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INTRODUCTION

Modeling and simulations are important components of biodegradation processes in terms of efficient process
design and evaluation of system performance. Simulations of contaminant biodegradation processes can be used
both to understand the system dynamics as well as to predict contaminant concentrations under different
environmental factors that would affect the operational performance. Due to the complex nature of the
environmental systems and variability in environmental conditions which might change over space and time, some
level of uncertainty might be introduced into the models. Depending on the choice of the model structure,
uncertainty in the model parameters would need to be considered for accurate predictions and overall reliability of
the model outcomes. The parameters used in the models developed for the biotreatment processes are commonly
referred to as biokinetic parameters, which are constants used to describe the rates and processes of the biological
degradation reaction of concern. An accurate and reliable estimation of these biokinetic parameters are highly
important for accurate and reliable simulation results that can efficiently represent the system (Zhou et al., 2012).

Sensitivity analysis is a useful tool to investigate the uncertainty of biokinetic parameters in model predictions
and also determine which parameter would have the most significant impact on the model outputs (Neumann
2012). Various studies have been conducted to investigate the effect of kinetic parameters in modeling a diverse
range of pollutant degradation processes by means of sensitivity analysis (Seyfi et al., 2021; Baalbaki et al., 2017;
Vazquez-Rodriguez et al., 2006; Lin and Wu 2011; Malaguerra et al., 2011; China and Kumar, 2004; Pontes et al.,
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2010). However, studies related to sensitivity analysis for biological transformations of uranium in environmental
systems are highly limited.

Uranium has been one of the most important contaminants that has been reported in water, soil and sediments;
and has been considered to be a significant threat due to its mobility, solubility and toxicity (Renshaw et al., 2005;
Tokunaga et al., 2008; Wilkins et al., 2006). The oxidized form of U(VI), which is commonly found as the uranyl
ion (OU,") is more toxic, soluble and mobile; and can be microbially reduced to the tetravalent form, U(IV),
which is less toxic, less mobile and insoluble in the form of biogenic uraninite mineral (UOx(s)) under reducing
conditions (Gu et al., 2005; Renshaw et al., 2005; Wufuer et al., 2017). This microbially mediated remediation
strategy for soluble U(VI) to insoluble U(IV) has therefore been considered to be the most cost-effective and
promising approach among other removal mechanisms for uranium. Metal-reducing bacteria, particularly iron
reducing and sulfate-reducing bacteria (SRB) can facilitate the reduction of U(VI) to U(IV) in the presence of
suitable electron donors (Anderson et al., 2003; Gihring et al., 2011; Wufuer et al., 2017; Yabusaki et al., 2011).
However, experiments conducted by Sani et al. (2004) reported that the insoluble uraninite might be reoxidized
back to the soluble U(VI) in the presence of Fe(Ill)-hydr(oxides) when the electron donor in the medium (e.g.,
lactate) is consumed, highlighting the challenge for uranium bioremediation efforts. Spycher et al. (2011) have
described the biogeochemical reaction network of the experiments conducted by Sani et al. (2004) capturing the
important thermodynamic constraints effecting the uranium transformations. In their study, the competing rates of
reactions for U(IV) reoxidation, Fe(II) and sulfide generation were presented and biokinetic parameters for the
biogeochemical reactions were calibrated to capture the experiment data. Particular emphasis has been provided
for the relative rates of U(IV) reoxidation versus Fe(III) oxidation by sulfide, where sulfide is generated by sulfate
reduction reactions in the system. Based on the sensitivity of the competing reaction systems, it would be important
to investigate the impact of uncertainty of the calibrated biokinetic parameters on model outcomes, as the variations
in these parameters would reflect the local changes in the factors affecting the relative rates of the reactions.
Variations on the calibrated biokinetic parameters would be highly likely in natural systems, which would have
significant influence on contaminant predictions, especially for similar biogeochemical reaction networks
consisting of a delicate balance between competing reactions. Although Spycher et al. (2011) have described the
biogeochemical reaction network, the sensitivity of the biokinetic parameters on model outcomes related to
uranium transformations has not been examined before. Therefore, the present study provides a sensitivity analysis
of the biokinetic parameters affecting the biogeochemical reaction network dynamics. The extent of the effect of
each parameter on the overall biogeochemical processes and competing reactions are demonstrated here.

MATERIALS AND METHODS

Description of the Biogeochemical Reaction Network

The biogeochemical reaction network is composed of the biotic and abiotic reactions outlined by Spycher et
al. (2011), which include sulfate bioreduction, Fe(IIl) bioreduction, U(VI) reduction, Fe(Il) reduction by HS",
U(IV) reoxidation and sulfur precipitation-dissolution reactions as described in detail below.

