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ABSTRACT

A membrane reactor with an integrated flow-through photometric sensor was developed for real-time
monitoring of sodium ferrate concentration. The materials for the reactor housing, sensor, and
consumable anodes were selected, along with optimal electrolysis parameters that ensure increased
ferrate yield and concentration, reduced energy consumption, and stable operation for up to 8 hours. The
developed equipment and the produced reagent were tested on wastewater from oil extraction treatment
facilities at the South Priobskoye field under Arctic conditions. At one site, ferrate was added directly to
the wastewater with subsequent filtration; at another, it was used as part of an integrated treatment system
including aeration and multi-stage filtration. Field trials demonstrated the high efficiency of sodium
ferrate as an oxidant, coagulant, and flocculant: achieving degradation of organic and toxic compounds,
removal of petroleum products, and water disinfection. Treated wastewater met regulatory standards and
allowed safe discharge into the environment. The obtained results confirm the possibility of introduction
of automated adaptive equipment for sodium ferrate synthesis into water treatment systems at oil
production facilities. Utilizing sodium ferrate enhances treatment efficiency, lowers operating costs, and
improves the environmental sustainability of production.
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1. INTRODUCTION manganese, etc.). However, these methods are not
sufficiently effective for treating industrial and domestic
Biological treatment methods are effective in removing wastewater containing persistent chemical compounds.
macro-pollutants (biodegradable organic substances, Moreover, the elimination of bacteriological
nitrogen, phosphorus, sulphur compounds, etc.) and low contamination requires the use of strong oxidizing agents
concentrations of trace metal ions (copper, iron, (1-3). Modern research confirms the importance of
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developing waste treatment methods aimed at reducing
their environmental impact (4, 5). Therefore, the actual
task is to search for cheap and environmentally safe
technologies of wastewater treatment without chlorine-
containing reagents, which are not inferior in efficiency
and cost to the used technologies using hypochlorite
(chlorine), as well as to solve the problem of fulfilling the
requirements for wastewater purity in the absence of
chlorine (6, 7).

In the treatment of domestic and industrial
wastewater, alkali metal ferrate salts decompose toxic
chemical compounds and petroleum products, eliminate
microorganisms, and remove them from aqueous
solutions through coagulation. Sodium ferrate is a
universal reagent, which is successfully used for the
purification of aqueous media from a variety of
pollutants, including petroleum products, their
derivatives, various fuels, nitrogen-, phosphorus- and
sulphur-containing compounds, cyanides, ammonia and
heavy metals (8-10). It is particularly effective at
pollutant spillage sites, industrial wastewater and water
bodies. The use of ferrate demonstrates high efficiency in
removing toxic elements such as arsenic (As) and lead
(Pb), and can also effectively address contamination
caused by cobalt (Co), nickel (Ni), copper (Cu), and
aluminum (Al) (11-13).

An important advantage of sodium ferrate is its ability
to generate significantly less sludge compared to
conventional coagulants such as ferrous sulfate, ferric
nitrate, ferric chloride, and aluminum sulfate (14). This
characteristic makes ferrate a more economically and
environmentally favorable option for widespread
application in water treatment.

Due to their high oxidation tendency, ferrates are
subject to rapid degradation during storage or transport,
which necessitates their direct production at the point of
use. One of the most promising methods of sodium
ferrate synthesis directly at the place of its application is
membrane electrolysis. Membrane electrolysis in
comparison with the nonseparated cell (15) provides a
significant increase in productivity and reduction of
energy consumption due to the prevention of ferrate
decomposition on the cathode and flow production mode
with the possibility of adaptive change of ferrate
concentration in the solution by changing the current
strength and the rate of electrolyte recirculation. In
addition, the tightness of the cathode and anode chambers
in the membrane electrolyzer prevents the interaction of
hydrogen and oxygen by-products produced in them, thus
minimising the risk of explosive mixtures.

In membrane electrolysis, within a reactor divided
into cathode and anode chambers by a cation-exchange
membrane, a steel consumable anode undergoes
decomposition in an alkaline solution, leading to the
formation of sodium ferrate (Na:FeO.) along with by-
products such as oxygen and hydrogen (16, 17).

The concentration of ferrate in solution and anode
passivation are influenced by the composition,
concentration of electrolyte and its recirculation mode
{Sun, 2018 #19;Petkova, 2024 #20;Quino-Favero, 2018
#21}. The electrolyte composition should ensure
sufficient process productivity while minimizing energy
consumption and production costs. This can be achieved
by selecting the material of the consumable anode and the
rate of catholyte (alkali-cure) supply synchronized with
the rate of ferrate (anolyte) extraction. Recirculation of
the anolyte in the anodic compartment contributes to an
increase in ferrate concentration by promoting active
mixing of the electrolyte and suppressing anode
passivation. Therefore, the main objective of this study is
to justify the optimal composition, concentration, and
recirculation mode of the electrolyte in order to enhance
the productivity, energy efficiency, and cost-
effectiveness of the sodium ferrate electrolysis process.

