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Abstract

Objectives. This paper presents research results on the encapsulation of a fluidized bed of liquid
and solid toxic waste containing chemicals with a hazard class of 1-3.

Methods. Soils contaminated with hexachlorobenzene and hexachlorocyclohexane were used as
the seed material. Ceresin was selected as the encapsulant, which was sprayed onto the fluidized
bed through a pneumatic nozzle at a temperature of 135°C. Before the spraying of the ceresin,
binders were introduced into the fluidized bed of the seed material through pneumatic nozzles
in the form of a melt of high-temperature coal-tar pitch and wastewater containing sodium and
arsenic salts as well as heavy metal oxides. The experiments were carried out using a modified
GLATT AGT-150 laboratory unit.

Results. The results demonstrate that the mechanism for granule formation is a mixed mechanism.
The binding of the seed material is carried out by both the pitch and salting out. In this case, the
cavities in the agglomerates are partially filled with salt deposits, which increases the strength
and integrity of the final product’s structure. Ranges for the process parameter values were
established at the point at which there was no unwanted agglomeration in the fluidized bed,
and dust formation did not exceed 5%. When the ratio of the bed mass to the mass of ceresin is
equal to unity, a moisture-resistant free-flowing product of hazard class 5 is obtained, which is
suitable for transportation and long-term storage. The average diameters of the initial particles
and encapsulated granules were 0.5 and 1.5 mm, respectively.

Conclusions. The present study demonstrates a potential process for the granulation—
encapsulation of toxic waste and hazardous substances with a hazard class of 1-3 in a single
fluid-bed apparatus, resulting in the formation of a moisture-resistant hazard class-5 granular
product suitable for transportation and long-term storage. The results obtained can be used in the
development of an industrial large-scale process for encapsulating waste of hazard classes 1-3.
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HAYYHASA CTATHA

Pa3paloTka npouecca MHKANCY/ISIHAA TOKCUYHBIX 0TX010B
U OMACHBIX XMMUYECKHUX BEIIECTB B NCEBI00KIKEHHOM CJI0€e

I0.A. EaeeB?, 10.C. BorossBaeHcKas, E.H. 'ayxaHn, B.®. 'oaoBKOB, B.B. ApaHacreB

TI'ocyoapcmeerHblil HayuHO-UCC1e008amMelbCKULL UHCMUMYM OpeaHUUEeCKOU XUMUU U MEeXHOI02UU,
Mockea, 111024 Poccust
@Aemop ona nepenucku, e-mail: 25532 15@gmail.com, dir@gosniiokht.ru

AHHOMayust

IMenu. Hcenedosarue npouecca UHKANCYAAYUU 8 YC0BUSLX NCEBOVOIKUIEHHO20 CA0SL IKUOKUX U
meepoblX MOKCUUHBLX 0MX0008, COOePIKAUUX Xumuueckue sewecmea 1-3 knaccoe onacHocmu.
Memooeut. /s uccnedogaHull 8 Kauecmee 3ampagouHo20 MAMEPUALA UCNObI0BAJICS 2PYHIM,
3a2psA3HEHHbLI 2eKcaxiopbeH30/0M U 2eKCAXNIOPYUUKNI02EKCaAHOM. HMHKancyasHmom eoslcmynan
yepesur, Komopslii npu memnepamype 135 °C pacnvuisiicss 8 nce8000IKUIKEeHHbLIL Coll uepes
nHeemamuuecKyro popcyHKy. IKcnepumeHmol OCYuecmensiiuce Ha MOOUPUUUPOBAHHOT 1abo-
pamopnoti yemarnosrxe GLATT AGT-150. Ilepe0 pacnuiieHuem yepe3uHa 8 2pyHm uepe3 nHeema-
muuecKkue popCYyHKU 8B00UNUCH CBS3YIOWUE — NJIA8 8bLCOKOMEMNepamypHo20 KAMEeHHOY20/1bHO-
20 neKa u cmouHwsle 800bl, cooeprKauje CoONU HaAmpusl, MblUUbKA, A MAKIKE OKCUObL MSIKE/bLX
Memannos.

