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In the model solution of dodecane investigated sorbents with immobilized microbial
cells genus Pseudomonas (K-5-25, A-2) and Rhodococcus (EriA. 2-4m). Sorbents based
on non-woven fabrics made of polypropylene fibers (neutral) and the acrylonitrile
fibers containing in their structure of the group of primary and secondary amines, as
well as on natural material of the mineral from the group of hydrous layered structure.
The efficiency of the sorption and biocatalytic contributions to the study of the degree
of water purification. Such self-recovering system, combining physico-chemical and
biological removal of petroleum hydrocarbons from solutions with low concentrations
of trace and can operate in dynamic mode. Moreover, the sorbent performs one of the
most important functions of biological systems, providing delivery and accumulation
of oil components from the liquid phase, immobilized cells and carry out self-
regeneration biosorbent. Analysis of the comparative effectiveness of these processes
with the use of a kinetic model of the results obtained on the solid-phase sorbent with
immobilized cells and the initial sorbent without cells, allowed us to determine the
degree of physical and chemical removal of dodecane from an aqueous emulsion and
the degree of biodegradation, as in liquid, and in solid phase sorption material. The
most efficient biological system has shown itself on the basis of non-woven material
acrylonitrile, allowing up to 8 days to reduce the concentration of dodecane to the
level of maximum permissible concentration and below.

1. Introduction cleanup due to their oleophilic and hydrophobic charac-

Application of highly effective sorption technologies
for producing high-purity water usually involves pre-
treatment of water to remove petroleum hydrocarbons
(PHCs) that causes loss of sorption activity due to block-
ing and “poisoning” of active ionic centers of polymeric
ion exchangers. One of the most economically efficient
means of the removal of spilled oil from either land or
sea is the use of sorbents (Walkup et al., 1969). Synthetic
sorbents such as polypropylene and polyurethane are the
most commonly used commercial sorbents in oil-spill
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teristics (Schatzberg, 1971).

Bio-catalytic methods of water purification from oil
hydrocarbons using immobilized oil-oxidizing microor-
ganisms can significantly increase treatment efficiency (Li
etal., 2005), compared to using the active solid phase sup-
port only.

In general, biological treatment of environmental pol-
lutants is preferred over physicochemical as the former is
cost effective, efficient and environmentally friendly (Ojo,
2006).




The method of cell immobilization on carrier ma-
terials seems to be promising in the development of the
biotechnological method for removing organic pollut-
ants. Since the immobilized cells remain viable for a
significant duration, they are considered as a better al-
ternative for the biotreatment of variety of toxic organ-
ic pollutants compared to free cells (Bettmann&Rehm
1984; O'Reilly & Crawford 1989; Westmeier&Rehm
1985, 1987; Belfanz&Rehm 1991; Menke&Rehm 1992;
Kochar&Kahlon 1995; Lee et al. 1994 and Sahasrabudhe
et al. 1988). Such systems can operate under biocatalyt-
ic regime of PHCs destruction in dynamic conditions,
or create self-regenerating biosorbents for removal of
PHCs from solutions with small and trace concentra-
tions (Leykin et al., 2008; 2009). At the same time sorb-
ent performs one of the most important functions of bio-
system, ensuring the delivery and accumulation of PHCs
components from liquid phase. Immobilized microbial
cells perform self-regeneration, ensuring reduction of
PHCs concentration in solid phase of adsorbed material.
Therefore, the aims of the present study areobtaining an
artificial biosystem with the effective functioning of im-
mobilized cells, determination of the bacterial capacity to
biodegrade adsorbed PHCs and determination of the bio-
catalytic activity after several degradation cycles.

2. Materials and Methods

The object of our study was artificial biosystem with
immobilized microorganism. Because of mixed cultures
carry out more extensive biodegradation of petroleum
than pure cultures (Komukai et al., 1996; Foght et al.,
1999; Ghazali et al., 2004; Sun et al., 2005; Gerdes et al.,
2005; Trindade et al., 2005; Oteyza et al., 2006; Malik and
Ahmad, 2012), double strains of Pseudomonas fluorescens
and one strain of Rhodococcuserytropolis were immobi-
lized on vermiculite and double types of Nonwoven fib-
ers: based on polypropylene (PP) and acrylonitrile fiber
(AN-3), allowing, in comparison, the evaluation of ki-
netics of catalytic processes and calculation of activation
parameter of enzymes immobilized on a solid phase sub-
strate by varying the dose of normalized mineral solution
composition (Leykin et al., 2008).These types of organ-
isms are neither pathogenic nor toxic to humans, animals
and plants. Nutrition medium for these strains consists of
standard solution of a certain ratio of nitrogen, phospho-
rus, potassium at the level of phosphate 0,051 mmol per
1 g of biosorbent.

In this paper, the selection of these support materi-
als (Vermiculite, PP and AH-3) to immobilize the three
bacterial strains was due to their high sorption character-
istics, porosity, chemical and biological stability, hydro-
phobicity, possibility of reusing and low price. Sorption
parameters were determined under static conditions us-
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ing dodecane emulsion (DD), prepared as described by
Leykin et al. (2008) in five replicates for 24 hours reaction
time. Final concentration of DD was determined by the
difference between the initial and residual concentration
of DD in the emulsion.

