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Industrial wastewater is often contaminated with hydro-
gen sulfide and sulfides. This poses significant risks to both
the environment and human health and life as HS is extreme-
ly toxic. Therefore, water purification from it is vital, and the
choice of an effective desorber device is an urgent issue.

This paper investigates the process of H»S desorption from
wastewater in mass exchange devices with a continuous bub-
bling bed (DCBB), a column with falling plates (CFP), and
a horizontal device with bucket-like dispersers (HDBD). To
analyze the kinetic and technological characteristics of the
process, the following indicators were selected: the product of
the mass exchange coefficient on the contact surface of phases
(K+F), reduced to 1 m® of the volume of the apparatus, and
the degree of hydrogen sulfide desorption.

The most complete desorption of hydrogen sulfide occurs
at pH<5. For practical needs, it is suggested to acidify the
waterto pH=5.5...6.0. It was established that the partial pres-
sure of H»S increases linearly with increasing temperature,
and an increase in salinity from 2...4 to 130...160 kg/m> leads
to its increase by 1.45...1.5 times.

The best desorption indicators can be achieved in HDBD
at pH=4.97. The efficiency of cleaning in CFP and DCBB is
significantly affected by the specific air flow rate. The highest
values (K +F) per 1 m® that were achieved in desorbers are,
mol/(s*Pa*m?): HDBD — 1.94¢107, in CFP — 5.55+10°,
DCBB - 6.9+ 10°. The ratio of the product (K *F) in HDBD
to CFP is 3.5, and in HDBD to DCBB 2.8. It was possible to
achieve the maximum degree of desorption of 37.8 % in DCBB;
in CFP, this indicator is 74.1 %, and in HDBD — 77.7 %.
Experimental studies have generally confirmed the effective-
ness of using HDBD, and the results obtained under produc-
tion conditions on real drainage and reservoir waters could

find be practically implemented in hydrogen sulfide utilization
technologies
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1. Introduction

Reservoir and drainage waters and liquid effluents from
the chemical, food, mining, and other sectors of the national
economy are often contaminated with hydrogen sulfide and
sulfides. These compounds are always found in drainage and
reservoir waters in contact with sulfur ores, and also occur
in reservoir waters of those areas where there are no sulfur
ores and in sulfate-containing waters of anaerobic treat-
ment. During the extraction of minerals, reservoir waters
contaminated with carbon disulfide and sulfides come to the
surface. Especially a lot of water containing hydrogen sulfide
is formed during the extraction of sulfur by the method of
underground heating. The content of hydrogen sulfide in
the wastewater under this method is 70...400 g/m?. Indus-
trial wastewater from ferrous metallurgy enterprises, coke
plants, gas generating stations, oil production enterprises,
artificial fiber productions, etc. is even more concentrated
in terms of hydrogen sulfide, the content of the latter in it
reaches 500 g/m3 [1, 2].

The presence of hydrogen sulfide in drainage and res-
ervoir waters creates significant risks for both the environ-
ment and human health. H,S is toxic to aquatic organisms.
Its presence in water bodies can lead to a critical decrease
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in the content of dissolved oxygen, which leads to hypoxia
of living organisms. For humans, exposure to H,S, even
at low concentrations (5 ppm), is dangerous and can cause
respiratory problems, eye irritation, and headaches, while
higher concentrations of 500-700 ppm can be fatal, and
at 1000—-2000 ppm, death occurs instantly [3]. In addition,
H>S dissolved in water can cause corrosion of metal pipes
and concrete structures, etc. Hydrogen sulfide has a par-
ticularly negative effect on people who live near mining
enterprises, in particular coal ones. Hydrogen sulfide reser-
voir waters, having entered drinking water aquifers, pose a
health hazard to the population, including an increased risk
of respiratory diseases [4].

Many methods have been proposed for cleaning liquids
from hydrogen sulfide, among them methods in which
the first stage is desorption of hydrogen sulfide occupy a
prominent place [5]. Next, the desorbed hydrogen sulfide is
oxidized to sulfur or to other sulfur-containing compounds.
Taking into account the current trends of sustainable devel-
opment, highly concentrated solutions of hydrogen sulfide
should be considered as a complex raw material for the
production of hydrogen and sulfur. In particular, work [6]
carried out a critical analysis of methods for obtaining hy-
drogen from H,S (thermal dissociation, catalytic cracking,




multi-stage thermochemical cycles, photocatalytic splitting,
etc.). Paper [7] also focuses on plasma-chemical and electro-
chemical methods of decomposition of hydrogen sulfide with
the production of hydrogen.

Desorption and oxidation of hydrogen sulfide are carried
out using various types of equipment [5], in many cases
without proper justification. However, the intensity and its
technical and economic indicators depend on the correct
choice of the device that corresponds to the physical-chem-
ical basis of this process. Therefore, the choice of an appro-
priate device for the disposal of hydrogen sulfide is an urgent
issue, and considering the high toxicity of hydrogen sulfide,
purification of water from it is vital.

2. Literature review and problem statement

Mass exchange devices with a fixed surface (film, spray-
ing) and a contact surface that is formed during the move-
ment of flows (plate; nozzle) are widely used in industry.
This is due to the simplicity of the design, reliability of
operation, low hydraulic resistance, etc. But the issue of
intensification of their work remains unresolved, which is
related to the peculiarities of mass exchange, which is deter-
mined by molecular diffusion, in the first case, and vortex
diffusion, in the second type of devices. The reason for this
is the fundamental impossibility of increasing the relative
velocity of the phases without a noticeable increase in hy-
draulic resistance and droplet entrainment. That is, it can be
assumed that these devices have exhausted their potential
for intensification, which makes the corresponding research
not expedient [8].

