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Abstract—The article presents experimental studies of the hybrid process of regeneration of used oils based
on two interrelated processes of coagulation and ultrafiltration. The hypothesis that the process of coagula-
tion due to aggregation of particles and organic substances contributes to the formation of a more porous sed-
iment layer, which reduces pore blockage and increases filtration efficiency, has been checked. The aim of
this study is to determine the most effective parameters of the baromembrane process by describing changes
in the properties of deposits in a tubular ceramic membrane during ultrafiltration of waste oils. At the first
stage, experiments were carried out on a Jar reactor with two different coagulants: an aqueous solution of
diaminomethanal and a mixture of ethanolamine and propane-2-ol, and the effect of coagulants on the pro-
cess of flake formation has been investigated by micrography of droplet samples and paper chromatography.
At the second stage, studies of the ultrafiltration process have been carried out. Coagulation and ultrafiltra-
tion experiments have shown different permeability of the process. The effect on the permeate flow depends
on the nature and composition of the coagulant. As a result of experiments, it has been shown that more stable
flakes are formed under the influence of an aqueous solution of diaminomethanal and, as a result, a longer

operation of the membrane element without a drop in permeability is observed.
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INTRODUCTION

An analysis of trends for environmentally friendly
technologies in the market shows an increase in scien-
tific, technological, and commercial interest in
baromembrane processes and technologies based on
them in many industries.

The most important condition for the organization
of low-waste production is the presence of a system for
neutralizing unused waste, primarily toxic waste,
which is inextricably linked with membrane separation
processes, which are more efficient and economical
than conventional separation methods [1, 2].

The experience accumulated over the past 10—
15 years in the Russian Federation and abroad in the
use of baromembrane installations indicates that the
range of application of such technologies can be sig-
nificantly expanded. One of these areas is the separa-
tion of oil, oil products, and water-oil emulsions [3, 4].

In order to organize low-waste production, it is
proposed to regenerate used motor oils using
baromembrane separation processes, such as microfil-
tration (MF) and ultrafiltration (UF), which are more

efficient and economical than conventional separation
methods.

Used motor oil eventually acquires the property of
a colloidal solution [5—9]. Due to the presence of sur-
factants in the oil in the form of detergent-dispersant
additives, the processes of spontaneous dissolution
(solubilization) and splitting (peptization) of the
formed aging products insoluble in the base proceed
constantly [26]. These phenomena do not allow the
particles of contaminants to form large conglomerates,
which is a positive moment for the operation of the oil,
but worsens its filterability.

The economic feasibility of using ultrafiltration to
separate viscous colloidal systems is largely limited by
the phenomenon of blockage of a semipermeable bar-
rier [10]. Without the development of special operat-
ing conditions for membranes, they will be clogged in
a short time.

Among the various processes that reduce mem-
brane fouling, many scientists in their studies propose
a combination of a filtration step with a coagulation
step. Coagulation due to the aggregation of particles
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Table 1. Characteristics of engine oil M-14D2 and used oil

Defined indicator, unit Oil M-14D2 | Used oil
Kinematic viscosity at 100°C, 13.77 13.32
mm?/s
Flash point in open cup, °C 258 225
pH Not standardized| 7.72
Base number in mg/KOH 14.3 9.02
per 1 mg of oil
Mass fraction of water, % Traces Traces
Optical density, cm™! Not standardized| 234
Mass fraction of mechanical Absent 0.04
impurities, %

Density actual at 24.5°C, 889 895
kg/m?

and organic substances contributes to the formation of
a more porous sediment layer, which reduces pore
blockage and increases filtration efficiency [11—18].

At the same time, in order to remove aging prod-
ucts, there is a need to destabilize the dispersed system
of used oils and accelerate coagulation processes
(sticking and merging of particles).

In this paper, we study a hybrid process of coagula-
tion-ultrafiltration on tubular membrane elements in
a tangential mode. It is hypothesized that high flow
rates in the tubular membrane element will increase
the coagulation effect by washing away large flocks,
which will help to reduce the formation of a sediment
layer on the separation surface.

