the homogenizer and

magnetic stirrer for 2 min and 2 h, respectively. The sep-

aration of particles from the aqueous media was achieved

by using a membrane separation unit, then, the particles

were washed with 50 cm3 water for three times and they

were dried at 110 �C for 2 h in air circulating oven.

Preparation of lubricants

Lubricants were prepared by adding 1 g zinc borate to

100 cm3 light neutral oil having 1 g sorbitan monostearate

and mixing at 70 �C for 2 min with homogenizer, for 2 h

with magnetic stirrer at 160 �C. Firebreak 2335

(3ZnO�3B2O3�3H2O) and the zinc borate prepared by pre-

cipitation method in this study were used as lubricant

additives. Mineral oil and the inverse emulsion heated up

to 160 �C and mineral oil having 1 mass% sorbitan mon-

ostearate were also tested as lubricants.

Characterization

Fourier Transform Infrared Spectrometer (Shimadzu 8601)

was used to determine the chemical structure of the zinc

borate species and sorbitan monostearate. KBr pellets were

prepared by mixing 4.0 mg of zinc borate or sorbitan

monostearate and 196 mg of KBr in an agate mortar and

pressing the mixture under 8 tons. Thermal gravimetric

analyses (TG) were performed using Shimadzu TGA-51.

The samples (10–15 mg) were loaded into an alumina pan

and heated from room temperature up to 600 �C at 10 �C/

min under N2 flow of 40 cm3/min. DSC was performed on

a calorimeter (Shimadzu, DSC 50). Dry powder (5–10 mg)

was placed in an aluminum pan, and the samples were

heated from room temperature up to 600 �C at a rate of

10 �C/min. SEM (Philips XL30 SFEG) images were

employed to examine the morphology of the samples.

CHNS elemental analysis (Leco Corporation St. Joseph

MI, USA) was used to determine the elemental composi-

tion of the samples. XRD was performed using a X-ray

diffractometer (Philips Xpert-Pro). The incident CuKa
radiation with 0.154 nm was used in the analysis. The

measured XRD pattern was compared with those in the

JPDS database. Besides the characterization of the sam-

ples, the emulsion characterization was carried out in an

optical microscope (Olympus CX31), and the photographs

were taken by a camera (Olympus DP25). Olympus DP2-

BSW program evaluated the diameters of the particles and

the droplets. Surface tension of sorbitan monostearate was

measured by KRÜSS Digital tensiometer (K1OST). Fur-

thermore, tribological characterization of the lubricant

containing zinc borate was performed by a four-ball wear

test machine (made by Falex Corp.). Test balls were

chrome alloy steel, made from AISI standard steel No. E-

52100 with a diameter of 12.7 mm. The test was performed

according to ASTM D 4172-94 at 392 N and the test

duration was 1 h. In addition, the worn surfaces of the balls

run in the oil and the oil with additives were visualized by

SEM (Philips XL30 SFEG).

Results and discussion

The morphology of emulsions

In inverse emulsions, oil diffusion is high, water diffusion

as well as the surfactant mass transfer is low and corre-

sponds to smaller water droplets than oil droplets [16]. The

required particles were produced inside these water drop-

lets since inverse micelles act as reactors. In this study, the

morphological study was performed not only to investigate

the morphology of the emulsions, but also to determine the

particle size of the emulsions. The inverse emulsions were

stabilized with sorbitan monostearate having HLB value

4.7 and this made the surfactant suitable for inverse sys-

tems. The surface tension of 1 g of this surfactant in

100 cm3 mineral oil was determined as 31 and 26.8 mN/m

at 25 and 70 �C, respectively.

The employment of a rotor–stator homogenizer for

emulsion mixing reduced the diameters of the droplets

since rotor knife spun within the tube, created a pumping

action, forcing the sample out through the windows in the

tube. The microphotographs of all the emulsion samples

are pointed out in Fig. 2. It was observed that all the

emulsion droplets were slightly polydisperse. The average

diameters of borax and zinc nitrate emulsion droplets were

2.12 and 10 lm, respectively. When the zinc borate

emulsion was heated up to 160 �C to remove its water

content, air bubbles disappeared in the microphotographs.

However, it was revealed that the water inside the micelles

was not evaporated, hence the droplets kept their stable

form. The average diameters of zinc borate emulsion and

the emulsion that was heated up to 160 �C droplets were

found as 1.40 and 2.08 lm, respectively.
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The morphology of sorbitan monostearate and zinc

borate

The morphological studies were carried out for both the

surfactant and the produced samples by SEM. The mor-

phology of the emulsifier shows that the particles are

spherical and they are one within the other. The particle

size of the largest particle includes the smaller ones is

nearly 500 lm and the thickness of the largest particle is

nearly 20 lm (Fig. 3a). The SEM images of zinc borate

produced by inverse emulsion technique and prepared by

precipitation technique in the presence of sorbitan mon-

ostearate are shown in Fig. 3b and c, respectively. The zinc

borate particles obtained by mixing two-inverse emulsions

had both rod-like and spherical morphologies. The diam-

eters of spherical particles are changing between 20 and

30 nm. On the other hand, zinc borate prepared by pre-

cipitation technique in the aqueous medium shows layered

structure with long (20–30 lm) rods.