Cell immobilization activation of the genus Pseu-
domonas (K-5-25, K-2) and Rhodococcus (EriA. 4M-2)
was carried out at the same time. For the preparation of
microorganisms suspension, 1 g of each strain was placed
in 1 L of buffer with a nutrient medium (K*, Na*, PO*-,
Cl', NH*), stirred and then treated by the method de-
scribed by Leykin et al. (2008). Biomaterial was separated
from the liquid phase and washed out three times with
10 ml of potassium phosphate buffer and was ready for
degradation of DD. The quantity of immobilized cells
was determined by gravimetric method and immobilized
cells were subjected to scanning electron microscopy.

Biodegradation experiment set-up: 100 ml of an aque-
ous emulsion of DD was added to Erlenmeyer flask, after
adjusting of pH to 9,0 using 0,1 N NaOH, followed by the
addition of 0,4 g of the biosorbent with immobilized cells
according to method described by Leykin et al. (2008).
After certain time, the liquid phase was separated by de-
cantation of biosorbent and analyzed for content of pe-
troleum hydrocarbons using standard IR spectrometric
method.

All analyses of PHCs determinations as well as scan-
ning electron microscopy were done in the Center for
CollectiveUse (CCU), D. Mendeleyev University of
Chemical Technology of Russia.

Studies on vermiculite: Weighed air-dried biosorbent
based on vermiculite (g, g) was placed in a solution (V, L) of
freshly prepared emulsion of DD with the initial concen-
tration C; = 100 mg/L, and the system was kept for 1, 2, 3,
4, 5 days, which represented one cycle. Afterthat, exhaust-
edbiosorbent was separated from the liquid phase and
transferred to freshly prepared emulsion (C, = 100 mg/L)
for the next cycle. Every biosorbent was used for 3 con-
secutive cycles (360 hours).

The effectiveness of biochemical oxidation process us-
ing biosorbentwas evaluated according to the following
equation:

v
Vsp :(Co _Cr)g’

where V| — specific rate of bio-destruction of petroleum
hydrocarbons (rate of destruction of PHCs by 1 g of
biosorbent in hour, mg.g.hr™); C, - initial concentration
of PHCs (mg/L); C, - concentration of PHCs (mg/L) at
the time ¢ (hr); v— the volume of liquid phase (L); g —
the weight of biosorbent (g) and t — the time of bio-
destruction (hr).
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Contribution of biodegradation (%) in the process of
DD removal by sorbent with immobilized cells was cal-
culated as follows: Cdet = (C, — Cm) - C;™ (mg/L);
Agese=CAU/(C,y = C™) %, where C,, — initial concen-
tration of DD in the emulsion (mg/L); C*™ — DD con-
centration in the emulsion (mg/L) after contact with the
biosorbent with immobilized cells at a time t; Cf"rb — DD
concentration in the emulsion (mg/ml) after contact with
sorbent (without cells) at the time t; A4, — the contribu-
tion of biodegradation, in % (Leykin et al., 2008).

3.Theory and Calculation

The process of PHCs removal from aqueous phase by
artificial biosystem is determined by double main processes:
PHC:s adsorption by solid phase, and biocatalytic oxidation
of PHCs by immobilized microorganisms. In the case of bi-
odegradation by microorganisms in liquid phase, capacity
range is located in the region of relatively high concentra-
tions of PHCs, and the bio-oxidation process acts efficiently
only at sufficient PHCs concentrations. In the solid phase,
higher adsorption can be achieved by biocatalytic sorbent.
This provides an increase rate of biooxidation for immo-
bilized microorganisms according to Michaelis-Menten
equation (Dixon and Webb, 1982). Thus, relatively high
distribution coefficients of PHCs on specially chosen carri-
ers enable the extension of application range of this method
to small and trace concentrations of PHCs from aqueous
phase and provide very small residual concentrations.

Using polymer sorbents with different active groups
(anion exchangers, cation exchangers and neutral co-
polymers) as carriers for immobilization allowsto organ-
ize and regulate the transportation of not only PHCs,
but also ionic biogenic components that are effective in
biocatalytic processes. Treated water may contain ions
of heavy metals with the concentration of 102-10"* M
(Cherkasova et al., 1999), that are capable of irreversibly
to inhibiting cells enzyme. At the same time ions of mer-
cury (II), silver (I) and arsenic (III) in small concentra-
tions only block the active center of the enzyme’s sulf-
hydryl group. High concentrations of heavy metal ions
cause denaturation of protein part of the enzyme, i.e.
completele deactivate the enzyme. During the process of
enzymatic reaction, when the enzyme is saturated, the re-
action rate is likely to depend only on enzyme concentra-
tion and not on substrate concentration, i.e. is limited by
the number of active immobilized cells.

Combination and synchronization of the double pro-
cesses in biosorbent enable the realization of important
function of biogenic element preconcentration. Kinetic
model of results obtained on the artificial biosystem (on
solid-phase sorbent with immobilized cells) and on the
initial sorbent without immobilized cells was studied to
estimate comparative effectiveness of these processes.
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Similarity in their diffusion characteristics was presup-
posed by using the same solid phase.