Pesynemamet. Iloka3aHo, Umo mMexaHusm epaHyi000paso8aHUst HOCUM CMEUAHHbLI xapaKkmep.
Ces3vleaHue UCXOOHBbIX UACMUY, 302PSI3HEHH020 2PYHMA Ocyujecmaesisiemest KaKk neKom, max u 3a
cuem gvlcanugaHust. IIpu smom nosocmu 8 aznomepame UaACmUUHO 3GNOAHSIIOMCS OMJIOIKEHU-
AMU conleli, Umo ysesuuusaem npouHOCmMsb U YUesl0CMmHOCMb CMPYKmypsbl KOHEUH020 npodyKma.
YemaHosnernsl duanas3oHsbl 3HAUEHU YNPAasasiouUX napamempos npoyecca, npu Komopslx 8
c/loe 0mcymemeosana HerkenameabHas a2/loMepayust, a nolieobpasosarue He npesolilano 5%.
ITpu omHoWweHUU MACCHL CAOSL UACTUY, (2PAHYN) K Macce NOOAHH020 Uepe3uHa, pagHoM eOuHuUYe,
nonyueH es1a20ycmoiiuusslii colnYUuuil NPU20OHbLU 051 MPAHCNOPMUPOBKU U OAUMENbHO20 XPa-
HeHust npodykm 5 knacca onacHocmu. CpedHue duamempsl UCXOOHbBLX Uacmuy, U KANCYAuUpo8aH-
HblX 2paHy.sl coomeemcemeeHHo cocmagasitom 0.5 mum u 1.5 mm.

Bbleoodbl. BoinosHerHble UCCIe008AHUSL NOKA3AAU NPUHUUNUAIBHYIO 803MOIKHOCMb npogede-
HUSL 8 00HOM annapame NPouecca CYuKU-2paHYAAYUU-KANCYAUPOBAHUSL MOKCUUHBbIX 0MX0008 U
ONACHBbLX XuMmuueckux sewecms 1-3 Knaccos onacHocmu ¢ obpasosaHuem colnyuezo npooyxkma
5 knacca onacHocmu, obradaruwezo 81a20Yycmoiiuu8ocmsio, a MaK>Ke NPu2o0H020 01k MPAHC-
nopmuposku u oaumenvHozo xpareHus. IlonyueHHvle pe3dysnemamosl moeym OblmMb UCNOJb-
308aHbLL Npu paspabomke NPOMbLUNEHH020 KPYNHOMOHHAIKHO20 Npoyecca UHKANCYAAYUUU
omxodoe 1-3 Knaccoe onacHocmu.

Knroueevte cnoea: cmotikue opzaHuuecKue saezpssHumesiu, msrKesiole memasijibl, MmoKcuuHoble
OTYL)COObL, CMmouHble GOGbL, UHKAanNCcyJistyyusi, KG.MGHHoyZOJlebLa neK, yepesuH
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INTRODUCTION

According to the official data of the Ministry
of Natural Resources and Environment of the
Russian Federation, there are currently more than
200 sites of accumulated environmental damage in
Russia where toxic substances are stored or buried,
including substances of hazard class 1 or 2 (in
particular, persistent organic pollutants, POPs). The
total volume of these substances is estimated to be
in the millions of tons. It is also known that there
are numerous unauthorized dumps and burial sites
containing industrial waste.'?

For the destruction of toxic substances classified
as hazard class 1 or 2, the thermal high-temperature
neutralization method has gained the greatest global
popularity. Despite this method’s high level of
efficiency, its main drawback is the need to create an
expensive gas cleaning system. At the same time, it is
necessary to address the issue of wastewater disposal
associated with this method [1, 2].

At the regional level, as a rule, the options
considered for making relatively small landfill sites
containing toxic substances/waste safe are either to
establish a landfill for the appropriate hazard class in
the immediate vicinity of the general-waste landfill
site or to transfer the hazardous chemicals/waste to
a specialized organization for further processing,
disposal, or dumping.

The primary objective, both during the long-term
storage and transportation of toxic waste, hazardous
chemicals, and wastewater, is to minimize the
likelihood of their penetration into the environment.

