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Abstract

A possibility of a significant increase in the uptake of cesium by plants up to levels sufficient for
effective phytoremediation was examined. We employed a novel method to enhance vital functions of
plants under conditions of strong potassium deficiency. Moreover, methods of processing newly generated
waste from the phytoremediation of contaminated soils were also studied. The efficiency of radiocesium
uptake was assessed using microorganisms and bio-energy-activators added to soils. A significantly
increase uptake of Cs by plants was observed when the available potassium content in the soils was as low
as 5+1 mg kg™. This increased uptake practically vanished at levels of 25+5 mg kg™ depending on the type
of plant. This study has proved that the radioactivity of the “phytoremediation waste” byproducts was
lower than is given in acting regulations on permitted levels in many countries. Less than 10% of the
harvested plant mass used for phytoremediation is expected to undergo special management as
radioactive byproducts. Pretreatment of sees before planting using the same bio-energy-activators and
inoculates of microorganisms brought to significant increase of plants mass and, hence, to increase of
uptake of cesium for about 100% compared to adding of preparations to soil. Adding bio-energy-
activators and microorganisms-based fertilizers to soils and pretreatment of seeds before planting can
become a highly efficient mean for rapid phytoremediation of **’Cs contaminated soils.
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1. Introduction

Since the early 1950s, the problem of the transfer of **’Cs and other hazardous radionuclides into the food chain
has been extensively studied. Potassium fertilizers have been successfully used to prevent the uptake of Cs by plants
following radioactive pollution of food [1, 2]. After that time, the possibility of remediating radioactive Cs-polluted
soils using the uptake of radionuclides by plants (,phytoremediation”) has been investigated and discussed by many
researchers. Most of them [e.g., 3] made conclusions about the low efficiency or practical inefficiency of
phytoremediation due to low Transfer Coefficients characterizing the transfer of **'Cs from soil to plants. On the other
hand, the phytoremediation of **'Cs from LLNW (low-level nuclear waste) using Catharanthus roseus was
demonstrated [4]. However the phytoremediation of Cs-contaminated soils has not been widely spread, mainly because
of relatively low decontamination factors (an exorbitant amount of time required for decontamination) and the problem
and costs of “secondary” radioactive waste treatment. We recently employed a new approach to the phytoremediation
which is based on the effect of potassium deficiency on the uptake of cesium [e.g., 5]. It is to enhance vital functions,
and then, accelerate plant metabolism under conditions of abiotic stresses, including a strong potassium deficiency
(“potassium starvation”) for soils contaminated with radiocesium. The potassium deficiency may cause a considerable
decline in the yield of plants, which, in turn, prevents an increase in the total volume of cesium taken up from soils,
despite the increase of the coefficients characterizing the transfer from soils to plants. Enhancing the vital functions
(metabolism) of plants was examined in this study by means of the addition of plant hormones, bio-energy-activators
and bacterial preparations. Our present method is a direct way of retaining the convenient yield of crops and achieving
highly efficient phytoremediation under conditions of potassium deficiency.

2. Methods
2.1 Vegetation and soils

After screening plants for the selection of the objects of study and considering the results of previous studies [1-
5], and a preliminary greenhouse study involving six months of growth in low contaminated soil (< 100 Bq kg™), the
three following plants showed a comparative simplicity in growth, a higher yield, and a higher average™*’Cs content in
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roots and shoots and were chosen for the detailed study: sugar beet, sweet clover (white) and creeping red fescue.
Yellow-brown forest soils from Western Georgia heavily contaminated by Cs after the Chernobyl incident (900 — 9000
Bq kg™) with a very low potassium content (<5+1 mg kg™) were used for preparing model soils with three different
levels of contamination (500+50, 1500+100 and 40004200 Bq kg™), and potassium chloride was added to obtain six
different levels of available potassium content (5+1, 10+1, 1542, 20+2, 25+2 and 50+5 mg kg™). A soil with 50+5 mg
kg™ of available potassium was also utilized in control experiments.