An effective way to intensify mass exchange and hydro-
gen sulfide oxidation is to supply the system with external
energy directly to the contact zone. It is easiest to implement
the supply of energy directly to the reaction system in elec-
trochemical methods. These methods and their hardware
implementation have a number of advantages: they are sim-
ple, compact, do not require reagents, are easy to manage,
and can use renewable energy sources (solar, wind, etc.) for
operation [7,9]. At the same time, the issue of disposal of
electrocoagulation and electro flotation sludges remained
unresolved. One can get rid of these disadvantages by using
electrooxidation methods. Thus, in work [10], the electro-
chemical oxidation of hydrogen sulfide on platinum elec-
trodes was studied. Given the high cost of platinum, other
materials were investigated as “cheap” electrodes. One of
the directions in the intensification of the electrochemical
oxidation of dissolved hydrogen sulfide is the use of catalyt-
ically active electrodes. In work [11], electrochemical clean-
ing was carried out on a stainless anode coated with nickel.
In [12], the possibility of using sulfide solutions for anodic
depolarization and reducing electricity consumption for the
production of electrochemical hydrogen was investigated.

In all cases, it was possible to oxidize about 90 % of H,S
to sulfate. For the implementation of the above-described
electrochemical processes, significant electricity consump-
tion is required for the oxidation of sulfide ion (S%°) to sulfate
ion, which is the main drawback of the method. Oxidation to
sulfur is economically and energetically more profitable. To
overcome this problem, work [13] proposed an interesting
approach — an electrochemical method for cleaning with
the help of a fuel cell that oxidizes the sulfide ion, producing
electricity, and the product of oxidation is sulfur, which is

widely used in many industries. Despite the advantages of this
method, it has not yet been implemented industrially, which
is related to the passivation of electrodes with sulfur and the
need for its periodic removal from the electrodes. In addition,
there are problems with the corrosion resistance of electrodes
in the aggressive environment of the electrolyzer [5].

One option to overcome difficulties with effective supply
of external energy to the system is to use centrifugal devices.
The imposition of centrifugal forces contributes to the in-
crease of the interfacial surface, the expansion of the stable
range of operation under the phase inversion mode, and the
reduction of droplet entrainment. This is the approach ap-
plied in the HiGee (High Gravity Technology) technology,
which is used for many mass exchange processes in gas-lig-
uid systems. It is implemented in rotating devices (rotating
packed beds, RPB). In the role of the active volume, con-
tactors of various designs are used, which are placed inside
the rotor, which rotates at a high frequency. Depending on
the structure of the contactor, phase interaction can be car-
ried out in film or film-droplet modes. These devices have
high productivity, the intensity of mass exchange can be
1-3 orders of magnitude higher than in conventional nozzle
devices [14].

However, rotary devices have many disadvantages, in
particular, they have a significant centrifugal load, which is
why they impose special requirements for the rotating ele-
ments of the rotor. Accordingly, the diameter of the rotary
devices is structurally limited, the distance between the ro-
tor and the body or elements of the contactor nozzle does not
exceed several centimeters. This leads to significant hydrau-
lic resistance (2500—4000 Pa) and short contact time in the
gas-liquid system. That is, the increase in the mass exchange
coefficient is less than the increase in energy consumption.
The reason for this is that with a high intensity of phase
interaction, energy is evenly distributed in the volume of the
device, while the resistance to mass exchange is concentrat-
ed near the interface of the phases, where it is advisable to
direct the energy [8].

The solution to this problem is related to the redistri-
bution of the supplied energy and localization of its action
in the area of phase contact. To do this, it is necessary to
ensure the operation of the device under non-stationary,
discrete-pulse mode of supplying energy to the interface
of the phases from the side of the liquid phase. This is the
approach used when designing a horizontal apparatus with
bucket-shaped dispersers (HDBD) [15]. In HDBD, the en-
ergy of shaft rotation is directly transmitted to the surface
of the liquid through the dispersers. The absorption solution
is repeatedly distributed in the volume of the gas flow, which
allows the pulsating movement of the medium as a result of
the periodic alternation of the stages of liquid capture and
its dispersion. The device implements the cross movement of
streams. The hydraulic resistance of HDBD remains at the
level of the resistance of the spraying hollow devices, while
the specific energy costs for dispersing the liquid are much
lower compared to nozzles and do not exceed 50 W/m3.

The expediency of its use in dust collection systems [15]
and SO, absorption [8, 16] has been theoretically substanti-
ated. Experimental studies were also carried out under labo-
ratory and production conditions, which confirmed the high
efficiency of HDBD for these processes [17, 18]. Paper [19]
reports the results of theoretical studies of HyS, SO, and O,
absorption processes in mass exchange devices with a con-
tinuous bubbling bed (DCBB) and HDBD. It is calculated



that, with the same driving force of the process, the rate of
absorption in HDBD is 2—3 orders of magnitude higher com-
pared to DCBB, and the throughput is 54—74 times higher.

However, many assumptions were accepted in the cal-
culation process, so practically obtained values may differ
significantly from theoretical ones. In addition, the selection
of industrial devices for gas desorption is guided by the prop-
erties of the absorbent (water) — gas system, mathematical
models of the devices, and production experience of their
operation. But the use of such methods for selecting devices
is justified only under temperature regimes close to normal,
provided that the absorbent and absorbent are practically
pure substances, and the mathematical model adequately
describes the process. When using highly concentrated H,S
water, with high salinity, at temperatures different from nor-
mal, objective difficulties arise because of the lack of relevant
experimental data and empirical dependences. This is due to
a number of reasons, in particular variable quantitative and
qualitative composition of hydrogen sulfide-containing wa-
ters. Also, conducting research under industrial conditions,
using enlarged laboratory or experimental industrial facili-
ties, is a complex, long and expensive process. In addition,
there are no single criteria for comparing the efficiency of
mass exchange devices based on different physical processes.