One of the industrial methods used for this
purpose is encapsulation in a solid matrix. Concrete
and bitumen are usually used as encapsulants [3].
A common disadvantage of both matrices is a
significant increase in the weight and volume of
the encapsulated waste as well as the observed
leaching of toxic contents, the percentage of which
depends both on the composition of the encapsulated
substances and the encapsulator as well as on the
storage conditions [4]. For example, the leaching of
arsenic from concreted arsenic-containing waste over
a period of 406 days under constant water exposure
(at 10% of the maximum achievable arsenic content
in the concrete matrix) has been calculated at 0.34%
[5, 6]. In addition, experiments on the bituminization

of ash from the incineration of toxic waste have
demonstrated the leaching of heavy metals over
90 days at a level of 0.1-0.3%; the heavy metal
concentration in the ash was 5-11 mg/kg and the ash
content of the bitumen was up to 60% by weight [7].
The leaching of polycyclic aromatic hydrocarbons
directly from bitumen can reach 1 x 10 mg/L over
64 days [8].

In the present study, ceresin, widely used as an
insulating material in radio and electrical engineering,
was proposed as an alternative encapsulant. Ceresin
is a solid under normal conditions and is a water-
insoluble and environmentally inert mixture of
marginal hydrocarbons. Due to its relatively low
melting point, density, and viscosity, ceresin can be
easily sprayed through a mechanical or pneumatic
nozzle into a fluidized bed of solid material to form a
film on its surface.

To reduce the consumption of ceresin, the
possibility of increasing the size of fluidized particles
through granulation was investigated, which, in
turn, would significantly reduce the total area of the
encapsulated surface. Two mixtures were selected as
binders: a high-temperature coal-tar and wastewater
containing heavy metals and soluble sodium salts
(including arsenite). This selection is based on the fact
that these binders are also disposable and recyclable
as waste, and therefore their use as raw materials is
economically justified.

Thus, the aim of this study was to develop a
process for encapsulation of toxic waste and hazardous
chemicals using solid hydrocarbon waste and
wastewater containing heavy metals and soluble salts
as a binder in a product suitable for transportation and
long-term storage without significantly increasing the
initial weight and volume.

This study focused on hazard class-2 POP-conta-
minated soil removed from the Bolshie Izbishchi
landfill site (Lipetsk oblast, Russia) and a hazard
class-3 reaction mass, obtained by laboratory means
from the wet cleaning stage of flue gases during
the research of the thermal neutralization of hazard
class-2 sludge sampled from the territory of the
former Srednevolzhsky Chemical Plant (Chapaevsk,
Russia).

The hazard class was determined using
bioassay methods on hydrobionts in accordance
with R 52.24.566-94.°

' Ministry of Natural Resources of Russia: The state register of objects of accumulated environmental damage (accessed
April 13,2021) (in Russ.). https://www.mnr.gov.ru/docs/docs/svedeniya_soderzhashchiesya v_gosudarstvennom_reestre_obektov

nakoplennogo_vreda okruzhayushchey sr/?special version=Y

2 Rosprirodnadzor. Rosprirodnadzor reports on illegal landfills. Russia, Moscow; 2019 (published July 09, 2020, accessed Oct 8,

2020) (in Russ.). https://rpn.gov.ru/news/156/

3R 52.24.566-94. Recommendations. Methods for toxicological assessment of pollution of freshwater ecosystems. St. Petersburg:

Gidrometeoizdat; 1994. 136 p.
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MATERIALS AND METHODS

Table 2. Wastewater composition

The composition of the POP-contaminated soil,
sampled from the Bolshie Izbishchi landfill site, is Component name mass %
presented in Table 1.
H,0 77.55
Table 1. The composition of the contaminated soil*
PbO 0.02
Component name mass %
ZnO 0.01
Water 17.45 cdo 0.003
Inert filler (talc, pyrophyllite, kaolin) 15.37 CoO 0.001
Hexachlorobenzene 0.004 CuO 0.02
Hexachlorocyclohexane (mixture As,0, 0.02
. . L 0.002
of isomers including lindane)**
Na,CO, 0.79
Soil 67.18 NaCl 20.69
Total: 100.00 Na,SO, 0.50
* Average particle diameter 0.5-0.6 mm.
** Lindane is classified as hazard class 1. NaNo, 0.33
Na,AsO, 0.07
The wastewater composition is shown in Table 2.
High-temperature coal-tar with a melting point Total: 100.00

of ~116-120°C (CAS no. 65996-93-2)* was used as
a binder to model the properties of waste from the
production of coke and coal-tar pitch. Before use,
the pitch was crushed in a laboratory ball mill to a
particle size of less than 200 um. The encapsulant was
ceresin-75 (according to GOST 2488-79)°, and air
was used as a fluidizing agent. A schematic diagram
of the laboratory unit developed for this study, based
on GLATT AGT-150 (Glatt GmbH, Germany), is
shown in Fig. 1.