Sulfate bioreduction: microbial reduction of sulfate to HS", where lactate is oxidized to acetate is expressed as
follows:
2C5Hs05™ + SO42 — 2CH;COO~ + 2CO52 + HS™ + 3H* )

Fe(IIl) bioreduction: microbial reduction of Fe(IlI) to Fe*? coupled to lactate oxidation to acetate is expressed
as follows:

C3HsO05 + 4Fe™ + 2H,0 — CH;COO + CO3'2 + 4Fe™? + 6H"' (2)

These microbially-mediated reactions are modeled using dual-Monod biomass growth kinetics, where the
reaction rate, R is described as (Spycher et al., 2011; Sengor et al., 2015):

C C
D A fG (3)

R =qgC
1 "ky+C, k,+C,
with
Ron = YR — bCy )
Jo=(1-0/K) Q)

where Cs, Cp, and Cy4, are the concentrations of biomass, electron donor and electron acceptor, respectively (in
units of moles/L). kp and &, are the half saturation constants for electron donor and acceptor, respectively (in units
of moles/L). ¢ is the rate of maximum substrate utilization (in units of moles per time, per biomass), Y is the
microbial yield coefficient (in units of biomass per substrate), b is the cell decay rate (in units of per time). f; is
the term for affinity which indicates whether the reaction is at equilibrium (being equal to 0) or away from
equilibrium (being equal to 1), where Q is the ion activity product and K is the equilibrium constant of the
corresponding reaction. For the Fe(III) bioreduction reaction, the rate is considered to be only limited by the
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electron donor, lactate, as unlimited supply of the electron acceptor, (Fe(Ill) or hematite solids) are assumed;
therefore, the Monod term consisting of Ca/(ka+Ca) in Eqn. (3) is taken to be equal to 1 (Spycher et al., 2011).

U(VI) reduction: The combined biotic and abiotic U(VI) reduction reaction to U™ is expressed as follows:

4U0,"? + HS™ + 7TH" — 4U™ + SO472 + 4H,0 6)
The rate of this reaction was limited by lactate, as expressed by the following Monod kinetics:
C
ky+C, Jo

where » and kp are the reaction rate constant (in units of mol/time) and half saturation constant for lactate (in
units of moles/L), respectively, and these parameters were adjusted to reproduce the observed experimental results
by Sani et al. (2004). As discussed by Spycher et al. (2011), implicitly limiting this reaction by lactate was the
simplest approach tested while also the number of adjustable model parameters were minimized.

Fe(IIl) reduction by HS : The fully abiotic Fe(IIl) reduction to Fe*? reaction coupled by HS™ oxidation to
sulfate is describes as:

8Fe™ + HS™ +4H,0 — 8Fe™+ SO42+ 9H" (8)
U(IV) reoxidation: The fully abiotic U(IV) oxidation to U(VI) coupled to Fe(Ill) reduction to Fe' reaction is
describes as:

U™+ 2Fe* + 2H,0 — UO, ™ + 2Fe™ + 4H* )]
Sulfur precipitation/dissolution: The fully abiotic Sulfur precipitation/dissolution reaction is also expressed
kinetically to yield consistent results with experimental data, and expressed as:

2Fe™ + HS™ — 2Fe' + S, + HY (10)

The rates of the abiotic reactions were considered to be limited only by thermodynamic constraints and
therefore expressed as:

R=rfs (11

where r (in units of moles per time) is the reaction rate constant.

The reaction rate parameters discussed above were calibrated by fitting the predicted concentrations of lactate,
acetate, sulfate and U(VI) with the measured experimental data, where the calibrated parameters are provided in
Table 1, as reported by Spycher et al. (2011).

An illustration of the conceptual framework of biogeochemical reactions is provided in Figure 1. Sulfate
bioreduction reaction to biogenic HS™ and the Fe(IIl) bioreduction reaction to Fe*2, coupled to the oxidation of
lactate, providing the electrons from the organic substrate source, are illustrated on the left-hand-side of the Figure.
The abiotic Fe(Ill) reduction by the available HS" producing Fe™ and sulfate; as well as the abiotic sulfur
precipitation/dissolution reaction oxidizing the available HS™ to produce sulfur minerals as S are also depicted.
Right-hand-side of the Figure shows the U(VI) reduction, where aqueous U(VI) is reduced to U(IV) minerals; as
well as the reoxidation of U(IV) back to soluble U(VI) into the medium.