All this gives reason to assert that it is expedient to con-
duct experimental studies under production conditions on
the use of HDBD for desorption of H,S from reservoir and
drainage waters.

Industrial processes of desorption of hydrogen sulfide
from water are carried out in devices with a continuous
bubbling layer, columns with failed plates. Devices with
nozzles (Raschig rings, etc.) and nozzles are usually not used
because of their possible clogging with mechanical impuri-
ties. Therefore, these two types of devices were chosen for
experimental studies and for comparison of their operational
indicators with those of HDBD.

3. The aim and objectives of the study

The aim of our study is to establish the kinetic and tech-
nological parameters of hydrogen sulfide desorption from
reservoir and drainage waters in mass exchange devices of
various types. This will make it possible to compare the effi-
ciency of mass exchange equipment and use experimentally
obtained results to improve existing and devise new tech-
nologies for the disposal of highly concentrated hydrogen
sulfide-containing waters.

To achieve the goal, the following tasks must be solved:

— to establish the influence of pH, salinity, and tempera-
ture on the value of partial pressure of H5S above the surface
of formation and drainage waters;

— to investigate the efficiency of desorption of hydrogen
sulfide in HDBD, CFP, and DCBB;

—to compare the efficiency of desorption of hydrogen
sulfide in HDBD, CFP, and DCBB, justify the choice of
desorber.

4. The study materials and methods

4. 1. The object and hypothesis of the study
The object of our study is the process of desorption of hy-
drogen sulfide from reservoir and drainage waters. The sub-

ject of research is the effect of various types of mass exchange
devices on the efficiency of hydrogen sulfide desorption.

The hypothesis of the study assumes that the use of a
modern mass exchange apparatus HDBD can intensify the
process of desorption of hydrogen sulfide from water.

During the research, it was assumed that the value of
product of the coefficient and the mass exchange surface
related to the volume of the investigated device (K-F) is
a determining indicator in the process of choosing a mass
exchange device for desorption of hydrogen sulfide from
reservoir and drainage waters. In the course of research,
the following simplifications were adopted: the degree of
dissociation of hydrogen sulfide (X5, %) depends on the
temperature and pH of the water and does not depend on
the salinity, the desorption temperature practically does not
affect the value (K-F).

4. 2. Methodology for calculating the intensity of de-
sorption in mass exchange devices

The process of hydrogen sulfide desorption from res-
ervoir and drainage waters can be described by the mass
exchange equation:

w=K-FAP, )

where w is the desorption rate, mol/s;

K — mass exchange coefficient, mol /(N-s);

F — mass exchange surface, m?;

AP s the driving force, N/m?.

To compare desorption indicators in devices with a con-
tinuous bubbling layer, mechanical water spraying, and in
columns with falling plates, it is necessary to mathematical-
ly describe the complex mass exchange processes of moving
gas bubbles and water droplets. Mathematical models of
mass exchange from gas and liquid phases, as well as cal-
culations of the mass exchange surface, are based on many
assumptions [19]. These assumptions make the calculations
of the mass exchange coefficient and the contact surface
between the phases very imprecise. Therefore, it is proposed
not to calculate the mass exchange coefficient and the phase
contact surface based on mathematical models for different
devices but to operate with product of the mass exchange co-
efficient (K) by the phase contact surface area (F). The value
of this product (K-F) in different types of devices is related to
1 m? of desorption volume. The speed of desorption (w) and
the driving force of the process (AP) were determined exper-
imentally on the appropriate types of devices: HDBD, CFP,
and DCBB. Then the value (K-F) is accurately and easily
calculated: it can serve as an important characteristic during
the selection of a mass exchange apparatus for desorption of
hydrogen sulfide from reservoir and drainage waters.

4. 3. Methodology for determining the partial pres-
sure of hydrogen sulfide above hydrogen sulfide-contain-
ing waters

It is possible to estimate the partial pressure of HyS
over sulfur-containing waters based on literature data,
based on pH, temperature, and concentration of hydrogen
sulfide in water. The partial pressure of hydrogen sulfide
above water depends on the state in which it is in water
(physically dissolved or chemically bound). Actually, the
amount of physically dissolved hydrogen sulfide and the
temperature determine the partial pressure of hydrogen sul-
fide above the solution.



To evaluate the relationship between different forms of
hydrogen sulfide depending on pH and temperature, the
dissociation constants of hydrogen sulfide of the first and
second degree of dissociation in aqueous solutions at differ-
ent temperatures were used.

At a certain pH value, all possible forms of hydrogen
sulfide can be in equilibrium.

According to the material balance, one can write down:

__ undiss
CHzS - CHzS + CIIS’ + Cs” ’ (2
or:
__ undiss
aIIQS - aIIZS + aHS’ + ang ’ (3)

where Cy ¢ galm) is the total concentration (activity) of
2 20
hydrogen sulfide in water, mol/dm?;

Cie (a;’;’é’”) — concentration (activity) of physically

dissolved hydrogen sulfide, mol /dm?;

C”S,(aHS, ) — concentration (activity) of hydrogen sulfide
ions, mol/dm?;

CSQ,(aSZ,) — concentration (activity) of sulfide ions in
water.