The main geometric parameters of the installation
are as follows: the diameter of the working chamber
is 160 mm, the height of the cylindrical part of the
working chamber is 450 mm, and the area of the gas
distribution grid is 0.02 m>.

The pitch spray nozzle (7) is installed at a height
of 335 mm above the gas distribution grid (5), and the
pneumatic spray nozzle for wastewater and ceresin (6)
is installed at a height of 40 mm (nozzle direction up).

The design of the unit provides the ability for the
selective discharge of the product into the collector (4)

4 CAS No. 65996-93-2. Coal-tar pitch, high temperature.
Summary risk assessment report (accessed April 13, 2021).
URL: https://echa.europa.eu/documents/10162/13630/trd_
rar_env_netherlands_pitch_en.pdf

5 GOST 2488-79. Geresin. Specifications. Moscow: Izd-vo
standartov; 1980. 6 p.

through a sifter (3), in which the particles are
segregated by weight by controlling the flow rate of
the ascending air flow. The area of the slotted gap for
the supply of air to the nozzles is 6.28 x 107° m2,

The unit has a control panel for setting and
controlling the operating parameters: the flow rate
of the “processed” air and its temperature, the air
pressure in the injectors, the flow rate and temperature
of the supplied substances, and the pressure in the
sifter of the finished product.

The laboratory unit’s technological and design
parameters were determined as the following:

— wastewater and ceresin consumption (G
0.6-3.0 kg/h;

— fluidizing agent consumption (G,,): 40400 m’/h;

— pitch consumption (G )): 0.5 kg/h;

— fluidizing agent temperature (7,,): up to 260°C;

— spray air pressure in the injectors (P
1.4-3.6 bar;

— diameter of the spray nozzle of the injectors:
0.5 mm.

The experimental procedure is as follows. A
specified amount of contaminated soil is loaded into
the drying chamber (8). Then, using a fan (10) in
the drying chamber (8), a fluidizing agent (air) of a
specified temperature is introduced through the unit’s

G):

ww’

AA) :
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Exhaust air

Fig. 1. Schematic diagram of the laboratory unit:
(1) tank with wastewater; (2) screw dispenser; (3) sifter; (4) product collector; (5) gas distribution grid;
(6) nozzle for spraying wastewater and ceresin; (7) pitch feed nozzle; (8) drying-encapsulation chamber; (9) cyclone;
(10) fan; (11) drum gateway; (12) refrigerator; (13) bunker with crushed pitch; (14) heater; (15) pump;
(16) vessel with ceresin melt.

gas distribution grid (5), changing the contaminated
soil/granulate bed into a fluidized state.

Wastewater (1), which is continuously agitated, is
sprayed by a gerotor pump (15) through the pneumatic
nozzle (6) into the drying chamber (8), where the
moisture evaporates and the solids settle on the surface
of the contaminated soil. At the same time, crushed pitch
is fed from the hopper (1) via a screw dispenser (2) to
the working chamber of the pneumatic nozzle (7). This
chamber (7) is equipped with an electric heating element
that converts the powdered pitch into a molten state
(temperature ~200-210°C). The pitch melt is then fed
from the working chamber to the nozzle for spraying
using an integrated screw pump.

The exhaust air ascends to the top of the device
and, after additional dust separation in the cyclone (9),
is discharged into the supply and exhaust ventilation
system. The fine particles separated in the cyclone are
continuously discharged through the cellular rotary
valve (11) back to the working area of the machine.

After the accumulation of granules of a given
size in the bed, the temperature of the fluidizing
agent is reduced to room temperature, and by means
of a pneumatic nozzle (6), the molten ceresin is fed
from the heated container (16) at a temperature of
135°C with constant stirring. As the molten ceresin is
sprayed onto the fluidized bed, the previously formed
granules form capsules covered with an inert solid
shell.

The operating time of the single experiment is 1 h.
At the end of the experiment, the unit is cooled to
room temperature and the product is discharged from
the drying chamber (8).

