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Abstract—A quantitative study of the biodegradability of polymer soil conditioners is necessary for a reason-
able prediction of their stability and functioning in soils. For this purpose, a new methodological approach
based on PASCO (USA) equipment was proposed. This approach allows recording continuous kinetic curves
of CO2 emission in laboratory experiments based on incubation of composite gel-forming soil conditioners.
Several characteristic types of respiration curves have been identified, and new physically based models have
been proposed for their description with subsequent calculation of the half-lives of composite hydrogels. For
the traditionally considered non-biodegradable acrylic superabsorbents of soil water, the possibility of rapid
biodegradation was shown for the first time in the case of the addition of a biologically active compost extract
into their liquid phase. With this treatment, which brings laboratory experiments closer to real soil conditions,
the half-lives of both the well-known European Aquasorb and Zeba superabsorbents and the Russian Aqua-
pastus hydrogel decreased by an order of magnitude from the initial values of 2–6 years to 0.1–0.3 years. In
practice, this can negatively affect the profitability of using such materials for soil conditioning due to their
rapid destruction and loss of functionality. The addition of silver ions into innovative Aquapastus composite
superabsorbents at a dose of 0.1% or 10 ppm in swollen gel structures effectively reduces their biodegradabil-
ity, prolonging the half-life to 10 years or more, which is twice the German standard DüMV 05.12.12 of the
stability of polymer ameliorants.
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INTRODUCTION
Synthetic and combined gel-forming soil condi-

tioners are successfully used in modern agriculture
and landscaping to optimize the water-holding capac-
ity and hydraulic conductivity of soils, create a water-
stable aggregate structure, protect against water and
wind erosion, and also as agents for controlled release
systems of agrochemicals and plant protection prod-
ucts in the rhizosphere [4, 9–11, 28, 30, 39–41, 53].
Small effective doses of such conditioners (0.05–0.3%)
are 10 or even 100 times lower compared to traditional
soil ameliorants, ensuring their high potential profit-
ability not only in direct application, but also in logis-
tics [5, 6, 15, 34, 40]. Such doses can increase the
water-holding capacity of soils by 3–5 times, the range
of available moisture by 1.5–2 times, reduce physical
evaporation by 1.3–3 times and unproductive losses
during infiltration by up to 2–10 times [5, 6, 8, 15, 34,
40–42, 48, 51]. Similar and smaller doses of gel-form-
ing polymer materials firmly aggregate soil particles and
protect them from water and wind erosion [25, 34, 51].

However, most of these assessments are given for
laboratory tests of gel-forming soil conditioners,
whereas in a real biologically and biochemically active
soil environment there are factors that can limit the
efficiency of such materials. The most serious and not
adequately taken into account factor is the biodegra-
dation of polymer superabsorbents [3, 25, 27, 37, 38,
43, 45, 47, 52]. Previously [37], based on a thermody-
namic analysis of the dynamics of water retention of
sandy soils under the influence of radiation-cross-
linked polyacrylamide (PAA), a significant (from 30–
50% or more) reduction in the water capacity of sam-
ples was revealed in the water pressure range of 0–
1000 kPa (centrifugation method) during six-month-
long incubation experiment at different temperatures
from 20 to 37°C. In fact, similar results were obtained
for the Iranian acrylic Super AB, A-200 superabsor-
bent in field lysimetric experiments followed by ther-
modynamic analysis of water retention curves in the
range of 0–1600 kPa (membrane press method) in the
study [8]. However, the authors, apparently guided by
1963
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Table 1. Composition and properties of gel-forming soil conditioners

PAA is polyacrylamide, AcK, AcNa, AcAm are potassium, sodium, and ammonium acrylates, respectively; C is the carbon content,
and Wh is the hygroscopic moisture.

Name Composition С, % Wh, %

Aquasorb AcK, PAA 39.5 ± 0.5 32 ± 3
Zeba PAA, AcNa, starch 46.6 ± 0.7 11 ± 5
A11 AcAm, PAA, biocatalysis waste PAA 45.0 ± 0.6 30 ± 2
A11-Ag AcAm, PAA, biocatalysis waste PAA, silver 45.0 ± 0.4 30 ± 4
A22 AcNa, PAA, peat 47.5 ± 0.5 31 ± 2
A22-Ag AcNa, PAA, peat, silver 47.5 ± 0.3 35 ± 3
the traditional point of view about the resistance of
such materials to biodegradation, did not associate
losses in water retention with the biodegradation of the
superabsorbent, limiting themselves to the broad con-
cept of “aging” of the material and the suppression of
its swelling under the influence of external (lithologi-
cal) pressure or osmotic stress from the electrolytes of
the pore solution. Meantime, currently, more and
more researchers are inclined to the conventionality of
the traditional division of superabsorbents into “bio-
degradable” (usually biopolymers–polysaccharides
and composite gels based on them) and resistant to
biodegradation (usually synthetic acrylic, acrylamide,
acrylonitrile and other polymers) substances, empha-
sizing the potential significance of biodegradation in
the behavior of both classes of gel-forming superab-
sorbents in soils [4, 9, 11, 28, 30, 37, 38, 43].

The purpose of our study was an instrumental
assessment of the biodegradation of composite gel-
forming soil conditioners with an acrylic polymer
matrix in a fully automated incubation experiment
based on PASCO equipment (USA) for monitoring
carbon dioxide emissions. This methodological study
continues the previous development based on the
kinetic assessment of biological oxygen demand (BOD)
during long-term incubation of hydrogels using the
Velp Respirometric Sensor System 6 for Soils from the
Italian company VELP [43]. The main tasks included
adapting new equipment to studies of biodegradation
of gel-forming soil conditioners, obtaining and typing
experimental kinetic curves of CO2 emission during
the incubation of gels, developing their physically
based models for an adequate description of experi-
mental data, and calculating basic biodegradation
parameters as the half-lives of the studied materials, as
well as conducting a comparative assessment of the
resistance of gels to biodegradation depending on their
composition and incubation conditions.