An essential consideration for the efficiency of
sodium ferrate electrochemical synthesis. The anode not
only serves as a source of iron but also directly influences
the reaction rate, product yield, and energy consumption
of the process. It is essential to take into account the
corrosion resistance of the anode material, as the
aggressive conditions of electrolysis can significantly
reduce its service life. Optimizing the composition and
structure of anodes to enhance their electrochemical
performance and increase durability remains a pressing
challenge in current materials science research.

A major drawback of conventional methods used to
control ferrate concentration in solution (such as
potentiometric titration and spectrophotometry) is their
inability to accurately determine ferrate concentration in
the solution obtained during electrolysis without prior
dilution by at least a factor of ten. In contrast, a key
advantage of a flow sensor is its ability to monitor ferrate
concentration in real time without the need for dilution.

It is also important to choose a design solution and
manufacturing method for a scalable reactor vessel with
a chamber with an integrated flow-through
photocolorimetric sensor to determine the concentration
of sodium ferrate in real time to ensure stable and safe
production. Enhancing material efficiency and reducing
operating costs are key considerations in the design of
equipment for complex technical systems. These factors
become  particularly important in  aggressive
environments, where high structural reliability and
durability are required (18-20).

Most studies utilize high-concentration NaOH
solutions (40-60%) to increase ferrate yield, which
results in higher energy consumption, increased risks
associated with handling concentrated solutions, and
alkalization of the treated water. Based on Russian
literature, a 20% NaOH solution was selected as the
electrolyte. Key electrolysis parameters identified for
improving ferrate concentration, process efficiency, and
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stability include current density, catholyte flow rate,
anolyte recirculation rate, and the consumable anode
material. The use of 20% NaOH reduces energy
consumption but requires an increase in ferrate
concentration to ensure effective performance at low
dosages. This underscores the importance of optimizing
synthesis parameters and consumable anode materials.

Taking the above into account, a research
methodology was developed that includes the selection
of materials and parameters for the electrochemical
synthesis of sodium ferrate, the design of a flow-through
membrane reactor, its fabrication using 3D printing
technology, as well as laboratory and field testing of both
the reactor and the sodium ferrate solution it produces.
The effectiveness of the resulting reagent was evaluated
in the treatment of real wastewater from facilities No. 40
and No. 150 at the Yuzhno-Priobskoye oil field,
considering ferrate dosage, dosing mode, contaminant
composition, and ambient temperature. A flowchart of
the methodology is presented in Figure 1.

2. EXPERIMENTAL METHOD

The flow-through production of sodium ferrate was
carried out in a membrane electrochemical reactor. A
sodium hydroxide (NaOH) solution was chosen as the
electrolyte due to its higher productivity compared to
other electrolytes (21-23), which is attributed to better
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Figure 1. Flowchart of the methodology for the synthesis,
application, and evaluation of sodium ferrate in wastewater
treatment.

dissolution of iron oxides/hydroxides and accelerated
decomposition of the consumable anode. A 20% NaOH
solution was used, which provided reduced electrical
resistance, lower energy consumption during ferrate
synthesis, and increased membrane durability compared
to more concentrated solutions (35-40%) used in
analogous systems. Higher alkali concentrations lead to
an increase in ionic strength and, consequently, higher
electrode overpotentials. This results in a rise in the
overall cell operating voltage, especially at high current
densities. Moreover, the risk of electrochemical
degradation of the ion-exchange membrane increases due
to intensified side reactions and the accumulation of
aggressive intermediate products capable of damaging
the polymer matrix and ion-exchange groups (24).

In the literature, materials such as Pt, Ti, Ni, Cu, and
corrosion-resistant steels have been considered as
cathodes. These materials demonstrated comparable
performance, which allowed for the selection of the most
cost-effective options (25). The cathodes were fabricated
by laser cutting from the most affordable and readily
available material resistant to alkali and sodium ferrate—
08X18HIT austenitic stainless steel. A Nafion-324
cation-exchange membrane was selected for operation at
the chosen alkali concentration (26).