The experiments were carried out in three stages:

Stage 1: determination of the operating
parameters of the dry granulation of wastewater on
the surface of the contaminated soil,

Stage 2: determination of the operating parameters of
the dry granulation of wastewater on the surface of the conta-
minated soil with the simultaneous spraying of pitch, and
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Stage 3: determination of the operating parameters
of the ceresin encapsulation of the granules obtained
in Stage 2.

The resulting product was subjected to a sieve
analysis. In addition, at Stage 3, the product was tested
for moisture resistance by placing it in water (volume
2 L) at room temperature for 96 h and performing a
chemical analysis on the extract, and biotesting on
hydrobionts was conducted to determine the product’s
hazard class.

RESULTS AND DISCUSSION

The flow rate of the fluidizing agent was
estimated using the calculation method described
by N.A. Shakhova [9]. Thus, the minimum flow rate
of the fluidizing agent at a temperature of 100°C,
which provides fluidization of particles in the size
range d = 0.5 mm (density 2165 kg/m’), was 65 m*/h
(operating speed w,, = 0.9 m/s).

It is known [10] that the values of the working
speed of w, in the range of 0.8—1.4 m/s are routinely
related to drying in a fluidized bed, whereas, in
dry granulation, the speed of the fluidizing agent is
usually 1.0-2.0 m/s. Therefore, it was also advisable
to use the fluidizing agent flow rate of 110 m’/h
(wg, = 1.53 m/s) during the experiments.

0.8

The calculation of the mass of layer M, which
contains the particles d = 0.5 mm located in the nozzle
flare zone, and the maximum height of layer I, which
should not exceed the height of the working chamber
(0.45 m), under conditions in which the operating
speed of the fluidizing agent changes from 0.9 m/s to
1.53 m/s (a flow rate change from 65 m*/h to 110 m*/h),
was also carried out according to the Shakhova
method [9, 11].The results of the mass calculation are
presented graphically in Fig. 2.

Based on the results of the calculated data
presented in Fig. 2, we assumed that the amount of
contaminated soil used as a seed with alp =0.5 mm can
be in the range of M = 0.5-2.4 kg (w,, = 0.9 m/s) and
M =0.4-1.7 kg (w,, = 1.53 m/s).

The temperature of the fluidizing agent and the
wastewater flow rate are among the main control
parameters that regulate the moisture content in the
layer and affect the nature of the interaction of the
particles with each other [12].

The calculation of the dependence of the
temperature of the fluidizing agent 7, on the
wastewater flow rate G_ (in the range of 0.6-3.0 kg/h)
while maintaining a constant temperature in the bed
of 100°C (the highest moisture intake during drying)
and fluidizing agent G, flow rates of 65 m’/h and
110 m*h was carried out according to the heat

0.7
0.6

0.5

§ 0.4

0.3

0.2 |

\
\

0.1 L

0 =1 1 |

0 0.5 1.0

1.5 2.0 2.5

M, kg

tot

minimum fluidized bed height, w,, = 0.9 m/s;
maximum fluidized bed height, wp, = 0.9 m/s;

minimum fluidized bed height, w,, = 1.53 m/s;

maximum fluidized bed height, w,_, = 1.53 m/s;

— nozzle installation height (Fig. 1, pos. 6);
— nozzle installation height (Fig. 1, pos. 7);
—_— drying-encapsulation chamber height.

Fig. 2. Calculated dependence of the fluidized bed height on its mass (a’p = (0.5 mm).
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balance equation given in P.G. Smith’s monograph [13].
The values presented in Table 3 were used for the
calculation.

The results of this calculation in graphical form
are shown in Fig. 3.

As can be seen in the graph, with a fluidizing agent
flow rate of 110 m*h, the potential capacity of the
wastewater drying plant is significantly higher. However,
it should be noted that an increase in the speed of the
fluidizing agent increases the probability of particle
abrasion, which, in turn, results in an increase in dust
formation.

Thus, based on the calculated data, the initial
temperature of the fluidizing agent in the laboratory

experiments was 7, = 118.5°C. The effect of pitch
supply on the heat content of the layer was not
taken into account since the main influence on the
temperature of the latter is the amount of water
supplied (and evaporated). In the ceresin spray mode,
the fluidizing agent heating was turned off, and its
temperature corresponded to room temperature.

