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Abstract. A new design of the rotor apparatus and the order of the
experiments are proposed, which allows you to change individual
parameters and study their influence on the intensity of the process. It has
been theoretically and experimentally proved that with a change in the
volume of the suspension passing through the rotor apparatus per unit time,
the performance on graphene structures does not change. It is necessary to
increase productivity either by increasing the rotor speed, or by increasing
the concentration of graphite in the initial suspension.

1 Introduction
Graphene is one of the most promising materials of our time due to its unique properties
[1]. One of the most remarkable advantages of graphene is that even in very small
quantities it can greatly improve the performance properties of structural and functional
materials. For example, adding only 0.07 weight percent of few-layer graphene to concrete
increases the compressive and bending strengths by 146 and 79 percent, respectively [2]. In
addition, a reduction in water permeability of almost 400% compared with conventional
concrete makes this new composite material ideal for construction in areas prone to
flooding. It has been experimentally established that the three-point bending strength of the
graphene-modified samples (graphene concentration of about 0.05 wt.% with respect to
cement) is about 1.5 times greater than that of the pristine concrete, whereas the water
absorption of the 2DCM-modified concrete decreases by 3 times. Using the method for
modifying the epoxy resin with the 2DCM the Charpy impact strength is increased by 25
%. The tensile and bending strength increase by 10%. The test results of the repaired beams
after breaking at three-point bending, as well as on the adhesion of the reinforcing fabric to
the concrete, revealed a synergistic effect while using the 2DCM-modified concrete and
epoxy resin [3]. The review [4] details the methods for modifying epoxy resin with fewlayer graphene.
Few-layer and multilayer graphene is used to improve the tribological characteristics of
lubricants [5-8]. The paper [5] describes the results of a study of the graphene concentration
effect on the viscosity of base oil for preparing plastic lubricants. It was established that the
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viscosity of the graphene masterbatch reaches the viscosity of the plastic lubricant at 9-11
wt% for few-layered graphene and 5-8 wt% for multi-layered one. It was found that if
graphite is peeled off in the base oil used for the production of lubricant, the friction
coefficient and the diameter of the wear spot are reduced by 35 and 25%, respectively, due
to the modification of the lubricant with 0.12 wt.% few-layer graphene [6]. Modification
with 0.1% multilayer graphene complex calcium grease, the diameter of the wear spot
decreased by 50%, the scoring index increased 2.9 times, and the bearing capacity
increased 3.8 times [7].
As a result of processing graphite lubricant in a planetary mill, the friction coefficient
decreased by 3 times [9]. For the industrial production of graphene concentrates, which can
modify plastic lubricants, a technology is proposed that is implemented in a drum rod mill
[10-12]. Graphene nanoparticles can be obtained from expanded graphite compounds by
mechanochemical synthesis [13].
The problems of the modification of lubricants by nanoparticles, including graphene,
are considered in detail in a review [14].

2 Experiments
The authors [2] used the Silverson model L5M mixer, which generates high shear due to
the closely spaced (0.1 mm) rotor / stator combination. The experiments were carried out as
follows. A fixed amount of crystalline graphite (powder) was poured into 4.5 liters of
water, which was in a cylindrical container. To prevent aggregation of graphene plates, Nmethyl-2-pyrrolidone (NMP) or sodium cholate (NaC) was added to water. The stator and
rotor were placed in a container and the rotor began to rotate at a speed 4500 rpm.
Suspension due to centrifugal forces, which creates a rapidly rotating rotor, is ejected
through holes in the side surface of the stator. In the zone between the rotor and the stator, a
vacuum (vacuum) is created and the suspension is sucked in through the upper and lower
ends of the stator. Thus, the mixer works like a pump. After centrifugation, these
suspensions contained a large number of high-quality graphene nanosheets, including some
monolayers. It was experimentally established that exfoliation takes place only if the gap
between the stator and rotor blades is less than 0.1 mm and the shear rate is more than 10 4 s1
.
In our opinion, this device design has several disadvantages. First of all, the fluid
motion is random in nature. Despite the fact that there is a circulation circuit there is no
guarantee that all particles of graphite, for a fixed period of time, will pass through the
holes in the stator the same number of times. Changing the position of the mixer in the tank
we obtained different results, in particular, different concentrations of graphene
nanostructures in suspension after the same centrifugation regimes. In addition, during
prolonged use, the blades and the inner surface of the stator are abraded and the gap
between them increases. So, after 700 hours of operation, the exfoliation of graphite
particles practically stopped, probably because the gap became more than 0.1 mm.
The design of a rotary apparatus with moving blades was previously proposed [15], and
experiments were performed as follows. We prepared 3 ... 6 liters of oil suspension of
crystalline fuel GSM-2 with a concentration of 2.5-10%. The suspension was poured into a
cylindrical container, a rotary apparatus was installed in this container, and processing of
the suspension was started. Every 5 cycles of suspension processing, samples were taken to
determine the concentration of graphene structures.
During rotation of the rotor, the centrifugal forces acted on the suspension, which
ejected the suspension through the holes in the stator of the apparatus. In the zone between
the rotor and the stator a rarefied state (vacuum) was formed and new portions of the
suspension were absorbed into this zone. In fact, the rotary apparatus worked like a pump.
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The suspension in the container moved along a closed circulation loop periodically passing
through the apparatus where graphite exfoliated. The dependence of changes in the
concentration of graphene structures (low-layer and multilayer graphene) in suspension on
the main parameters was experimentally obtained: the concentration of graphite in the
initial suspension is cO; rotor speed; stator inner radius R; the number of blades is n;
processing time t. The concentration of graphene structures depends almost linearly on all
these parameters:
с  kсL (сO / cLO )  ( R / RL )  ( / L )  (n / nL )  (t / t L )