Since a number of studies (15, 21) have shown that
ferrate productivity increases in steels with a high silicon
content—as well as in cast irons, which also contain
silicon—electrical hot-rolled ferritic steel grade 1512,
containing 4.5% silicon, was selected as the consumable
anode material. For this type of steel, only the silicon
content is regulated—ranging from 3.8 to 4.8%. These
are low-carbon steels containing up to 0.05% C, which
ensures a ferritic microstructure. The literature reports a
positive effect of silicon in the range of 2-3% on
increasing ferrate yield. A similar effect is observed for
increased carbon content in steels compared to Armco
iron. Steels and cast irons are commonly considered as
materials for consumable anodes. In these materials,
cementite decomposes in alkaline media faster than iron,
thereby enhancing ferrate synthesis efficiency and
reducing the rate of anode passivation. Anode
passivation, caused by the formation of an oxide film on
the surface, slows down or inhibits ferrate synthesis,
leading to a gradual decrease in ferrate concentration, an
increase in anodic voltage, and reduced process stability
with respect to time. According to the literature, similar
to carbon, silicon—present in electrical steels (2—3% Si)
and transformer steels (3.8—4.8% Si)—reduces anode
passivation. The presence of Si in solid solution within
ferrite accelerates anode dissolution and ferrate
formation. As the silicon content in the anode increases
and intermediate silicate complexes form on its surface,
selective oxidation contributes more significantly to
anode dissolution, expansion of the active surface area,
and increased porosity and permeability of the
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passivating oxide film. This selective dissolution of
anodes leads to higher ferrate concentration in the
solution, improved ferrate yield, and greater process
stability wth respect to time.

When selecting materials and manufacturing methods
for the reactor housing, several options were considered:
bonded acrylic housings, welded housings made from
polypropylene sheets, and housings fabricated using 3D
printing from polymers resistant to alkali and oxidizing
agents that cause material aging and embrittlement. The
drawbacks of bonded and welded housings include labor-
intensive manufacturing, limited sealing reliability, and
restrictions on reactor dimensions. To overcome these
limitations, 3D printing was employed in the reactor
housing design, allowing for the creation of scalable
models with various capacities and configurations. The
reactor housing was designed using KOMPAS-3D
software and printed with a 3D printer (26).
Polypropylene, known for its high chemical resistance to
alkali and ferrate solutions at the target concentrations,
was selected as the body material. The use of modern
polymer materials ensures structural durability and
resistance to aggressive environments—key factors for
the efficient operation of the equipment (27). During the
3D printing process, shrinkage and deformation of the
reactor body may occur due to uneven cooling rates
between the upper and lower layers. Reinforcement of
polypropylene filament with short glass fibers
significantly reduces shrinkage and warping, while also
enhancing the strength and stiffness of the printed part
(28). Printing with unreinforced polypropylene filament
results in significant shrinkage-up to 6% and warping of
the reactor housing. In contrast, using glass fiber—
reinforced polypropylene filament reduces shrinkage to
as low as 0.2%. ABS housings, despite their low
shrinkage, quickly become brittle due to aging under the
influence of the oxidizing agent. The cost of PEEK
filament, which offers excellent resistance to alkalis and
oxidants, is approximately ten times higher than that of
polypropylene filament. Therefore, glass fiber—
reinforced polypropylene filament (Nova PPGF by
Novaprint 3D) was selected for printing, as it provides
high chemical resistance, mechanical strength, and
minimal shrinkage (17). Printing was carried out using a
Sapphire S 3D printer (TWO TREES) with a nozzle
temperature of 270 °C, bed temperature of 95 °C, layer
thickness of 0.2 mm, and nozzle diameter of 0.8 mm.

As the concentration of ferrate in the produced
solution increases, the required dose of ferrate solution
added to the treated water decreases proportionally. This
enables a reduction in alkalinity and pH, while also
allowing the treatment of more heavily contaminated
wastewater with high COD and BOD levels, all while
lowering alkali consumption and the overall cost of
ferrate production (29, 30). To increase the concentration
of sodium ferrate in solution, as well as to enhance

process productivity and duration, reactor design
configurations and consumable anode compositions were
selected to allow flexible adjustment of ferrate
concentration, volume, and yield depending on the
specific application conditions.

The reactor vessel, manufactured using 3D printing
from reinforced polypropylene (Figure 2b), features
grooves for securing membranes and electrodes. The
arrangement of the anode and two cathode chambers, as
well as the catholyte and anolyte supply system located
in the bottom and side walls of the cell vessel, is similar
to that of the previous version (Figure 2a). The reactor
walls are 5 to 10 mm thick and include grooves for
mounting the anodes (or anode frames), as well as the
frames holding the membranes and cathodes. Channels
for catholyte and anolyte recirculation are integrated into
the bottom and side walls of the reactor vessel. Quick-
release modular frames with clamps for attaching thin
anodes, membranes, and cathodes were also fabricated
using 3D printing from 3 mm thick polypropylene.

The side chamber for ferrate collection is equipped
with a built-in compact flow photometric sensor for
measuring ferrate concentration in the alkaline solution.
On the left side, a wall section is designated for mounting
peristaltic pumps onto the reactor body. Camozzi
polypropylene fittings with EPDM seals, installed in the
bottom and side chambers of the reactor vessel, securely
connect fluoroplastic tubes of the circulation circuit used
for alkali supply and ferrate extraction.