The purpose of this work is to study the effect of
coagulants on the process of ultrafiltration of used
motor oils. To achieve this goal, it is necessary to solve
the following tasks: (i) develop a research methodol-
ogy; (ii) to determine the specific electrical conductiv-
ity of an aqueous solution of coagulants; (iii) to inves-
tigate the coarsening of contaminants under the influ-
ence of a coagulant; (iv) to study the effect of
coagulant on the efficiency of ultrafiltration of used
motor oils.

Table 2. Technical characteristics of the studied membranes

FEDOSOV et al.

EXPERIMENTAL

Used engine oil. Used motor oil of highly loaded
diesel engines of the brand Lukoil M-14D2 was used
as an object under study. Samples were taken from die-
sel locomotives after 300 h of operation in the mainte-
nance areas at the Operational Ivanovo Depot “Iva-
novo DChE-5” of the Northern Railway of Russian
Railways. Physicochemical properties of used oil are
presented in Table 1.

Ultrafiltration membranes. As a filtering material,
we used ultrafiltration ceramic monotube membranes
with a selective layer based on Al,O; manufactured by
Ceramicfilter (Moscow, Russia).

Polymeric tubular membranes manufactured by
Vladipor (Vladimir, Russia) based on fluoroplast,
polyvinyl chloride, polysulfonamide, modified poly-
vinyl chloride, and polysulfone were excluded as a
result of preliminary experiments due to low operating
temperature, low durability, and the impossibility of
restoring productivity by backwashing.

The main technical characteristics of ceramic
membranes are given in Table 2.

The choice of membranes was made from the range
of selectivities, which usually satisfy the requirements
for separation quality and correspond to the ratio [19]
ot = 0.5, (1)

pore

where d,,, is the average diameter of the molecules of
the retained substance; d,,. is the average pore size of
the membrane.

Table 3 shows the calculated data on Eq. (1).

The ceramic membrane of the KUFE-1x10 brand
produced by Ceramicfilter LLC (Moscow, Russia) has
the best performance (Table 2) and was used in the
experiments.

Methodology for studying the coagulation process.
In accordance with the purpose and objectives of the
study, two reactors with different volumes were used in
the coagulation experiments. The first reactor had a
usable volume of 0.01 m?® (10 L), which was used to
prepare the solution for ultrafiltration. The second
volume of 0.001 m? (1 L) was a reactor for testing by
the measuring cylinder test method (Jar-test) and was
used to evaluate the coagulating ability of the smallest

Specific productivity
Membrane Average pore Valid oH ranee for distilled water | Thermal resistance,| Limiting working
element type | diameter, um P 8 atp=0.5 MPa, not exceeding, °C | pressure, p .., MPa
m?3/(m?h)
Ceramics Al,O4 0.1 1-13 1.2 500 0.6—0.8
Ceramics Al,O4 0.05 1-13 0.8 500 0.6—0.8
Ceramics Al,O4 0.01 1-13 0.3 500 0.6—0.8
MEMBRANES AND MEMBRANE TECHNOLOGIES Vol. 4 No. 5 2022
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particles of contaminants present in the running
engine oil due to the action of the coagulating solution
(Fig. 1).

The oil is loaded into reactor with jacket 4, to which
the coagulant is added. Waste oil is mixed with stirrer 5 at
a blade rotation speed of 100—200 min—!. The required
temperature regime in the reactor is maintained using
thermostat /. The treated oil is drained through drain
cock 7.

The introduction of an electrolyte into the dis-
persed medium of used oil leads to a decrease in the
adsorption-solvation factor, which helps to reduce the
electrical barrier around the particles of high-molecu-
lar oil aging products and the adhesion of contaminant
particles into conglomerates [29].

As a result of the analysis of existing physical and
chemical methods for cleaning used motor oils [7, 20—
291, a conclusion was made about the most significant
factors when choosing a coagulant to coarsen particles
of contaminants. These include economy, availability,
manufacturability, and environmental safety. These
criteria are best met by the following types of reagents:
(i) monoethanolamine with propan-2-ol (MEA + IPA);
(ii) aqueous solution of diaminomethanal (DAM).

The objectives of the experiments included deter-
mining the most effective concentration of coagulants
in the solution.