Sensitivity Analysis

Sensitivity analysis relies on a robust statistical analysis, which provides the essential tools for quantifying the
variability and uncertainty in model parameters. Sensitivity analysis to quantify the impact of each variable on the
simulation results has been conducted using the least-square method, where the value of each variable is increased
and decreased by 50 % one at a time from the baseline value, while keeping the other parameters constant. The
least-square method is a commonly used statistical approach to minimize the sum of the squares of the differences
between baseline and simulated values. The baseline values are the previously calibrated model parameters as
described by Spycher et al. (2011) for the concentration data obtained for sulfate, lactate, acetate and U(VI) with
regards to the U(VI) bioreduction followed by U(IV) reoxidation batch experiments originally conducted by Sani
et al. (2004). The least-square value (LSV) which provides a quantitative comparison of simulated and baseline
simulation results is described as (Lin and Wu, 2011):

2
LSV — % §V=1 \](Ssimulated,i_sbaseline,i) (12)

2
(Sbaseline,i)
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where N refers to the number simulation data points, Ssimuiaredi and Spaserine; are the simulation and baseline
simulation points, respectively. In the least-square method, a decrease in the LSV results indicates a strong
agreement between the model simulation and baseline simulation results (Lin and Wu, 2011).

In order to quantify the model simulation results with the measured experimental data points, two statistical
parameters are used: coefficient of determination, R2, and Mean Relative Error (MRE). Coefficient of
determination, R2 can be expressed as (Walpole & Myers, 1989):

o 2
R2 = 1-;—2“ S gl ] (13)
21 e4d
(xx] Ndata
Mean Relative Error (MRE) can be described as (Scarlat et al., 2014):
__1 Ndata |Ssimulated,i_xi|
1\/IRE_Ndatazi=1 Xi (14)

where N, is the number of experimental data points, X is the experimental data and Simuazes s 1s the simulation
data points. Ideally, the R2 value of a perfectly fitted model should be close to 1 and the residual errors should be
close to zero, where MRE would approach zero (Moriasi et al., 2015).

The simulations presented in this study are carried out by the speciation and geochemical calculation program
code PHREEQC (Parkhurst and Appelo, 2013). PHREEQC is a widely used computer program that is designed
to perform a wide variety of aqueous geochemical calculations. The program implements various geochemical
speciation reactions including batch-reactions, one-dimensional transport, and inverse geochemical calculations
with reversible and irreversible reactions (Parkhurst and Appelo, 2013).

Table 1. Kinetic rate expresions and calibrated parameters for the U(VI) bioreduction reaction network (from
Spycher et al., 2011)

Calibrated Parameters Considered as Baseline Values
Reaction Kinetic Rate Expresssion q kp ka Y b
(mol/s/mgcens) | (mol/L) | (mol/L) | (mgcens/mol) | (1/s)
or r (mol/s)
Sulfate C C 108 2x1072 2x102 1600 108
bioreduction | B =qCy 2 4

Fe(IIl) C C 101 2x102 | - 1600 10°
bioreduction | B =qCy 2 4

UvD) C 8x101! 4x1072
reduction R=r—"— fe

Fe(11I) R=rfs 0.45x10°!1
reduction
by HS-

Uu(v) R=rfs 2x10!
reoxidation

Sulfurppt/ | R=rfs 1.4x10-1
dissolution
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Figure 1. [llustration of the conceptual framework for biogeochemical reactions

RESULTS AND DISCUSSION

In this section, the results of the sensitivity analysis are presented along with the details of the impact of each
biokinetic parameter on each of the biogeochemical reactions: sulfate bioreduction, Fe(IlI) bioreduction, U(VI)
reduction, Fe(Ill) reduction by HS-, U(IV) reoxidation and Sulfur precipitation/dissolution reactions. The
sensitivity analysis is conducted where the value of the selected parameter is varied = 50% while all other
parameters remained constant at base-line values, as reported in Table 2. Table 2a presents the results of average
LSV of each biokinetic parameter variation by 50% increase on U(VI) concentration, acetate concentration and
sulfate concentration predictions; and Table 2b presents the results of average LSV variation by 50% decrease on
the concentration predictions. The impact of + 50% biokinetic parameter variations on the discrepancies of model
results with the measured data is also demonstrated with R2 and Mean Relative Error Analysis results for each
reaction, as seen in Table 2a and 2b. The biokinetic parameters tested in this study include maximum substrate
utilization rate (g), half saturation constant for electron donor (kp) and acceptor (k4) for sulfate bioreduction
reaction; maximum substrate utilization rate (¢) and half saturation constant for electron donor (kp) for Fe(III)
bioreduction reaction; microbial yield coefficient (¥) and cell decay rate coefficient (b) for sulfate bioreduction &
Fe(I1I) bioreduction reactions; rate constant (») for U(VI) reduction reaction; rate constant (») for Fe(III) reduction
by HS- reaction; rate constant (r) for U(IV) reoxidation reaction and rate constant () for Sulfur
precipitation/dissolution reaction. The results for each reaction is discussed in detail below.