On the left side, a wall section is provided for
mounting peristaltic pumps directly onto the reactor
body. Camozzi polypropylene fittings with EPDM seals,
screwed into the bottom and side chamber of the cell
housing, secure fluoroplastic tubing of the circulation
circuit for feeding alkali and discharging the ferrate
solution.

The reactor is equipped with two peristaltic pumps
mounted directly on its body, which operate
synchronously to supply and discharge the electrolyte.

Tow

Figure 2. Layout of the flow-through reactor: a— 3D model;
b — reactor vessel made of fiberglass-reinforced
polypropylene; ¢ — frame for securing the membrane and
cathodes; d — flow photometric sensor for sodium ferrate
concentration monitoring

d
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One pump feeds alkali into the cathode chambers, from
where it overflows into the anode chamber. The ferrate
solution then flows into a side chamber equipped with a
concentration sensor and is subsequently returned to the
anode chamber by the second pump. Continuous
recirculation of ferrate through the anode chamber
eliminates diffusion limitations on the electrode surface
and prevents the formation of an oxide film.

The stability of ferrate concentration in the solution is
ensured by selecting a recirculation rate at which ferrate
decomposition does not exceed its generation. With
proper adjustment of the electrolyte feed rate, the ferrate
concentration in the solution increases, and productivity
with recirculation can rise from 55% to 80-90% (31).

The design and appearance of the frame for securing
the membrane and cathodes are shown in Figure 3a. The
0.5 mm thick transformer steel anode was inserted into a
detachable frame composed of two 3 mm thick parts. The
housings of the cell, sensor, and frames for the anode and
membrane were fabricated using 3D printing from glass
fiber-reinforced polypropylene resistant to alkali and
ferrate.

The flow-through photometric sensor enables direct
analysis of sodium ferrate solution without dilution by
shortening the optical path length through appropriate
selection of cuvette width (ranging from 2 to 0.5 mm) and
using sufficiently powerful laser light sources. The
concentration of ferrate is proportional to the change in
optical density at 510 nm, which corresponds to the
absorption maximum of sodium ferrate solutions. The
compact flow-through sensor incorporates two laser
sources in the green and red spectral ranges and a
miniature flow cell made of quartz glass with a width of
0.5 mm. The sensor housing was also fabricated via 3D
printing using glass fiber—reinforced polypropylene.

The flow-through photometric sensor was calibrated
using a calibration curve obtained with a
spectrophotometer at an optical path length of /=1cm
(20). The zero optical density reference was taken as the
value measured for a 20% NaOH solution. A freshly
prepared sodium ferrate solution, when measured
without prior dilution, completely absorbs visible light.
To construct the calibration curve (Figure 2a), a series of
sodium ferrate solutions was prepared by diluting the
stock solution by at least a factor of 10, and each

a b
Figure 3. Quick-release assembly frames: a — frame for
securing the cathode with membrane; b — frame for securing
the 0.5 mm thick anode

subsequent dilution was made at a twofold ratio relative
to the previous one. An absorption peak characteristic of
ferrate (VI) solutions was identified at a wavelength of
510 nm. The ferrate concentration was calculated using
the formula C = A/(e'l), where ¢ is the molar absorption
coefficient (esionm = 1150+ 25 M *-em™), / is the optical
path length (/=1 cm), and 4 is the absorbance, ranging
from 0 to 1.14. For more concentrated sodium ferrate
solutions whose absorbance exceeded the upper limit of
the calibration curve, the dilution factor was adjusted
experimentally (15-fold, 20-fold, 25-fold, etc.) to bring
the values within the calibrated range. The resulting
concentrations were then recalculated based on the
dilution factor and stored in the device’s memory. Since
the flow-through sensor is calibrated based on
analytically determined concentrations, this affects the
accuracy of real-time concentration measurements. The
results obtained by spectrophotometry at 510 nm and by
the flow-through photometric sensor showed satisfactory
agreement, with deviations within 10%. The compact
built-in sensor enables determination of sodium ferrate
concentrations up to 10 g/L, while significantly reducing
the size and cost of the measurement system.

The relevance of testing sodium ferrate at the
treatment facilities of the Yuzhno-Priobskoye oil field,
which are biological treatment stations, is due to the
growing annual load on these facilities and the need to
remove chemical, biological, and bacterial contaminants
and microorganisms to meet maximum permissible
concentration (MPC) standards.