At the first stage, oil samples with a volume of
1000 mL were prepared, which contained various
types of coagulants with a concentration of 0.1; 0.2;
0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9; 1.0; 2 wt %. After the
addition of the coagulant, conductometric studies
were carried out on the specific electrical conductivity
of the resulting solutions, which affects the formation
of ions. The most effective ratio of water and diamino-
methanal was determined by the indicator of the spe-
cific electrical conductivity of the solution.

The temperature regime and mixing time greatly
affect the kinetics of coarsening of contaminant parti-
cles. When conducting preliminary studies, it was
determined that the most significant increase in elec-
trical conductivity starts from 60°C. Therefore, further
experiments were associated with the determination of
the optimal temperature for the coagulation process
and the mixing time. During heating, drop samples
were taken after 1, 5, and 10 min, and the efficiency of
coagulation of oil aging products was evaluated by
paper chromatography.

The essence of the method consists in applying a
drop of used oil to filter paper after the introduction of
a coagulant and determining the size and nature of the
stain obtained after its absorption using organoleptic
methods (Fig. 2).

According to this method, the chromatogram (Fig. 2)
distinguishes between the central core, corresponding
to the spreading of an oil drop on the surface of the fil-
ter paper, the marginal zone, and the diffusion zone,
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Table 3. Design characteristics of membranes
Membrane type dpore’ um dmola um dmol/ dpore
CUFE-1x500 0.5 0.009 0.02
CMFE-1x50 0.05 0.009 0.18
CUFE-1x10 0.01 0.009 0.9

that is, a ring outlined by oil-insoluble pollution prod-
ucts around the core. The larger the diffusion area, the
higher the dispersing power (DP) of the oil is esti-
mated. Quantitative evaluation of DP is performed by
the area of the diffusion zone on the chromatogram
according to the expression [27]

2
DP:I—%, )

where d is the average diameter of the central core,
mm; D is the average diameter of the outer ring of the
diffusion zone, mm.

Fig. 1. Scheme of a laboratory unit for motor oil coagula-
tion: (/) thermostat; (2, 3) pipelines for the supply and
removal of the coolant; (4) reactor with jacket; (5) stirrer;
(6) drive; (7) drain cock.

Fig. 2. Illustration of an oil spot of a drop test on filter
paper: (1) drop core; (2) zone of diffusion of insoluble
organic impurities; (3) zone of diffusion of soluble organic
impurities; (4) pure oil diffusion zone.
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Fig. 3. Schematic diagram of the laboratory ultrafiltration
unit: (/) tank with used engine oil; (2) pump, (3) way
valve; (4, 9) pressure gauges at the inlet and outlet of the
filtering module, respectively; (5) ultrafiltration module;
(6) volumetric flask with permeate; (7) shutoff valves;
(&) tap for filling used oil; (/0) electric heater; (/1) pres-
sure line; (72) bypass line; (13) drain valve.
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Fig. 4. Dependence of the specific electrical conductivity
of the solution on the concentration of the coagulant.

With a value of DP = 1, the oil completely retains
the reserve of dispersing properties, which is typical
for new or slightly used engine oils. In used motor oils,
DP =0.25-0.35.

A good indicator of the correct choice of coagulant
will be DP — 0, which means that the supply of dis-
persant additives has been exhausted, therefore, the
coagulation of organic impurities is most effective. In
this case, diffusion zone 3 decreases to the size of the
core, and a pronounced light yellow edging appears
around it.

In addition, drop samples were applied to glass in
order to study the efficiency of the coagulation process
using an electron microscope.

Methodology for studying the process of ultrafiltra-
tion. A schematic diagram of the laboratory setup is
shown in Fig. 3.

MEMBRANES AND MEMBRANE TECHNOLOGIES

The initial solution for separation is supplied by
pump 2 from tank /7 to a tubular membrane element 5.
The permeate is collected in volumetric flask 6. The
solution is heated using electric heater /0. The pres-
sure in the system is controlled by pressure gauges 4
and 9.

The membrane module consists of one tubular
ceramic element with a length of 0.8 m, an internal diam-
eter of 0.006 m, and a total filtering area of 0.015 m?. The
molecular weight cutoff is 100 kDa at a pore size of
0.1-0.01 wm.

The transmembrane pressure was maintained at a
level of 0.1—-0.5 MPa. To create a turbulent flow
regime in the membrane tubular module, the flow rate

of the separated solution was 5—10 m s~ !.

