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Abstract: Oil and gas production has an adverse impact on the ecological state of the Russian Arctic.
The local natural materials, such as peat, moss, and reindeer moss are considered as naturel sorbents
in wastewater treatment technologies. The sorption properties of these local materials were studied.
The sorption isotherms at different initial concentrations of the pollutant (250, 50, and 0.5 mg/L) were
constructed. The patterns of changes in the sorption intensity of oil products were determined. The
sorbents were modified by microwave radiation (600 W, one minute), which had a visible positive
effect on the samples. Preliminary calculations of the filter cassette dimensions with the performance
200 m3/day were carried out. Efficiency and cheapness predict the economic feasibility of using these
materials in wastewater filtering equipment.
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1. Introduction

Several dozen fields are located in the Arctic, producing over 80% of natural gas and
17% of oil in Russia [1]. Under the influence of anthropogenic impact and climate change,
the adverse environmental consequences are being felt. It is noted that, in these regions,
the sources of water supply are more polluted by oil and oil products. This occurs for a
number of reasons, one of which is the introduction into rivers of pollutants with which
untreated and partially treated sewage is contaminated. Therefore, one of the main tasks to
be solved is the minimization of pollutant releases to the water bodies through economic
and other activities [2-7].

One of the most common methods of purifying water from residual oil products is
sorption, which is used in facilities, such as sorption filters and sorption columns. The
main technology parameters of granular-laden filters are the filtration rate, the height of the
filter layer, the size of the material fractions, and grain shape of the material, its porosity,
and its heterogeneity [8]. Activated carbon is considered the most common and efficient
loading material for these facilities [9-11]. However, for the northern area, this sorbent is
very expensive because of the lack of nearby coal fields.

Promising sorption materials for wastewater treatment are not only expected to have
high sorption properties, but are also expected to be non-toxic, capable of regeneration,
and capable of being easily utilized, along with having a low cost and an accessible raw
material base. These requirements force researchers to turn to other naturally occurring
phytosorbents [12]. These can be peat, different plants, grated bark and tree branches, and
agricultural or woodworking waste [13-17]. The main drawback of the natural materials is
their low sorption capacity, which is also adversely affected by their increased hydrophilicity.

Various modifications reduce water absorption and enhance sorption activity [18,19].
The most popular methods for sorbents modifying and activating are as follows: the heat
treatment (different methods of heating, combustion, or hot steam) [20,21]; the methods
of physical and chemical influence on the sorbent or a mixture of sorbent and sorbate
(microwave irradiation MV, radiation exposure, ultrasonic, and other) [19,22-25]; and
processing with reagents (solutions of salts, alkalis, or acids), which can be combined with
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heating [16,26]. The main criteria for the choice of modification methods are efficiency,
economics, safety, and manufacturing. Table 1 presents the best results of the study of some
natural sorbents for the extraction of oil products from water.

Table 1. The modification and efficient of natural sorbents.

Sorbent Modification Parameters Result and Efficiency [Ref./No]
. . Power MV 60-600 W, s o
Peat Microwave heating 12-60 min Oil intensity increases to 2.5-2.73 g/g [13]
. . . Power MV 600 W, Increase in sorption capacity for dissolved
Pine sawdust Microwave heating 2 min oil products by 3.7-4 times [19]
Ash sawdust Acid treatment 33/(6 Ir-InITLO Increase in oil intensity by 43% t0 5.93 g/g [26]
Poplar branches Grmdlng,.washmg, Fraction size no more than Extraction of dissolved oil products is [16]
drying 2 mm 0.17mg/g
. . o Removal of oil products from
Rice husk Combustion Temperature 500-800 °C water 78-98% [20]
. . Temperature 140 °C, The efficiency of extracting diesel fuel
Rice straw Heating 10 min from sea water is increased by 1.32 times 211

The natural sorbents can be used to remove other types of contaminants from wastew-
ater. For example, coconut-based sorbent is able to extract arsenic from water [14]. The
crushed branches of city trees, pine sawdust, and modified tree’s bark adsorb copper ions
well [16,27-29]. Sugarcane bagasse and orange peels can remove lead ions from water [28].
The ability of mosses to accumulate various metals is noted, and this property can be
used at treatment facilities for industrial surface runoff [29]. The modified leaves-based
biosorbent could be used as an alternative adsorbent for effective chromium elimination
from water [30]. The pre-modified peat is capable of removing manganese, lead, chrome,
and copper ions from the water [31]. Analytical descriptions of the sorption properties of
the natural sorbents have been given in earlier published studies [31,32], which provided
the basis for this research.