To assess the efficiency of wastewater treatment with
sodium ferrate solution, samples of biologically treated
wastewater were taken from wastewater treatment
facilities No. 40 and No. 150. The initial and final water
quality parameters are presented in Table 1. The analysis
of wastewater samples before and after treatment with
sodium ferrate was carried out in an accredited laboratory
in accordance with Russian national standards
corresponding to internationally recognized methods.
Suspended solids were determined gravimetrically (PND
F 14.1:2:4.254-09), equivalent to APHA SM 2540 D.
Hardness was measured titrimetrically (PND F
14.1:2:3.98-97), similar to APHA SM 2340 C. Petroleum
hydrocarbons were analyzed fluorimetrically (PND F
14.1:2:4.128-98), partially corresponding to EPA 442.0.
Biochemical oxygen demand (BODs) was determined
amperometrically (PND F 14.1:2:3:4.123-97), analogous
to APHA SM 5210 B. Chemical oxygen demand (COD)
was measured using the dichromate method (GOST
31859), corresponding to ISO 6060 and APHA SM 5220
C. pH was measured electrometrically (PND F
14.1:2:3:4.121-97), equivalent to APHA SM 4500-H* B.
Color was determined on the platinum-cobalt scale
according to GOST 31868-2012 (Method B), similar to
APHA SM 2120 C. Bicarbonates were calculated based
on total alkalinity according to GOST 31957 Method A,
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consistent ~ with  Standard  Methods  practices.
Thermotolerant coliform bacteria (CFU/100 mL) were
determined using membrane filtration and incubation at
elevated temperature (44 + 0.5°C) following MUK
4.2.1018-01, analogous to APHA SM 9221 E.
Coliphages were detected using the double-layer agar
method with E. coli CN-13, in accordance with MUK
4.2.1884-04, corresponding to ISO 10705-1 and APHA
SM 9224 B. Hydrogen sulfide and sulfides were
measured photometrically using methylene blue
according to PND F 14.1:2:4.63-96. The method is based
on the reaction of hydrogen sulfide with reagents in
acidic medium followed by photometric detection,
equivalent to APHA SM 4500-S*>* D. Mineralization
(total dissolved solids) was determined gravimetrically

TABLE 1. Initial composition of wastewater before treatment
with sodium ferrate (Sources No. 40 and No. 150)

Before Before
treatment treatment
Parameter wastewater  wastewater MPC
treatment treatment

facility No. 40)facility No. 150

Suspended solids,

meg/dm’® 175 236 12
MPC: 7-10

Total hardness, for water; not

oK 12,9 1,1 regulated for
wastewater

Petroleum

hydrocarbons, 0,271 0,78 <0,1

mg/dm?

Total coliform

bacteria, 30000 400000 <500

CFU/100 cm?

Thermotolerant

coliform bacteria, 30000 400000 <100

CFU/100 cm?

Coliphages,

PFU/100 e’ 20 1000 <10

COD (Chemical

Oxygen Demand), 445 650 <30

mgO/dm?

Bicarbonates, 565 Not <400

mg/dm? measured

pH 8,7 8,5 6,5-8,5

Sulfides, mg/dm? 0,071 Not <15

measured

Hydrog}en sulfide, 0.076 30 <0,05

mg/dm

BOD:s (Biochemical

Oxygen Demand), 151 230 <4

mgO2/dm?

Mineralization, 470 790 <1000

mg/dm?

according to PND F 14.1:2:4.261-10, similar to APHA
SM 2540 C.

During dosing adjustment for continuous treatment of
wastewater from wastewater treatment facility No. 150
using sodium ferrate solution, a preliminary ferrate
concentration of 10 mg/L was established in the storage
tank. Based on the plant’s throughput of 100 L/h, this
dose was recalculated for delivery once every 3 minutes.
Sodium ferrate was dosed into the reaction column in an
amount of 50 mg, corresponding to 5 L of flowing water
over 3 minutes, using a chemically resistant membrane
pump. At various stages of purification, pH was
monitored, and in addition to color and turbidity, the
presence and quantity of sediment on a cotton filter after
effluent filtration were evaluated.

Field tests conducted at the Yuzhno-Priobskoye
treatment facilities at an ambient temperature of around
0 °C enabled evaluation of the efficiency and stability of
sodium ferrate solutions under low-temperature
conditions and provided recommendations for the
application of the reactor and produced reagent at
wastewater treatment plants of oil wells in the Far North.
Adaptive approaches aimed at increasing system
performance and equipment efficiency are essential for
achieving stable results, particularly in harsh climates
and under seasonal environmental changes (32-34).

An experiment was conducted to determine the
optimal dose of sodium ferrate solution for the treatment
of biologically treated wastewater from treatment facility
No. 40. Samples of wastewater were placed into five
identical containers with a volume of 120 mL each
(Figure 4a). Sodium ferrate solution was added to four of
the containers in  varying doses: 1.2mg
(Container No. 5), 1.8 mg (Container No.4), 2.4mg
(Container No.3), and 3.0mg (Container No.2).
Container No. 1 served as the control and contained only
biologically treated wastewater without any sodium
ferrate added. In container No. 5, the addition of 1.2 mg
of ferrate resulted in visible sediment formation within 5
minutes, along with a significant reduction in turbidity
and color; the pH reached approximately 10. In
container No. 4, where the dose was 1.8mg, clear
coagulation and intensive precipitation of organic matter
were observed; the pH rose to 10. In container No. 3, after
the addition of 2.4 mg of ferrate, the lowest color level
was achieved. The amount of sediment remained almost
unchanged, but the pH exceeded 10. In container No. 2,
with a 3.0 mg dose, the excessive iron content caused
yellowing of the water, indicating an overdosage of
sodium ferrate.

