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(57) Abstract: The present invention relates to a method for the manufacture of pristine graphite from Kish graphite including three
different steps A, B and C; the pristine obtained with among others a high amount of carbon atoms, i.e. a pristine graphene having a
high purity; and the use of this pristine graphene.
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A method for the manufacture of pristine graphene from Kish graphite

The present invention relates to a method for pristine graphene from Kish
graphite. In particular, pristine graphene will have applications in metal industries
including steel, aluminum, stainless steel, copper, iron, copper alloys, titanium,
cobalt, metal composite, nickel industries, for example as coating or as a cooling
reagent.

Kish graphite is a byproduct generated in the steelmaking process, especially
during the blast furnace process or iron making process. Indeed, Kish graphite is
usually produced on the free surface of molten iron during its cooling. It comes from
molten iron at 1300—1500°C, which is cooled at a cooling rate between 0.40°C/min
and 25°C/h when transported in the torpedo car or at higher cooling rates during the
ladle transfer. An extensive tonnage of Kish graphite is produced annually in a steel
plant.

Since Kish graphite comprises a high amount of carbon, usually above 50%
by weight, it is a good candidate to produce graphene based materials. Usually,
Graphene based materials include: graphene, graphene oxide, reduced graphene
oxide or nanographite.

Graphene is a single layer of Graphite consisting of carbons that are bonded
together in a hexagonal honeycomb lattice. In other terms, it is an allotrope of carbon
in the structure of a plane of sp? bonded atoms.

There are various techniques to manufacture Graphene such as Mechanical
Liquid Exfoliation and Chemical process. Obtaining a good quality of Graphene is
very difficult whatever the technique used.

For example, in the Liquid Exfoliation process, the graphene is directly
obtained by mechanical exfoliation of graphite. However, the graphene obtained has
some defects such as small area graphene flakes, colloidal stability and low yield.
Additionally, the Graphene obtained will not be completely in one plane. Finally, the
yield of graphene is very low, i.e. up to 5-10%.

Chemical process includes Chemical Vapor Deposition (CVD) and the
Hummer Method.

The Hummer Method comprises the following steps:

- the creation of a mixture of Kish graphite, sodium nitrate and sulfuric acid,
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- the addition of potassium permanganate as oxidizing agent to oxidize graphite into

graphite oxide,

- the mechanical exfoliation of graphite oxide into monolayer or a few layers of
graphene oxide and

- the reduction of graphene oxide into reduced graphene oxide.

The patent KR101109961 discloses a method of manufacturing graphene,

comprising:

- a step of pretreating Kish graphite,

- a step of manufacturing graphite oxide by oxidizing the pretreated Kish graphite
with an acid solution;

- a step of manufacturing graphene oxide by exfoliating the graphite oxide and

- a step of manufacturing reduced graphene oxide by reducing the graphene oxide
with a reducing agent.

However, it is difficult to obtain graphene comprising among others an
insignificant amount of oxygen groups. A lot of defects are present in the obtained
graphene.

When the graphene is obtained by CVD method, it includes many defects
such as foreign atoms sitting in place of carbon.

Thus, there is a need to produce graphene with an insignificant amount of
defects, commonly called the Pristine graphene. Pristine graphene means
Graphene is in its original condition, i.e. ideal, and does not have any defect, i.e.
comprising at least 90% of carbons atoms, all located in the same plan in a single
layer.

The purpose of the invention is to provide an easy to implement method for
the manufacture of pristine graphene having an insignificant amount of defects from
kish graphite. In particular, the object is to provide an environmentally friendly
method to obtain pristine graphene with a high purity.

This is achieved by providing a method according to claim 1. The method can
also comprise any characteristics of claims 2 to 15 taken alone or in combination.

The invention also covers pristine graphene according to claim 16.

The invention also covers the use of pristine graphene for the deposition on
a metallic substrate according to claim 17.
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Finally, the invention covers the use of pristine graphene as a cooling reagent

according to claim 18.

The following terms are defined:
- A flotation step means a process for selectively hydrophobic material, such as kish
graphite or pristine graphene, from hydrophilic materials.

Other characteristics and advantages of the invention will become apparent
from the following detailed description of the invention.

To illustrate the invention, various embodiments and trials of non-limiting
examples will be described, particularly with reference to the following Figures:

Figure 1 illustrates the synthesis of pristine graphene from kish graphite with
the method according to the present invention.