Taking into account the dissociation constant of hydro-
gen sulfide in water and the value of the activity coefficient
of undissociated hydrogen sulfide, which is equal to 1 (a
small value of the molar concentration of hydrogen sulfide
in water). The value of the molar concentration of hydrogen
sulfide in the form of equation (3) can be written:

2
P a,. +K, a,. +K, a,. )
H,S a2 ’
H*
where:
K = a,.a, K - a,.de
17 undiss 27 a °
H,S HS™

undiss
The ratio —2—
Ay,s
hydrogen sulfide molecules in water. The right-hand part
of equation (4), in addition to the activity of hydrogen ions,
implicitly includes the activity coefficients of ions that are
formed during the dissociation of dissolved hydrogen sul-
fide. As is known, the activity coefficient of a certain ion
is affected differently by the ionic strength of the solution.
Taking into account the high mineralization (ionic strength)
and the varied salt composition of the water solution to be
purified, it is difficult to determine a priori the exact value
of the activity coefficients of HS~ and S?~ ions. Therefore, we
calculated the value of the degree of undissociated hydrogen
sulfide molecules at different pH and temperature of water,
assuming that the ionic strength of water is zero. The tem-
perature dependences Ki=f(T) and K,=f(T) are borrowed
from the literature [20].

Reservoir hydrogen sulfide-containing waters differ not
only in hydrogen sulfide content, temperature, pH, but also in
the quantitative and qualitative composition of soluble salts.
Thus, according to the results of preliminary exploration stud-
ies, the Yavoriv reservoir waters (YRW) of underground sulfur
melting have relatively low mineralization (2...4 kg/m?), caused
mainly by sulfates and hydrogen carbonates of sodium and
calcium, high temperature (50... 60 °C), their hydrogen sulfide
content is 0.14...0.25 kg/m?, pH=6.5...7. Gaurdak drainage wa-

represents the degree of undissociated

ters (GDW) have high mineralization (130...160 kg/m?), main-
ly caused by sodium chloride, temperature 30...35 °C, hydro-
gen sulfide content in them is 0.28...0.30 kg/m?3, pH=5.5...7.
Experimental studies were conducted to determine the
influence of mineralization and temperature on the value
of the partial pressure of hydrogen sulfide over the studied
waters. The pH of the studied samples was adjusted to pH=5.
The study of the partial pressure of hydrogen sulfide over
water was carried out on the installation shown in Fig. 1.

— >

o O

Fig. 1. Diagram of a laboratory setup for studying the partial
pressure of hydrogen sulfide over water

The laboratory setup (Fig. 1) consists of two flasks 3
and 4, a magnetic stirrer 2, Drexel beakers (not shown in
the diagram) filled with a solution of cadmium acetate, bu-
rette 5, and pH meter 1, the electrodes of which are mounted
in flask 3. Methodology of the experiment was as follows:
“hydrogen sulfide” water is poured into flask 3, which is
placed on magnetic stirrer 2. Flask 3 was hermetically closed
and connected with hoses to flask 4. The excess alkalinity
of the solution was neutralized with HCI solution from bu-
rette 5, and the acidity of the liquid phase was determined
based on the readings of pH meter 1. Flask 4 was alternately
placed lower and higher than flask 3, as a result, the solution
was poured from one container to another, washing the gas
phase that was in the free volume of flasks 3 and 4. These
manipulations were carried out until a stable pH value was
established. This indicated the achievement of an equilibri-
um distribution of HsS between the gas and liquid phases.
After stabilization of the pH, the washing cycle was repeated
5-6 times, and only then were samples of the gas and liquid
phases taken for analysis.

Analysis of gas and liquid phases for hydrogen sulfide
content was carried out by the iodometric method [21].

4. 4. Research methodology for hydrogen sulfide de-
sorption in a horizontal apparatus with bucket-shaped
dispersers

The desorption of hydrogen sulfide from water was stud-
ied at the experimental installation for the treatment of res-
ervoir waters of underground sulfur heating at the Yavoriv
Sulfur Plant, the main device of which was a horizontal de-
vice with bucket-shaped sprinklers with a diameter of 0.5 m
and a length of 0.7 m (Fig. 2)



Fig. 2. Image of the pilot experimental installation
for studying the process of hydrogen sulfide
desorption in HDBD

The research was conducted as follows. Hydro-
gen sulfide water from the water discharge wells of
the underground sulfur heating with a flow rate of
1.5...4.5 m3/h entered the desorber. At the entrance
to the desorber, reservoir water with pH=6.52 and
a temperature of 50.5 °C was acidified with water
containing sulfur dioxide. Aqueous solution of SO,
was obtained as a result of combustion of desorbed

H,S, with its subsequent capture in the HDBD Air

1

\

Diesel fuel 9

process of HsS and SO, interaction with the production of
elemental sulfur took place. Water from the upper part of
container 6 was fed into plate absorber 3 for SO, absorption
by means of circulation pump 7. After desorber 8, the mixture
of air and hydrogen sulfide was sent to furnace 1 for burning
through droplet catcher 2. To maintain the temperature of
600 °C, diesel fuel and air were supplied to the furnace. After
the furnace, the gas was directed to absorber 3, and after the
absorber, the purified gas, passing through droplet catcher 4,
was discharged into the atmosphere with the help of fan 5.
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Formation
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absorber, the design of which is similar to the struc-
ture of the HyS desorber (Fig. 2). This organization
of the process makes it possible not only to save
reagents but also to obtain a valuable product —
finely dispersed colloidal sulfur, which is formed in
sedimentation tanks during the slow interaction of
H,S and SO,. Water consumption for acidification
was 3.0 m?/h, and its temperature was 22 °C. Air
was supplied counter currently to the flow of water
in the desorber with a flow rate of 10 m3/h.