The effective dose of sodium ferrate was determined
to be 2.4 mg per 120 mL of wastewater (container No. 3),
equivalent to 20 mg of ferrate per 1 liter of effluent. After
treatment with sodium ferrate, the resulting sludge
(Figures 3a and 3c) was filtered through a cotton filter
(Figure 3b). In the image, the leftmost container contains
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Figure 4. Selection of sodium ferrate dose: a — experimental
setup for dose selection; b — filter cake after sedimentation;
¢ — filtered water sample compared to original water

the untreated sample, the second shows sediment settled
at the bottom, and the third illustrates the result of
filtration through a cotton disk performed 2 minutes after
ferrate addition, when floc formation had begun (Figure
3c). The large flocs formed settle completely, producing
a loose sediment that can be easily removed using
mechanical filters (with a filtration rating of 10-50 pm)
or sorbents. Increasing holding time did not affect the
water’s color and turbidity. For surface waters,
acceptable color values range from 30 to 90°. The color
of the treated sample (Figure 6¢) was approximately 40°
on the platinum-cobalt scale, which meets the
requirements for both surface and drinking water. Sample
No. 3 also demonstrated a high level of clarity, indicating
a minimal amount of suspended solids remaining after
ferrate treatment.

To treat more heavily polluted wastewater from
wastewater treatment facility No. 150 of the Yuzhno-
Priobskoye oil field, a test filtration cycle was carried out
on a pilot integrated treatment unit (Figure 5a). The unit
consists of a sodium ferrate synthesis reactor and three
connected columns: an aeration column with a filtration-
oxidation block, a reaction column, and a sorption-
filtration column. The water to be treated is first fed into
the primary aeration column, then into the reaction
column (Figure 5a). Sodium ferrate is produced in the
electrochemical reactor (Figure 5b) and delivered to the
reaction column by a chemically resistant membrane
pump. The flocs formed from the contaminants settle at
the bottom of the column, while the treated water flows
into the third column. This final column contains a
sorption filter, which captures any suspended solids not
removed in the previous step and adjusts the pH of the
treated water.

Wastewater from equalization overflow tanks (taken
from the level below the foam and grease layer and above
the sediment) is fed under pressure into Zone 1 at the top
of the unit, where it is intensely saturated with oxygen
from air supplied through process nozzles (Figure 6c¢).
The aerated water flows downward along the inner
contour of the tank and enters the coagulation zone (Zone
2), where, due to chemical reactions with oxygen,
primary purification takes place—dissolved substances

Figure 5. Integrated wastewater treatment plant: a — general
view of the treatment system; b — sodium ferrate synthesis
reactor; ¢ — treated wastewater at different stages: 1 — initial
untreated wastewater; 2 — during the first treatment stage; 3
— after treatment with ferrate; 4 — after passing through a
mechanical filter at the outlet
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Figure 6. Schematic diagram of the pilot wastewater
treatment unit with sequential zones for aeration (1),
coagulation (2), ferrate treatment (3), sedimentation (4),
multilayer filtration (5.1-5.3), and accumulation of purified
water (6)

(salts, metals, etc.) are converted into insoluble forms,
resulting in the formation of flocculent aggregates
(sludge). The water then enters Zone 3, where it is treated
with sodium ferrate at a dose of 10 mg/L. In this zone, the
reagent reacts with contaminants, after which the water
flows into the lower part of the unit—Zone 4, the settling
zone—where flocculent aggregates, suspended solids,
and mechanical impurities settle under the influence of
gravity and are separated from the water. The clarified
water then flows into the outer contour of the tank via
communicating vessels and enters Zone 5, the filtration
zone, where it is further purified using a multilayer filter
bed (composed of 1 to 5 types of filtration media, layered
accordingly).

A three-layer filtration media was used, consisting of
activated sorbent (AC, 5.1) for the removal of iron and



530 A. P. Petkova et al. / IJE TRANSACTIONS B: Applications Vol. 39, No. 02, (February 2026) 523-533

manganese; modified sorbent (MC, 5.2) for the removal
of iron, manganese, and hydrogen sulfide; and zeolite
(5.3) for the elimination of nitrogen compounds and other
contaminants from the wastewater. The water flows
through the filtration media in Zone 5 in an upward
direction, which also ensures effective retention of
flocculent aggregates and suspended solids in the lower
part of the unit. After passing through the filtration zone,
the purified water enters Zone 6, the accumulation zone,
located at the top of the outer contour of the system.