Before ultrafiltration in tank /, coagulation was
carried out with modes identical to Jar tests.

RESULTS AND DISCUSSION
Results of the Study of Coagulation Process

Determination of the electrical conductivity of an
aqueous solution of diaminomethanal. Diaminometha-
nal in aqueous solution dissociates into positive and
negative ions. At a temperature of 298 K, the ioniza-
tion constant of an aqueous solution of diaminometh-
anal is K, = 1.15 X 10~'* mol?/L?. This indicator is very
close to the ionization constant of water at the same
temperature. From the course of general chemistry, it
is known that when heated, an aqueous solution of
ammonia is formed from diaminomethanal as a result
of hydrolysis processes. An aqueous solution of
ammonia is a strong electrolyte with an ionization
constant K; ~ 10~ mol?>/L? and a high degree of elec-
trical conductivity. Therefore, this solution is capable
of destroying the electric double layer on the surface of
particles of oils aging products subject to peptization
[28, 29]. The aim of the experiment was to determine
the concentration of DAM in terms of an increase in
electrical conductivity. The research data are pre-
sented in Fig. 4.

An analysis of the conductometric studies (Fig. 4)
allows us to conclude that the most optimal concen-
tration of diaminomethanal is 50%, since a further
increase does not lead to a sharp increase in the num-
ber of ions. In addition, the solubility of the coagulant
in water at a temperature of 293 K is 51.8 wt % [28, 29].
At higher temperatures, the solubility increases, but
the cost of obtaining a solution increases, associated
with the energy consumption for heating the solvent.

Study of coarsening of contaminants. The results of
assessing the coarsening of contaminants by the
method of paper chromatography and the choice of
the optimal temperature and mixing time are pre-
sented in Table 4. Data are presented at a coagulant
concentration of 1 wt %.

Vol. 4
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Table 4. Results of the study of the aggregation of contaminants on temperature and mixing time

Temperature, °C| Mixing time, min View of a drop test spot on paper
Solid gray spot, no coagulation observed
50—60 5 Solid gray spot, no coagulation observed
10 Solid gray spot, no coagulation observed
Solid gray spot, no coagulation observed
60—70 5 Gray spot with a slight light yellow edging, coagulation is hardly noticeable
10 Black spot with slight light yellow edging, visible coagulation sufficient to remove
contaminants
Gray spot with a slight light yellow edging, coagulation is hardly noticeable
70—80 5 Black spot with slight light yellow edging, visible coagulation sufficient to remove
contaminants
10 Black spot with slight light yellow edging, visible coagulation sufficient to remove
contaminants
1 Black spot with slight light yellow edging, visible coagulation sufficient to remove
contaminants
80—90 5 Black spot with slight light yellow edging, visible coagulation sufficient to remove
contaminants
10 Black spot with slight light yellow edging, visible coagulation sufficient to remove
contaminants

Analyzing the experimental data presented in Table 5,
we can conclude that the most complete coagulation
occurs in the temperature range of 353—363 K and the
mixing time of 5—10 min.

The second parameter that was investigated at this
stage is the effect of the coagulant concentration in the
used oil on the flocculation process.

The results of photomicrography of drop samples
at a temperature of 353 K are shown in Figs. 5—8.

In the micrographs shown in Figs. 5—7, it can be
seen that the particles of contaminants aggregate up to
1—2 um when 0.2 wt % coagulant is added to the used
oil. As a result of a further increase in the concentra-
tion of the separating reagent to 1—2 wt %, coarsening
of particles up to 5—10 um was observed with the addi-
tion of diaminomethanal and up to 10—20 um was
observed for monoethanolamine and propan-2-ol.

Results of the Ultrafiltration Process

The efficiency of the ultrafiltration process largely
depends on the specific productivity of membranes G.
In the experiments, we studied the dependence of the
specific productivity of ultrafilters on the transmem-
brane pressure and on the time of the separation pro-
cess.

Figures 9 and 10 show the results of experiments on
the effect of transmembrane pressure for membranes
with a pore size of 0.05 and 0.01 pm after the specific
productivity reached a plateau 120 min after the start
of the experiment. The curves in the figures were
obtained by approximating the experimental data
using the least squares method.