The average diameter of wastewater droplets
was calculated using the empirical K. Masters ratio
[11, 14]. Recommended by Masters for pneumatic
injectors, the “flow rate of the spraying agent/flow
rate of the sprayed liquid” ratio is in the range of
0.1-10. In addition, the size of the droplets d, which
is determined by this ratio, should be at least 10 times

Table 3. Values of constants for calculating the temperature of the fluidizing agent 7,
and determining the amount of moisture removed from wastewater G

Parameter name Dimension Value
Heat capacity of the fluidizing agent (at 100°C) kJ/(kg-K) 1.01
Heat capacity of wastewater (at 20°C) kJ/(kg-K) 2.88
Wastewater supply temperature °C 20.0
Salinity of wastewater - 0.23
Heat loss % 5.0
250
200
150
1
100
50
0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
G ., kgh
—— Fluidizing agent flow rate G, = 65 m*/h;
- Fluidizing agent flow rate G,, = 110 m*/h.

Fig. 3. Calculated dependence of the fluidizing agent temperature on the wastewater flow rate while maintaining
a constant temperature in the bed 100°C.
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smaller than the diameter of the particles on the
surface being sprayed [15-18]. Since during the dry
granulation—encapsulation process there is a constant
growth of granules (i.e., the diameter of ¢ increases),
the maximum value of d, was also assumed to be
0.2 mm (200 pm). The graph in Fig. 4 shows the
calculated dependence of the size of the droplets of
sprayed wastewater and pitch on the pressure of the
atomizing agent.

Thus, the pressure range of the atomizing agent
was assumed to be 1.4-2.4 bar at a wastewater flow rate
of 0.6 to 3.0 kg/h and d = 0.5-2 mm. Atd =2 mm, a
pressure of 1.4 bar is sufficient to spray the pitch, but,
atd = 0.5 mm, the minimum pressure of the atomizing
agent is at least 3 bar.

Taking into account the fact that the values of
the physical properties of ceresin at a temperature of
135°C, which affect the nature of the droplet spraying,
are comparable to wastewater [19], 1.4 bar was taken
as the initial pressure value for the ceresin spray.

180
160

140

120

100

40

20
1.0 1.5 2.0

—— Wastewater flow rate G = 0.6 kg/h;
- Wastewater flow rate G = 3.0 kg/h;
Pitch flow rate Gp =0.5 kg/h.

Tables4, 5,and 6 setouttheresults of the experimental
studies in which the results of the calculations are used
as the initial operating parameters of the process.

In Experiment 2, dust formation was noted, which
was visually observed, as well as discrepancies between
the values of the expected amount of discharged
granulate and the actual amount of more than 10%.
An increase in the amount of seed material allowed
the removal of unwanted dust formation and achieved
the required performance for wastewater due to the
increased contact surface between the liquid and solid
phases (Experiment 3).

The values of the process parameters presented
in Table 4 (Experiment 3) were used as the initial
values at Stage 2 of the research.

In Experiment 4, intensive formation of large
agglomerates in the bed was observed. An increase
in the temperature in the bed and the pressure of
the atomizing agent did not lead to a noticeable
improvement in the results (Experiment 5).

2.5 3.0 3.5 4.0
P, bar

AA°

Fig. 4. Calculated dependence of the droplet size of sprayed wastewater and pitch on the pressure
of the atomizing agent.
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It is clear that one of the reasons

for the

formation of agglomerates was the insufficient
velocity of the particles relative to each other,
i.e., cohesive interparticle interaction forces were
significantly greater than the crushing and grinding

forces acting on the part of the fluidizing bed,
which is probably primarily due to the sputtering
of the pitch melt. In this regard, in subsequent
experiments, the flow rate of the fluidizing agent
was increased to 110 m*/h.

Table 4. Summary table of the experimental results on the dry granulation
of wastewater on the surface of contaminated soil (Stage 1)

Parameters
No. exp. o Notes
kg, G,,, m/h T.,,°C T,,%*°C T, ,,**°C P,,,bar G . kgh
1 0.4 64-67 118-188 95-102 75-83 1.4-2.2 0.6-2.1 +*
2 04 6368 187-192 90-101 77-82 2224 2.1-3.0 Dust formation
3 0.5 61-67 185-198 88-104 76-84 2224 1.5-3.0 +

* No unwanted dust formation and agglomeration.
** Temperature in the bed (7},) and temperature of the exhaust gases (7}, ), respectively.

