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ABSTRACT  
The first attempts of scientifically based analysis of grinding process belong to Rittinger and Kik. Results 
of theoretical and laboratory studies aimed to obtain finely dispersed graphite for manufacture of 
technological lubricants are presented. Modern very labor-intensive technology for grinding graphite is 
shown and its shortcomings are indicated. Theoretical analysis of possibility of changing graphite by 
progressive method of oxidative milling of graphite with help of hydrogen peroxide is given. Original 
method of laboratory research on oxidative grinding of graphite has been developed. Presented results of 
laboratory studies fully confirmed theoretical calculations that makes it possible to simplify process of 
obtaining colloidal graphite for technological lubricants. This eliminates operation of washing colloidal 
graphite from decomposition products of chromium mixture and sulfuric acid which takes place in 
manufacture of OGV lubricant. 
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Introduction 
Graphite lubricants have become firmly established in practice of forging and stamping 
over past 20–30 years [1–3]. Main dispersion medium for them is water [4–6]. Degree of 
graphite grinding varies depending on severity of metal deformation conditions and it is 
in range of 1–30 µm [7–10]. Colloidal graphite in form of single dispersion has proven 
itself especially well for hot stamping [10–12]. Colloidal state is characterized by particle 
size of dispersed phase of less than 1 µm. Process of obtaining colloidal graphite is very 
laborious [13–15]. It should be noted that dispersion of graphite in water is mainly 
discussed when it is talked about modern lubricants used in stamping [16]. Gaseous 
products of oxidation which are formed in quantities (that are harmless to worker) are 
ideally meet requirements for lubrication of dies. Durability of die increases at least twice 
compared to its durability when lubricated with oils. There have been many publications 
on this topic since that time. Interest in grinding has especially increased due to sharp 
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expansion of production and consumption of powders and new technological possibilities 
for increasing their fineness [17–19]. 

Simple mechanical grinding of graphite does not lead to production of highly 
dispersed graphite. An obstacle is its ability to reverse process that is aggregation [20–22]. 
From our point of view, it is also necessary to chemically treat surface of particles in order 
to create polar groups of basic and acidic nature on them when crushing graphite. 
According to our observations, graphite (although quite strongly crushed by swelling 
(bulk density of 10 g/L) has an inert surface and therefore is not even wetted by water. It 
was enough to treat expanded graphite in acidic medium at pH = 10 with hydrogen 
peroxide for 10 h in cold environment so that graphite acquired hydrophilic character and 
ability to form stable aqueous suspension at 5 % concentration. Even better effect is 
obtained by oxidizing expanded graphite with chromium mixture. 

Water-graphite lubricant OGV (‘aquadag’ type) is oxidized and crushed graphite with 
particle size of 1–2 µm in the form of 16–20 % aqueous suspension. Oxidation is carried 
out by strong oxidizing agent that is potassium bichromate in concentrated sulfuric acid. 
Aqueous graphite is stabilized with ammonia to pH = 10–11 and it is dispensed as 
finished lubricant after laborious operation of washing graphite from chromium salts and 
sulfuric acid. It is obvious that such lubricant can be practically ashless. 

It must be assumed that surface of graphite particles in this case is dotted with 
carboxyl groups that is COONY4 which can strongly decompose into ions: 
COONY4 → COO– + NH4

+, while negative charge remains on graphite particles value of 
which depends on depth of grinding and oxidation. Presence of negative charge on 
sufficiently small colloidal particles imparts stability of dispersion without additional 
stabilizer. 

High lubricating properties of colloidal graphite are probably also associated with 
presence of polar groups on particle surface. Thanks to these groups, graphite acquires 
𝜑° ability to adsorb and even to chemically interact with the thinnest oxide film which is 
always present on surface of metal stamp [15,16,23]. Thus, graphite covers surface of 
stamp with even film that is well retained by chemisorption forces. The film is certainly 
destroyed when hot object touches this surface but graphite performs its separating 
function between metal and tool [24–27]. Moreover, graphite contributes to creation of 
gas cushion which enhances lubricating effect thanks to oxidizing due to oxygen of oxide 
film of workpiece [28–30]. 