Figure 2 illustrates an example of pristine graphene according to the present

invention.
The present invention relates to a Method for the manufacture of pristine
graphene from kish graphite comprising:
A. The provision of kish graphite,
B. Optionally, a pre-treatment of kish graphite,

C. A synthesis step of pristine graphene from the kish graphite
comprising the following successive sub-steps:

i. The intercalation of kish graphite with a nitrate salt and an acid

to obtain intercalated kish graphite,

i. The thermal expansion of the intercalated kish graphite to
obtain expanded kish graphite,

iii. The exfoliation by ultra-sonication to obtain exfoliated kish

graphite and

iv. The separation of the unexfoliated kish graphite and the pristine

graphene.

Without willing to be bound by any theory, it seems that with the method
according to the present invention, the purity of pristine graphene is highly improved
especially with the intercalation step C.i) that modifies the structure of Kish graphite,

the thermal expansion step C.ii) and the ultra-sonication step C.iii).
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Usually, graphite consists of carbon layers with a gap between two carbon

layers around 0.34 nm. In this case, it is very difficult to separate 2 layers of carbon
due to the low gap leading to a very low yield of the exfoliation process, i.e. up to 5-
10%.

According to the present invention, as illustrated in Figure 1, kish graphite 1
comprises of carbon layers with a gap between two carbon layers around 0.34 nm.
It is believed that by performing an intercalation step C.i) using a nitrate salt and an
acid, a small part of the acid reacts with the nitrate to produce nitric acid. Indeed,
the mixture of two acids including nitric acid as such is too dangerous to manage at
industrial scale. On the contrary, the method according to the present invention is
safe. Thus, to obtained intercalated kish graphite 2, the obtained nitric acid and the
rest of the acid 3 are introduced into the kish graphite layers to form among others
graphite-nitrate. The functional groups introduced between two carbon layers
without oxidizing the graphite include oxygen, nitrogen and/or hydrogen functional.
Then, it seems that during the thermal expansion step C.ii) to obtain expanded kish
graphite 4, the introduced groups are decomposed into gaseous compounds so that
the gap between two layers increases to around 0.5nm. After, the gaseous
compounds are automatically removed. Then, the exfoliation by ultra-sonication

C.iii) is easily performed leading to a pristine graphene 5 with a minimum of defects.

Preferably, in step A), the Kish graphite is a residue of the steelmaking
process. For example, it can be found in a blast furnace plant, in an iron making

plant, in the torpedo car and during ladle transfer.

Preferably, in step B), the pre-treatment of kish-graphite comprises the

following successive sub-steps:
I. A sieving step wherein the kish graphite is classified by size as follows:
a) Kish graphite having a size below 50um,
b) Kish graphite having a size above or equal to 50um,
the fraction a) of kish graphite having a size below 50 um being
removed,
ii. A flotation step with the fraction b) of kish graphite having a size above

or equal to 50um,
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iii. An acid leaching step wherein an acid is added so that the ratio in

weight (acid amount)/(kish graphite amount) is between 0.25 and 1.0,
V. Optionally, the kish graphite is washed and dried.

Without willing to be bound by any theory, it seems that when the kish
graphite is pre-treated with the method according to the present invention, it allows
for the production of pristine graphene having improved quality since the pre-treated
Kish graphite has a high purity. Indeed, the Kish graphite obtained after step B) has
a purity of at least 90%. Moreover, the pre-treatment step B) is easy to implement

at industrial scale and is more environmentally friendly than conventional methods.
In step B.i), the sieving step can be performed with a sieving machine.

After the sieving, the fraction a) of Kish graphite having a size below 50 pm
is removed. Indeed, without willing to bound by any theory, it is believed that the
kish graphite having a size below 50um contains a very small quantity of graphite,
for example less than 10%.

Preferably in step B.ii), the flotation step is performed with a flotation reagent
in an aqueous solution. For example, the flotation reagent is a frother selected from
among: methyl isobutyl carbinol (MIBC), pine oil, polyglycols, xylenol, S-benzyl-S'-
n-butyl trithiocarbonate, S,S'-dimethyl trithiocarbonate and S-ethyl-S'-methyl
trithiocarbonate. Advantageously, the flotation step is performed using a flotation

device.

Preferably, in step B.i), the fraction a) of kish graphite having a size below 55
um is removed and in step B.ii), the fraction b) of kish graphite has a size above or
equal to 55um. More preferably, in step B.i), the fraction a) of kish graphite having
a size below 60 um is removed and wherein in step B.ii), the fraction b) of kish
graphite has a size above or equal to 60um.

Preferably, in steps B.i) and B.ii), the fraction b) of kish graphite has a size
below or equal to 300 um, any fraction of kish graphite having a size above 300 um
being removed before step B.ii).