OBJECTS AND METHODS

Polymer composite gel-forming materials for soil
conditioning, synthesized in the Russian Federation
(patents RU No. 2726561, RU 2639789) of Aquapas-
tus trademark [39] were studied. They included acrylic
copolymers based on acrylamide and acrylic acid salts,
as well as various fillers of the synthetic polymer matrix
in the form of waste from the biocatalytic production of
acrylamide, dispersed peat, salts of humic acids, and
various technological additives, such as microelements,
growth stimulants, or biocides. Methylene bis-acryl-
amide was used as a crosslinking agent. The water
absorption of innovative products during freely swelling
in distilled water varied from 340 to 500 kg/kg for gran-
ules with a size of about 1 mm. Hydrogel Aquapastus-11
(A11) is a base copolymer of acrylamide and ammo-
nium acrylate, filled (28%) with solid waste from the
biocatalytic production of acrylamide as a mixture of
microbial cells, cell agglomerates, and perlite filter. Its
modification consists of the addition of 0.1% of silver
ions (A11-Ag gel) with the presumable purpose to
inhibit the biodegradation of the composite. Two other
experimental A22 and A22-Ag materials from the trade
line of innovative Russian Aquapastus hydrogels, along
with acrylamide copolymer and sodium acrylate, con-
tained fine peat as a filler (23.5%) and 0.1% ionic sil-
ver embedded in the polymer matrix. Information on
their hygroscopicity and carbon content obtained by
the standard gravimetric method and combustion in
an oxygen mixture using an AN-7529 C-analyzer and
required for a quantitative assessment of the biodegra-
dation of gels is presented in Table 1.

Innovative Russian soil conditioners, as well as well-
known international brands of superabsorbents, namely
Aquasorb (SNF-group, https://www.snf-group.com)
and Zeba (UPL-group, https://www.upl-ltd.com)
based on polyacrylamide, acrylic acid, and starch were
compared. Detailed descriptions of the synthesis,
composition, and results of preliminary laboratory
tests of Aquapastus composites in comparison with
Aquasorb and other foreign brands for soil condition-
ing are presented in previous publications [39, 41] and
patents RU No. 2726561, RU 2639789.

Before incubation experiments, swollen gel struc-
tures were obtained from air-dried preparations
weighing 400 mg in a ratio of 1 : 100 of the mass of
absolutely dry gel and liquid phase. Two types of liquid
phase were used, namely pure distilled water and dis-
tilled water with an aqueous extract from compost
consisting of rotting vegetables and fruits (potatoes,
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023
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Fig. 1. Types of kinetic curves for carbon dioxide emission during incubation of gel-forming soil conditioners (explanations in
the text). 
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onions, apples, grapes, oranges) with soil humus. The
gel structures were placed into sealed incubation vials
with a free volume of 200 mL and a built-in wireless
digital carbon dioxide sensor PS-3208 (PASCO Scien-
tific, USA, https://www.pasco.com), allowing contin-
uous monitoring of CO2 emission during the incubation
experiment. Closed vials with gels and PS-3208 sensors
configured to take readings every 5 min were installed in
a Binder ED023-230V thermostat (Germany) and
exposed for 24–72 hours at a constant temperature of
30°C optimal for aerobic biodegradation.

Upon completion of the experiment, the sensor was
connected to the computer via a USB port and, using
PASCO software, data on CO2 dynamics were read
from the sensor memory and exported to MS Excel
spreadsheets for further mathematical and statistical
processing, as well as preparation of illustrative mate-
rial. The approximation of experimental curves by the
physically based models of the kinetics of microbial
growth and CO2 emission proposed in the study with
the necessary statistical assessment of the approxima-
tion parameters was carried out in the S-Plot 11 pro-
gram based on the “Regression Wizard” application
for nonlinear regression.

RESULTS AND DISCUSSION

Types of kinetic curves and their physically based
modeling. The main types of curves for the carbon
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023
dioxide concentration dynamics during the incubation
of gel-forming soil conditioners are shown in Fig. 1.
The most common type 1 is represented by a convex
curve with a rapid increase in CO2 concentration at the
initial stage of incubation and a subsequent gradual
slowdown reaching a constant (quasilinear) small
increase at the end of the experiment. This form can be
explained by the inhibition of biodegradation by a lack
of oxygen when it is consumed in a bottle closed for gas
exchange [23, 32, 43].

A more complex shape of the kinetic curves was
observed in type 2 with a change from a concave seg-
ment to a convex segment as CO2 accumulated over
time. The initial segment with a slow rate of CO2
growth is often interpreted as a lag phase in the devel-
opment of a microbial population decomposing the
organic substrate [2, 23]. After the lag phase, active
growth of the colony begins with rapid destruction of
the organic substrate and CO2 emission. Limitation by
oxygen and possibly synchronous inhibition of micro-
organisms by excess CO2 slow down their growth and
biodegradation of the substrate, so the kinetic curve
takes on a convex shape with a quasilinear small
increase in CO2 concentration at the final stage of the
experiment, by analogy with type 1 curves.

The rarest type 3 was characterized by a constant
(quasilinear) increase in the CO2 concentration in the
incubator throughout the entire experiment. It can be
explained both by the short duration of the experiment
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and by the susceptibility to biodegradation of the stud-
ied organic substrate with intense CO2 release without
a significant effect of inhibiting this process.