Peat, whose reserves in the north of Russia represent over 10% of the world’s reserves,
is of particular interest [33]. There are a lot of studies on the issue of water purification
with peat [34,35]. There is quite a lot of experience in the use of peat in systems for treating
surface wastewater from the territory of oil depots, airports, and road surfaces [36]. The
distribution of moss and lichen in the Arctic is very broad; it is the main type of vegetation
in the north [37]. Lichens are more concentrated in the tundra, and they are the base food
for reindeer in winter [38]. These materials are used solely as natural barriers to prevent
the propagation of pollution into the natural environment [29]. There is no information on
the practical use of moss and lichens, including reindeer moss, in wastewater treatment
technology. The purpose of the scientific work was to determine the sorption potential of
Arctic natural materials towards oil and oil products. The studied sorbents can be used in
wastewater treatment technologies in decentralized settlements and oil fields.

2. Materials and Methods

As natural sorbents, samples of peat, moss, and reindeer moss, collected from the
Yamalo-Nenets Autonomous Okrug (YNAO) in the Arctic area of Russia, were studied.
The samples of the natural materials were taken by the “squares method”at five points,
carefully crushed and mixed. The materials were carefully washed and dried to a constant
weight at 20 °C in laboratory conditions. The aspect, sampling location, and description of
the sorbent samples are provided in Table 2.
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Table 2. The aspect, sampling location, and description of the sorbent samples.

Aspect of Sorbent Sampling Location and Description

Peat
This field is located along the Shchuchye River, about 15
km from the village of Beloyarsk (YNAO). The peat
sample has a special loose fibrous structure with a vegetal
layer. It is wet with a greyish-brown color. It has a natural
and earthy odor free of technological impurity.

Moss
The sampling location is in the tundra near the village of
Aksarka (YNAO). Arctic moss leaves have a filamentous
structure and grow in a spiral around the stem. The color
of the plant varies from marshy to light green; the moss
sample is saturated with moisture and has a plant odor.

Reindeer moss
The sample was collected from the tundra located along
the Salekhard—Aksarka road, 21 km from Aksarka village.
They are lichens of the kind Cladonia or “deer moss”. Its
small, branched bushes are similar to corals. The color of
reindeer moss varies from brown to light gray. It is a dry
plant; it has a mild plant odor.

The sorption properties of the natural materials were investigated by standard meth-
ods approved in Russia. The mass concentration of oil products in water samples was
measured by the fluorimetric method using the “Fluorat-02-3 M* device according to the
standard (PND F 14.1:2:4.128-98, Russia). The samples were thoroughly washed to pH =7
and dried to a constant weight (at temperature 20 °C), then processed in a household
microwave oven. The modification of each sorbent (of 100 g) was realized by the physical
impact method, as follows: microwave irradiation of the samples (on a glass plate without
a cover) at a power of MV = 600 W and at a frequency of 2.45 Hz for one minute was carried
out. The sorption properties of the sorbents (natural and after microwave treatment) with
respect to dissolved and emulsified oil products were studied when they were extracted
from aqueous model solutions.

The study of the sorption process was carried out for three values of the initial con-
centration of oil products (0.5, 50, and 250 mg/L) in the model solution. In each case,
the sample weight of the sorbent was 2 g; a filtering column with diameter 16 mm was
employed; the given filtration rate was 0.2-0.3 cm/s; the contact time was 1-0.5 min. Under
dynamic conditions, a model solution (total volume = 1.1-3.2 L, pH = 6.9-7) was slowly
filtered through a sorbent sample placed in the column. In volumes (150-500 mL), the
concentration of oil products in the filtrate was measured and the pollution mass extracted
by the sorbent was calculated. Once the concentration of the substance in the filtrate
had reached the initial concentration in the model solution, the experiment was stopped.
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Subsequently, the resulting mass values were summarized for all experiments of one series.
Then, the sorption isotherms were built, and the intensity of the oil product extraction
process was studied. The Henry coefficient (G) of Equation (1) for a linear interval of the
chart was analyzed as follows:

Cp=GCs @)
where Cp is the sorption capacity (mg/g), and Cs is the residual water pollution concentra-
tion (mg/L).

3. Results
3.1. Peat

The sorption isotherms (Figure 1) of oil products by peat built on the results of the
experiment are rectilinear. The red dotted line highlights the results of samples modified
with microwave irradiation. A proportional change in the Henry coefficient in the equations
was noted, as follows: the higher the initial pollution content in water, the stronger the
sorption process.

400 = 25 0.5
T B 2
350 e} 15
300 20 o 0.4 et
20 5 ,.C,.Qg " .0 ® .0'-(.')'
&b 250 ) 5 8 L0 B
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Figure 1. Sorption isotherms of oil products by peat obtained from aqueous solutions at initial
concentration, mg/L, of (a) 250, (b) 50, and (c) 0.5.