Earlier it was shown that the adsorption of PHCs on
granular sorbents is limited by internal diffusion and is
adequately described by the classical model using a series
of Patterson’s thermal conductivity applied by Boyd and
others (Boyd et al, 1947) for diffusion in sphere:

© 6 n’n’D. t
F =1- -— =
t 712:11;127[2 exp( r’ ]

» 6
= 1- Y ——exp(-n’n’Fo)
n=11"TC

At the final stage where the values of the Fourier num-
ber are high (Fo = D, t/r?) series converges rapidly and
the first term of the series for n = 1 provides sufficient ac-
curacy in logarithmic coordinates In (1 - F,) = f(¥), start-
ing from F, > 0,5:

6 in
ln(l—F[):lnF— .

For the initial stage at small values of the Fourier
number D, t/r%
28 |D,t
F=2r 2
Viin
where for sphere

4 6
S =4nr’; V. =—nr’; F=——=/D, t
" ro3 T ’

Znamensky’s approximation equation (Znamensky;,
1993) gives a good description of internal diffusion at F,
0,01-0,98, which can be easily solved with respect to t and
the dimensionless time Fourier criterion F,;:

2

T m D.t
~Flg1-F) = —Fo=——""
1g(1-F) 5 5

2
r

Presentation of the adsorption process in coordinates
of logarithmic rate Ig (1 - F) = f(t) shows that the overel
curve as a linear second order splits into double regions,
which is typical for internal diffusion (see Fig. 1).

Error calculation (8, %) of internal diffusion coef-
ficients (D,, cm?) from the experimental data is quite
acceptable for the calculation assessment and strongly
depends on the number of experimental points in the
corresponding region:




o For root dependence (F,< 0,5) (D;, = 5,8 £ 0,3) 107,
0 = 5%;

o For Znamensky’s equation (7,6 £ 1,2)107%, § = 16%;

o For logarithmic dependence (F, > 0,5)(2,6 + 0,9)10°°,
§=31%.

Investigation of the kinetic processes of the removal
of PHCs from aqueous phase using artificial biosystem
under static conditions allowed us to determine the con-
centrations of hydrocarbon in the emulsion after contact
with the sorbent without cells (C°"*, mg/L) and biosorb-
ent (C™, mg/L) during the time t. It also allowed us to
calculate the degree of removal of PHCs from the aque-
ous phase by sorbent (F°™) and biosorbent (F#"™). The
adsorbed amount was calculated using the following
mass balance equation (mg PHCs/1 g sorbent)

. (c,-c,)Vv )
g

where C, — initial concentration of PHCs (mg/L); V —
the volume of liquid phase (L); C, — concentration of
PHCs (mg/L) at the time ¢ (hr) and g — the weight of
biosorbent (g).

4. Result and Discussion

Table 1 shows the parameters of the DD removal pro-
cess from emulsion by sorbent and biosorbent based on
polypropylene (PP) material.

From a comparison between the degree of sorption
process (F,) by sorbent and biosorbent we concluded that,
degree of purification process by biosorbent is more effec-
tive than the process with sorbent without immobilized
cells. Experimental and calculated data of these processes
allow us to determine the amount of destructed hydro-
carbon at various time intervals, as well as estimate the
rate of both processes.

Using the root dependence for approximation of the ini-
tial region and logarithmic dependence for the final region
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allows us to make a good description of the whole kinetic
curve as Fl = £ (f). To characterize the accuracy of the cal-
culation, the following linear dependence equation used:

Fole: = 0,002 + 0,986F 7" (r.

cort.

>0,99).

Equations for both plots of kinetic dependences (Fig. 1)
show high correlation coefficients r
For the initial area 1

corr.

In(1 - F) = -0,62t - 0,034 (r,,,, = 0,98).
For the final area 2
In(1 - F) = -0,01t - 0,730 (r,,,, = 0,99),

which demonstrates the accuracy of the proposed equa-
tions with small average error values based on Student’s t
test (Gye = 0,020).

Comparison of DD removal processes from emulsion
by sorbent and biosorbent based on PP, revealed that the
residual concentration of DD (C;**™) in the aqueous phase
(Fig. 2) when using biosorbent is lower than its concentra-
tion (C2°™) when using the sorbent without any immo-
bilized cells (10 mg/L instead of 34 mg/L over 24 hours).
The sorption capacity of pure sorbent is 13,75 mg/g, while
overall sorption capacity — 19,75 mg/g (Table 1).

The obtained data show that, the limiting internal dif-
fusion mechanism of sorption and equation of internal
diffusion enable the kinetics description of the process
with sufficiently high accuracy, especially for the final re-
gion of the dependence, despite the fact that the process
is accompanied by a polarity change of the solid phase
due to the formation of the primary layer of PHCs on the
sorbent and increase of the affinity towards it.