The above types of kinetic curves are known in the
literature on biodegradation modeling, and a number
of empirical models have been proposed for their
quantitative description [7, 23]. The most well-known
model [23] is capable of quite adequately approximat-
ing both the first and second types of kinetic curves:

(1)

where C(t) is the CO2 concentration in the incubator
depending on time (t), t0 is the delay time before the
start of intense CO2 release (lag phase), a is the asymp-
tote of the kinetic curve or the maximum possible
amount of CO2 that can be achieved with a long incu-
bation of material capable of biodegradation. This
model describes only the convex shape of biodegra-
dation curves, completely ignoring the lag phase
range; thus, for curves of type 2, its application is very
conditional. Also, in contrast to the prediction from
model (1), the actually observed kinetic curves of all
three types had, at the last stage of incubation, instead
of the asymptotic final a value, a clearly defined qua-
silinear range with a constant rate of increase in CO2.
This specificity of the experimental data and the
shortcomings of the known empirical equations for
their description required the development of new
physically based kinetic models of the biodegradation
of organic gel-forming substrates in relation to the iso-
thermal incubation in a mass-transfer-closed system.

The key idea of the development was to divide the
biodegradation curve into two segments reflectingfast
(nonlinear) and slow (quasilinear) stages with a con-
ventional time boundary between them (ta) and a
stage-by-stage kinetic description of the modeled
curve using a linear combination of the most adequate
kinetic models for each segment. To describe the
curves of the first type in the initial segment (t ≤ ta), we
will use the results of previous work on the kinetics of
BOD in similar incubation experiments to assess the
biodegradation of gel-forming soil conditioners [43].
Since the rate of BOD and CO2 release are linearly
related through the molar ratio of these gases and the
reaction of aerobic biodegradation of organic mate-
rial, the kinetic model of BOD dynamics [43] can be
adapted to CO2 release in a closed bottle in the follow-
ing form:

(2)

where C, K, are the current and maximum CO2 con-
centrations in the closed volume of the incubation
bottle, g/m3; k is the kinetic constant of the biodegra-
dation at the fast stage, h–1. Differential Eq. (2) models
a gradual slowdown in the rate of biodegradation of
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organic material and CO2 release down to zero when the
limiting level of carbon dioxide (K) or, accordingly, the
maximum BOD is reached, according to [43]. The
solution to (2), assuming an insignificant (close to zero)
initial CO2 concentration in the incubator atmosphere,
is an exponential function (3), which describes the
dynamics of CO2 accumulation in a closed incubator:

(3)

From a mathematical point of view, Eq. (3) is obvi-
ously identical to the empirical model (1) [23] in the
absence of a lag phase (t0 = 0).

A more complex shape of the curve of the second
type suggests the presence of a slowdown (lag phase)
followed by a rapid increase in CO2 emission in the
initial segment (t ≤ ta). Typically, such an S-shaped
curve is a consequence of 2nd-order kinetics with the
growth of decomposing microorganisms limited by
the environmental “capacity of the environment”
according to the classical Verhulst–Pearl model [19]:

(4)

where K is the “medium capacity” in terms of the lim-
iting carbon dioxide concentration, g/m3; r is Malthu-
sian growth parameter (kinetic constant), h–1. The
analytical solution to this model gives a logistic func-
tion of the following form:

(5)

where Q is a dimensionless parameter associated with
the initial growth conditions of a colony of microor-
ganisms. Checking the adequacy of Eq. (5) for
describing type 2 curves in the range (t ≤ ta) revealed
discrepancies between experimental and model data
(Fig. 2, Table 2). However, a slight modification of the
classical Verhulst–Perl model led to a qualitatively
new type of sigmoid, which turned out to be more ade-
quate for describing experimental curves of type 2.
This modification implied an additional slowdown in
the growth rate of destructor microorganisms in
inverse proportion to the time of the experiment:

(6)

A physical explanation of such nonlinear kinetics
for the biodegradation of organic substrates is given
in [1] by the power-law link between the kinetic con-
stant and the substrate concentration in the original
autonomous equation (classical Moser model [1]).
The analytical solution of model (6) gives a family of
sigmoids, among which function (7) turned out to be
the most suitable for describing experimental kinetic
curves of type 2:

(7)
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Fig 2. An example of approximation of the nonlinear range of the kinetic curve of CO2 emission of the second type by sigmoids (5)
and (7) for the Aquasorb hydrogel with compost extract. 
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where Q is the integration constant in the range t > 0.
In Fig. 2 and Table 2, an example of approximation of
the type 2 curve for the Aquasorb soil conditioner by
sigmoids (5) and (7) in the area (t ≤ ta) is shown. Based
on this, it can be seen that function (7) matches the
experimental data better, with a higher determination
coefficient (R2) and three-fold reduction in the stan-
dard error of approximation (s).

The slow (quasilinear) part of the kinetic curves at
t > ta is adequately approximated by a straight-line
equation with a constant slope coefficient, reflecting
the rate of increase in the carbon dioxide concentration
in the incubation bottle. Since functions (3) and (7)
have a limit of a K constant, to combine the nonlinear
(fast at t ≤ ta) and quasilinear (slow at t > ta) parts of the
kinetic curves, it is convenient to use the algebraic sum
of these functions with the equation of the straight line.
At the same time, to compare curves that differ in time
scales and levels of accumulated CO2, they were scaled
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023

Table 2. Quality of approximation by sigmoids (5) and (7) of

The parameters are significant at the p-value <0.0001 level with a sa

Parameters

К, ppm Q r, h

Mod
84816 ± 222 46.4 ± 1.7 0.21 ±

Mod
92712 ± 147 11102 ± 392 3.19 ±
with the introduction of dimensionless variables of CO2
concentration (y = C/Cmax) and time (x = t/tmax), where
Cmax, tmax are the maximum values of the CO2 concen-
tration and duration of the experiment, respectively. In
this case, to describe curves of type 1 over the entire
range, the combination of Eq. (3) with the equation of a
straight line in dimensionless form gives function (8):

(8)

where a = K/Cmax, b = tmax k are the dimensionless
concentration and kinetic parameters of the model.