More preferably in steps B.i) and B.ii), the fraction b) of kish graphite has a

size below or equal to 275 pm, any fraction of kish graphite having a size above 275
pum being removed before step B.ii).
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Advantageously, in steps B.i) and B.ii), the fraction b) of kish graphite has a

size below or equal to 250 um, any fraction of kish graphite having a size above 250
pum being removed before step B.ii).

In step B.iii), the (acid amount)/(kish graphite amount) ratio in weight is
between 0.25 and 1.0, advantageously between 0.25 and 0.9, more preferably
between 0.25 and 0.8. For example, the (acid amount)/(kish graphite amount) ratio
in weight is between 0.4 and 1.0, between 0.4 and 0.9 or between 0.4 and 1. Indeed,
without willing to be bound by any theory, it seems that if the (acid amount)/(kish
graphite amount) ratio is below the range of the present invention, there is a risk
that the kish graphite comprises a lot of impurities. Moreover, it is believed that if the
(acid amount)/(kish graphite amount) ratio is above the range of the present
invention, there is a risk that a huge amount of chemical waste is generated.

Preferably, in step B.iii), the acid is selected among the following elements:
chloride acid, phosphoric acid, sulfuric acid, nitric acid or a mixture thereof.

The pre-treated Kish graphite obtained after step B) of the method according
to the present invention has a size above or equal to 50um. The pre-treated Kish
graphite has a high purity, i.e. at least of 90%. Moreover, the degree of crystallinity
is improved compared to conventional methods allowing higher thermal and
electrical conductivities and therefore higher quality.

For example, in step C.i), the kish graphite is mixed with a nitrate salt and an
acid at room temperature. The mixture can be magnetically or mechanically agitated
to obtain homogenous intercalation of the nitrate salt and the acid between the
carbon layers of the kish graphite.

Advantageously, in step C.ii), the acid is chosen from: H2SO4, HCI, HNOs,
HsPO4, CHCl-0» (dichloroacetic acid), HSO20H (alkylsulfonic acid) or a mixture
thereof.

Preferably, in step C.ii), the nitrate salt is chosen from: NaNOs, NH4NOs,
KNOs, Ni (NOs)2, Cu(NOs)2, Zn(NOs)2, AI(NOs)s or a mixture thereof.

For example, when H2SO4 is used with the nitrate salt. It seems that a part of
H2SO4 reacts with the nitrate salt to produce nitric acid (HNOs) as follows:

NaN03+HZSO49 HNOs +Na2804,
NH4N03+ HQSO49 HN03 + (NH4)2SO4,
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KNO3+H2504> HNO3 + KoSOy,
Ni(NO3)2+H2S04>2 HNO; + NiSO.,
Zn(NOs)>+H2S04>2 HNO3 + ZnSO.,
Cu(NOs)2 +H.S04~>2 HNO; + CuSO, and
2AI(NO3)3+3H2S04=> 6HNO3 + Alx(SO4)s.

Then, it is believed that HNOs and H>SO4 are introduced between the kish graphite
layers forming at least graphite-nitrate and graphite bisulfate.

In step C.ii), the expansion is preferably performed by thermally treated the
intercaled kish graphite at a temperature above 900°C, more preferably between
900 and 1500°C and advantageously between 900 and 1200°C in air or in inert gas.
Indeed, without willing to be bound by any theory, it is believed that the heating
temperature can play an important role in the synthesis of pristine graphene. The
inventors have found that the removal of the intercalated functional groups from kish
graphite is very efficient at this temperature because due to the extremely high
heating rate, there is a sudden expansion of the decomposition of the introduced
acid and nitrate in gaseous products. This sudden expansion leads to a highest gap
between graphite layers. Thus, it seems that the exfoliation is performed more easily
resulting in a high yield of pristine graphene.

Preferably, in step C.ii), the expansion is performed during 1 min to 2 hours

and preferably between 15 min and 60min.

Preferably, in step C.iii), before the mechanical exfoliation, the expanded kish
graphite obtained in step Cii) is mixed with vitamin B2 called Riboflavin. For

example, the mixture is dispersed into water.

Advantageously, the ultra-sonication is performed during a time at least 1
hour, advantageously between 1h15 and 5Shours, preferably, between 1h15 and
3hours. Indeed, without willing to be bound by any theory it is believed that when
the ultra-sonication is performed during the above time, the expanded kish graphite
layers are better exfoliated resulting in a high yield of pristine graphene. Since high
temperature can be reach during the exfoliation, it is possible to cool down the

mixture using for example an ice-bath.