The chemical composition of zinc borate

Zinc borate particles produced by inverse emulsion tech-

nique and precipitation technique were characterized via

CHNS elemental analysis. The results are listed in Table 1.

Even if the samples contained the same amount of sur-

factant, the C% of the particles produced by inverse

emulsion (12.26%) was quite higher than that of the other

sample since the particles were embedded in the oil, and

the washing process was insufficient to remove all the oil.

The H% of the samples is close to each other and the

presence of nitrogen element for the zinc borate produced

by inverse emulsion, indicating that the nitrate ion was

partially removed from the sample by washing.

The functional groups of sorbitan monostearate

and zinc borate

The functional groups of the obtained samples were deter-

mined by FTIR. Figure 4 demonstrates FTIR spectra of

sorbitan monostearate which was used as a surfactant, zinc

borate species produced by inverse emulsion and precipita-

tion technique. FTIR spectrum of the sorbitan monostearate

confirmed all the characteristic peaks (at 2850, 2920, 1730,

1467 and 721/cm) of the emulsifier related to partially

fatty acid ester of polyol. The zinc borate prepared by

precipitation technique in the presence of sorbitan monos-

tearate exhibits both the specific peaks of the surfactant

and the zinc borate having seven moles of crystal water

(2ZnO�3B2O3�7H2O). The band at 1640 1/cm is the bending

vibration of water molecules. The characteristic peaks of

zinc borate are assigned referring the literature [17, 18]. The

bands at 1047 and 1408 1/cm are the asymmetric stretching

of B(4)-O and B(3)-O, respectively. The decrease in the

intensity of the specific peaks of the surfactant (at 2850,

2920 1/cm) implied that the sorbitan monostearate was only

partially removed from the samples during the washing pro-

cess. In FTIR spectrum of the zinc borate prepared by inverse

emulsion technique, the bands at 3500 1/cm is the stretching of

O–H, whereas, the bands at 2920 and 2852 1/cm are C–H

asymmetric and symmetric stretching peaks of the sorbitan

monostearate and mineral oil. Besides them, the asymmetric

stretching of O–NO2 is observed at 1384 1/cm, proving that

these samples contain nitrate ions. This result is consistent

with the result obtained from the elemental analysis.

Fig. 2 The microphotographs

of a borax emulsion, b zinc

nitrate emulsion, c zinc borate

emulsion, and d zinc borate

emulsion heated up to 160 �C

for 2 h
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Thermal behavior of sorbitan monostearate and zinc

borate

The application areas of zinc borate are changing with its

crystal water amount [2, 4]. Therefore, it is necessary to

examine its thermal behavior. Hence, both TG and DSC

were used to determine their thermal behavior. The TG

curves of the zinc borate species and the sorbitan monos-

tearate are shown in Fig. 5. The surfactant starts to loose its

mass at 148 �C, whereas, the onset temperatures for the

zinc borate particles formed by inverse emulsion and pre-

cipitation techniques are 29.5 and 74.62 �C, respectively.

According to TG curve of zinc borate prepared by pre-

cipitation technique in aqueous medium, the mass loss of

the sample is 22.08% due to the removal of water of

crystallization and sorbitan monostearate. In accordance

with elemental analysis, the sample contained 2.85% sor-

bitan monostearate. Thus, mass loss due to water elimi-

nation was 19.23%. This indicated that water content of the

sample was higher than the theoretical water amount of

2ZnO�3B2O3�3H2O which was 12.69% and it was close to

25% which indicated the presence of 2ZnO�3B2O3�7H2O.

Fig. 3 The SEM images of zinc

borate particles produced by

a inverse emulsion technique

and b precipitation technique

Table 1 The chemical composition of zinc borate particles obtained

by CHNS instrument

Elements Zinc borate produced by

reverse emulsion

technique/wt%

Zinc borate prepared

by precipitation

technique/wt%

C 12.26 1.91

H 2.97 2.89

N 1.09 0.00
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Fig. 4 FTIR spectra of 1 sorbitan monostearate, 2 zinc borate

produced by precipitation technique, and 3 zinc borate prepared by

inverse emulsion technique
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Fig. 5 TG curves of 1 sorbitan monostearate, 2 zinc borate produced

by precipitation technique, and 3 zinc borate prepared by inverse

emulsion technique
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On the other hand, the mass loss of the sample produced by

inverse emulsion technique is 30.42% at 600 �C. Consid-

ering the presence of mineral oil and sorbitan monostearate

in the sample, the zinc borate species in this sample was

also 2ZnO�3B2O3�7H2O. Moreover, DSC curves of the

products and the surfactant are given in Fig. 6. For sorbitan

monostearate, the endothermic peak at 50 �C is observed

due to the melting of sorbitan monostearate and the heat of

melting is evaluated as -3.50 J/g. Also, the peaks between

100 and 200 �C are related to evaporation of free water.

The curves of zinc borate samples show the removal of

interstitial water and the dehydration energy for the zinc

borate prepared by precipitation technique is 172.22 J/g.

