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Abstract 
 
The experimental plants for application of the hydrophobic coatings to the bulk materials by way of 
their processing in the gaseous phase of the hydrocarbon compounds were considered. The developed 
semi-production experimental plant for the hydrophobization of porous bulk materials in the stationary 
layer under the vacuum in the working chamber of the plant was presented. The technology was 
described and optimal technological modes of the hydrophobic coatings applied to the highly-porous 
aluminum silicate materials were presented. It was shown that the developed technology and 
instrumentation allow us to obtain high-quality hydrophobic sorbents for cleaning of water objects from 
organic pollutions. 
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1. Introduction 
 
The solution to the problems of ecological safety when cleaning the water objects 

from the organic pollutions is indissolubly related to producing new sorbents and improving 
the technologies of their synthesis. At the present time, different materials in the dispersed 
and granulated forms are successfully used for adsorption cleaning. The promising direction 
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is a preparation of sorbents from the raw materials based on the natural porous minerals as 
well as porous construction materials (perlite, vermiculite, keramzit). Such materials are 
characterized by high absorptive capacity, environmental stability and, when modifying, 
serve as the good carriers for attaching on their surface of functional compounds. 

One of the widely used technological methods for the manufacture of sorbents is an 
application of hydrophobic coatings on the bulk aluminum silicate materials using the 
adsorption from solutions or vapors. For searching for the optimum conditions for the 
production of the hydrophobic materials with the specified characteristics, the specific 
processes, technologies and devices are developed. The quality of hydrophobic coatings and 
properties of produced sorbents depend not only on the nature of raw materials but also used 
processing units and efficiency of the heat-and-mass transfer in them. 

 
2. Methods and plants for application of the hydrophobic coatings  

 
In the known practice of applying the hydrophobic coatings to the bulk materials, the 

plants using the diverse hydrodynamic modes are used. By types of modes, one can identify 
the plants with the stationary layer of material, with mechanically movable or stirred layer, 
with a suspended layer or combined ones. It is known that the more efficient heat and mass 
transfer is provided in the plants with active hydrodynamic modes, for example, in the plants 
of the suspended (fluidized, aerofontain, swirling) layer. In similar plants, achievement of 
high speeds of material treatment processes is possible. 

In the paper of Tsybulskaya et al. (2016), the results of the experimental study of the 
heat-and-mass transfer in the swirling, two-component gas-dispersion flow are presented. 
The efficiency of using the swirling gas flow when applying the hydrophobic coatings to the 
disperse materials as well as in the technological processes of drying and chemo-thermal 
treatment was shown. Shvedchikov (2008) have developed the instrumentation of the 
technology of producing the hydrophobic sorbents by way of impregnation of the 
aluminosilicate raw materials in the vibrated fluidized layer (bed). Under conditions of the 
granules suspension, the original raw material is additionally activated by the superposition 
of the electromagnetic field and acoustic action. The plant provides the uniform treatment 
and production of the uniform quality material as well as safe conditions of the 
hydrophobization process of powdered materials. The drum-type plant with the cylindrical 
body in which material is mixed for uniform treatment is offered for the hydrophobization of 
dispersed materials (Chernov and Zamakhayev, 2015). In this plant, the hydrophobization 
takes place when interacting the adsorbed moisture on the material surface with vapors of the 
hydrophobic liquid. 

For applying the hydrophobic coatings to the light-weight granular materials such as 
perlite or vermiculite, Otenko and Chebotnikov (1980) have developed the plant for 
treatment within the fluidized layer (bed). The initial material is supplied by air to the 
cylindrical chamber. The constructional features of the inlet fitting and chamber provide a 
suspension of material. The hydrophobizator is supplied using the nozzles which provide not 
only dispersion but also are the additional forwarding mechanism, i.e. assist in advancing 
and mixing of material. 