The process of desorption of hydrogen sulfide was studied
under different air, reservoir and acidifying water consump-
tion and other factors. Water consumption for reservoir water
acidification was set so that the pH of the mixed waters before
the desorber did not exceed 6.0...6.2, the pH of the water was
monitored using a laboratory pH meter (Ezodo PL-700PC),
the pH value at the entrance to the desorber was adjusted by
changing reservoir water consumption.

The analysis of gas and liquid phases for the content of
hydrogen sulfide was carried out by the iodometric method
according to the procedure described in the literature [21].

4. 5. Research methodology for hydrogen sulfide de-
sorption in a column with falling plates

The specificity of the design of columns with falling
plates and obtaining data for modeling the mass exchange
process require the manufacture of an apparatus of rather
large sizes and significant consumption of both liquid and
gas flows. It was impossible to carry out such studies under
laboratory conditions. Therefore, the process of desorption
of hydrogen sulfide from water in a column with falling
plates was studied at the experimental unit, which was in-
stalled at the Gaurdak Sulfur Plant (Fig. 3).

Drainage water through a rotameter (not shown in the
diagram) was fed into desorber 8. To increase the speed of
H,S blowing, part of the water from absorber 3 was fed into
the desorber. Next, the water entered container 6, where the

i Air b [0

10

Dt—>
H20 +S

Fig. 3. Diagram of an experimental installation for the treatment of
drainage water from hydrogen sulfide at the Gaurdak Sulfur Plant

The desorber consisted of 8 plates with an inner diameter of
0.5 m and a height of 0.4 m each, between which were placed 7
plates with a thickness of 4-10~3 m with holes with a diameter
of 11072 m and a live section of 25 %. Viewing windows were
installed on the second floor from the bottom. Samplers for gas
and liquid phases are installed on each stage. The plates are
enameled, and the plates are made of X18H10T steel.

During our studies, the pH of drainage waters was be-
tween 5.32 and 5.42, so acidification was not carried out.
The studies were conducted at a drainage water temperature
of 31 °C. The process of desorption of hydrogen sulfide from
drainage water under the bubbling, emulsified, and wave
modes of operation of the plates was studied. Experiments
characterizing the operation of a column with falling plates
in the bubbling and emulsifying modes are given in Table 4.

Analysis of gas and liquid phases for hydrogen sulfide
content was carried out by the iodometric method [21].

4. 6. Research methodology for hydrogen sulfide de-
sorption in an apparatus with a continuous bubbling layer

The process of desorption of hydrogen sulfide in an appara-
tus with a continuous bubbling layer was studied under labora-
tory conditions on simulated reservoir waters of underground
sulfur heating at the Yavoriv sulfur plant, acidified to pH=>5.
The main apparatus of the laboratory installation (Fig. 4) was
column 2 with a diameter of 0.032 m and a height of 0.5 m.

At the bottom of the column, there was a soldered glass
plate with holes that dispersed air to the size of bubbles of



2..3mm. The installation included pressure vessel 1, com-
pressor for air supply 3, theometer for measuring air flow 4.

Experiments were performed at an air flow rate
(1-10° m®/s), which corresponded to a gas content of =0.05,
that is, the flow rate at which the bubbling mode of mass
exchange still occurs. Water consumption was changed
from 3.3:10°6m?/s to 1.25-10"> m?/s. Other parameters were
constant and were as follows: water height in the
desorber — 0.4 m; desorption temperature — 21 °C;
the content of hydrogen sulfide in simulated
drainage water — 190 g/m?.

sorption. Therefore, the value of the partial pressure of hydro-
gen sulfide over hydrogen sulfide-containing waters, depending
on their characteristics, is absolutely necessary for calculations
and development of the technological mode of desorption.

The results of theoretical calculations are summarized
in Table 1, and experimental studies are presented graphi-
cally (Fig. 5).

Table 1

Dependence of the degree of undissociated hydrogen sulfide (X,giss, %)

on the temperature (fyes., ‘C) and pH of water

Analysis of gas and liquid phases for hydrogen Dissociation
) . . . Xum]’ix.w %
sulfide content was carried out by the iodometric |y, of constants HyS
method [21]. oy |Gess "€ Ho
entry K1'107 K2'1012 PHdes.
4 5 6 7 8 9 10
1 0.33 0.10 [99.97(99.67|96.81|75.19(23.10| 2.94 | 0.30
2 31 0.95 0.72 199.90(99.06|91.32|51.28| 8.52 | 1.42 | 0.10
3 50 1.23 1.22 |99.88198.7889.05|44.84 | 7.52 | 0.80 | 0.08
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Fig. 4. Diagram of a laboratory installation for
the study of desorption of hydrogen sulfide from
reservoir waters of underground sulfur heating at

the Yavoriv Sulfur Plant

4.7. Methodology for comparing the effi-
ciency of mass exchange devices

The comparison of effectiveness of using
HDBD, CFP, and DCBB in the process of desorp-
tion of HyS from drainage and reservoir waters
was carried out by the value (K-F) related to 1 m® of the
device volume. The depth of desorption of hydrogen sulfide
from water was also compared by the degree of desorption.

5. Results of hydrogen sulfide desorption
research

5. 1. Results of investigating the values of

A YRW, 160 g/m3;
2 GDW, 160 g/m3;

Note: ty.s. — desorption temperature, °C; pHy,s. — pH of the water in the desorber.
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Fig. 5. Dependence of the partial pressure of hydrogen sulfide above
YRW and GDW on temperature and mineralization at pH=5

For ease of use, the obtained dependences were math-
ematically treated using the method of least squares. The
resulting equations and values of approximation probability
values (R?) are given in Table 2.