Assuming that small amounts of the immobilized
microorganisms of biosorbent (30-40 mg/g) did not sig-
nificantly affect the intra-diffusive performance of the
support material, we evaluated the contributions of each

Table 1

Parameters of the DD removal processes from an emulsion with one normal dose of nutrients
by sorbent and biosorbent based on Nonwoven PP (C, =89 mg/L,V=0,1L,g=0,4 g,temp: 20-22 °C,pH,.; = 8,9)

contribution g, mg/g

t,hr ¢er,mg/L  Cmomg/L  FEor. Fgem sorption destruction, - .
By A, sum sorption destruction

0,5 59 34 0,34 0,62 0,55 0,45 13,75 7,50 6,25

1,0 48 31 0,46 0,65 0,71 0,29 14,50 10,25 4,25

2,0 45 27 0,50 0,70 0,69 0,31 15,50 10,75 4,75

4,0 42 16 0,53 0,82 0,60 0,40 18,25 11,00 7,25

6,0 40 15 0,55 0,83 0,66 0,34 18,50 12,25 6,25

24,0 34 10 0,62 0,89 0,70 0,30 19,75 13,75 6,00
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Fig. 1. Dependence In(1 - F) = f(t) for the sorption of DD from
emulsion by Nonwoven PP in static conditions (C,= 89 mg/L,V=0,1L,
g=0,4 g,temp: 20-22 °C, pH,,; = 8,9).

of the processes (sorption and biodegradation) separately
(Agorp> Adesty)- Contribution by pure sorption of DD by
biosorbent PP versus time is at the level of 0,55 — 0,70,
the proportion of biodegradation is equal to 0,30 — 0,45
(with an average 35%).

The obtained data show that, the limiting internal dif-
fusion mechanism of sorption and equation of internal
diffusion enable the kinetics description of the process
with sufficiently high accuracy, especially for the final re-
gion of the dependence, despite the fact that the process
is accompanied by a polarity change of the solid phase
due to the formation of the primary layer of PHCs on the
sorbent and increase of the affinity towards it.

Assuming that small amounts of the immobilized mi-
croorganisms of biosorbent (30-40 mg/g) did not signifi-
cantly affect the intra-diffusive performance of the support
material, we evaluated the contributions of each of the pro-
cesses (sorption and biodegradation) separately (A i Ayestr)-
Contribution by pure sorption of DD by biosorbent PP ver-
sus time is at the level of 0,55 — 0,70, the proportion of bio-
degradation is equal to 0,30 — 0,45 (with an average 35%).

The possibility of forecasting residual concentration for
the process of PHCs removal by biosorbentwas tested using
different methods of approximation of kinetic curves. Ac-
cording to the linear relationship (C ™) over time t for the
initial stage, the forecast is not accurate enough as it reach-
es MPC,, = 0,05 mg/L very fast. According to logarithmic
dependence equation for the final stage, the forecast ap-
pears to be reliable. For the biosorbentbased on Nonwoven
PP, we used the following approximating equation:

In(1- Ffum) = -1,63 — 0,023 (., > 0,99).

OrTr.

From this equation, the predicted time to achieve the
residual concentration of 0,05 mg/L of PHCs can be ob-
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Fig. 2. The change in concentration of DD in the aqueous phase with
time for removal processes by sorbent (1) and biosorbent (2) based
on Nonwoven PP in static conditions (C,=89 mg/L,V=0,11,g=0,4g,
temp: 20-22 ° C,pH,,. = 8,9)

init.
tained(10,5 days), while when using pure sorbent of PP
for the same time, it reaches concentration that is twice
greater (2,5 mg/L):

In(1 - F*) = -0,70 — 0,012¢; (r,

corr.

=0,95).

Nonwoven material based on PP showed a good abil-
ity to retain cells in its structure, as well as the ability to
concentrate PHCs from the liquid phase and bio-oxida-
tive destruction of PHCs by active immobilized cells. The
experimental data showed that the immobilization of
microbial cells, basically, allows us to increase the speed
of PHCs removal process twice in comparison with the
sorbent itself, as well as reduce the inhibitory effect of
heavy metal impurities.

Experimental data obtained by studying the ionic hy-
drophilic Nonwoven AN-3 material, containing active
functional groups of primary and secondary amines, are
shown in Table 2.

Dependence of F, = f (t) in logarithmic coordinates for
pure sorption process of DD by AN -3 is represented by
a second order curve which splits into double linear sec-
tions with high correlation coefficients (.., = 0,97 and
0,96), which is characteristic for limitation process by in-
ternal diffusion. Using the root dependence for approxi-
mation F, = f () at the initial region and In (1-F,) = f (t) de-
pendence at the final region, gives us a good description
of all kinetic curve as C* = f{#). Relationship between
experimental and calculated values of DD concentration
was represented by the equation:

Cle = 0,49 + 1,01CPe" (r,, . > 0,99), which confirms
the reliability of this approach for the prediction of the
purification process with a noticeable deviation at the
initial stage (0,5 — 1 hr). The time to reach low concen-
trations of DD in the aqueous phase using a sorbent and
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Table 2