An analysis of used in current times technologies of producing the hydrophobic 
sorbents shows that the basic, essential technological operations in their production include 
drying, vacuum treatment, hydrophobization and cooling (Kruzhalov et al., 2014). In the 
process of drying and vacuum treatment, desorption of the physically bond water molecules 
from the surface of the process material particles takes place after which, in the course of 
hydrophobization and cooling, the coating of hydrocarbon compounds is applied to the 
surface of particles. Just in the process of cooling, the formation and final attaching of the 
hydrophobic coating to the surface of material takes place. 
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Earlier, the calculation-experimental studies were carried out and the technological 

process of the hydrophobization of the bulk materials was developed and approbated in the 
Institute of Chemistry (Yudakov, 2000). The research results have shown that the treatment 
in the gaseous phase of hydrophobizator is promising. For the realization of this technology, 
the pilot plants of different designs with active hydrodynamical modes were developed and 
tested. 

A series of experiments for processing of the fine powders in the falling layer was 
carried out. The pre-dried material was spilled to the working chamber encountering the 
counter-flow of working gas (gasified hydrophobizator) which was supplied from below. 
Under this scheme, the powders of quartz, quartz-galenite ore and carbonate powders which 
fractions did not exceed 0.5 mm were subjected to hydrophobization. The experiments have 
shown that the high-quality hydrophobic coating has emerged in all cases on the pre-dried 
material. It has been established that the deeper the drying of material, the higher the quality 
of the hydrophobizing treatment. 

For the effective removal of the free and physically-bounded moisture from the 
powder surface, the plants in which a drying was performed within the swirling flow of 
heating medium were tested. The schematic diagram of the plant combining the drying of 
raw materials within the swirling flow with the separate generation of the hydrophobizing 
gas is shown in Fig. 1, a. 

 

 
 

Fig. 1. The diagrams of installation for hydrophobization: a) swirly installation for hydrophobization of 
disperse materials; b) installation for hydrophobization of coarse fractions of bulk materials  

 
The major part of the plant presents the cylindrical chamber 1 into the side wall of 

which four nozzles 2 operating on the fluid or gaseous fuel and providing the emergence of 
the swirling flow of heating medium in the chamber are tangentially inserted. A material for 
treatment is supplied into the working area by means of feeder 3. One can use the feeder of 
any type but the advantages of the screw feeder include the possibility of smooth adjustment 
of the quantity of material supplied using the electric motor as well as providing by it 
impermeability of the installation. The dispersed material together with end products of fuel 
combustion forms the heterogeneous swirling flow in which the intense heat-mass exchange 
between the solid and gaseous components takes place as a result of which the solid material 
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heats and dries out to the necessary condition. The hydrophobic (water-repelling) gas is 
separately generated and supplied to the working chamber of the plant from below through a 
hole 5. The treated material accumulates in the hopper 6 and is removed through the 
unloading aperture 7. The exhausted gases are removed using the smoke exhauster from the 
lower part of the plant through fitting 8. It should be noted that the lower withdrawal of the 
exhausted gases had an adverse effect on the results of experiments since the hydrocarbon 
gas has been removed together with the exhausted one having no time to have the 
hydrophobizing effect on the particles. 

The plants with the suspended layer of material allowed us to treat predominantly the 
fine-grained raw materials. For the hydrophobization of the coarse-grained materials, the 
plant (Fig.1, b) in which the raw material placed in the cartridge 2 in a steady state is situated 
in the cylindrical working chamber 1 and dries up by the swirling gas flow of heat-transfer 
medium and then is treated by the hydrophobizating gas was developed and tested. The heat-
transfer medium is supplied to the working chamber 1 through the fitting 3 from the heat 
generator 4 while the waste gases are removed through fitting 5. After the raw material 
heating and drying at 400-450°C, the working chamber is out through the fitting 6 connected 
with the chamber by receiver 7 from which the air is preliminarily evacuated. Through the 
body cover, the liquid hydrophobizator is supplied to the working chamber from the 
reservoir 8 using the fitting 9 and as a result of evaporation, the excessive pressure of the 
gasified hydrophobizator is generated in the working chamber. The material is gradually 
dried by the gas flow of the heat-carrying medium and then is treated by the hydrophobic gas 
and, at that, the excessive pressure is generated in the working chamber. After treatment, the 
material is cooled without the working chamber depressurization. The auxiliary units, 
mechanisms, and devices allow to load material, to remove the heat-transfer medium and 
hydrophobizator from the working chamber of the installation, to pump out it, to regulate and 
control the thermal and aerodynamic conditions and whole technological process. 