Then, preferably, in step C.iv), the separation of the unexfoliated kish graphite
and the obtained pristine graphene is performed by centrifugation, decantation,
distillation or flotation. Preferably, it is performed by centrifugation.
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After the separation, optionally, a washing is performed for example with

water. Preferably, distilled water is used.

Then, optionally, a drying step is performed by several techniques such as
freezing powder or vacuumed drying the pristine graphene to obtain pristine
graphene.

By applying the method according to the present invention, Pristine Graphene
being one single layer of carbon atoms bonded together in a honeycomb lattice
comprising less than 5% of oxygens groups, less than 5% of nitrogen groups and
less than 2% of hydrogen atoms is obtained. Preferably, pristine graphene being
one single layer of carbon atoms bonded together in a honeycomb lattice comprising
less than 3% of oxygens groups, less than 5% of nitrogen groups and less than 1%
of hydrogen atoms is obtained. More preferably, pristine graphene being one single
layer of carbon atoms bonded together in a honeycomb lattice comprising less than
2% of oxygens groups, less than 5% of nitrogen groups and less than 1% of
hydrogen atoms is obtained.

Figure 2 illustrates an example of the pristine graphene according to the
present invention. The lateral size means the highest length of the layer through the
X axis, the thickness means the height of the layer through the Z axis and the width
is illustrated through the Y axis.

Preferably, the lateral size of the pristine graphene is below 40um, preferably
below 30um and advantageously, between 1 to 30um.

Preferably, pristine graphene is deposited on metallic substrate steel to
improve some properties such as corrosion resistance of a metallic substrate.

In another preferred embodiment, pristine graphene is used as cooling
reagent. Indeed, graphene oxide can be added to a cooling fluid. Preferably, the
cooling fluid can be chosen from among: water, ethylene glycol, ethanol, oil,
methanol, silicone, propylene glycol, alkylated aromatics, liquid Ga, liquid In, liquid
Sn, potassium formate and a mixture thereof. In this embodiment, the cooling fluid
be used to cool down a metallic substrate.

For example, the metallic substrate is selected from among: aluminum,

stainless steel, copper, iron, copper alloys, titanium, cobalt, metal composite, nickel.
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The invention will now be explained in trials carried out for information only.

They are not limiting.

Examples:
All Trials were prepared by providing Kish graphite from steelmaking plant.

Then, Kish graphite was sieved to be classified by size as follows:
a) Kish graphite having a size below < 63um and
b) Kish graphite having a size above or equal to 63um.
The fraction a) of Kish graphite having a size below 63 um was removed.

For all Trials, a flotation step with the fraction b) of Kish graphite having a size
above or equal to 63um was performed. The flotation step was performed with a
Humboldt Wedag flotation machine with MIBC as frother. The following conditions

were applied:

- Cell volume (I): 2,

- Rotor speed (rpm): 2000,

- Solid concentration (%): 5-10,

- Frother, type: MIBC,

- Frother, addition (g/T): 40,

- Conditioning time (s): 10 and

- Water conditions: natural pH, room-temperature.

Trials 1 to 6 were then leached with the hydrochloric acid in aqueous solution.
Trials were then washed with deionized water and dried in air at 90° C. A pre-
treatment kish graphite was obtained with a yield of 95%.

After, the pretreated kish graphite was mixed with sodium nitrate and sulfuric
acid. The mixture was magnetically agitated. The mixture was then washed with
distilled water and dried in an oven at 90°C. Intercaled kish graphite was obtained.

Then, the intercaled kish graphite was thermally treated at temperature
between 600 and 1000°C during 1 hour. The intercaled kish graphite was cooled
down to room temperature. Expanded kish graphite was obtained.

Then, the expanded kish graphite was mixed with vitamin B2 and then the
mixture was dispersed into deionized water. The dispersion was then sonicated



10

15

WO 2019/220174 PCT/IB2018/053413

10
using an ice-bath. The sonication was performed during 1 to 2h30 min. Exfoliated

kish graphite was obtained.