Table 2

Approximation equation of the experimentally obtained results from
studying the effect of temperature on the partial pressure of hydrogen

sulfide above water (Fig. 1)

partial pressures of hydrogen sulfide over wa- [\, of[ Water ; i Value of approximation

ters containing hydrogen sulfide entry | origin Salt content, g/m: Equation probabilitics, RT
The rate of desorption of hydrogen sulfide from 1 | Reservoir 160 P—161.24+733 0.9994

hydrogen sulfide-containing waters depends on the 5 waters 200 P04 611814 0.9995

form of sulfide compounds, th_elr concentration, tem- 3| (Yavoriv) 240 P35 271633 0.9993

perature, and the content of dissolved salts. The total . : 160 D035 940197235 0,995

influence of the factors listed above is expressed by Drainage - - :

the partial pressure of hydrogen sulfide above water, 5 waters 225 P=332.12¢+1360.1 0.9989

which directly determines the driving force of de- L6 (Gaurdak) 275 P=373.341+2600.9 09953




One can see from the experimentally obtained results
that the partial pressures of HsyS over all solutions in-
crease linearly with increasing temperature (Fig.5), and
the resulting dependences of the partial pressure of HyS on
temperature are described with high probability by linear
equations (Table 2).

3. 2. Results of investigating hydrogen sulfide desorp-
tion processes in mass exchange devices

The results of our experiments reflecting the desorption
process in HDBD, CFP, and DCBB are given in Tables 3—5
respectively.

In addition to experimentally establishing the most im-
portant indicator of the product desorption process (K-F), two
important technological indicators were also determined for all
devices: the degree of desorption and specific air consumption.
Also, for each device, Tables 3—5 give parameters that are im-
portant for their technological use for: HDBD — conditional ir-
rigation density (W, m3/m?); CFP — operating mode (bubbling,
emulsified); DCBB - liquid level in the desorber (%, m).

3. 3. Results of comparing the efficiency of hydrogen
sulfide desorption in the studied mass exchange devices

The highest values (K-F) per 1 m® obtained in each de-
sorber were used to compare the efficiency of the devices.
The results of our research are given in Table 6.

Comparing the results of the research (Table 6), one
can state that the values of (K-F) for CFP and DCBB are
3.5 and 2.8 times smaller compared to HDBD, respectively.
The values of the degree of desorption for HDBD and CFP
are comparable, and for DCBB - significantly lower. Com-
paring the X, values obtained in DCBB with the values
from HDBD and CFP is not completely correct since the
desorption process, due to the limitations associated with re-
search on large-scale factory installations, took place at dif-
ferent temperatures. One can see from the results described
above (Fig. 5, Table 2) that the partial pressure of H,S
above the surface of the studied waters increases in direct
proportion with increasing temperature. Thus, for Yavoriv
reservoir waters, when the temperature increases from 21 °C
to 31 °C, the partial pressure increases by 1.39...1.42 times.

Table 3
Results of investigating the hydrogen sulfide desorption process in a horizontal apparatus with bucket-shaped dispersers
Desorption parameters Desorption indicators
No. of entry - - -

Qmar. pHdex. Ldes. [HZS]enl. [HZS]uuz‘,, qair w AP 0103 K-F-105 (KF)H)J Xides.

1 1.5 4.86 31 52.0 12.6 2.23 22.9 567 1.45 2.55 1.86 75.8

2 2.0 4.97 33 62.4 13.9 2.00 25.5 744 1.98 2.66 1.94 71.7

3 3.0 5.48 35 78.0 26.4 1.67 30.6 1042 2.53 243 1.77 66.2

4 4.0 6.0 38 89.1 34.0 1.43 35.7 1338 3.15 2.36 1.72 61.8

5 4.5 6.1 39 93.6 41.0 1.33 38.2 1621 3.22 1.99 1.45 56.2

Note: H»S content in reservoir water is 156 g/m’; reservoir water pH — 6.52; reservoir water temperature — 50.5 °C; acidifying water tempera-
ture — 22 °C; water consumption for acidification — 3.0 m>/h; air consumption in the desorber — 10 m>/h; Quar. — consumption of drainage
(reservoir) water, m’/h; [HoS [ ... — HS content in the water at the entrance to the desorber, g/m’; [H»S |y — H»S content in the water at
the outlet of the desorber, g/m>; q.ir — specific air consumption, m® of air/m> of water; W — conditional irrigation density, m>/m?-h; AP is the
driving force of desorption, Pa; vg.s. — desorption rate, (mol/s); K-Fis the product of the mass exchange coefficient (K) by the mass exchange
surface (F), mol/(Pa-s); (K-F) is the product of the mass exchange coefficient (K) on the mass exchange surface (F), reduced to 1 m> of the

desorber, mol/(s-Pa-m>); Xus. — degree of desorption, %.

Table 4
Results of investigating the process of desorption of hydrogen sulfide in a column with falling plates
Desorption parameters Desorption indicators
No. of entry Mode of 3 o o
Qwal,. pHdes, Lies. [HZS]mL. [HQS]uu(. Gair operation AP 010 K-F10 (KF)1O X

1 10.0 5.32 31 290 89.6 4.7 B 7847 1.64 2.09 3.80 69.1

2 10.0 5.38 31 295 84.0 8.7 B 8185 1.72 2.11 3.83 71.5

3 10.0 5.36 31 296 75.0 12.0 E 7978 1.81 2.26 412 74.7

4 15.0 5.41 31 304 99.0 6.0 E 8237 2.51 3.05 5.55 67.4

5 15.0 5.42 31 304 98.0 8.0 E 8544 2.53 2.96 5.38 67.8

Note: B — bubbling; E — emulsified.