By analogy, for type 2 scaling kinetic curves we
obtain the approximating model (9):

(9)

where a = K/Cmax, x0 = Q–(1 + r)/tmax are dimensionless
constants.
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New models (8), (9) are convenient to use not only
for describing the kinetic curves of CO2 dynamics in
incubation experiments but also for assessing the bio-
degradation capacity of the gel-forming materials
under study. Traditionally, a parameter of the intensity
of biodegradation is the half-life (T0.5) of an organic
substance or the time of decomposition of half of its
original amount [32]. To a first (linear) approxima-
tion, the half-life can be calculated from data on the
percentage of decomposition (mass loss) of organic
material (D%) over a known incubation time (TD)
using the following formula [38]:

(10)

If the dimensionless parameter (a) in models (8)
and (9) is estimated from the kinetic curves, it is easy
to convert it into the specific rate of carbon dioxide
emission (A, g CO2/(m3 day)) at the last (quasilinear)
stage of biodegradation with a constant intensity
established after the development of a microbial pop-
ulation of destructor organisms:

(11)

where K, gCO2/m3; tmax is normalizing characteristics
of the maximum carbon dioxide concentration and
duration of the incubation experiment, h; 24 is con-
version factor of hour to day. The K value (gCO2/m3)
is estimated from the law of state of an ideal gas
according to the formula [38]:

(12)

where Xppm is the maximum volumetric CO2 concentra-
tion in the incubator determined by the PASCO gas ana-
lyzer, expressed in ppm, P is atmospheric pressure, Pa;
T is incubation temperature, K; R = 8.314 J/(mol K)
is the universal gas constant, M = 44 g/mol is the
molar mass of carbon dioxide.

Then, the percentage of material decomposition at
the steady-state slow stage of biodegradation is found as:

(13)

where V is the volume of the air space of the bottle, m3;
Corg is percentage of organic carbon in the incubated
material, %; m0 is mass of air-dry sample of material, g;
Wh is the percentage of hygroscopic moisture in it, %;
12/44 is conversion factor taking into account the
mass fraction of carbon in CO2. Substituting the value
of D% into formula (10) and taking into account that
for it the TD = 1 day, the half-life of the material under
study can be found. Note that taking into account
hygroscopic moisture content in calculating the D%
and T0.5 values is extremely important for superabsor-
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bents, since they are highly hygroscopic materials with
Wh values of 30% and higher [42].

Along with the above assessment using models (8),
(9), additional options for determining T0.5 were used

in the form of a potential  – range of this
value. The lower limit of this range ( ) was deter-
mined by the mass of CO2 released over the entire period
of the experiment, including the fast stage (t ≤ ta), which
gives the following formula for calculating the per-
centage of decomposition:

(14)

where С0, Cmax are the initial (atmospheric) and final
(maximum) concentrations of CO2 in the incubator,
g CO2/m3. Substituting D% determined by Eq. (14),
along with the value of the experiment time TD = tmax,

into formula (10) allows us to estimate .

The upper limit of the considered range (  ) is
determined using direct linear approximation of the
C(t) experimental data at the final stage of the experi-
ment (t  ta) with the slowest emission rate by the
straight line equation:

(15)

where СK is g СО2/m3; d is approximation parameters,
g CO2/(m3 h). Substituting the 24d value instead of A
into formula (13) gives the minimum possible estimate
of D% for the incubation experiment and, accordingly,
the maximum  value according to formula (10).

Almost all studied gel-forming soil conditioners
were characterized in incubation experiments by
kinetic curves of types 1 or 2. The only exception was
the Zeba composite material, which included an easily
degradable starch component [41]. For this hydrogel,
the kinetic curve was represented by a straight-line
dependence C(t) throughout the experiment (type 3 in
Fig. 1). Accordingly, to approximate it, it was possible
to equally successfully use both model (8) (at a  1)
and Eq. (15) with subsequent calculation of the half-
life of the material using formulas (11), (13) and (10).

Comparative analysis of the results obtained for dif-
ferent hydrogels and incubation conditions. Figure 3a
shows the scaling kinetic curves of CO2 emission for
gel-forming soil conditioners, pre-swollen to a water
content of 100 g/g in distilled water (hereinafter referred
to as pure gels). All hydrogels, with the exception of the
Zeba composite material, were characterized by type 1
curves of a convex shape with a rapid increase in CO2
concentration (up to 60–80% of the maximum) at the
initial stages of incubation (0.2–0.4 tmax) and a subse-
quent rather slow stage of steady-state biodegradation
with an almost constant (quasi-linear) increase in CO2
concentration. The fastest exit to the quasi-equilib-
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Table 3. Parameters and statistics of approximation of kinetic curves of CO2 emission in hydrogels by models (8) and (9)

Parameters of models (8), (9) Statistics

a b or r x0 p-value R2 s

Aquasorb, pure
0.618 ± 0.002 68.51 ± 1.86 – <0.0001 0.956 0.028

Aquasorb, with compost extract
0.789 ± 0.005 8.97 ± 0.09 0.564 ± 0.001 <0.0001 0.998 0.019