Parameters of DD removal processes from an emulsion (from one normal dose of nutrients) by sorbent and biosorbent

based on Nonwoven AN-3 material (C, =91 mg/L,V=0,1L,g= 0,4 g,temp: 20-22 °C, pH,,;, = 8,6)
contribution g, mg/g
t, hr csnrb, ma/L csum’ ma/L Fsorb. [ sum . .
£, mg/ ", mg/| : z sorption destruction, _ sorption destruction
Asorp. Adestr.
0,5 58 44 0,36 0,52 0,70 0,30 11,75 8,20 3,51
48 38 0,47 0,58 0,81 0,19 13,25 10,70 2,51
37 21 0,6 0,77 0,77 0,23 17,5 13,50 4,04
34 16 0,63 0,82 0,76 0,24 18,75 14,20 4,52
6 27 15 0,70 0,84 0,84 0,16 19,00 16,00 5,04
24 25 8 0,73 0,91 0,79 0,21 20,75 16,50 4,27
biosorbent based on AN-3 can be predicted by using loga- Table 3

rithmic dependence specifically for the final region:

In(1 - Fum) = — 1,55 — 0,040¢
(Teorr. = 0,99) — for biosorbent
In(1 - F*™) = — 0,97 - 0,015¢
(Teore= 0,96) — for pure sorbent.

When using pure sorption based on AH-3, the con-
centration of DD in aqueous phase reached about 2,0
mg/L in 8 days, while using a biosorbent based on AH-3
the concentration of DD reached 10 times less (0,2 mg/L)
concentration in 5 days and in 8 days the DD concentra-
tion was less than MPC , — 0,02 mg/L. It was shown that,
AH-3 biosorbent provides high efficiency for DD remov-
al from aqueous phase, compared to a similar sorbent
without immobilized microorganisms. Contribution of
biodegradation in water purification process is at average
22%, although it should be noted that the contribution
of the sorption of DD from an emulsion for Nonwoven
material AN-3 (78%) is slightly higher than for Nonwo-
ven material PP (65%). For the normal performance of
immobilized microorganisms in the porous structure of
the sorbents, it was necessary to establish limiting factors
for the effective functioning of biosystem, determine the
optimum activity conditions, quantitatively estimate the
activating factors and calculate activation constants. As
activator we considered a high dose of mineral solution
added to aqueous emulsion of DD, thus, changing the ac-
tivity of the substrate solution.

For example, biosorbent based on vermiculite “Ver-
soil” demonstrates the effectiveness of the biosystem and
viability of immobilized cells of microorganisms under
the limiting condition of substrate biochemical oxida-
tion of concentration of 100 mg/L. Table 3 summarizes
the main parameters of kinetic equations in logarithmic
coordinates In(1 - F;™*™) = A - Bt, obtained for this block.

It is experimentally shown that parameters of the ki-
netic equations at constant initial concentration of DD in
emulsion (C;=100 mg/L) remains practically unchanged.

besonacHocTb B TexHOocdepe, N23 (Maii-uioHb), 2016

Main parameters of the kinetic equations
In (1 — Fgereral) = A - Bt, for 3 cumulative cycles of the removal
process of DD from an emulsion* by biosorbent “Versoil»
(C, =100 mg/L,V=0,1L, g=0,35 gr,temp: 20-22 °C)

Parameters Icycle llcycle lllcycle X,enge SDs(s) ;:OT"'
ConstantA  -1,840 -1,55 -155 -1,65 0,17 10,3
ConstantB 0,019 0,022 0,019 0,020 0,002 381
R >0,999 0,991 0,990 0,993 0,006 0,6

corr.

* — with one normal dose of mineral.

The obtained data confirmed that, the significant differ-
ences of DD removal efficiency from cycle to cycle were
not observed and the activity of immobilized microor-
ganism remained unchanged over 3 cycles. The general
equation of dependence for 3 cycles is as the following:

thalc. =0,26 + LOIC=Per (1., = 0,99).

OrT.

The equation has a high correlation coefficient and
minimum values of maximum error, which confirms the
adequacy of the obtained results and the validity of this
approach in forecasting the investigated process. Table 4
shows the predicted calculated values of time (t, days) re-
quired to achieve the desired residual concentrations of
DD (C/*4). This required time ranged from 3 to 15,7 days
depending on the desired residual concentrations C,"*of
PHCs in an aqueous phase, and for different equations,
the error values (§) were not greater than 5,6 rel. %, which
is acceptable for practical purposes.

The effect of initial concentration of DD on the re-
moval process was observed at the initial concentration
of 50, 100 and 200 mg/L (Fig. 3). C;*™ = f (t) dependence
show that at the initial stage, the efficiency of DD removal
from the aqueous phase increases with the increase of
initial concentration. At the same time at the final stage,
in the region of low substrate concentration (C, less than
6-10 mg/L), the dependence was described by general
equation for all concentrations:
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Table 4
Time required to reach C;*sYof PHCs
in an aqueous phase using biosorbent “Versoil”

C/s4 mg/L t, days SDs 5, rel. %
10,0 1,3 0,3 19,4
1,0 6,1 0,3 5,6
0,05 12,3 0,3 5,5

0,01 15,7 0,7 5,6

thalc. - CO exp (-0,55 - 0,012 CO - 0,021).