Sulfate bioreduction

Figure 2 shows the impact of maximum substrate utilization rate (¢) on (a) sulfate, (b) acetate, (¢) U(VI)
concentration; impact of half saturation constant for electron donor (kp) on (d) sulfate, (e) acetate, (f) U(VI)
concentration; and the impact of half saturation constant for electron acceptor (k) on (g) sulfate, (h) acetate, (i)
U(VI) concentration with regards to the sulfate bioreduction reaction. As seen from Figure 2 (a-e) and Table 2, a
50 % increase in the maximum substrate utilization rate (¢) has a slight decreasing effect in sulfate concentrations
and corresponding slight increasing effect in acetate concentrations with average LSV of 0.0483 and 0.0792,
respectively; following the reaction kinetics as shown in Eqn (3) and the stoichiometry of reaction (1). A 50 %
decrease in g, however, results in a more significant increase in sulfate and decrease in acetate concentrations with
LSV of 0.2358 and 0.1648, respectively. The U(VI) concentration predictions are more significantly affected as
can be seen from Figure 2c and higher average LSV values, especially with 0.6459 LSV for 50% decrease in ¢q is
observed. As seen from the reaction (1), when sulfate reduction reaction is increased, this causes a further decrease
in lactate concentrations, which affects the rate of U(VI) reduction reaction, where the rate of this reaction is
limited by lactate as by Eqn (7). The decreased lactate in the system results in a decrease in U(VI) reduction
reaction with higher U(VI) concentrations; and reverse effects are observed with the decrease in sulfate reduction
reaction, resulting in U(VI) concentration trends as depicted in Figure 2c.

50 % increase and decrease in the half saturation constant for electron donor (kp) and acceptor (k4) has slight
impact on sulfate and acetate concentration trends as can be seen from Figure 2d & le, and Figure 2g & 1h,
respectively, as well as from the relatively lower LSV results (ranging from 0.0475-0.0706) as seen in Table 2. An
increase in either kp or k4 values results in a decrease in the overall rate of sulfate reduction reaction as seen in
Eqn. (3) which ends up with higher sulfate and lower acetate concentrations based on reaction (1). This has
relatively more significant impact again on the U(VI) concentrations, as can be seen from Figure 2(f) and 2(i) and
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relatively higher LSV results (ranging from 0.3243-0.3879) in Table 2. Again, based on the available lactate in the
environment, a decrease in the overall rate of sulfate reduction reaction results in higher lactate availability, which
causes an increase in the U(VI) reduction reaction (Reaction 6) ending up in lower U(VI) (and again with the
reverse effect resulting in higher U(VI)) concentrations, as seen in Figures 2(f) and 2(i).

The comparison of model predictions with the measured data is also assessed by R2 and MRE values for
uranium, acetate and sulfate concentrations, as can be seen from Table 2. As can be seen from the analysis results,
an increase in the sulfate bioreduction reaction by either 50% increase in g or decrease in kp or k4 values results in
a further improved fit for sulfate and acetate concentrations, as seen from Figure 2 comparative simulation runs
with the measured data points. This can also be confirmed with high R2 values (ranging from 0.9788-0.9854) and
very low MRE values (ranging from 0.0313-0.1299) as seen in Table 2, indicating a very good fit between
measured and predicted values for sulfate and acetate. However, this increase in the sulfate bioreduction reaction
did not improve the fits for U(VI) concentrations, confirmed with relatively lower R2 and MRE values as seen in
Table 2. When the sulfate bioreduction reaction rate is decreased on the other hand, either by 50% decrease in ¢
or increase in kp or k4 values, deviations from the measured data are observed for all concentration predictions,
including sulfate, acetate and U(VI), as can be seen from Figure 2 and statistical analysis results in Table 2
(relatively lower R2 values ranging from 0.6414-0.9429, relatively higher MRE values ranging from 0.1378-
0.5163) as seen from Table 2.

Sulfate bioreduction reaction has important environmental implications, where it can be used to treat sulfate-
rich wastewaters, which can come from various industrial sources. With the production of biogenic sulfide, HS-
becomes available to be used in the proceeding chain of reactions to reduce Fe(Ill) and/or U(VI) in the reducing
environment. The sulfides can also precipitate to remove other heavy metals, such as copper, zinc, cadmium, lead,
nickel if present in the medium. These metal sulfides are insoluble and can be recovered for reuse purposes (Lens
et al., 2008).