 
Materials and Methods 
Oxidative grinding of graphite using hydrogen peroxide 

It has already been noted that oxidation and grinding of graphite during production of 
OGV lubricant is very laborious operation accompanied by production of toxic washing 
water when graphite is washed from chromium salts. Therefore, it is desirable to find out 
possibility of fine grinding of graphite in presence of “pure” oxidizing agent such as 
hydrogen peroxide or ozone. In case of positive result, it can be possible to get rid of 
washing operation and obtain finished products at the final stage by simply neutralizing 
crushed mass with ammonia. 
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Oxidizing ability of hydrogen peroxide, like any other oxidizing agent, is determined 
by normal potential 𝜑°. Hydrogen peroxide accepts electrons from reducing agent  
(in acidic environment) according to equation: H2O2 + 2H+ + 2e = 2H2O where 𝜑° = 1.77. 
Its oxidizing ability is lower in alkaline environment. Real potential can be kept equal to 
1.77 by creating concentration of hydrogen ions equal to 1 g/L and concentration of 
peroxide equal to 1 mol/L, i.e. approximately 3–3.5 · 100 % solution. It was decided to 
carry out experiments on oxidative grinding at room temperature because grinding of 
graphite proceeds at ordinary temperature. 

But what will be rate of oxidation reaction under these conditions? It will probably 
be close to zero. Where activation energy can be got from? There is only one hope left 
that is on active areas of graphite particles which are formed at moment of breaking 
bonds during crushing of larger particles. 

Laboratory experiment on oxidative grinding of graphite was set up as follows. 
Metal rod 10 mm in diameter and 75 mm long was placed in glass conical flask with flat 
bottom. This rod with weight equal to 46 g was sealed inside glass tube. 40 g of graphite 
grade GS-1 by GOST 7022-76, 400 ml of distilled water, 4 g of concentrated phosphoric 
acid, and 5 ml of 33 % hydrogen peroxide were loaded into the flask. pH of aqueous pulp 
turned out to be equal to 1.6–1.7. The flask was placed on magnetic mixer and the rod 
was rotated at about 300 rpm. Grinding of graphite was carried out by friction of glass on 
glass. 5 ml of hydrogen peroxide was added to the flask every day. And thus, the mixer 
totally worked for 82 h. Sample was taken twice to determine nature of oxidation during 
oxidative grinding. The first sample was taken after 12 h of oxidation, the second one 
was taken after 65 h. 

The sample was taken in the following way. The mixer was turned off, contents 
were allowed to stand for 5 min and upper dark layer was poured into a beaker. Contents 
of the beaker were allowed to settle overnight (18–20 h) and in the morning clear liquid 
returned to the grinding flask again. Precipitate of fine graphite in the beaker was 
thoroughly washed by centrifuge and test tubes until neutral reaction on universal 
indicator paper. The neutral sample was subjected to determination of oxidation nature. 
 
Determination of nature of graphite oxidation 

Moving equilibrium between solid phase and electrolyte solution was used to determine 
sign of charge of functional group of surface carbon atoms. If surface belong to hydroxyl 
groups and surface of particles has sign “+” then pH of aqueous phase shifts towards its 
increase when sodium chloride is added to graphite mixture: 
𝑅𝑇𝐵𝑂𝐻 + 𝑁𝑎+ + 𝐶𝑙− ↔ 𝑅𝐶𝑙 + 𝑁𝑎+ + 𝑂𝐻−.            (1) 

When there are carboxyl groups on surface of graphite particles it results in pH of 
aqueous phase shifts to the lower side: 
𝑅𝑇𝐵 − 𝐶𝑂𝑂𝐻 + 𝑁𝑎+ + 𝐶𝑙− ↔ 𝑅 − 𝐶𝑂𝑂𝑁𝑎 + 𝐻+ + 𝐶𝑙−.          (2) 

Thus, shift of pH value when sodium chloride solution is added to graphite 
suspension indicates nature of graphite oxidation. 
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Determination of pH shift of graphite suspension 

After carefully washing out about 20 ml of graphite pulp its pH was determined on pH 
meter. pH of 5 % sodium chloride solution was determined in separate beaker. Then  
2–3 ml of sodium chloride solution was poured into a cup with graphite pulp and pH 
meter electrodes lowered into it and pH of which was controlled. Pulp pH shift was noted. 
Experiments carried out with the first sample of graphite taken after 12 hours of oxidative 
milling showed upward shift of pH. Data is given in Table 1. 
 