From the graphs shown in Figs. 9 and 10 it can be
seen that in the interval between the value of the work-
ing pressure of 0.2 and 0.3 MPa, an extremum point is

Fig. 5. Micrograph of used motor oil after the introduction of 0.2 wt % coagulant (400X madnification): (a) 50% aqueous solution

of diaminomethanal; (b) monoethanolamine + propan-2-ol.

MEMBRANES AND MEMBRANE TECHNOLOGIES
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(a 30 um (b 30 um

Fig. 6. Micrograph of used motor oil after the introduction of 0.5 wt % coagulant (400% madnification): (a) 50% aqueous solution

of diaminomethanal; (b) monoethanolamine + propan-2-ol.

(a 30 um -

Fig. 7. Micrograph of used motor oil after the introduction of 1 wt % coagulant (400% madnification): (a) 50% aqueous solution

of diaminomethanal; (b) monoethanolamine + propan-2-ol.

observed, after which, with increasing pressure, the
specific productivity decreases. This is due to the
compaction of the layer of flakes on the membrane
surface, which consists of high-molecular products of
oil aging, under the action of increasing pressure.

When determining the degree of concentration of
the feedstock, it was found that a satisfactory value of
the coefficient of reduction in its volume should be
considered K, = 2.5, which is calculated by the expres-
sion

K = VinitUO (3)

vr >

VconcUO

where V.o is the volume of the initial used oil in the
receiving tank; V., UO is the volume of the concen-
trate in the receiving tank, which is formed in the pro-
cess of separation of used oils by ultrafiltration.

An increase in K, leads to an increase in CP and
GP on the separation surface and the breakthrough

Table 5. Results of the analysis of the initial solution, concentrate and permeate at K, = 2.5

Analysis results
Indicator to be determined,
unit of measurement starting retentate permeate
DAM MEA + IPA DAM MEA + IPA

Kinematic viscosity at 100°C, mm?/s 13.32 14.11 13.78 11.48 1.1
Flash point in open cup, °C 225 223 220 238 235
pH 7.72 7.83 7.8 7.9 7.8
Base number in mg/KOH per 1 mg of oil 9.02 8.14 6.05 0.57 3
Mass fraction of water, % Traces Absent Absent Absent Absent
Optical density, cm™! 234 289 295 35 30
Mass fraction of mechanical impurities, % 0.04 0.09 0.09 0.0001 0.0001
Density actual at 24.5°C, kg/m3 895 898 895 883 878

MEMBRANES AND MEMBRANE TECHNOLOGIES Vol.4 No. 5 2022
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Fig. 8. Micrograph of used motor oil after the introduction of 2 wt % coagulant (400% madnification): (a) 50% aqueous solution

of diaminomethanal; (b) monoethanolamine + propan-2-ol.

of asphalt-resinous products of oil aging into the per-
meate.

The results of analyzes obtained by reducing the
initial volume of used oil in the receiving tank to the
value K. = 2.5 are presented in Tables 5 and 6.

Analysis of the data presented in Tables 5 and 6
shows the efficiency of ultrafiltration of used oils. In
particular, the optical density decreased by almost
7 times. This means that the asphalt-resinous prod-
ucts of oil aging were practically removed from the ini-
tial solution.

A decrease in viscosity and a decrease in the base
number indicates the separation of spent viscous
(thickening) additives from used oil. Polyisobuty-
lenes, polymethacrylates, copolymers of styrene with
dienes, and copolymers of olefins are used as such
additives [10].

The presence of Mo, Ni, Cu, and Cr in the oil indi-
cates the presence of antifriction and other types of
additives in engine oils. The presence of Fe, Pb, Al, Si
indicates the presence of mechanical impurities

G,dm*/m’h

Fig. 9. Dynamics of changes in the specific performance of
a ceramic membrane with an average pore diameter of
0.05 um with a coagulant concentration: (/) 1% MEA +
IPA; (2) 0.5% MEA + IPA; (3) 1% DAM; (4) 0.5% DAM;
(5) without coagulant.

MEMBRANES AND MEMBRANE TECHNOLOGIES
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because of friction of mating surfaces. As can be seen
from Table 6 after ultrafiltration, the content of metals
causing pollution decreased by 2—5 times, and the
content of useful metals reduces only by 20—30%.
Thus, after membrane separation, a high-quality oil
with a residual content of antioxidant and antiwear
additives was obtained.