Samples obtained after the comprehensive treatment
of wastewater from wastewater treatment facility No. 150
using sodium ferrate solution are shown in Figure 4. The
color of sample No.4 (Figure 4) after treatment is
approximately 25° on the platinum-cobalt color scale,
which meets the requirements for both surface and
drinking water. Sample No.4 also exhibits high
transparency, indicating a very low concentration of
suspended particles remaining after comprehensive
treatment with sodium ferrate.

3. RESULTS AND DISCUSSION

The developed flow-through reactor with an integrated
photometric sensor demonstrated stable operation and a
high sodium ferrate yield under optimized conditions.
Electrolysis was carried out in a 20% NaOH solution at a
current density of 500 A/m? and a recirculation rate of
5.5 mL/min. These parameters ensured an average ferrate
concentration of 5g/L, a current efficiency of
approximately 70%, and an energy consumption of
4.6 kWh/kg. Anodes made of transformer-grade ferritic
steel 1512, containing up to 4.8% silicon, promoted the
formation of silicate complexes and selective dissolution,
which increased the anode's active surface area and
ensured long-term process stability.

Field testing of the reactor and the resulting ferrate
solution was conducted on wastewater from treatment
facilities No. 40 and No. 150 of the Yuzhno-Priobskoye
oil field under harsh Arctic climate conditions. At facility
No. 40, ferrate was dosed directly into the wastewater,
followed by filtration through a 10 um pore-size filter. At
facility No. 150, ferrate was used as part of an integrated
treatment unit that included preliminary aeration and
filtration through a three-layer bed of activated sorbent
(AC), modified sorbent (MC), and zeolite, providing
removal of Fe, Mn, H.S, nitrogen compounds, and other
contaminants. The use of an air—water mixture and the
collision of liquid flows intensified oxidation, reduced
reagent consumption, and simplified the system
compared to mechanical mixing. Aeration lowered the
pH, pre-oxidized contaminants, and generated
microbubbles that served as nucleation sites for floc
formation, thereby enhancing the coagulating effect of
ferrate and reducing the required dosage. Counter-current

filtration enabled sludge concentration in the lower layers
of the bed, increased filtration efficiency, and extended
the backwashing interval.

Table 2 presents the results of wastewater treatment
using sodium ferrate solution at wastewater treatment
facilities No.40 and No. 150. A dose of 20 mg/L was
applied for treatment at facility No. 40, while at facility
No. 150, a dose of 10 mg/L was used, delivered in 50 mg
portions every 3 minutes with a treatment unit capacity
of 100 L/h. The post-treatment parameters are compared
with the maximum permissible concentrations (MPC)
established for surface water, enabling an assessment of
the feasibility of discharging treated wastewater onto soil
or into open water bodies.

At facility No. 40, the suspended solids concentration
decreased from 175 to 9.4 mg/L, below the MPC of
12 mg/L set by the Khanty-Mansiysk Vodokanal. The
content of petroleum products dropped from 0.271 to
0.042 mg/L, well below the MPC (<0.1 mg/L). Total
hardness reached 11.3 °dH, slightly exceeding the
standard for surface waters (<10 mg/L); however, this
parameter is not regulated for wastewater. The pH of the
treated water was 8.5, which complies with the limits for
domestic wastewater discharge.

For wastewater with high initial alkalinity or elevated
COD and BOD:s values, it is recommended to increase the
ferrate concentration while proportionally decreasing the
dosage volume, allowing for a reduction in final
alkalinity and pH.

At both facilities, microbiological indicators met the
sanitary standards. According to SanPiN 2.1.5.980-00,
surface water should contain no more than
500 CFU/100 mL of total coliform bacteria (TCB),
100 CFU/100 mL of thermotolerant coliform bacteria
(FCB), and 10PFU/100mL of coliphages. After
treatment, all these indicators were below the permissible
thresholds.

COD and BODs values were below MPCs for
recreational surface waters. Sulfide and bicarbonate
concentrations were significantly lower than drinking
water standards. Hydrogen sulfide levels after ferrate
treatment were 16 times lower than the drinking water
limit of 0.05 mg/L (SanPiN 1.2.3685-21). Mineralization
was 2.5 to 3 times lower than the MPC of 1000 mg/L for
drinking water.

The results for wastewater from facility No. 150
confirmed high treatment efficiency under low
temperatures, with suspended solids reduced to
1.36 mg/L, petroleum products to nearly half the MPC,
and hardness levels matching those of soft drinking water
(£3°dH). The pH remained stable at 7.9, and all other
parameters complied with regulatory standards.