Table 1. Upward pH changes 

pH graphite pulp 7.3 
pH of NaCl solution 7.1 

pH of pulp mixture and NaCl 8.2–8.4–8.5 
 

Slowly (within 2 min) pH of solution increased while contents were mixed by gently 
shaking the glass. Experiments carried out with the second sample of graphite (taken 
after 65 h of oxidation and grinding) showed opposite picture where pH shift was 
obtained to a lower side. Results of experiment are given in Table 2. 

 
Table 2. pH changes downward 

pH graphite pulp 4.4 
pH of NaCl solution 4.75 

pH of pulp mixture and NaCl 3.8–3.7–3.6 
 
It results in over time depth increase of graphite oxidation and surface carbocation 

atoms of graphite are transformed into carbanion ones. Presence of positive charge at 
nodal carbon atoms can be assumed due to benzene structure of six-membered graphite 
rings where carbon is in SP2 hybridization. 

Conjugation of P-electrons in benzene rings leads to their “contraction” to the 
center of the ring and, thus, electron density on nodal atoms that are common to two 
rings is depleted. Further oxidation leads to formation of carboxyl groups and graphite is 
converted into a cation-exchange substance. Schematically, this can be represented by 
following fragments in Fig. 1. 

 

 
 

Fig. 1. Cation-exchange formation scheme 
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Determination of cation-exchange capacity of oxidizen graphite 

Cation-exchange capacity was determined by method for determining capacity of ion 
exchange resins. Sample of graphite taken after 82 h of oxidative grinding (with weight 
equal to 1.212 g and pulp volume equal to 30 ml) was washed with hydrochloric acid and 
then with water until pH = 4.7. pH was measured in 5 % NaCl solution. It was equal to 
4.5. Preliminarily, readings of pH meter were checked against standard buffer solution 
with pH = 6.86. 

10 ml of sodium chloride was added to a cup with graphite pulp and lowered 
electrodes of pH meter. pH changed from 4.7 to 3.46 within 2 minutes. 0.100 N sodium 
hydroxide solution was added dropwise from the buret to the pulp. Results of titration 
are presented in Table 3. 

 
Table 3. Results of titration 

No VNaOH, ml pH 
1 0 3.46 
2 0.2 4.0 
3 0.3 4.4 
4 0.4 5.0 
5 0.5 5.8 
6 0.6 6.8 
7 0.7 7.4 

 
Equivalent volume was taken to be equal to 0.5 ml. Pulp was washed twice with 

water, evaporated and dried in weighed beaker to determine mass of taken graphite.  
As a result, mass of graphite was equal to 1.212 g. Cation-exchange capacity of graphite 
Q was calculated by equation: 
𝑄 =

𝑉NaOH⋅𝑁NaOH

𝑚
= 0.041 mg·equal/g,             (3) 

where VNaOH is volume of caustic soda used for titration, NNaOH is normality of sodium 
hydroxide solution, m is mass of graphite. 

Results of experiments convincingly indicate effect of oxidative grinding on quality 
of resulting material. Cation-exchange graphite with a clearly defined capacity is 
obtained as a result of oxidative grinding. 

 
Results and Discussion 
Calculations of state of oxidized graphite particles size and its maximum cation-exchange capacity 

Main assumption. Maximum cation-exchange capacity will be if all corner and edge 
carbon atoms in graphite microcrystals contain carboxyl groups. One plane of graphite 
flake with scale of 1 Å: 1 cm can be taken. Сarboxyl groups on extreme carbon atoms can 
be placed in Fig. 2: 
1. Number of carboxyl groups is equal to number of units consisting of 4 C atoms along 
length of flake. 
2. Along width, number of carboxyl groups is equal to twice number of units of 6 C atoms. 
3. There are no carboxyl groups on the upper face of the flake. 
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Fig. 2. Сarboxyl groups Fig. 3. Dimensions of six-membered ring of carbon 
atoms in graphite 

 

  
Fig. 4. Сarboxyl groups Fig. 5. Dimensions of six-membered ring of 

carbon atoms in graphite 
 
Dimensions of six-membered ring of carbon atoms in graphite (Fig. 3) can be set to: 

length of C–C bond is 1.42 Å, width of six-membered ring is 2.46 Å. Distance between 
six-membered rings is 4.26 Å (Fig. 4). Fragment of graphite flake (Fig. 5) can be 
considered. Distance between planes in graphite is 3.55 Å. Calculations of ratio between 
carbon atoms and limiting number of carboxyl groups are described below.  