Zeba, pure
0.0008 ± 0.0001 0.0012 ± 0.0001 – 0.0013 0.999 0.010

Zeba, with compost extract
0.547 ± 0.003 11.56 ± 0.19 0.422 ± 0.001 <0.0001 0.998 0.015

A11, pure
0.801 ± 0.002 10.84 ± 0.11 – <0.0001 0.987 0.022

A11-Ag, pure
0.799 ± 0.005 9.56 ± 0.18 – <0.0001 0.965 0.037

A11, with compost extract
0.559 ± 0.007 9.35 ± 0.14 0.522 ± 0.001 <0.0001 0.996 0.024

A11-Ag, with compost extract
0.768 ± 0.004 5.93 ± 0.14 – <0.0001 0.981 0.028

A22, pure
0.499 ± 0.005 19.90 ± 0.89 – <0.0001 0.968 0.035

A22-Ag, pure
0.589 ± 0.007 14.55 ± 0.64 – <0.0001 0.955 0.041

A22, with compost extract
0.397 ± 0.005 13.81 ± 0.42 0.646 ± 0.001 <0.0001 0.997 0.019

A22-Ag, with compost extract
0.621 ± 0.017 4.83 ± 0.19 – <0.0001 0.991 0.023
rium stage was observed for the Aquasorb gel (<0.2 tmax).
The kinetic curve for the Zeba material belonged to
type 3 and was characterized by a constant increase in
CO2 throughout the experiment (Fig. 3a). The intro-
duction of innovative A11-Ag and A22-Ag materials—
biocides in the form of silver ions—into the polymer
matrix did not greatly affect the shape of the kinetic
curves of CO2 emission, which became only slightly
flatter, i.e., with a slower exit to the quasilinear section
(Fig. 3b).

The parameters for approximating experimental
data for pure gels and composites with silver by
model (8) varied in the ranges 0.5 < a < 0.8, 10 < b < 69,
with the exception of the Zeba material, where the use
of model (8) was possible only at very low values of a,
b is about 10–3 (Table 3). All parameters were statisti-
cally significant with a p-value in the range of 0.0013–
0.0001, which, along with high determination coeffi-
cients (R2 = 0.955–0.999) and small standard errors of
approximation (s = 0.01–0.04), indicated the ade-
quacy of the new model (Table 3).
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023
Sharp changes in the kinetic curves of CO2 emission
occurred for variants of hydrogels swelling in distilled
water with the addition of compost extract (Fig. 4a).
This processing led to a change in the shape of the
curves from the first type to the second one. For all
gel-forming soil conditioners, without exception, a lag
phase with a duration of 0.3 to 0.4 tmax appeared on the
kinetic curves of biodegradation. The intensity of CO2
emission in this area did not exceed 0.2 Cmax (Fig. 4a).
Subsequently, the lag phase gave way to a stage of very
rapid growth (CO2 generation) with a maximum rela-
tive slope of the curves of the order of 3/2 in the inter-
val 0.4–0.6 (up to 0.8) tmax. This stage, in turn, was
replaced by a quasilinear range at the final phase of the
incubation experiment.

Approximation of experimental curves of type 2 by
model (9) showed its adequacy (R2 = 0.996–0.998, s =
0.01–0.02) with parameters statistically significant at
the p-value < 0.0001 level, varying in the ranges: 0.4 ≤
a < 0.8, 9 < r < 14, 0.4 < x0 < 0.7. The introduction of
silver ions into the polymer matrix of innovative A11-Ag



1970 SMAGIN et al.

Fig 3. Scaling kinetic curves of CO2 emission in “pure” gels and their approximation by model (8): (a) gels without biocides and
(b) gels with ionic silver in a polymer matrix. 
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and A22-Ag composites was reflected in the kinetic
patterns of their biodegradation by changing the type
of curve from 2 to 1 (Fig. 4b). Therefore, for these bio-
cide-embedded materials, incubation conditions
involving swelling of the gels in pure distilled water or
with the addition of compost extract did not affect the
shape of the kinetic curve, which belonged to type 1 in
both cases.
The patterns noted above were characteristic to the
scaling curves and they described the relative changes
in the biodegradation kinetics of the compared mate-
rials. The absolute values of CO2 emission intensities
and biodegradation rates of the studied gel-forming
soil conditioners are estimated by the Сmax and tmax
normalizing indicators as well as half-life indicators
calculated from the parameters of models (8), (9)
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023
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Fig 4. Scaling kinetic curves of CO2 emission in gels with compost extract in the liquid phase and their approximation by models (8)
and (9); (a) is gels without biocides, (b) is gels with ionic silver in a polymer matrix. 
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using theoretical formulas (10)–(15) (Table 4). The
Сmax value varied from 1.8 to 135 g CO2/m3 and was
highest in experiments with the addition of compost
extract, which stimulates biodegradation. The experi-
mental time usually did not exceed three days (tmax =
60–72 h), which distinguishes the new methodology
favorably in comparison with BOD, where a similar
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assessment of biodegradation requires incubation of gel-
forming soil conditioners for 1–3 months [43]. Such dif-
ferences are primarily due to the low accuracy of mano-
metric BOD analyzers (0.3–1 g O2/m3) compared to
PASCO IFC gas analyzers (0.0–0.02 g CO2/m3).