Table 5. Summary table of the experimental results on the dry granulation of wastewater
on the surface of contaminated soil with simultaneous spraying of pitch (Stage 2)

Parameters
g =
= ] | 3
@ 50 ms o § & < 2 s §0 g
z = g % ¥ E *s = 2 = “
= & B £ : | O
g )
S ~ ~ K o S
Unwanted
4 0.5 62-70 121-192 | 97-106 82-93 2224 3.0-3.1 0.5 1.5-1.8 .
agglomeration
Unwanted
5 0.5 63-65 117-190 | 95-103 81-90 24-2.8 3.3-3.6 0.5 1.5-1.8 .
agglomeration
6 0.5 107-115 118-133 92-103 71-85 24-2.8 3.3-3.6 0.5 1.5-1.8 Dust formation
7 0.6 108-112 129-135 | 95-100 78-81 2.0-24 3.3-3.6 0.5 1.5-2.1 +
8 0.6 106-114 134-144 | 92-100 70-81 1.4-2.0 3.3-3.6 0.5 1.5-2.5 Dust formation
9 0.8 107-114 131-154 91-98 73-81 1.4-2.0 3.3-3.6 0.5 1.5-2.5 +
10 1.0 107-113 135-153 88-95 74-82 1.4-2.0 3.3-3.6 0.5 1.5-3.0 +
11 1.0 106-115 143-154 92-99 77-85 1.4-2.0 - - 2.1-2.2 +
12 1.0 107-113 138-145 84-93 75-78 - 3.3-3.6 0.5 - +

* Atomizing agent pressure for wastewater (P, . ) and pitch (P, ) spraying, respectively.
** Temperature in the bed (7},) and temperature of the exhaust gases (7},), respectively.
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In Experiment 6, the number of particles less than 0.5 mm
in the unloaded product increased from 3.43 to 8.58 wt % in
comparison with the experiments in Stage 1. At the
same time, ~37% of the dust fraction was made up
of pitch particles. It is likely that the growth of the
dust fraction was associated with both the increased
velocity of the fluidizing agent and with a reduction
in the number of contacts between the solid particles
in the bed and those sprayed with pitch (in the form
of melt) due to the intensification of heat removal in
the supra-bed space.

A gradual increase in the amount of contaminated
soil to be loaded up to 1 kg (and, consequently, the
minimum bed height), while reducing the pressure of
the atomizing agent in the nozzle (Fig. 1, pos. 6) up to
1.4 bar at a wastewater flow rate of up to 3 kg/h, allowed
a stable dry granulation process to be achieved without
agglomerate formation (Experiment 10).

Comparative experiments were carried out feeding
only wastewater into the bed (Experiment 11) and only
pitch (Experiment 12). In both cases, the quantities of the
loaded contaminated soil and the supplied solid fraction
were 1 kg and 0.5 kg, respectively. The results of the
sieve analysis of the product from Experiments 11-13
are shown in Table 6, and Fig. 5 shows the appearance of
the granules. Images were taken using a Leica DM2500
microscope (Leica Microsystems, Germany).

Based on the results of the analysis of the
granulometric composition of the product, we
assumed that the predominant mechanism for granule
growth in Experiments 10 and 12 was agglomeration.
This agrees with M. Hemati, et al. [20], who note
that the growth of granules in a fluidized bed is due
to agglomeration if the number of granules with a
diameter two times larger than the diameter of the
initial particles is more than 15% of the total number
of particles in the bed during the process for 1 h.

Although the values of the surface tension and
wetting angle of the pitch melt are comparable to
water [21], the cohesive—adhesive interaction and
wettability are mainly determined by the polarity of
the substances in contact and the dispersion forces,
and therefore the mechanisms for granule growth
can differ markedly. In addition, the surface of the
pellets during the spraying of wastewater is formed
by salting out, and the size of the particles deposited
on the surface of the contaminated soil is an order
of magnitude smaller than that of the pitch particles.
Figure 5c clearly shows the cavities, while the surface
structure of the granule in Fig. 5b looks much more
uniform.