2.2 Vital function enhancer

To enhance the vital functions of plants, a combination of two organic preparations — Bacterial-organic
meliorating fertilizer (BOMF) and Bio-energy-activator (“Biorag”) developed in Georgia (in proportion by weight —
100 parts of bacterial preparation to 1 part of bio-energy activator) — was added to the modeled soils in amounts of
1+0.2, 2+0.4 and 5+1 g in a combined preparation to 1 kg of soil. Bacterial-organic meliorating fertilizer (BOMF) was
developed in Georgia and successfully tested through field-scale testing at the number of scientific institutions in
Georgia and abroad. It has been registered by Georgian Ministry for Agriculture and Food and recommended for use in
farming and the agriculture industry. The organic Bio-energy-activator “Biorag” is commercially produced and widely
used in Georgia to accelerate vegetation, increase yield and enhance responses to abiotic stresses. Soils for the control
experiment did not contain the combined preparation.

2.3 Cultivation and simple collection

The plants in the soils were cultivated using convenient agricultural measures and NP fertilizers. The plants and
soils were sampled three times during the growth period and after the harvest and prepared for the analysis by a
standard methodology [1]. The radionuclide content (in Bq kg™ was determined using a Canberra HpGe detector with
an electrical chilling system (Electrically Refrigerated Cryostat — Cryo-Pulse5).

3. Pretreatment of seeds with BOMF and bio-energy-activator “Biorag”.

Pretreatment of seeds before planting is widely ubiquitous way to increase productivity and strengthen the
resistivity of plants to biotic and abiotic stresses. Therefore, investigation of Cs uptake by plants utilizing pretreatment
of seeds before planting (using BOMF inoculate and “Biorag” solution) was carried out both with and without adding
the preparations to the soil. The results of the experimental research are represented in Tab 2.

4. Results and Discussions
4.1 Evaluation of remediation efficiency

To characterize the dependence of the remediation capacity of plants on the amount of the combined preparation
in soils, a dimensionless factor K=F/F, was calculated, where F = Y (kg m™ x C (Bq kg™ (Y — the total yield of plants,
C — the averaged radioactivity concentration of > Cs in plant leaves and roots), and Fy is the value of F for the control
soils. The harvested sugar beet crops were processed by means of vacuum distillation using a 2 1 vacuum distillation
unit. The alcohol waste slurry (distillery dreg) and plant mass were chemically analyzed and composted in the modified
lab-scale biogas production plant similar to that described and tested in [6]. Biogas production using thermophilic
strains was performed at 35°C. The liquid residue, which can be used as a high-efficient fertilizer and a raw material for
B1, vitamin-enriched feed additives for livestock and poultry, was dried. The radioactivity concentration (Bq 1™ and Bq
kg™ of the produced alcohol, biogas and residue was determined according to standard procedures. A microwave
installation with regulated power (1.5 to 20 kW) and a conventional resistive oven were used as heating sources during
all distillery and biogas production processes, and the processing times were compared.

4.2 Remediation efficiency under enhanced vital function

The dependence of the dimensionless facto K, characterizing the total remediation capacity of plants, on the
potassium content of soils with different Cs and combined preparation (BOMF and “Biorag”) contents are provided in
Figures 1, 2, and 3, for sugar beet, sweet clover (white) an creeping red fescue, respectively. The remediation capacity
increased with the content of combine preparation in the soil. The significantly increased uptake of Cs by plants,
characterized by the non-dimensional factor F, was observed when the available potassium content in the soils was
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approximately 5 mg kg™, and it practically vanished at levels between 20-25 mg/kg, depending on the type of plants and

the radioactivity of the soils.

Figure 1: The dependence of factor K (in comparative
units) for sugar beet on the available potassium content
for soils with different combined preparation content and

Figure 2: Dependence of the factor K (in comparative
units) for sweet clover (white) on the available potassium
content for soils with different combined preparation

37Cs radioactivity concentration: a) 500 Bq kg™, b) 1500

5 ‘ contents and **’Cs radioactivity concentration: a) 500 Bq
Bq kg™ and c) 4000 Bq kg™

kg™, b) 1500 Bq kg™ and c) 4000 Bq kg ™.

Sweet clover (white) is characterized by lower values of factor F, but it can also be regarded as a prospective
plant for the remediation of *¥’Cs-polluted soils. It is also important that it can be composted together with distillery
bards to produce biogas.

Figure 3: Dependence of the factor K (in comparative units) for
creeping red fescue on the available potassium content for soils
with different combined preparation contents and **'Cs
radioactivity concentration: a) 500 Bq kg™, b) 1500 Bq kg™ and
¢) 4000 Bq kg™

Creeping red fescue showed the lowest remediation capacity compared with sugar beet and sweet clover (white);
however, it was of the same order of magnitude. Considering the simplicity of growing the grass and the capacity of the
Rubra variety to spread easily and widely across cool seasons and shadowed areas, its tolerance to full-sun conditions
and low fertilizer content in soils, it can be regarded as a prospective plant for phytoremediation. Similar to the case of
sugar beet and clover, a tendency toward the saturation of remediation capabilities is observed and additional research is
required. Similar to other plants, it can be composed together with vacuum distillery dregs to produce biogas and other
byproducts.