Crystal structure of sorbitan monostearate and zinc

borate

Figure 7 shows the XRD pattern of the zinc borate pro-

duced by precipitation technique in aqueous medium. The

presence of peaks with high intensity shows that product

has a crystalline structure. The major peaks in XRD pattern

of zinc borate are observed at 13.07�, 17.58�, 19.66�,

25.54�, 26.38�, 27.04�, 29.42�, and 36.97� 2h values. When

these values were compared with those in the database, it

was implied that all the diffraction peaks were perfectly

indexed with those of Zn(B3O3(OH)5)�H2O (JPDS PDF

File Number 721789). In literature this type of zinc borate

was also defined as 2ZnO�3B2O3�7H2O [4].

Tribological study

The purpose of this part of the study was the evaluation of

friction coefficient and wear for the lubricant containing

zinc borate and sorbitan monostearate. The tests method

covered a procedure for making a determination of anti-

wear properties of fluid lubricants in sliding contact at

constant load (392 N) considering ASTM D 4172-94

standard. Both the friction coefficient and the friction

coefficient of the light neutral oil and the lubricant were

investigated. These results are tabulated in Table 2. The

friction coefficient was calculated automatically by four

ball tester regarding the Eq. 1.

l ¼ 222:47
MT

P
; ð1Þ

where MT is the friction torque (Nm) and P is the load (N).

The friction coefficient values in Table 2 were imposed by

forces acting in the four ball tester and they were the mean

value of the friction coefficient during test duration (1 h) at

75 �C. This table indicated that the better tribological

properties were obtained for the lubricant having sorbitan

monostearate and zinc borate. Wear scar diameter of oil

without additive (1.402 mm) was reduced to 0.656 mm

when sorbitan monostearate was added to mineral oil.

When zinc borate particles (2ZnO�3B2O3�7H2O) obtained

by precipitation technique in this study and commercial

zinc borate (2ZnO�3B2O3�3H2O) were added to the system

containing sorbitan monostearate, wear scar diameter was

reduced to 0.639 and 0.650 mm, respectively. The direct

employment of inverse emulsion as a lubricant resulted the

minimum wear scar diameter (0.596 mm). The addition of
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Fig. 6 DSC curves of 1 sorbitan monostearate, 2 zinc borate

produced by precipitation technique, and 3 zinc borate prepared by

inverse emulsion technique
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Fig. 7 XRD pattern of zinc borate produced by precipitation

technique in aqueous medium

Table 2 Tribological properties of the ball running in oil with and

without additives for load 392 N

Lubricant types Friction

coefficient

Wear scar

diameter/mm

Oil 0.099 1.402

Oil with sorbitan monostearate 0.067 0.656

Oil with sorbitan monostearate

and precipitated zinc borate

(2ZnO�3H2O�7H2O)

0.064 0.639

Oil with sorbitan monostearate

and commercial zinc borate

(2ZnO�3B2O3�3H2O)

0.066 0.650

Inverse emulsion 0.089 0.596
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sorbitan monostearate decreased the friction coefficient of

the mineral oil from 0.099 to 0.067. When zinc borate

particles (2ZnO�3B2O3�7H2O) obtained by precipitation

technique and commercial zinc borate (2ZnO�3B2O3�
3H2O) were added to the system containing sorbitan

monostearate, friction coefficient was reduced to 0.064 and

0.066, respectively. However, inverse emulsion showed a

reduction in friction coefficient to a smaller extent, it was

reduced to 0.089. In addition to tribological study, wear

scar morphology of the ball running in oil with and without

additive is presented in Fig. 8. The morphologies of the

worn balls showed that the ball lubricated with the light

neutral oil containing zinc borate particles and surfactant

(Fig. 8b) exhibited much smoother surfaces without severe

scuffing.

Conclusions

In this article, the production of zinc borate that could be

used as a lubricant additive was investigated, and both the

dispersion and lubricating properties of the zinc borate

particles in the oil were studied. The zinc borate particles

synthesized with different techniques, the inverse emul-

sions, and the lubricants were characterized. It was

revealed that zinc borate particles prepared by precipitation

technique in the aqueous medium showed layered structure

with long (20–30 lm) rods. Its thermal behavior and

crystal structure was consistent with the one having seven

moles of crystal water (2ZnO�3B2O3�7H2O). When these

particles were used as lubricating oil additives with sorbi-

tan monostearate, it was observed that they could effec-

tively improve the lubricating property of the light neutral

oil in the same extent with commercial 2ZnO�3B2O3�3H2O.

Zinc borate (2ZnO�3B2O3�7H2O) produced by precipitation

decreased the wear scar diameter from 1.402 to 0.639 mm

and the friction coefficient from 0.099 to 0.064. The

spherical and rod shaped particles formed in inverse

emulsions were also coated with sorbitan monostearate.

The highlighted part of the study was using inverse

emulsion as a lubricant after removing its water content by

heating. The inverse emulsion was particularly effective in

decreasing wear scar diameter by lowering it to 0.596. This

production process required the synthesis of nano particles

within the continuous phase; hence the problems related to

nanoparticle production such as separation of particles

from the solution, dispersion of the particles in the oil were

overcome.
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