The time required for achievement of MPC,, that was
calculated using the corresponding equation for a bi-
osorbent “Versoil”, was approximately 12 days.

Table 5 shows the values of V,, calculated for biosor-
bents based on Nonwoven materials of polypropylene
fibers PP (neutral) and acrylonitrile fibers AN-3 (con-
taining in their structure the groups of primary and sec-
ondary amines). For comparison, the biosorbent based
on natural mineral group of the brand “Versoil” was
examined.

In table 5, the kinetic data of biodegradation rate by
biosorbents based on PP and AH-3 are almost the same.
The processes of biodegradation depend on the affinity of
enzymes to the substrate (in our case on petroleum hy-
drocarbons and potential competitors, e.g. heavy metal
ions or inhibitors of organic nature). It should be noted
that for the biocatalytic system immobilized on the sorb-
ent, inhibitory effect on real wastewater of carwash was
practically absent.

Table 5
Values of specific rate of bio-destruction of V,
for Nonwoven materials with the immobilized cells and
a biosorbent with the cells on based on “Versoil”

Vs, (mg/g)-hr

t, hr PP AH-3 «Versoil»
(2Ps, Rhod)* (2Ps,Rhod)**  (2Ps,Rhod)***

DD C,, mg/L 89 91 100

0,5 27,5 23,5 Lag-phase
1 14,5 13,3 Lag-phase
2 7,8 8,8 Lag-phase
4 4,6 4,7 Lag-phase
6 31 3,2 Lag-phase
24 0,8 0,9 1,07

48 - - 0,56

72 - - 0,38

96 - - 0,29

120 - - 0,23

* — weight of PP = 0,4 g; temp.: 20-22 °C; pHinti.= 8,9;
** — weight of AN-3 = 0,4 g; temp.: 20-22 °C; pHinti.= 8,6;
*** — weight of vermiculite = 0,35 g; temp.: 20-22 °C.
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Fig. 3. The change in concentration of DD in aqueous phase with
time for biosorbent “Versoil” for three different initial concentrations
(V=0,1L,9=0,35g,Temp.: 20-22 ° C):

1-Cy=200 mg/L; 2 — Cy =100 mg/L; 3 — C; =50 mg/L.

For the period up to 24 hours, a biosorbent “Versoil”
reflects a lag-phase which is characterized by the cells ad-
aptation to the new conditions as well as high oxidation
activity, when there is a rapid decrease in the concentra-
tion of DD in the emulsion. In microbiology it is assumed
that the initial phase of the growth of microorganisms
characterized by a delay of reproduction and only a small
number of microorganisms were divided. Moreover, the
higher concentrations of DD in the emulsion lead to high-
er specific rate of biodegradation (Fig. 4). For comparison
of the performance efficiency of immobilized cells, Fig. 4
shows the dependence of the change in the concentration
of DD in the emulsion by biosorbent based on AN-3 with
time after using normal and double dose of mineral solu-
tion (Table 6).

The quantity of immobilized cells (2Ps, Rhod.) on bi-
osorbent AN-3 was 25-28 mg of dry cells per 1 g of support

0 20 40 60 80 100 120 140
t, hour

Fig. 4. Changes of DD concentration in the emulsion over time with
normal dose:

1 — biosorbent “Versoil” Activation — 1 normal dose; 2 — biosorbent
AN-3, Activation - 1 normal dose; 3 — biosorbent AN-3, Activation -
2 normal doses.
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Table 6

Comparative assessment of functioning of cells immobilized on Nonwoven material (AN-3) and “Versoil”

Concentration of DD in the emulsion after contacting time 24 hr

with sorbent (C°") and biosorbent (C'™)

Contribution of sorption and

immobilization actvation 29" Sorbent Do action processes (%)
(2Ps,Rhod) colution  timehr it e Sorbent with immobilized cells over 24hr

Co", mg/L C,, mg/L Csm, mg/L Clest mg/L sorption biodestruction
«Versoil» 1 24 33,7 100 12,0 54,3 38,3 61,7
AN-3 1 5,5 25 91 8,0 58 30,0 70,0
AN-3 2 5,5 25 91 1,0 65 28 72,0

material at a normal dose of mineral medium, while at a
double dose was 42-51 mg/g after 24 hours contacting time.

Fig. 5 shows photographs obtained by scanning electron
microscopy for pure nonwoven material and nonwoven
with immobilized cells based on single and double normal
dose of nutrients. As can be seen, a double dose of nutrients
provides a significant amount of immobilized cells on the
fibers of the nonwoven material, which is in good agree-
ment with the results of gravimetric analysis and efficient
functioning of the biosorbent, shown in Fig. 4.

A duplication of the activation solution dose provided
a significant reduction in the residual concentration of
DD in the emulsion. The effect of heavy metal ions and
organic inhibitors on the activity of cells was not detect-
ed even in the waste water of carwash. According to this
theory and experimental data, the substratum is exposed
to active chemical transformation, especially intensively
at high concentrations of substrate, i.e. active center (SH-
group) is not blocked and the system works as an effective
biooxidation catalyst (Fig. 4).