The half-lives of the studied gels varied widely from
0.1–0.2 to 10–14 years. The highest T0.5 values,
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Table 4. Scaling parameters for CO2 emission kinetic curves and assessment of half-lives of gel-forming soil conditioners

Scaling parameters Half-live, h

Сmax, g/m3 Tmax, h

Aquasorb, pure
9.6 71.8 1.91–3.53 3.40 ± 0.04

Aquasorb, with compost extract
103.0 71.8 0.12–0.45 0.58 ± 0.01

Zeba, pure
27.6 62.8 0.59–0.59 0.56 ± 0.07

Zeba, with compost extract
134.0 59.0 0.11–0.23 0.24 ± 0.04

A11, pure
20.4 64.4 0.67–2.71 3.17 ± 0.06

A11-Ag, pure
3.6 50.2 3.18–10.86 13.84 ± 0.48

A11, with compost extract
135.0 55.5 0.08–0.14 0.18 ± 0.03

A11-Ag, with compost extract
22.0 60.0 0.59–2.76 2.38 ± 0.06

A22, pure
1.8 23.7 3.48–6.07 5.49 ± 0.10

A22-Ag, pure
2.4 60.0 6.64–13.90 12.26 ± 0.34

A22, with compost extract
54.0 48.0 0.19–0.26 0.31 ± 0.05

A22-Ag, with compost extract
16.0 83.0 1.41–3.37 3.38 ± 0.17

−min fin
0.5 0.5T T mod

0.5T
reflecting maximum resistance to biodegradation, as
expected, were found in innovative composites A11-
Ag and A22-Ag with silver biocides. The assessment

 – intervals were 3.2–10.9 and 6.6–13.9 years,
and the calculation according to model (8) T0.5 =
13.8 ± 0.5 and 12.3 ± 0.3 years for gels A11-Ag and
A22-Ag, respectively. Such characteristics signifi-
cantly (2–4 times or more) exceeded the half-lives for
materials without biocidal additives, both in the A11
and A22 original prototypes, and in similar Aquasorb
and Zeba foreign composites. Among them, the Zeba
composite material based on polyacrylamide and
starch had the minimum stability (T0.5 ≈ 0.6 years),
and the A22 composite with an acrylic matrix filled
with mechanically activated peat had the maximum
stability (T0.5 = 3.5–6.1 years). A11 and Aquasorb
materials occupied an intermediate position with
T0.5 = 0.7–2.7 and 1.9–3.5 years, respectively.

The addition of compost extract to the liquid phase
to swell the gels sharply increases the intensity of their
biodegradation. The T0.5 values of gels in such incuba-

min
0.5T fin

0.5T
tion options are reduced to 0.1–0.3 (0.6) years, i.e., by
6–10 times or more compared to pure samples. This
result seems extremely important from a technological
point of view, since it calls into question the traditional
ideas about the high resistance to biodegradation of
synthetic polymer superabsorbents in real soil condi-
tions, where instead of almost sterile distilled water,
natural solid-phase components and solutions with
degrading organisms and exoenzymes are present.
Obviously, the reduction in the actual working life and
functionality of rather expensive soil conditioners
from several years to 0.5–1 year may well be the reason
for abandoning their use due to lack of profitability. In
this regard, technological developments of composite
materials that combine the properties of superabsor-
bents with increased resistance to biodegradation are
promising for soil conditioning [41].

Thus, the introduction of silver ions into the poly-
mer matrix of composite acrylic gels, originally pro-
posed to control potato pathogens, including late
blight [39], allows simultaneously increasing their
resistance to biodegradation. The T0.5 values in the
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023
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innovative A11-Ag and A22-Ag composites when they
were swollen in a liquid with a compost extract
increased to 2.4–3.4 years, that is, by 5–10 times,
actually returning to such materials the stability char-
acteristic of the original pure state when swelling in
distillate.

The results obtained made it possible to clarify the
existing rather contradictory information about the
biodegradability of polymer synthetic superabsorbent
hydrogels. Such materials are traditionally believed to
be very resistant to biodegradation and can be classi-
fied as resistant to biodegradation, in contrast to well-
degradable environmentally friendly polysaccharide
gels based on starch, cellulose, chitosan and other bio-
polymers of natural origin [3, 9–11, 28–30, 47]. At the
same time, it is obvious that there are no polymers that
are completely resistant to decomposition, and the
only question is to characterize the rate of their
decomposition (characteristic lifetime) under certain
conditions [32]. Formally, this issue was resolved in
the foreign examination of polymer materials by two
standards of resistance to biodegradation, namely
European EN 13432 and American ASTM 6400 [29].
For the American standard, a material that loses 60%
in 180 days is considered biodegradable, and for the
more strict European standard, it is 90% of its original
mass or carbon content [29]. Using Eq. (10), it is easy
to determine that the conventional boundary for
dividing materials into resistant and non-resistant to
biodegradation according to American and European
standards will be the standard half-lives of 136 and
54 days or 0.15–0.37 years, respectively.

Comparing the data obtained (Table 4) with these
criteria, it is easy to verify that pure acrylic gels that
swell in distilled water are indeed stable, since their
half-lives of 2–3.5 years or more significantly exceed
the limits of EN 13432 standards and ASTM 6400 in
0.15–0.37 years. And only the Zeba composite mate-
rial with an easily degradable biopolymer component
(starch) and the corresponding characteristic T0.5 =
0.11–0.24 years can be conditionally classified as a
class of polymers that are not resistant to biodegrada-
tion, especially according to the American standard.
Most of the known data on the decomposition of
acrylic superabsorbents is consistent with this infor-
mation [24, 25, 28]. Thus, study [24] reports that 10%
destruction of polyacrylamide (PAA) per year, which,
translated into half-life according to formula (10),
gives T0.5 = 6.5 years. Similar estimates of T0.5 of 5–
7 years for synthetic polymer superabsorbents are
given in [28]. In [25], the degree of mineralization of
PAA in soil is estimated at 22.5% over 2 years or a half-
life of 5.5 years.