(1)

where c is the concentration of graphene structures in the designed apparatus, the index L –
refers to a laboratory setup.
Thus, in order to calculate the concentration of graphene structures that can be obtained
in the designed rotary apparatus, it is necessary to experimentally determine the numerical
value of the concentration cL in a laboratory setup and then calculate the value of c from
dependence (1).
In the transition from laboratory installations to industrial apparatus, it is advisable to
switch from a batch process to a continuous one. Figure 1 shows a diagram of the rotary
apparatus that we used in this work. A rotor 2 is located in the cylindrical stator 1. The
suspension is fed into the apparatus through the nozzle 3 and leaves the apparatus through
the nozzle 4. The rotor 2 has radial grooves in which the movable blades 5 are mounted.
When the rotor rotates, under the influence of centrifugal forces, the blades 5 are pressed
against the inner surface stator 1 and slide on it without a gap. A roof 6 was installed on top
of the stator 1, and a bottom 7 was installed on the bottom.
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Fig.1. Scheme of the rotary apparatus.

The general installation diagram, which is shown in figure 2, was also changed.
From 3 to 5 liters of liquid was poured into a container 1 and crystalline graphite
powder. The concentration of graphite in the initial suspension ranged from 2.5 to 20%.
The liquid used was water or synthetic oil. The paddle mixer installed in the container 1
prevented the deposition of graphite to the bottom. After preparing the initial suspension,
the valve V1 was opened and the suspension was supplied to the rotary apparatus 2 using
pump P1. After all the suspension from the container 1 passes through the rotary apparatus
and moves into the container 3, we closed the valve V1, turned off the pump P1 and the
rotary apparatus 2. One cycle of processing the suspension was completed.
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Fig. 2. Schematic diagram of the installation for liquid-phase shear exfoliation of graphite.

Then we opened the valve, turned on the pump and the suspension passed from
container 3 to container 1. After turning off the pump and closing the valve, the device is
ready for the next suspension treatment cycle.
Next, open the valve, turn on the pump and move the suspension from container 3 to
container 1. After turning off the pump and closing the valve, the unit is ready for the next
suspension treatment cycle.
In the experiments, we changed the flow rate of the suspension from 5 to 10 liters per
minute, and the rotor speed from 5000 to 15000 rpm.
Every 30 cycles of suspension processing, samples were taken to determine the
concentration of graphene structures.

3 Results and discussion

The concenration of graphene structures,
mg/ml

Figure 3 shows the dependence of the concentration of graphene structures on the number
of suspension processing cycles. The rotor speed was 10,000 rpm, the graphite
concentration in the initial suspension was 50 mg / ml, suspension volume was 5 liters and
pump P was 5 liters per minute.
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Fig. 3. Dependence of the concentration of graphene structures on the number of suspension
processing cycles.
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Comparing the results obtained earlier with the results presented in figure 2, we saw that
previously the maximum concentration of graphene structures in oil was achieved in 25
cycles [16], and in the present work for 150 cycles. Assuming that such a big difference
arose because of different experimental methods, we calculated the time of one cycle for
these two options for exfoliation. In the first case, the time of one cycle was taken equal to
300 s, and in our case, the time of one cycle (the time during which the entire suspension
passes through the rotary apparatus) is 60 s. Thus, in [16], the maximum concentration of
graphene structures in the suspension was achieved in 125 s, and in our case, in 90 s. It is
likely that such a reduction in processing time occurred because in our case the entire
suspension passes through the apparatus only once. With a periodic process, it is possible
that part of the suspension does not enter the apparatus during one cycle.
It was experimentally established that with an increase or decrease in the rotor speed,
the change in the concentration of graphene structures in one processing cycle did not
change. In order to explain this fact, we determine the length of the path that a graphite
particle travels in a rotary apparatus in one exfoliation cycle. First of all, we calculated the
volume between the rotor and the stator (Figure 1):
V = H(R12 – R22) = 3.14·70·(202 - 18.52) = 12693 mm3.

(2)

Given that the pump capacity is equal to 5,000,000 mm 3, the time of one cycle will be
equal to:
t = V / Q = 126993 / 5000000 = 0.015 s.

(3)

The length L1 of the sliding path of the particle along the inner surface of the rotor will
be equal to:
L1 = 2R1nt,

(4)

where n is the rotor speed of revolutions per second.
Particular attention should be paid to the fact that if we increase productivity Q, then the
residence time t of particles in the apparatus will be proportionally reduced, i.e. in the
exfoliation zone. As a result, the increase in the concentration of graphene structures in the
suspension will decrease. However, at the same time, the time of one cycle will be
proportionally reduced. In the final result, an increase in the concentration of graphene
structures per unit time will not change. If, at a constant value of productivity, the rotor
speed is increased, the path length in one cycle will increase and, as a result, the
concentration of graphene structures will increase.
In the periodic mode, it was not taken into account that with an increase in the rotor
speed, the volume of the suspension increases, which passes through the rotor apparatus per
unit time, which leads to a decrease in the time for which one exfoliation cycle takes place.
The presented methodology for the exfoliation process (figure 2) allows you to
independently change the process parameters and find the real influence of these
parameters on performance.

4 Conclusion
A new design of the rotor apparatus and the order of the experiments are proposed, which
allows you to change individual parameters and study their influence on the intensity of the
process. It has been theoretically and experimentally proved that with a change in the
volume of the suspension passing through the rotor apparatus per unit time, the
performance on graphene structures does not change. It is necessary to increase
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productivity either by increasing the rotor speed, or by increasing the concentration of
graphite in the initial suspension.
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