According to the data provided in Table 6, we con-
cluded that the lowest residual concentration of DD in the
emulsion can be achieved by using biosorbent AN-3 (2Ps,
Rhod) with single and double doses of the activation solu-
tion. DD residual concentration after 24 hours of contact
of the emulsion with a sorbent “Versoil” does not satisfy
the requirements of quality of natural water for fishing.

Higher contribution of biodegradation (%) in the DD
removal process was characteristic for sorbent based on
Nonwoven material with a small size of sorbent material
(fiber 3-5 mm), a large fraction of free cross-section layer
(o0 = 0,8-0,9), compactness, high surface area, low hydro-
dynamic resistance.

5. Conclusion

A comparative study of the effectiveness of the pro-
cesses of sorption and bio-oxidation of dodecane emul-
sion by sorbents and biosorbents with immobilized
microorganisms on the same carriers was conducted.
Nonwoven materials have been investigated based on
polypropylene (neutral) and acrylonitrile fibers (contain-
ing in their structure groups of primary and secondary
amines). For comparison, biosorbent based on natural
mineral (vermiculite) have been investigated.

Biodegradation rate, effectiveness of sorption process,
as well as changes of biocatalytic activity at repeating use
of the given biosystemwere examined. Biosystem based
on acrylonitrile Nonwoven material demonstrated high
effectiveness, allowing the reduction of DD concentration
to a maximum permissible concentration within 8 days.

It is obvious from this study; it is possible to create
an artificial biosystem with an effective and self-regener-
ation characteristics, which concentrate and biodegrade
PHCs, based on polymer and inorganic materials.

S5 KV WDtImm  S57

LIKI o, 214, Mangenenns

Fig. 5 Scanning electron microscopic images of nonwoven materials (a) pure AN-3, (b) AN-3 with immobilized cell (one normal dose),and AN-3

with immobilized cells (double normal dose).
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TeepaodasHbie 6MOCOPO6EHTbI A1 OUMCTKM BOAbI OT HEPTAHbIX YI/1€BOA0-
ponos

0. A. JleiikuH, o-p XvM. HayK, npodeccop, POCCMICKUIA XUMUKO-TEXHONOTMYECKKIA YyHUBepcuTeT umenn [1.1. Menpeneesa.
T.A. YepkacoBa, KaHA, XMM HayK, CT.Hay4. COTP., BeAYLMIA Hayy. COTP. POCCUMCKNIA XMMUKO-TEXHONOTMYECKUI YHUBEPCUTET
nmenn .M. MeHpeneesa

Moxamep, A6a-OnHa6u Anu-dnauun (M. A. Aly-Eldeen) nccnepoBatenb, HauMoHanbHbIM MHCTUTYT OKeaHorpadpuy,
Anekcanapus, Eruner.

M.A. Musues, acnupaHT, POCCUINCKMIA XMMUKO-TEXHONOTMYECKNIA YHUBepcuTeT nmenn [1.1. Menpeneesa

Ha modensHoM pacmeope dodekaHa uccnedo8aHbl CopbeHmMbI ¢ UMMOBUIU308AHHBIMU KAEMKAMU MUKPOOp2aHU3M0o8 poda
Pseudomonas (K-5-25, K-2) u Rhodococcus (EriA. 2-4M). PaccmompeHbl copbeHmel Ha 0CHO8e HEMKAHbLIX Mamepuasnos u3 no-
JIUNPONUIEH08020 B0I0KHA (HEUMPANbHO20) U U3 AKPUSIOHUMPUIbHO20 80JIOKHA (Co0epxalye2o 8 caoeli cmpykmype 2pynnei
nepsuYHO20 U BMOPUYHO20 AMUHOB), @ MAKXEe Ha 0CHO8e 8epPMUKYUMA, NPUPOOHO20 MUHEpana u3 2pynnsl 2Udpocod co-
ucmozo cmpoeHus. lposedeHa oueHka 3ggpekmusHocmu coOpOUUOHHO20 U BUOKaMaAaumMu4ecko2o 8kaados 015 uzydeHus
cmeneHu o4yucmku 8006bl. Takue camopezeHepupyouuecs cucmemsl, covemaruue Gu3uKo-xumudeckoe u buonozuyeckoe
yoaneHue HegpmsHbIX y271e8000p0008 U3 pacmeopos C MA/bIMU U C1€008bIMU KOHUEHmMpauyusmu, Mo2ym pabomams 8 OuHa-
Muydeckom pexcume. [lpu 3mom copbeHm 8bInosHsem 00HY U3 8axcHeliwux QyHKyul buocucmemsl, obecnequgas 00cmasky
U HakoneHue He@msHbIX KOMNOHEeHMOo8 U3 ¥UoKol ¢azsl, a UMMOOUIU308AHHbIE KIEMKU OCYW,eCms/Isim caMmopeeHepa-
yur buocopberma. AHanu3 cpasHUmMenbHol 3¢pgekmusHOCMU 3MUX NPOUECCO8 C UCNOTb308AHUEM KUHEMUYECKO20 AHA/U-
3a pe3ysbmamos, NoJy4eHHbIX Ha meepdopasHoM copbeHme ¢ UMMOBUIU308AHHbIMU KEMKAMU U Ha UCX0OHOM copbeHme
6e3 K/1emok, no380/us onpedeaumes cmeneHb QU3UKO-XUMUYECK020 ydaneHus 000eKaHa u3 800HOU 3My/bCUU U CMeneHb
€20 buodezpadayuu, Kak 8 ¥uoKkol, mak u 8 meepdoli gpaze copbyuoHHo20 mamepuana. Haubonee sgpexkmusHsiM 0Kazancs
buocopbeHm Ha 0CHOBe AKPUSOHUMPUIbLHO20 HEMKAH020 Mamepuand, N0380UBW UL yMeHbWUMb KOHUeHmMpayuw 0o0eka-
Ha e cucmeme 00 yposHs [1[IKpbi6.x03. 8 meyeHue 80cbMU OHEU.