At the same time, a number of publications contain
information about the possibility of rapid decomposi-
tion of acrylamide and PAA with half-lives of only a
few days, that is, significantly lower than the standards
EN 13432 and ASTM 6400 [3, 13, 21, 35, 44, 49, 52].
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The authors of [21] estimated the decomposition rate
of acrylamide at doses of 25–500 mg/kg in agricultural
soils with a T0.5 = 1–4 days at a temperature of 20–
22°C. Data [3] on 71–95% decomposition of acryl-
amide in soils in 14 days correspond to half-lives of 3–
8 days. Similar data with T0.5 = 2–3 days were
obtained for acrylamide in water bodies [13]. In [44],
PAA was almost completely decomposed within 5 days
after adding 0.05% to garden soil. Many microorgan-
isms are capable of generating extracellular amidases
that successfully utilize the amide groups of polyacryl-
amide [25, 49]. Aliphatic amidase (cd07565) from
Pseudomonas putida leads to PAA degradation by 46%
after 7 days at 39°C, which, according to formula (10),
corresponds to a half-life of no more than 8 days [49].

The study [52] presents the kinetic constants of
PAA biodegradation. Based on them, T0.5 equals from
37 to 80 days in the experimental temperature range of
25–37°C. Researchers [27] provide data on the bio-
degradation of a superabsorbent based on copolymers
of acrylamide and potassium acrylate by soil bacteria,
from which it follows that the half-life of such a hydro-
gel varies from 0.13 to 1.31 years. The authors mention
a strong (about 25%) loss of water-holding capacity of
such material during the 8-month biodegradation.
This is consistent with previously obtained experi-
mental data for radiation-crosslinked PAA with T0.5 =
0.4–1.7 years and losses of water retention of hydro-
gel-treated soil (silty–sandy Arenosol of Karakum) of
50% or more during a five-month incubation experi-
ment with a temperature range of 20–37°С [37].

The main reason for such a strong variation in the
estimates of the intensity of biodegradation of acrylic
gel-forming polymers known in the literature may be
clarified by comparing the results of incubation of
these materials in their pure form and with the addi-
tion of a compost extract to the liquid phase for swell-
ing. It is the presence of biodestructor organisms and
their enzymes necessary for biodegradation that
causes a sharp increase in the intensity of decomposi-
tion of these synthetic polymers, which are a priori
stable due to chemical cross-linking and high molecu-
lar weight. This conclusion is confirmed by recent
studies [45] assessing the biodegradation of gel-form-
ing soil conditioners depending on synthesis parame-
ters (degree of swelling and chemical composition), as
well as environmental conditions. The results of [45]
showed that the degree of swelling, composition of the
composites, and synthesis parameters had little effect
on the stability of hydrogels compared to environmen-
tal parameters, which seem to be the main factors
influencing their biodegradation. If the untreated
control (clean gels) remained stable during 8 days of
the incubation experiment (mass loss up to 3–5%, not
statistically significantly different from zero), then
contact with forest soil led to losses of 30–40%, and
with agricultural soil, to losses of 60–70% of polymer
composites due to biodegradation. Such losses in
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terms of half-life are T0.5 = 6–15 days or significantly
less than 1 month. The main factor for a significant
increase in biodegradation after direct contact with
soils and plants or after the addition of aqueous
extracts from them are, of course, soil microorgan-
isms–bio-destructors and exoenzymes present there.
Additionally, the priming effect can be assumed,
which is well known in soil biochemistry [16].

In this regard, the conventionality of dividing gel-
forming soil conditioners into biodegradable (mainly
polysaccharide gels) and resistant to biodegradation
becomes obvious. The review [4] summarizes the data
of 22 modern publications on the biodegradation of
polymer hydrogels, expressed as a percentage of
decomposition over a certain time interval, which
made it possible, using Eq. (10), to estimate their half-
lives. For the entire data set presented in [4] (n = 33),
T0.5 varied in a wide range from 2 days to 285 years.
Using the limits of EN 13432 and ASTM 6400 stan-
dards of 54 or 136 days, we estimated the probability
that a particular hydrogel would be in the class of poly-
mers not resistant to biodegradation. Of the entire data
set [4], 61% of materials were conditionally biodegrad-
able according to the American standard and 33%,
according to the European classification. If we analyze
only composite superabsorbents with acrylic compo-
nents (acrylates and PAA in various combinations with
each other and natural biopolymers), then the proba-
bility of them being biodegradable was 57% according
to the American standard and 24% according to the
European standard. For other, mainly biopolymer gel-
forming composites based on polysaccharides without
the addition of acrylic copolymers, such probabilities
of biodegradability were slightly higher (67 and 58%,
respectively). Consequently, according to the American
standard ASTM 6400, more than half of the gel-form-
ing superabsorbents given in the review [4] are biode-
gradable, and the presence of acrylic copolymers in
their composition has little effect on this parameter,
reducing the likelihood of biodegradability by only 10%.