4.3. Remediation efficiency in case of pretreatment of seeds

The comparative dimensionless factor Kr was used to characterize the change of remediation capacity of plants
caused by pretreatment of seeds in BOMF inoculate and “Biorag” solution. The experiments showed that the optimal
pretreatment conditions are the same as recommended by producers and suppliers. Pretreatment both in BOMF
inoculate and “Biorag” solution and adding BOMF and “Biorag” preparations to the soil (case A) provides the
maximum increase of Ky for all three kinds of plants (about 80-100%). Combination of pretreatment of seeds in BOMF
inoculate and “Blorag” solution with adding “Biorag” preparation the soil (case B) leads to increase of Ky for 60-80%,
while the combination of pretreatment of seeds in BOMF inoculate and “Biorag” solution with adding BOMF inoculate
preparation to the soil (case C) leads to increase of Ky for only 30-50% (in comparison with method without
pretreatment of seeds). The obtained results for sugar beet, sweet clover (white) and creeping red fescue are given in
Table 1.
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Table 1. Increase of the comparative factor Ky for different combinations of treatment means (cases A, B, S)

Plants Sugar beet Sweet clover Creeping red
Treatmen (white) fescue
Case A 1.96+0.07 1.89+0.06 1.81+0.08
Case B 1.76+0.06 1.71+0.05 1.65+0.06
Case C 1.45+0.05 1.39+0.06 1.34+0.07

It can be considered that the increase of **’Cs uptake capacity is almost equally due to the increase of yields and
the extracting of plants.

The experience of all nuclear incidents shows that developing relevant methods of utilizing plant mass to
generate low or very low volumes of VLLW or/and exempted waste is n urgent problem. Even in the case of the
development of high-efficiency methods of phytoremediation, instead of vast contaminated areas, we are left with an
enormous amount of phytoremediation waste, sometimes with even higher concentrations of contaminants (heavy
metals, hydrocarbons, radionuclides, among others). The disposal of these wastes requires large financial and labor
costs.

Therefore, effective processing, which allows such costs to be reduced or even completely compensated, is an
urgent current need. The major decontamination costs are mainly associated not with the remediation of contaminated
territories, but with the management of generated radioactive waste. Hence, much attention has to be paid to generating
little or no radioactive waste (i.e., generating a low volume of VLLW or/and exempted waste).

The microwave—enhanced vacuum distillation of crops (accidentally polluted or utilized for phytoremediation)
into high-purity alcohol and the follow-up production of biogas from distillery bards and the green mass of plants can
become a good solution for this problem, lowering both the volume of radioactive waste and the costs of waste
management due to the possibility of producing marketable products. To evaluate the prospective of methods proposed
and preliminarily tested in the present paper, the data on the comparison of different national permissible levels of
radioactive Cs in food and feed products, provided in Table 1, can be used.

On the other hand, a significant problem of modern energetic and environmental science is the low-cost
production of renewable fuels without the use of edible plants. A solution to this problem is becoming increasingly
urgent because of the rapid decrease in the stock of non-renewable energy sources and because of the escalating food
crisis. Notably, the product obtained from the crops used in our remediation experiments contains less acetone, volatile
acids and aromatic alcohol than the product distilled using a convenient technology.

The radioactivity concentration caused by **’Cs in the product is approximately 1-2 Bq kg™, indicating that it can
be freely used for technical purposes, which must yield a lower demand for ethanol produced from edible crops. The
implementation of vacuum distillation and microwave heating also provides the following advantages. The viability and
activity of yeast remains at the initial level throughout and even after the fermentation cycle. When working in the
fermentation vat with increased hydronic modules, foreign micro-flora is virtually nonexistent, and no impurities usual
for contaminating microorganisms, such as isopropyl alcohol, are in the mixture. The semi-liquid distillery dreg
containing up to 30-40% proteins is essentially ready for further compost production of biogas, natural fertilizers and
livestock feed additives. It can also be used as an additive while co-fermenting different substrates.