Figure 11 shows the results of experiments to study
the time dependence of the separation process. The
curves shown in Fig. 11 were obtained by approximat-
ing the experimental data using the least squares
method.

From Fig. 11 it can be seen that the specific pro-
ductivity of the membrane in the initial period of sep-
aration is higher with the coagulant based on MEA +
IPA by 150% and is equal to 25 dm?/m?h. This phe-
nomenon can be explained by the formation of larger
flakes, the transverse flow through which experiences
less resistance. In addition, the viscosity of the oil with
this type of coagulant is lower. However, already after
60 min, the productivity drops by more than 30% and
then continues to decline. This can be explained by

G, dm?*/m?>h

0 1
0.15

0.35  0.40
Ap, MPa

0.20 0.25 0.30

Fig. 10. Dynamics of changes in the specific performance
of a ceramic membrane with an average pore diameter of
0.01 um with a coagulant concentration: (/) 1% MEA +
IPA; (2) 0.5% MEA + IPA; (3) 1% DAM; (4) 0.5% DAM;
(5) without coagulant.
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G,dm3/m?h
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X3
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(3%

0 60 120 180 240 300 360 420 480

T, min

Fig. 11. Dynamics of changes in the specific performance
with time, pore diameter dpore = 0.01 um, pressure Ap =
0.3 MPa, temperature r = 353 K: (1) 1% MEA + IPA;
(2) 0.5% MEA + IPA; (3) 1% DAM; (4) 0.5% DAM;
(5) without coagulant.

low shear resistance, easy breakdown into smaller
fractions with constant circulation of the solution, and
the formation of a dense gel layer on the separation
surface.

Although the solution with diaminomethanal
shows a lower specific productivity, the dynamics of its
decrease did not exceed 30% for 8 h of observations.
This can be explained by the fact that the flakes
formed under the influence of DAM are more resis-
tant to destruction, and form a porous layer of
deposits, and the permeability reaches a plateau at
11 dm?/mh after 120 min of the process.

CONCLUSIONS

After performing the experiments, the following
results were obtained: (i) experimental installations
were developed to study the processes of coagulation
and ultrafiltration of waste oils using ceramic tubular

Table 6. Metal content in oils to be separated

Indicator to be Analysis results

determined, unit

of measurement, starting | retentate | permeate

g/t oil, no more
Lead (Pb) 0.472 0.581 0.331
Tin (Sn) 0.212 0.281 0.193
Chromium (Cr) 0.449 0.641 0.247
Molybdenum (Mo) 1.354 1.146 0.860
Nickel (Ni) 0.366 0.702 0.233
Copper (Cu) 2.431 3.408 2.416
Silicon (Si) 13.370 5.797 5.249
Iron (Fe) 65.905 90.004 45.127
Aluminium (Al) 1.210 1.957 0.464

MEMBRANES AND MEMBRANE TECHNOLOGIES
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membranes; (ii) methods of experimental studies of
the process of separation of waste oils were proposed;
(iii) the composition of used oils was determined using
certified methods on modern analytical equipment,
which indicates the high quality of the purified prod-
uct; (iv) the effect of pressure on permeability was
studied and it was determined that the highest produc-
tivity is achieved at a pressure drop of 0.2—0.3 MPa;
(v) it was shown that the most effective coagulant is an
aqueous solution of diaminomethanal.

However, there are suggestions for further research.

In the case of tangential filtration in a tubular
membrane element, the resistance of flakes to shear
stress in a tubular membrane element and when pass-
ing through a feed pump comes first, since these prop-
erties affect the increase in resistance through a sedi-
ment layer on the membrane surface.

For a more accurate analysis of the effect of flow
rate and shear stress on the destruction of flakes, it is
necessary to conduct a series of experiments using the
Taylor—Couette reactor. With it, conditions similar to
the movement of oil in the membrane tubular element
and in the feed pump can be created. To do this, it is
necessary to use reactors with different diameters of
rotating and stationary parts, which are capable of cre-
ating a shear stress from 0 to 200 Pa at rotation speeds
from 0 to 300 rad s~!.
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