Obviously, for soil gel-forming conditioners, rapid
biodegradation with loss of functionality is a signifi-
cant reason for their potential unprofitability. Accord-
ing to the [17], a German quality standard requiring
that synthetic polymers, when added to the soil, are
decomposed by no more than 20% over a 2-year
period (half-life of about 6 years). As can be seen from
Table 4, in reality, none of the biocide-free acrylic
composites, including the famous Aquasorb brand,
pass this stringent test. A similar result is given by an
analysis of literature information [4, 18, 28, 37, 38, 43,
45, 47], according to which no more than 10% of
superabsorbents are in this standard, and 60% of
materials lose half of their mass (and, therefore, func-
tionality) within 1 year of use. This serious problem
leads to the challenge of further improving gel-form-
ing composite materials for conditioning soils and
soils with higher resistance to biodegradation.
A promising way to increase the resistance of poly-
mer materials to biodegradation may be the adding of
biocidal components into their composition [12, 38].
In the present study and in previous works [38–41],
apparently, for the first time, it was proposed to use
silver ions and nanoparticles for soil conditioners for
this purpose. Known similar developments with silver
biocides mainly concern medications and antiseptics
[12, 33]. Silver biocides effectively increase the resis-
tance of hydrogels to biodegradation, which is con-
firmed by both previously published data of laboratory
[38, 40, 43] and field [39, 41] tests, and new results
based on PASCO equipment. The results obtained are
fully consistent with data on the high efficiency of sil-
ver biocides in relatively small doses (1–100 ppm) [14,
20, 22, 31]. When the innovative A11-Ag and A22-Ag
gels swell to a degree of 100 g/g, the initial silver con-
tent of 0.1% will be equivalent to its working concen-
tration in the gel structure of 10 ppm. This dose, as can
be seen from Table 4, is sufficient to give the soil con-
ditioner the stability required according to the German
quality standard [17] (T0.5 is more than 6 years), and, at
the same time, it is not dangerous for plants and soil
zoocenosis, including earthworms with effective con-
centrations of biocidal suppression of 250–500 ppm or
more [22, 36, 38]. However, due to the relatively high
cost of silver, future studies should be directed to the
search for alternative biocidal additives, for example,
based on copper, antimony, ammonium, phospho-
nium or sulfonium salts, titanium oxide, as well as
organic antimicrobials [12, 30, 50].

At the end of the paper, we will discuss the meth-
odological issue of comparing the results obtained
with the data of BOD analysis based on the automatic
equipment Velp Respirometric Sensor System 6 for
the same composite materials from previous work
[43]. European Aquasorb gel and Russian Aquapastus
(A11, A22) in pure form were characterized by a range
of half-lives estimated by BOD from 0.5 to 4.0 years,
decreasing by 5–20 times after adding compost extract
to values T0.5 = 0.1–0.2 years. Innovative A11-Ag and
A22-Ag composites with 0.1% silver biocide in a poly-
mer matrix, according to BOD assessment, had half-
lives of 3.5–8.8 years in pure form and 1.1–2.6 years
when swollen in a distillate with compost extract.
These quantitative results and patterns of gel biodegra-
dation response to the addition of compost extract or
the use of biocides are generally close to the data
obtained in the present study. However, the mean
half-lives of gel-forming soil conditioners based on
BOD assessment were in most cases lower than those
assessed based on CO2 emissions. It is difficult to
name the reason for this discrepancy. The incubation
time of materials in BOD and VELP CO2 analyzers
differs by 10–30 times. It is possible that the kinetic
curves of CO2 analysis with a quasi-linear final range
(Fig. 1) with longer incubation would change their
shape with corresponding consequences for calculat-
EURASIAN SOIL SCIENCE  Vol. 56  No. 12  2023
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ing the T0.5 based on them. Although the assumption
of accelerated rates of decomposition of materials at
longer stages of incubation, necessary to obtain lower
T0.5 values close to BOD analysis, seems unlikely.
Another hypothesis is the interfacial interactions of
the gases studied in incubation experiments [38]. Car-
bon dioxide has 20–30 times, and in alkaline solutions
up to 1000 times, greater solubility compared to oxy-
gen. This means that there is a possibility of accumu-
lation of a certain part of the CO2 released during the
decomposition of the material in the gel structure
itself. Since this amount is not taken into account by
direct monitoring of CO2 in the air phase of the incu-
bator, there may be a strong underestimation of the
rate of biodegradation of gels and, accordingly, an
overestimation of their half-lives compared to BOD
analysis. An indisputable advantage of both types of
analysis is a fully automated incubation experiment
with continuous gasometric monitoring of the inten-
sity of biodegradation, and future methodological
studies will have to establish the true reason for their
discrepancies in order to clarify the estimated T0.5.

CONCLUSIONS
(1) A methodology has been developed for quanti-

tative assessment of the biodegradation ability of gel-
forming soil conditioners in laboratory incubation
experiments based on PASCO equipment with auto-
mated control of CO2 emissions.

(2) Three characteristic types of kinetic curves of
CO2 emission from incubated gels have been identified
and physically based models have been proposed.
They allow making their adequate approximation with
subsequent calculation of the half-lives of gel-forming
soil conditioners as a basic indicator of their biodegra-
dation

(3) The half-lives of the gel structures from the
studied acrylic composites, swollen in distilled water,
were in the range of 0.6–6.6 years with the minimum
values for the Zeba composite with a starch filler and
the maximum for the A22 material with a peat filler of
the polymer matrix.

(4) Adding compost extract to the liquid phase to
swell hydrogels sharply (up to 10 times) stimulates
their biodegradation with a corresponding reduction
in their half-life to 0.1–0.3 years.

(5) The introduction of silver ions in a dose of
0.1% into the acrylic polymer matrix of gel-forming
soil conditioners is an effective means of controlling
their resistance to biodegradation. This fact allows
achieving the European standard for the stability of
synthetic polymers in soils with a decomposition
period of more than 6 years.

(6) Traditional views on synthetic superabsorbents
of soil moisture as resistant to biodegradation are con-
troversial, since they correspond only to close to sterile
laboratory conditions for testing such materials. In
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more realistic conditions, with the presence of the nec-
essary microorganisms–bio-destructors and enzymes,
such materials can decompose by 50% in a few
months, i.e. be biodegradable according to existing
European and American standards for the biodegra-
dation of polymers.
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