Table 5

Results of investigating the hydrogen sulfide desorption process in an apparatus with a continuous bubbling layer

Desorption parameters Desorption indicators
No. of entry
Qwaz.'106 pHdes. Liles. [HZS]ent. [HZS]out. air h AP 0'106 KF10() (KD106 X
1 0.13 5.0 21 190 164.0 0.8 0.4 4514 9.50 211 6.55 13.7
2 8.33 5.0 21 190 151.0 1.2 0.4 4302 9.54 2.22 6.90 20.5
3 5.00 5.0 21 190 133.0 2.0 0.4 4149 8.38 2.02 6.28 30.0
4 3.33 5.0 21 190 123.5 3.0 0.4 4210 6.52 1.55 4.82 35.0
5 2.50 5.0 21 190 118.7 4.0 0.4 4280 5.24 1.22 3.81 37.5

Note: his the liquid level in the desorber, m.



It can be predicted that the degree of desorption will
also increase within the same limits, however, its value will
be smaller compared to HDBD and CFP. Therefore, to
compare the efficiency of desorption of hydrogen sulfide in
HDBD, CFP, and DCBB, it is more appropriate to use the
value of (K-F). When calculating (K-F), the value of partial
pressures of H,S is taken into account, so the temperature
has practically no effect on its value.

Results of comparing the efficiency of hydrogen sulfide desorption

in HDBD, CFP, and DCBB

Analyzing the findings obtained in HDBD, CFP, and
DCBB, it was established that the determining factor of the
desorption process is pH. Thus, for HDBD, with a stable
consumption of water for acidification and with an increase
in the consumption of drainage water, the pH of the mixture
naturally increases from 4.86 to 6.10. The best desorption
rates ((K-F)=1.94-10" mol/(s-Pam®), Xys=77.7 %) were
achieved at pH=4.97, which is explained by the fact that
within pH=4...5, the content of physically
bound Hj,S remains practically unchanged at
99.97..99.67 % (Table 1). At the same time,
the driving force of the process increased by

Table 6

No. of | Device ] a third (567...744 Pa).
entry type Qmar. pHdes. Lies. [HZS](mr. air AP (KF)1O Xdes. In the case Of using CFP, the Specific
1 1DBD | 20 | 497 | 33 24 12001 74 194 - air flow, and the mode of conducting the
process also play a significant role. Under
9 CFP 150 | 541 | 31 304 60 | 8237 | 555 674 | the emulsified mode at a specific air flow
100 [ 536 | 31 | 206 [120]7978| 412 | 747 | rate of 6m’ /m® _, the maximum value of
833 | 50 | 21 190 1.2 | 4302 6.90 20.5 | (K-F)=5.55-10"% mol/(s-Pam?) was reached,
3 DCBB 250 | 50 | 21 190 40 | 4280 381 375 | andthe greatestdepth of cleaning (X=74.7 %)

6. Discussion of results related to the study of desorption
of hydrogen sulfide from reservoir and drainage waters

One can see from our calculations (Table 1) that a sharp
transition from the non-dissociated form of hydrogen sulfide
to the dissociated form is observed within rather narrow pH
ranges and depends on the temperature. Thus, for hydrogen
sulfide-containing waters at a temperature of 31 °C, when
the pH changes from 6 to 8, the proportion of physically
dissolved hydrogen sulfide decreases from 91.3 % to 8.5 %.

The results of calculations show that at pH<5 99 % of hy-
drogen sulfide in water is in the form of undissociated mol-
ecules; at pH<7, approximately half of the hydrogen sulfide
molecules are in undissociated form, the rest in dissociated
form. That is, the most favorable conditions for hydrogen
sulfide degassing will be pH<5. At the same time, there is not
always a technological need for deep desorption of hydrogen
sulfide. For example, under the “wet Claus” method, it is
necessary to blow off only one third of the hydrogen sulfide
to oxidize it to SO,. That is, the depth of the desorption
process can be controlled by changing the pH. When the pH
value of water changes from 5 to 8, the partial pressure of
hydrogen sulfide over hydrogen sulfide-containing water de-
creases by 10...12 times. Therefore, it is impractical to desorb
hydrogen sulfide from waters at pH values >7 without first
acidifying them to pH values equal to 5.5...6.0.

The partial pressure of H,S above reservoir and drainage
waters at pH=5 (Fig. 1) increases linearly with increasing
temperature. This experimentally confirmed that at pH<S5,
regardless of the quantitative and qualitative composition
of the studied waters, almost all of the sorbed H»S is in a
physically bound state.

As aresult of our experimental studies, it was established
that the partial pressure of hydrogen sulfide above hydrogen
sulfide-containing waters under the same conditions (tem-
perature, pH) above the drainage waters at the Gaurdak
sulfur plant is 1.45...1.5 times higher than the pressure above
the Yavoriv reservoir water. (Fig. 5), which is explained by a
higher salinity and, accordingly, a decrease in the solubility
of hydrogen sulfide. There are no results of similar studies in
the literature.

can be achieved at a specific air flow
12 m?_/m?_ . Such results are explained by

the fact that the value of the contact surface
for a certain type of falling plates is determined by the ratio
of air flow to liquid flow and has an optimal value. That is,
the mass exchange takes place most intensively at a specific
air flow rate of 6 m?_/m? . and the increase in the degree
of desorption at a specific air flow rate of 12m}, /m?__, is
explained by a better “blowing” of hydrogen sulfide as a re-
sult of an increase in the air volume.