Therefore, the ability of the peat examined to extract petroleum products from water
has been confirmed [30,31]; the higher the initial concentration of pollution in the water,
the more efficient the purification is. Pretreatment of the peat samples by microwave
irradiation increases the sorption capacity by just 3 to 5%. On the basis of the experimental
data, rectilinear trends were plotted for individual segments of the sorption isotherms.
The straight smoothing factors are determined by calculation. The values of the Henry
coefficients (G) for the straight sections of sorption isotherms are given in the Table 3.

Table 3. The values of the Henry coefficients (G) for the peat sorption isotherms.

The G-Values for the Initial Concentration of Oil Products in

Modification the Model Solution
250 mg/L 50 mg/L 0.5 mg/L
Without modification 38.68 18.56 14.7

Microwave irradiation 40.56 19.31 15.05
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3.2. Moss and Reindeer Moss

The sorption isotherms of o0il products by moss and reindeer moss for the various
initial concentrations of pollutants are shown in Figure 2 (for moss) and Figure 3 (for
reindeer moss).

350
T 25
300 AP 0%
o oY) |
1o 250 P 20 g 02 &
XS 0 N o
5200 Q &0 15 8 Sois o
£ 150 o o g 2 !
& o 2 10 L8 0.1 B
100 & 9 & o
5 8% 5 o 0.05 4
1o} o 'o"
¢ 0 0 e
0 2 4 6 8 10 0 02 04 06 08 1 0 0.01 0.02 0.03
Cs, mg/L Cs, mg/L Cs, mg/L
°°°°°°°°°°°°°°°°° — without modification; «-+++++++++=+- —modification with microwave
(a) (b) (c)

Figure 2. Sorption isotherms of oil products by moss obtained from aqueous solutions at initial
concentration, mg/L, of (a) 250, (b) 50, and (c) 0.5.
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Figure 3. Sorption isotherms of oil products by reindeer moss obtained from aqueous solutions at
initial concentration, mg/L, of (a) 250, (b), 50, and (c) 0.5.

All types of plant servants adsorb oil products perfectly under conditions of high
initial concentration (250 mg/L), and much worse in the case of medium (50 mg/L) and,
especially, low concentration values (0.5 mg/L). Figure 4 shows the change in the intensity
of the sorption process by peat, moss, and reindeer moss, as a function of the initial
concentration of the substance.
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Figure 4. Change in the intensity of the oil adsorption process from a model aqueous solution based
on the initial concentration.

After microwave irradiation, the peat samples improved their performance as follows:
the sorption rate increases by 5-6%, but only at high initial concentrations. Peat sorption
capacity increases by only 3.6-7.5%, while peat samples have shown better results compared
to other materials studied. Microwave processing has a positive effect on reindeer moss
samples, as the sorption capacity can be increased by 11-15%. At the same time, the sorption
rate rises from 3.7 to 12.8% when initial concentrations are low and medium, respectively.
For moss samples, microwave modification is not significant—sorption capacity rises by
only 1-3%. Table 4 shows the maximum sorption capacities achieved as a result of this
experiment. All experiments were conducted in two parallel runs, with the measurement
error not exceeding 10%.

Table 4. The maximum sorption capacities.

The Maximum Sorption Capacities for the Initial Concentration of Oil
Products in the Model Solution

Sorbent

250 mg/L 50 mg/L 0.5 mg/L
Nature MV Nature MV Nature MV
Peat 379.53 408.1 22.21 23.03 0.44 0.46
Moss 317.9 326.5 18.51 18.91 0.22 0.23
Reindeer moss 293.7 338.0 18.51 21.07 0.21 0.24

4. Discussion

The main drawback of natural materials, such as sorbents, is their low sorption proper-
ties compared with active carbons, which are negatively affected by increased hydrophilia.
It has been found that microwave radiation speeds up many chemical reactions, favoring
fast volumetric heating of the liquid or solid samples, and it also quickly and completely re-
moves moisture [23]. Additionally, there is published evidence that MV treatment increases
the surface area, porosity, and functional group availability of some natural materials.
However, there are also opposite results, where microwave exposure can lead to a dete-
rioration in the properties of coals due to a decrease in permeability [22]. The effect of
microwave processing on the sorption properties of natural absorbents may be unclear. This
is because different types of sorbents, under similar conditions, can produce a positive or
negative effect. To achieve the best result, the power of microwave irradiation, the heating
temperature, and the length of treatment all play an important role. Improvement of the
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sorption properties is achieved by removing water, gases, and light organic substances
from the pores of the sorbent. This increases the porous area (positive scenario). However,
in some cases, high temperature and instant volumetric heating with microwaves has the
reverse effect: the pollution sintered in the pores and cannot be removed. The sorption
surface area decreases and the sorption activity of the natural material decreases (negative
scenario). The chosen scenario (negative or positive) is dependent on the properties of the
sorbents, and the treatment parameters which have to be determined in each individual
case. Figure 5 shows a diagram of how microwave treatment affects the state of the sorbent
and its pores. This can explain the various results of the irradiation of peat, moss, and
reindeer moss; for peat, the maximal intensifying effect was 7.5%; for moss, it was 4.5%;
the best result was achieved for reindeer moss, as it was up to 15%.