Figure 5a shows a photo of the granules obtained
in Experiment 10. Based on its internal structure, we
can imagine that the granulation mechanism is of a

Table 6. Results of sieve analysis of the product were obtained by spraying wastewater

and pitch melt into a fluidized bed of contaminated soil

Fraction, mm Exp. 10, % Exp. 11, % Exp. 12, %
<0.25 0.17 0.12 242
0.25-0.49 1.88 2.54 3.33
0.50-0.99 70.51 94.29 76.47
1.00-1.99 26.42 2.87 17.41
>2.00 1.02 0.18 0.37

b

Fig. 5. Fraction 1.00-1.99 mm: (a) granule from Experiment 10; (b) granule from Experiment 11;
(c) granule from Experiment 12. At Fig. a: 1 — contaminated soil, 2 — pitch,
3 — deposits of salts containing heavy metals.
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mixed nature. The binding of the initial particles of
the contaminated soil is carried out by both pitch and
salting. In this case, the cavities in the agglomerate
are partially filled with salt deposits, which increases
the strength and integrity of the structure of the
final product. This can be seen by increasing the
number of granules of 1.00-1.99 mm by more than
10% (Experiments 10 and 12) and by reducing dust
formation.

At Stage 3 of the studies, a fraction of 1.00—1.24 mm
was used for encapsulation with ceresin, which was
previously produced at the specified technological
parameters (Experiment 10).

We have made an approximate calculation of the
minimum amount of ceresin to be fed into the bed
under the following assumptions: ceresin is evenly
distributed over the surface of the spherical particles;
particle mass is 1 kg; bulk particle density is ~1250 kg/m?;
ceresin density is ~900 kg/m?). The calculation results
are shown in the graph in Fig. 6.

It should be noted that the amount of theoretically
required ceresin strongly depends on the size of the

1.6

1.5

1.4

1 kg)

1.3

1.2

dp, mm (M

1.1

1.0

0.9

0 0.2 0.4 0.6

particles in the bed. So, for example, for the coating of
particles d =1 mm with a ceresin film with a thickness
of 200 um, the ratio of the layer mass and the mass of
the encapsulator is 1.0 : 0.9, and for 4 = 1.5 mm it is
1.0 : 0.6.

Theresults of Stage 3 ofthe experimental studies are
presented in Table 7. When the consumption of ceresin
G_was 0.6 kg/h and 0.8 kg/h (Experiments 13 and 14), the
resulting product did not pass the waterproofness test
because chloride ions were found in the water extract as
well as trace amounts of organic compounds that make
up the pitch. This indicates an incompleteness/hetero-
geneity of encapsulation.

Anincrease in the flow rate to 1 kg/h (Experiment 15)
made it possible to obtain a sealed, moisture-resistant
product, which, according to the results of the bioassay
on hydrobionts, was assigned to hazard class 5.

Unloading was carried out through a sifter, the
pressure in which was set to 1.1 bar, which allowed
particles less than 1 mm to be filtered out. The difference
between the expected and actually unloaded product
quantity was ~5%.

0.8 1.0 1.2 1.4

G, kg/h

—— encapsulant layer thickness on the particles — 100 pm;

-=—  encapsulant layer thickness on the particles — 200 pm;

A encapsulant layer thickness on the particles — 300 pm.

Fig. 6. Calculated dependence of the required encapsulant (ceresin) consumption on the initial particle size
in the fluidized bed (the mass of the bed is 1 kg).
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Table 7. Results of experiments on encapsulation of granulate with ceresin

Parameters
No. exp. Notes
Mg | G,m¥m | T,,°C | T,*°C | T,*°C | P_,bar | G,kgh

13 1.0 107-114 18-23 18-30 15-24 1.4-2.0 06 Water resistance test
failed

14 1.0 105-113 18-23 17-33 16-26 14-2.0 0.8 Water resistance test
failed

15 1.0 103-115 18-23 17-35 15-29 14-2.0 1.0 Water resistance test
passed

* Temperature in the bed (7},) and temperature of the exhaust gases (7,,), respectively.

Figure 7 shows the appearance of the resulting
product. Image was taken using a Leica DM2500
microscope.

Fig. 7. Encapsulated waterproof hazard class-5 product
(Experiment 15, fraction 1.25-1.99 mm).

CONCLUSIONS

In conclusion, the present study demonstrates
the potential for a drying—granulation—encapsulation
process for toxic waste and hazardous chemicals with
a hazard class of 1-3 in one device, producing a bulk
product of hazard class 5 that is moisture-resistant
and suitable for transportation and long-term storage.

The technology for encapsulating toxic waste
and wastewater can be implemented, for example,
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