In DCBB, as in the previous case, the efficiency of the
process largely depends on the specific air consumption,
so, when this indicator increases from 0.8 to 4 m}, /m’__,
the degree of desorption naturally increases from 13.7
to037.5%. At the same time, the maximum value of
(K-F)=6.90-10"% mol /(s-Pa-m?®) was reached at a specific air
flow rate of 1.2 m?, /m? .

The highest values of (K-F) per 1 m?, which were achieved
in desorbers, are, mol /(s-Pam?): HDBD — 19.4-106, in CFP —
5.55-10°%, and in DCBB - 6.9-10°% mol /(s-Pa) (Table 6). That
is, to achieve the desired degree of desorption, the desorption
volume of CFP should be 3.5 times greater than the desorp-
tion volume of HDBD, and 2.8 times that of DCBB. At the
same time, it should be noted that the theoretically calculat-
ed efficiency of mass exchange in HDBD was 2—3 orders of
magnitude higher compared to DCBB. This discrepancy be-
tween practically obtained results and theoretically calculated
results can be explained by the effect of pH and HsS concentra-
tion. Thus, in the course of the research, the pH value of the water
was: HDBD —4.86...6.1; KTP - 5.32...5.42, and for DCBB - 5.
Accordingly, the H»S content in the initial water was, g/m?:
HDBD - 156; KTP - 290...304 and DCBB -190. As a result,
the driving force of the process in CFP was 5.3...13.8, and in
DCBB - 2.6..8.0 times greater in comparison with HDBD.
Despite the comparable values of the degree of desorption
for HDBD and CFP, it should be noted that the specific air
consumption for hydrogen sulfide desorption was 1.3...2.2 and
4.7..12.0, respectively. That is, under all other conditions being
the same, the content of H,S in the gas phase at the exit from
CFP will be 3.6...5.5 times lower compared to HDBD.

In other words, on the basis of our results, one can state
that HDBD is significantly more efficient than the devic-
es that have become widely used in industrial processes
(CFP and DCBB).



The results reported for HDBD are comparable to the
characteristics of HiGee devices [14]. At the same time,
“HiGee” type devices are characterized by a significant
centrifugal load on the rotor shaft, which is due to the
high frequency of rotation of the shaft (5.0...13.3 s7!) and
high hydraulic resistance (2500—4000 Pa). Unlike “Hi-
Gee”, the HDBD frequency of rotation of the shaft is not
high, 2.6...3.8 s7!, and the hydraulic resistance does not
exceed 120...300 Pa, which allows the desorption process to
be carried out efficiently at significantly lower energy costs.
This became possible due to the fact that, unlike HiGee, the
external energy is transferred directly to the liquid, giving
its drops significant kinetic energy and initial speed, which
significantly reduces the resistance from the gas film. In
addition, a pulsating movement of the medium is created due
to the alternation of phases of liquid capture and spraying.

Our research carried out under industrial conditions at
large-scale factory and laboratory facilities showed high effi-
ciency of HDBD for H5S desorption and is a reliable basis for
industrial introduction of HDBD in processes of purification
of HyS-containing waters.

It should be noted that the study was conducted for
two types of hydrogen sulfide waters. This leads to certain
limitations in the use of our results since the sample is
insufficient for the possibility of deriving empirical depen-
dences. The main shortcomings of the research are that the
experiments with each mass exchange device were carried
out on waters of different composition, under different tech-
nological regimes, on installations of different desorption
volumes. Accordingly, it is not entirely correct to compare
the obtained specific indicators since our results are difficult
to scale. As mentioned above, these disadvantages and lim-
itations are due to the complexity and high cost of research
on an industrial scale. At the same time, these limitations
open up new prospects for further research, in particular,
it is advisable to investigate the influence of salt content on
the desorption process in mass exchange devices of the same
working volume.

7. Conclusions

1. Our theoretical and experimental studies on the influ-
ence of pH, temperature, and salinity on the partial pressure of
H,S have made it possible to choose the values of the process
management parameters necessary for desorption. It is tech-
nologically advisable to pre-acidify the water to pH=5.5...6.0,
and for deep desorption to pH<5. With an increase in salinity
from 2..4kg/m?® (YRW) to 130..160 kg/m® (GDW), the

partial pressure of HyS above the water surface increases by
1.45...1.5 times.

2. As aresult of experimental research, it was established
that the pH of water has a decisive influence on the desorp-
tion process, in particular, the best indicators of the process
in HDBD ((K-F)=1.9410 mol/(s-Pam?), Xy ~77.7 %)
were achieved at pH=4.97. At the same time, the efficiency
of cleaning in CFP and DCBB is significantly affected by
the hydrodynamics of the process, in particular, the specific
air flow rate.

3. The highest values (K-F) per 1 m®, which were man-
aged to be achieved in desorbers, are mol /(s-Pa-m?): HDBD —
1.94-107, in CFP - 5.55-10°6, and in DCBB — 6.9-10°6. The
ratio of the product (K-F) in HDBD to CFP is 3.5, and such
a ratio in HDBD to DCBB is 2.8. At the same time, it was
possible to achieve the maximum degree of desorption of
37.8 % in DCBB, while in CFP this indicator is 74.1 %, and
in HDBD — 77.7 %. As the results of the research showed,
HDBD is a highly efficient mass exchange device for the
process of desorption of hydrogen sulfide from drainage and
reservoir waters. Its kinetic and technological indicators ex-
ceed those of CFP and DCBB. In addition, HDBD is charac-
terized by very low hydraulic resistance and has a significant
potential for intensification of the desorption process.
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