Finally, Trials were centrifuged, washed and dried. Pristine graphene was
obtained. Pristine graphene was characterized by combustion, pyrolysis and
scanning electron microscopy (SEM). Results are shown in the following Table 1:

Trials | Expansion temperature Sonication time Lateral Carbon, nitrogen, Pristine yield (%) with
in step C.ii (°C) in step C.iii size (um) hydrogen (%) respect to kish graphite
C O N
17 600 1hour Around 94 1 3 0 27
20um
2F 800 1hour Around 95 2 3 0 22
20um
3* 1000 1hour Around 94 2 3 0 37
20um
4% 1000 1h30min Around 92 1 3 0 77
20um
5* 1000 2hours Around 94 1 4 0 78
20um
6" 1000 2h30min Around 94 2 4 0 85
20um

*: according to the present invention

The purity of pristine graphene of all Trials was high since the carbon
percentage was above 90% compared to the conventional methods, i.e. up to 5-
10%. The pristine graphene obtained comprises an insignificant amount of oxygen,
nitrogen and no hydrogen. Additionally, for Trials 4, 5 and 6, the yield of pristine
graphene was significantly improved.
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CLAIMS

1. Method for the manufacture of pristine graphene from kish graphite comprising:

A. The provision of kish graphite,

B. Optionally, a pre-treatment of kish graphite,

C. A synthesis step of pristine graphene from the kish-graphite

comprising the following successive sub-steps:

The intercalation of kish graphite with a nitrate salt and an acid
to obtain intercalated kish graphite,

i. The thermal expansion of the intercalated kish graphite to

obtain expanded kish graphite,

The exfoliation by ultra-sonication to obtain exfoliated kish
graphite,

The separation of the unexfoliated kish graphite and the
obtained pristine graphene.

2. Method according to claim 1, wherein in step B), the pre-treatment of kish-

graphite comprises the following successive sub-steps:

A sieving step wherein the kish graphite is classified by size as

follows:
a) Kish graphite having a size below 50um,
b) Kish graphite having a size above or equal to 50um,

the fraction a) of kish graphite having a size below 50 um being

removed,

. Aflotation step with the fraction b) of kish graphite having a size

above or equal to 50um,

An acid leaching step wherein an acid is added so that the ratio
in weight (acid amount)/(kish graphite amount) is between 0.25
and 1.0,
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iv. Optionally, the kish graphite is washed and dried,

3. Method according to anyone of claims 1 to 2, wherein in step C.ii), the nitrate
salt is chosen from: NaNOs, NH4aNOs, KNOs, Ni (NOs)2, Cu(NOs)2, Zn(NOs)z,

AI(NOs)s or a mixture thereof.

4. Method according to anyone of claims 1 to 3, wherein in step C.ii), the acid is
chosen from: H2SO4, HCI, HNO3, H3PO4, C2H2CI202 (dichloroacetic acid),

HSQE0H (alkylsulfonic acid) or a mixture thereof.

5. Method according to claim 1 to 4, wherein in step C.ii), the expansion of the

intercalated kish graphite is performed at a temperature above 900°C.

6. Method according to claim 5, wherein in step C.ii), the temperature is between
900 and 1500°C.

7. Method according to claim 6, wherein in step C.iii), the temperature is between
800 and 1200°C.

8. Method according to anyone of claims 1 to 7, wherein in step C.ii), the expansion

is performed during 1 min to 2 hours.

9. Method according to anyone of claims 1 to 8, wherein in step C.iii), before the
mechanical exfoliation, the expanded kish graphite obtained in step Cii) is mixed

with vitamin B2.

10.Method according to claim 9, wherein in step C.iii), the mixture of the expanded
kish graphite and vitamin B2 is dispersed into water.

11.Method according to anyone of claims 1 to 10, wherein in step C.iii), the ultra-

sonication is performed during a time above 1hour.
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12.Method according to claim 11, wherein in step C.iii), the ultra-sonication is

performed during a time between 1h30min and Shours.

13.Method according to claim 12, wherein in step C.iii), during the ultra-sonication,
5 the mixture is cooled down.

14.Method according to claim 13, wherein in step C.iii), the mixture is cooled down
using an ice-bath.

10 15.Method according to anyone of claims 1 to 14, wherein in step C.iv), the
separation of the unexfoliated kish graphite and the obtained pristine graphene
is performed by centrifugation, decantation distillation or flotation.

16. Pristine Graphene obtainable from the method according to anyone of the
15 claims 1 to 15 being one single layer of carbon atoms bonded together in a
honeycomb lattice comprising less than 5% of oxygens groups, less than 5% of

nitrogen groups and less than 2% of hydrogen atoms.

17.Use of pristine graphene obtainable from the method according to anyone of the
20 claims 1 to 15 or according to claim 16 for the deposition on the metallic
substrate.

18.Use of pristine graphene obtainable from the method according to anyone of the

claims 1 to 15 or according to claim 16 as cooling agent
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