Using the installation of that type, the hydrophobic keramzit was successfully 
produced for long periods of time for the sewage disposal plants of a number of enterprises 
in Primorsky Krai. However, the experience of its operation has exhibited a series of 
technological drawbacks. In the first place, it was difficult to provide the full leak tightness 
of the chamber at the stage of vacuum pumping. In addition, the keramzit loaded into the 
cartridge of the large volume was insufficiently uniformly heated at the stages of drying and 
hydrophobization and, for this reason, the quality of material treatment was unstable. For the 
generation of the flow of the heat-transfer medium and hydrophobizing gas, it is also 
necessary to use the auxiliary equipment as well as burner and spray-type devices. Along 
with that, operation of the installation has required to observe the rules for arrangement and 
safe operation of pressure vessels because the excessive pressure was generated in the 
working chamber in the course of hydrophobization. 

In spite of the above technological drawbacks, the practical experience has shown that 
the hydrophobization of bulk materials can be realized in the gaseous phase without 
mechanical mixing. And in some cases, a treatment in the stationary layer is unexpendable in 
view of the initial raw material characteristics. 

 
3. Technology and semiproduction experimental plant  

 
With regard to practical experience and experimental results, the authors have 

developed the instrumentation of the hydrophobic sorbents production technology according 
to which the treatment of raw material is made in the working chamber of the plant within 
the stationary layer and consists of successive conducting the operations of incineration and 
hydrophobization in single unit (Fig. 2). 
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Fig.2. Scheme of the semi-production experimental plant for the production of the hydrophobic 
sorbents 

 
The plant is made of the sheet steel and presents the cylindrical body 1 in which the 

heating chamber 2 is placed. The heating chamber is tightly closed by the door with sealing 3. 
The space between the body and the heating chamber is filled with heat-insulating material 4. 
The control of operating conditions is exercised from the control box 5. The heating chamber 
is fitted with the gas gathering fitting 6, regulating thermocouple, two sealed leads-in 7 for 
mounting of thermocouples 8 necessary for determining the temperature of the material 
being treated. For removal of moisture forming in the course of material burning or drying, 
the fitting with sealing and blind 11 is provided on the back of the chamber. In the 
construction, two technological fittings for installation, if necessary, of the auxiliary 
equipment (for example, blasting valve for providing the safe operation or feeding unit for 
supply of the hydrophobizator to the working chamber) are provided for. On the vacuum line, 
the indicating vacuum pressure gauge 13, electronic pressure transformer 14, the air exhaust 
valve 15, the inlet valve 16 designed to letting-to-air to the working chamber are mounted. 
The readings of thermocouples 8 and electronic pressure transformer 14 are taken down by 
the multi-purpose control device 9 having access to computer 10 with the installed SCADA-
system. The rotary vane vacuum pump 17 connects through the oil trap and vacuum valve 
with the heating chamber by hosepipe. 

The raw material 18 is loaded to pallets 19 which are placed into the working 
chamber of the plant. For the coarse-grained materials (keramzit), the perforated pallets with 
a diameter of perforated holes of 5 mm are used. The fine-grained material (expanded perlite 
and vermiculite) are loaded to the wire-mesh pallets with a cell diameter of 1 mm. 

The material burning is performed at a temperature of 400-450°C within 2-3 hours, 
after which the working chamber cools intensively to the ambient temperature at the expense 
of connecting to the pipeline of water cooling 20. 