KnioueBble cnoBa: COp6LI,l/IFI, 6l/IO,EI,ECprKLI,VIFI, MMMOOMNIN30BaHHbIE KNETKU MUKPOOPraHM3Mos, 6UoCHCTEMDI, KUHETUKA.

Poccusa He npucoeamHMnach K peryiMpoBaHuio BbIGPOCOB NapHUKOBbIX ra3oB
npu aBUanepeBo3Kax

OKCIIepMMEHTA/IbHBIN 9Tall CXeMBbl PeryInpOoBaHUA
BbIOpOCcOB mapHuKoBbIX razos (ETC) B aBmamepeBo3Kax
6b11 omoOpen MeXIyHapogHOI OpraHM3alyeil IpaXKgaH-
ckoit aBuanuu (ICAO). Poccus cunraer, 4To HOKyIIKa KBOT
Ha ETC mpeBpaTuT aBMaIuio B MCTOYHMK BO3BpaTa MHBECTH-
LM U1 9KOIOTMYECKMX IPOEKTOB B IPYTUX OTPACIAX, BbI-
TECHUT C PbIHKA aBMAaKOMIIAaHMY 13 Pa3BUBAIOIINXCA CTPaH
U CHM3UT 6e30I1acHOCTD IoIeToB. IloaToMy MockBa BMecTe
¢ [lenn vt [TekHOM NIPEIOKUIN a/IbTEPHATUBY — €JIMHBII
9KOJIOTMYEeCKNUIT COOP C KaXK/I0¥ TOHHBI TOIINBA.

Pap crpan — yuactHuy ICAO npenBapuTenbHO 0F00-
PWIV MeXaHU3M, OTPaHNYMBAIOLINIT 06BeM BBIOPOCOB yTIe-
KIC/IOTO Ta3a caMmojieTaMi. Pedb UieT 0 TaK Ha3bIBaeMbIX
«I'mo6abHBIX PBIHOYHBIX MEPaX B I'PAXKAAHCKON aBMALIMN»
(GMBM). Tlo cxeme, ogobpennoit 63 unenamu ICAO, aBu-
aKOMIIaHMAM, BBINONHAIMM MEXJYHapOJLHbIE peiiChl
U IPeBBICUBIINM 6eCIIATHYI0 HOPMY BBIGPOCOB MAPHMKO-

BbIX ra3oB (ETC), mpupeTcs HOKYNaTh «<KBOTHI HAa BBIOPOCHI»
Ha crenuanbHoil 6upxe. CpeacTBa MOMAYT Ha IIPUPOOOX-
paHHBbIE IPOEKTHI (MIOAEPIKKY 3€/I€HOI SHEPTeTUKI, TeCOHA-
CaXkieHue u T. 11.).

IIpeacraButenn Poccuu MOSCHSIOT, 9TO faXke He6GOMb-
mas JONOTHUTENbHasA GUHAHCOBAA HAIPy3Ka OTPAHUYUT
BO3MOXXHOCTH PasBUTHUA [/ OONBIINHCTBA aBIaKOMIIAHMUIL
U3 Pa3BMBAIOIMXCA CTPAH U BBITECHUT UX C PbIHKA MEXAY-
HApOJHBIX IepPeBO30K. Be3 dbMHAHCHPOBAHUSA NMPUAETC
HpOJIZIeBaTh PecypC ycTapeBLIEN TEXHMKMU, YTO YBETUUNT
9MUCCHUIO, HETATMBHO OTPA3NUTCA HA 3aKa3aX HOBBIX CaMO-
JIeTOB, YXYAIINUT 6€30IacHOCTD 10eTOB. 10 MPOTrHO3HBIM
OIleHKaM, TO/bKO 3a IepBhble 15 yieT obuiye moTepy aBua-
OTPaC/y OT HOBOJI CUCTEMBI COCTABAT 0K0710 $200 MIpz.

3ameTHO M3MeHNTH pesononnio ICAO BpsAx nmu momy-
YUTCH, HO B OKYMEHT BCe ke OYAYT BHECEHbI OrOBOPKH,
B ToM uncine ot Poccum n CHIA.
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