The first case. Particle size is 0.1 µm that is equal to 1000 Å. Particle view can be 
set as cube for simplicity. 
1. Number of links along the length = 1000 ÷ 2.46 = 406. 
2. Number of links in width = 1000 ÷ 4.26 = 234. 
3. Number of planes = 1000 ÷ 3.55 = 2.81. 
4. Number of carbon atoms in plane: 406·234·6 = 5.7·105. 
5. Number of carbon atoms in cube: 5.7·105·281 = 1.6·108. 
6. Mass of atoms is 1.6·108 12 = 1.92·109 amu. 

Number of carboxyl groups: 
1. Number of carboxyl groups in face along length and height is 406·281 = 114086. 
2. Number of carboxyl groups in face along width and height is 234·281·2 = 131508. 
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3. The total number of carboxyl groups is 114086·2 + 131508·2 = 491188. 
4. Their mass is 491188·45 = 2.2·107 amu. 
5. Cube weight is 1.92·109 + 2.2·107 = 1.94·109 amu. 

It means that in 1.94·109 g of graphite there are 2.2·107 g of carboxyl groups. Carboxyl 
group equivalent is 45. Amount 2.2·107 can be converted into number of r-equivalents: 
2.2·107 ÷ 45 = 4.9·105. It is equal to 4.9·108 mg·equal. Proportion can be solved: 
𝑄 = 𝑋 =

4.9⋅108

1.94⋅109
= 0.25 mg·equal/g.             (4) 

Similarly, for particle with size of 1 µm it can be got equal to 0.025 mg·equal. 
The second case. Particle 2 µm long, 1 µm wide and 0.5 µm high can be taken. 

Cation-exchange capacity of 0.02 mg·equal/g can be obtained by repeating calculations. 
Calculation results for graphite particles of various sizes are summarized in Table 4. From 
Table 4 it follows that it is really possible to determine cation-exchange capacity of 
graphite only having particle size of less than 2 µm, i.e. almost practically for colloidal 
graphite. Cation-exchange capacity indicates the maximum particle size. Smaller 
particles provide obtained Q under condition of incomplete oxidation. So, if figure 0.04 
was obtained in experiment to determine Q it means that particle size was no more than 
1 µm. There may be smaller particles with lower degree of oxidation. 
 
Table 4. Calculation results for graphite particles of various sizes 

No Particle size, µm, cube/plate Capacity Q, mg·equal/g 
1 0.1 0.25 
2 0.05 × 0, 1 × 0.2 0.20 
3 0.5 0.050 
4 0.025 × 0, 5 × 1 0.040 
5 1.0 0.025 
6 0.5 × 1 × 2 0.020 
7 2.0 0.012 
8 1 × 2 × 4 0.01 

 
Conclusions 
1. Possibility of graphite oxidation with hydrogen peroxide of low concentration (0.3–
0.4 %) at room temperature during its grinding has been proved. 
2. Graphite acquires cation-exchange capacity due to formation of carboxyl groups on 
faces of colloidal particles. 
3. Sample of colloidal graphite with cation-exchange capacity of 0.04 mg∙equal/g was 
obtained after 82 h of oxidative grinding under laboratory conditions using magnetic stirrer. 
4. Particle size of sample is estimated within limits not exceeding 1 µm using theoretical 
calculations. 
5. These studies outline ways to simplify process of obtaining colloidal oxidized graphite by 
its oxidative grinding using “pure” oxidizing agents which are hydrogen peroxide and ozone. 
This eliminates operation of washing colloidal graphite from decomposition products of 
chromium mixture and sulfuric acid which takes place in manufacture of OGV lubricant. 
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