In the process of burning at the specified conditions, the moisture of the physical-and-
mechanical bond (link) and physically-chemically bonded moisture are removed from the 
open pores and capillaries. The burning operation allows preparing the surface of open pores 
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of the raw material including the small capillaries and mesopores inside of particles for 
applying the hydrophobic coating. 

The application of the hydrophobic coating is executed in the same working chamber 
without unloading of the burnt raw material. To the pallets with prepared material, the 
cuvettes 21 with the necessary estimated amount of the hydrophobizator (1-1.2% of the 
treated raw material mass) are placed. As the hydrophobizator, the mazut, solar oil, paraffin, 
etc. can be used. The chamber is pressurized and pumped out. For reason of safe operating 
conditions of the vacuum pump, the temperature of the evacuated medium in the working 
chamber of autoclave should not exceed the limiting values of room temperature (not more 
than +35°C). Upon reaching the rarefaction of 90-98 kPa in the working chamber, the 
vacuum pump switches off. Under the above rarefaction, the open pores, fine capillaries, and 
mesopores across the whole volume of the well-drained raw material are dispensed of air. 
Subsequently, heating to a temperature of 450-550°C switches on. It is evident that the time 
required for heating of the raw material increases because, under the high vacuum conditions, 
the convective heating is ineffective and the heat exchange owing to emission will prevail at 
temperatures above 600°C. 

Curing within 10-20 minutes is performed for full evaporation of the hydrophobizator. 
In the course of curing, the heating the hydrophobizator and formation of the gas phase of 
hydrocarbon compounds (working gas) take place. The excessive pressure in the working 
chamber does not emerge. In consequence of the gas phase of hydrophobizator formation, a 
rarefaction decreases to 70-90 kPa. After that, heating decreases and chamber with material 
remains hermetically sealed until fully cooled. Under the specified rarefaction (70-90 kPa), 
the hydrophobizating gas fills the whole space of chamber which, under cooling, contributes 
to the best adsorption of hydrocarbons on the surface of pores. The formation of the 
hydrophobic coating takes place in the course of cooling of raw material in the plant chamber. 
 
4. Conditions of hydrophobization and discussion of results 

 
With the purpose of adjusting the process conditions of the plant, the experiments on 

the treatment of the expanded perlite with the pour density of 75-100 kg/m3 and grain 
composition of 0.16 to 5.0 mm were performed. The initial relative moisture of raw material 
was 4.5%. 

The process flow sheet of the hydrophobic sorbent production included successively 
the following operations: burning → cooling → exhaustion → heating → curing → cooling. 
For burning, the perlite was loaded to the wire-mesh pallets and placed to the working 
chamber of the plant. The burning was performed at 420°C within 2 hours. The moisture of 
the dried raw material was 1.2-1.5%. After cooling to 35°C, the cuvettes with 
hydrophobizator were placed to the working chamber. As the hydrophobizator, a masut M-
100 was used in experiments. The order of arranging the cuvettes was experimentally 
determined. For that purpose, the trial treatments were carried out which showed that the gas 
phase of hydrophobizator condensates nonuniformly because the zones with different 
temperatures form in the working chamber on cooling depending upon the position of the 
water cooling line. 

After that, the plant was pressurized and evacuated to the rarefaction of 95-96 kPa and 
heating switched on. The heating curves of the expanded perlite for different treatment 
modes are presented in Fig. 3(a). 
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Fig. 3. Modes of hydrophobization 
 

For the 1st mode, the maximum heating temperature (working temperature) reached 
498°C and holding time was 20 minutes while those for the 2nd mode were 550°C and 20 
minutes respectively. In case of the 1st and 2nd modes, the raw material was distributed on 
five pallets in the uniform layer 1-1.5 cm thick. In the case of the 3rd mode of treatment, the 
thickness of the material layer was increased to 6-7 cm while the working temperature and 
holding time were 550°C and 15 minutes respectively. In all cases, the change in the working 
chamber rarefaction has not exceeded 20-30 kPa throughout the treatment cycle (Fig. 3 (b)). 