MV-irradiation

H:0

Pollutants //"

Figure 5. Scheme of the mechanism of the impact of microwave radiation on natural sorbents—

positive and negative scenarios.

Naturally occurring sorbents are known to have less sorption capacity than activated
carbons. However, the absence of regenerative processes and lower costs justifies the
economic feasibility of using peat and other materials. For the practical application of
the research findings, the design dimensions of the removable filter cassettes loaded with
the sorbents studied were determined by the calculation method. The cassette is a square
device on a wooden frame with a sheathing made of filter cloth (for example, canvas), and
the inside is filled with peat, moss, or reindeer moss. The cassette can be inserted in special
reinforced concrete together with a removable filter element. Previously, an empirical
dependence, namely Equation (2), was obtained to determine the height of the filter layer
(Hk) in an actual oily sewage treatment plant using natural sorbents [30], as follows:

1 C
Hk = Bv-ln (1.5(;’) -k )
where v, the filtration rate, is in the range from 0.2 to 0.5 cm/s; k is the reserve factor equal
to 1.5-2.0; C is the pollutant concentration after sorption, mg/L; Cy is the initial pollutant
concentration, mg/L; B is the mass transfer coefficient, s~1 determined using the following
Equation (3):

B= = lnc—0 3)

The mass transference coefficient () is determined in each individual case by the
value of the “instant breakthrough” (C,;) and time (7), with other things being equal.
The technological parameters of the samples studied, required to determine the design
parameters of the filter cassettes, are given in Table 5.
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Table 5. The technological parameters of the filter cassettes.

Co/C, Cm, T, , v, Hk,

Sorbent mg/L mg/L s ljl cm/s cm
Without microwave treatment

Peat 10/0.05 3.51 10 0.1047 0.5 545

Moss 10/0.05 3.68 11 0.0909 0.5 62.8

Reindeer moss 10/0.05 4.01 13 0.0703 0.5 81.1

After microwave treatment

Peat 10/0.05 3.22 9 0.1259 0.5 453

Moss 10/0.05 3.46 10 0.1061 0.5 53.7

Reindeer moss 10/0.05 3.31 11 0.1005 0.5 56.7

The usable surface of the filter cassette F (m?) is determined by the Equation (4),

as follows:
k

24-9-n

where Q is the daily wastewater consumption, m?/day; @ is the filtration speed, taken from
10 to 20 m/h; n is the number of working installations; the safety factor k = 1.4.

For example, with an estimated filtration rate of 18 m?/hour and a flow rate of
200 m?/day, the required surface of one of the filter cassettes (with a total number of
working units of two) will be 0.324 m?, with real plan dimensions of 0.6 m x 0.6 m. The
height of the cassette is taken depending on the type of loading (Table 5). On average, with
a constant input concentration, such a cassette can last between 3 and 7 days, so it should
be replaced by a new one after that time. The spent cassette, saturated with oil products, is
dried and then used as a fuel briquette for industrial installations.

As part of this scientific work, there have been no feasibility studies comparing the
operating costs of facilities using the natural sorbents and traditional sand /gravel/coal
filters. That is foreseen for the future. Additionally, for the practical application of the
research findings, total environmental analysis is needed. All environmental factors and
impacts must also be considered.

F=Q 4)

5. Conclusions

As a result, natural materials in the Arctic area (peat, moss, and reindeer moss)
are potential sorbents for the treatment of wastewater containing oil and oil products.
The experiment performed on model solutions made it possible to obtain the sorption
characteristics of the materials for several values of the initial concentration of contaminants.
Studies have demonstrated that at the maximum contamination concentration (250 mg/L),
the best results are obtained for all samples; the sorption rate is 2-2.6 times that of the initial
medium and low levels (50 and 0.5 mg/L, respectively). This confirms the well-known
fact, that the higher the concentration of pollution in the water, the easier it is to reduce it
through sorption, including the use of peat, moss, or reindeer moss. The modification of
the studied materials by microwave irradiation will make it possible to somewhat reduce
the loading height of the filtering constructions or increase their service life.

As a result of the experiment, the parameters necessary for modelling filter cassettes
loaded with peat, moss, or reindeer moss were obtained. The design dimensions of the
filtered cassettes were counted. These filters can be used at the post-treatment stage of
domestic wastewater from shift work camps or at the main treatment stage of surface runoff
from oil fields, oil depots, and other specialized facilities. Before practical implementation,
a technical, economic, and environmental analysis is needed.
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