In conclusion, sodium ferrate treatment proved
effective at both wastewater treatment facilities. The
treated effluent meets all regulatory criteria for discharge
into open water bodies or onto soil. The stability and
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TABLE 2. Wastewater quality after treatment with sodium
ferrate at wastewater treatment facilities No. 40 and No. 150

After After
treatment treatment
Parameter (wastewater  (wastewater MPC
treatment treatment
facility facility
No. 40) No. 150)
Suspen}ded solids, 94 136 12
mg/dm
MPC: 7-10
for water;
;Fotal hardness, 11,3 1,92 not regulated
K
for
wastewater
Petroleum
hydrocarbons, 0,042 0,053 <0,1
mg/dm?
Total coliform
bacteria, 250 250 <500
CFU/100 cm?
Thermotolerant
coliform bacteria, 100 80 <100
CFU/100 cm?
Coliphages,
PFU/100 c® 0 0 <10
COD (Chemical
Oxygen Demand), 20 20 <30
mgO/dm?
Bicarbonates, 10 Not <400
mg/dm? measured
pH 8,5 7,9 6,5-8,5
Sulfides, mg/dm? 0,062 Not <15
measured
Hydrogen sulfide, 0,003 0.0005 <005
mg/dm?3
BODs
(Biochemical
Oxygen Demand), 2.0 25 <4
mgO2/dm?
Mlnerallzatlon, 400 350 <1000
mg/dm

efficiency of the ferrate reagent under low-temperature
conditions confirm its suitability for use in the oil
industry.

A similar methodology was applied for the treatment
of toxic wastewater from the Red Bog hazardous waste
landfill in Saint Petersburg using sodium ferrate. The
reagent was synthesized in a laboratory reactor using
20% NaOH, with a feed rate of 4 mL/min, ferrate
concentration of 6 g/L, current density of 500 A/m?, and
operating temperature of 30-45°C. Sodium ferrate
solution was used to treat industrial wastewater from
storm runoff and from acidic lagoons No. 59, 66, and 67
at the site. For highly polluted lagoon waters with

elevated COD and BOD values, the optimal ferrate dose
was determined based on changes in turbidity, color, pH,
and sediment volume. For less contaminated stormwater,
ferrate was applied as part of an integrated treatment
system with oxidation, settling, and filtration chambers.
The ferrate dose and flow rate were optimized during trial
filtration cycles at a flow rate of 1224 L/h.

The multilayer filtration media included activated
sorbent (AC), modified sorbent (MC), and the ion-
exchange sorbent Batlek. Regulatory limits for domestic
wastewater were met for lagoon waters at ferrate doses of
50-60 mg/L, and for stormwater after oxidation with
doses of 10-20 mg/L, at treatment capacities of 12 and
24 L/h depending on pollution level. In lagoon waters
No. 64 and 68, cadmium concentrations were reduced by
a factor of 2000 and lead by a factor of 100 at a ferrate
dose of 100 mg/L, meeting discharge standards. These
results confirmed the high efficiency of sodium ferrate in
treating toxic industrial wastewater.

4. CONCLUSION

According to the proposed methodology, sodium ferrate
can be used both for direct dosage optimization and as
part of an integrated treatment system. The solution acts
as a powerful oxidant, coagulant, and flocculant. Its
effective disinfectant dose is significantly lower than
those required by alternative methods, while the resulting
by-products are environmentally safe. Ferrate (VI)
compounds degrade toxic chemicals and petroleum
products and eliminate microorganisms. In the oil
industry, automated and adaptive ferrate production
systems show promise for wastewater treatment and
water reuse applications. For wastewater with high COD
and BOD values, higher ferrate doses are required,
highlighting the relevance of developing anode
compositions that enable increased ferrate concentration
in the solution while maintaining current efficiency,
energy consumption, and process stability for up to 8
hours (a typical work shift interval between anode
replacements).

At the selected treatment facilities in oil fields, ferrate
dosage was determined based on changes in turbidity,
color, pH, and sediment volume. The average capacity of
the integrated treatment system is 100 L/h and can be
adjusted according to pollution levels. The system
consists of two identical modules (M1 and M2), as shown
in Figure 6, which allows either doubling the flow rate or
conducting additional treatment in module M2 using
significantly lower ferrate doses (~0.5mg/L) to meet
turbidity and color standards. Ferrate was introduced via
a dosing pump at 50 mg every 3 minutes, corresponding
to a solution concentration of 10 mg/L.

According to the obtained data, the treated
wastewater meets all regulatory limits for discharge into
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soil and surface water bodies. Considering that the tests
were conducted at ambient temperatures around 0 °C, the
results confirm the high efficiency and stability of

sodium ferrate
conditions.

solutions under low-temperature
The field trials conducted at treatment

facilities for oil production in the Russian Far North
demonstrate the feasibility of deploying automated,
adaptive ferrate production units and support the wide-
scale use of sodium ferrate in the oil industry for
wastewater treatment and water reuse.

The research was carried out within the state

assignment of Ministry of Science and Higher Education
of the Russian Federation (FSRW-2023-0002).
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