The nature of changing the rarefaction in the working chamber is steady (smooth), the 
linear temperature dependence is practically observed (Fig. 4). Even if the temperature of 
forming the gas phase of hydrophobizator is reached, the sudden drops of pressure are not 
observed. The time of the whole treatment cycle was 25 hours. Of them, the prior operations 
of burning and cooling took up 10 hours while the hydrophobization itself (evacuation, 
heating, holding and cooling) 15 hours. 

The treated material was uniformly hydrophobic on both particle surface and also on 
the surface of fracture. The quality of the expanded perlite treatment was checked against the 
standard techniques of determining the contact angle of wetting and water absorption. The 
static angle of wetting (contact) on the surface of the particle of expanded perlite with the 
coarseness of 5 mm was 120°. The water absorption reached 0.5% in 48 hours.  
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The characteristics of the hydrophobic sorbents obtained using the three above modes 

were not different from each other. The sorption capacity of the sorbent samples was 
checked under the static conditions and was equal to 2.7 g/g when using a masut whereas the 
sorption capacity of not hydrophobized expanded perlite is 1.7 g/g. 

 

 
 

Fig. 4. Curves of rarefaction changes in the working chamber during hydrophobization 
 

According to the developed process flow diagram, the hydrophobization of the 
keramzite gravel with fractions of 10-20 mm and initial moisture of 7-8% was performed. 
The batch of autoclave for one cycle of treatment was 20 kg. The static angle of wetting on 
the surface of the hydrophobized keramzite particle with the coarseness of 20 mm is 125°. 
The static angle of wetting on the surface of the fracture of the keramzite particle is 120°. 
The water absorption reached 0.8% within 48 hours. 

 

 
 

Fig. 5. Experimental-industrial site of production of sorbents 
 

At the present time, the technology of producing the hydrophobic sorbents based on 
the domestic aluminosilicate raw material is realized in the experimental-industrial site in the 
Institute of Chemistry, FEB of RAS (Fig. 5). 
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5. Conclusions 
 
The developed instrumentation and technology of producing the hydrophobic sorbents 

based on the aluminosilicate materials allow us to apply and fix the hydrophobic coating on 
the material surface under the conditions of rarefaction without generation of the excessive 
pressure in the working chamber of the plant. A realization of technology avoids the need for 
observing the increased safety precautions and the rules for arrangement and safe operation 
of pressure vessels. In addition, there is no need to control pressure related to the installation 
of blasting valve and thus to complicating and increase in the cost of the plant construction. 
The maintainability of the plant is due to the fact that the basic operations concerning the 
production of sorbents as well as burning and immediately the hydrophobization itself are 
carried out in the single plant which avoids the need to use the additional equipment and 
operations of raw material loading and discharging. 

Burning of raw material at high temperatures allows us to remove from the pores of 
material not only capillary moisture but also adsorption and osmotic ones preventing the 
adsorption of hydrophobizator on the surface of open pores of the material. 

A process of hydrophobization is carried out at considerable rarefaction in the 
working chamber. Under these conditions, the volume of the material inner pores is 
completely dispensed of air and, in the course of condensation, the working gas does not clog 
up fine pores and capillaries and, therefore, the quality of treatment and hydrophobic 
properties are improved. 

It should be noted that the hydrophobization within a stationary layer of the developed 
plant allows applying the hydrophobic coatings on not only grainy raw material but also on 
the fibrous (lump and broken) materials such as mineral cotton, volcanic tuff, bricks, etc. 

Therefore, the semi-production experimental plant and technology allow producing 
the high-quality hydrophobic sorbents based on the aluminosilicate materials of different 
graininess for cleaning of water objects from organic pollutions. The technology of 
hydrophobization differs in the simplicity and the plant in ease and safety in operation. 
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