The used fermenting yeast cultures remain active in the bards after fermentation and can promote the
intensification of biogas production. Clearly, the rational application of co-fermentation and the correct selection of
different types of substrates can significantly improve the process parameters. The concentration of radioactivity in the
liquid dregs was 10-12 times lower than in the harvested crops, whereas in the residues taken from the biogas reactor it
was lower than 150-200 Bq kg™.

The radioactivity of the produced biogas obtained from the composted mass containing alcohol bard and the
green mass of the “phytoremediation plants” was below the detection limit. According to our research results, less than
10% of the harvested plant mass used for phytoremediation is expected to undergo special management as radioactive
waste after the application of the above methods. Considering the international regulations on the permitted levels of
radioactivity, we hope to reduce this value using the optimized treatment of soils with combined preparation and
microwave heating, significantly accelerating the chemical reactions and increasing the efficiency of processing.
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Brima paccMOTpeHa BO3MOXKHOCTh 3HAUUTENBLHOTO YBEIMYEHMS IIOIVIOUICHMS LE3Us PAcTeHSIMMUAO YPOBHEH,
J0oCTaTOYHBIX LisieheKTUBHON uTopeMeananuy. Mbl HCIONb30BAIN HOBBI METOJ HOBBIIIECHUS KUZHEICATKILHOCTH
pPacTeHUUB YCJIOBHAX CHIIBHOTO eduuuTa Kanus. Kpome Toro, u3ydannuch METOAbI epepaboTKi BHOBb 00pa3yomuxcs
OTXOJI0B  (UTOPEMEIUALUU3ArPSI3HEHHBIX 10YB. ODGQEKTUBHOCTb U3BJIEUEHUS PAJUOLE3Usl OLEHHBAIU C
UCIIOJIb30BAHMEM MMKPOOPIaHM3MOB M OHMOEHEPreTHYeCKHX aKTHBATOPOB, NOOABJICHHBIX K moyBaM. Habmromanoch
3HAUUTENILHOE yBICUeHHE u3BneueHust Cs pacTeHMsAMHM, KOTJa JOCTYIHOE COAEpIKAaHHME Kalus B IOYBAX OBLIO BCETO
mumtb 5 £ 1 mr kr . D10 yBJIeU€HHE MOIJIOIEHHs IPAKTUYECKU HCYe3aI0 Ha ypoBHE 25 £ 5 Mr kr’ B 3aBHCHMOCTH OT
THIIA pacTeeus. DTO HCCIEeIOBaHNEe N0KAa3aJ0, YTO PaIHOAKTHBHOCTh IIOOOYHBIX MPOIYKTOB OTXOIO0B (hUTOpEMEIHALINI
HHWDKE, YeM YKa3aHO B JAEHCTBYIOIIMX HOPMax JOIMYCTHMBIX YPOBHEH BO MHOTHX cTpaHax mMupa. OKuaaercs, 4To MeHee
10% coOpaHHO# PacTUTENBHON MacChl, UCIOIB3YeMOH Ul (GHTOpeMeananuu, OyleT MOABEpraThesl CHENUaTbHOMY
YIIPaBJICHUIO B KAYECTBE PaJHOAKTUBHBIX IBOOUHBIX IPOAYKTOB. [IpeaBapurenpHas 00paboTka CeMSIH Hepel MOCagKOi
C HCIIOJIb30BAHUEM TeX JkKe€ OHOCHEePreTHYeCKUX AaKTUBATOPOB M HWHOKYJSTOB MHKPOOPIaHHU3MOB IIpHBENa K
3HAUUTEIILHOMY YBEIMYECHHIO MAcChl PAaCTCHUH M CIEIOBATEIbHO, K YBEIMUYCHHUIO IOIJIOMICHMS LE3Hs NMPUMEPHO Ha
100% mno cpaBHeHHIO C Jo0aBJICHHEM IIpenapatoB B 1ouBy. JloOaBieHHEe OMOEHEPreTMYECKHX AaKTUBAaTOPOB U
y100peHHii Ha OCHOBE MUKPOOPTaHU3MOB B IIOUBY U TIpe/iBapuTEIbHAs 00paboTKa CeMsH nepest Mocaikoi MOXKeT cTaTh
BBICOKO3(h()EKTHBHBIM CPEICTBOM/IISA OBICTPOI (PHTOPEMETHAIIMHI [TOUB, 3arPA3HEHHBIX ' Cs.
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