Fe(III) bioreduction

Figure 3 shows the impact of maximum substrate utilization rate (g) on (a) sulfate, (b) acetate, (c) U(VI)
concentration; and the impact of half saturation constant for electron donor (kp) on (d) sulfate, (e) acetate, (f) U(VI)
concentration with regards to the Fe(IIl) bioreduction reaction. As seen from Figure 3 and relatively very low
average LSV results (ranging between 0.0002-0.0037) in Table 2, the sulfate, acetate and U(VI) concentrations do
not result in any significant deviations when the biokinetic parameters for Fe(IIl) bioreduction reaction is varied
+50 % from the baseline value. The lack of sensitivity of the g and kp parameters revealed that the Fe(III)
bioreduction reaction did not have much controlling factor among the biogeochemical reaction network. Model
prediction comparisons with the measured data are therefore ultimately aligned with the baseline simulation
outcomes, where a reasonably good fit of the original model predictions can be seen from the R2 (ranging between
0.9537-0.9721) and MRE (ranging between 0.0911-0.2330) values for uranium, acetate and sulfate concentrations
as seen in Table 2.

The impact of microbial yield coefficient (¥) on (a) sulfate, (b) acetate, (¢c) U(VI) concentration; and the impact
of cell decay rate coefficient (b) on (d) sulfate, (¢) acetate, (f) U(VI) concentration for the sulfate bioreduction &
Fe(III) bioreduction reactions are shown in Figure 4. The microbially mediated sulfate bioreduction and Fe(III)
bioreduction reactions share the common growth kinetic parameters of Y and b, as seen from Eqn. (4). As seen
from Figure 4(a-c) and Table 2 sensitivity analysis results, the =50 % variation of Y from the baseline value results
in a similar sensitivity in sulfate, acetate and U(VI) concentrations, compared to the effect with £50 % variation
in g for sulfate bioreduction (see Figure 2(a-c)), where 50% reduction in Y had again slightly more impact. Based
on the reaction rates modeled with dual-Monod biomass growth kinetics (Eqn. 3), the similar impact of ¥ and ¢
on the reaction rates would be expected. On the other hand, 50 % variation of cell decay rate coefficient () did
not have any significant deviations on the sulfate, acetate and U(VI) concentrations, indicating that cell decay rate
coefficient was not sensitive on the microbially-mediated reaction network considered in the system (see Figures
4(d-f)). The comparison of model predictions with the measured data can be seen in Table 2 by means of the R2
and MRE values for uranium, acetate and sulfate concentrations pertaining to the variations in Y and b parameters.

This reaction has important implications from environmental perspective, where the reduction of Fe(IIl) to
Fe(Il) can degrade organic contaminants. The produced Fe(II) can participate in other redox reactions, potentially
reducing other contaminants. The reaction can also lead to the formation of reactive minerals such as magnetite
(Fe304) and green rust, where these minerals can adsorb and degrade contaminants, providing a long-term
remediation solution (Chaudhuri et al., 2001).

U(VD) reduction

The impact of rate constant () on (a) sulfate, (b) acetate, (c) U(VI) concentration; and the impact of half
saturation constant for electron donor (kp) on (d) sulfate, (¢) acetate, (f) U(VI) concentration for the U(VI)
reduction reaction is provided in Figure 5. As can be seen from Figure 5(a-b) and Figure 5(d-e), sulfate and acetate
concentration predictions are not sensitive to the variations in either r or kp. However, U(VI) concentrations
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resulted in significant deviations from the baseline outcome results, when the biokinetic parameters, » or kp, are
varied £50%. The resulting sensitivity analysis can be seen from the relatively higher LSV results in Table 2,
ranging between 0.3470-0.5982. As seen from Reaction (6), when the rate of U(VI) reduction reaction is increased
either by an increase in the rate constant, », or a decrease in the half saturation constant, kp, further depletion in
U(VI) results in the decrease of U(VI) concentrations, as expected from the reaction stoichiometry. Similarly, the
reverse effect is seen when the rate is decreased by decreasing the rate constant, r, or increasing the half saturation
constant, kp. Significant deviations from the measured data points for U(VI) concentration trends can also be seen
from the R2 (ranging between 0.6788-0.8533) and MRE (ranging between 0.4162-0.6682) values in Table 2. The
greater sensitivity of U(VI) might be attributed to the relatively lower concentration values compared to sulfate
and acetate, where variations in lower concentration amounts might show more visible effect in general.

U(VI) reduction reaction is the main reaction mediating the conversion of aqueous U(VI) into insoluble U(IV)
form; which is considered as a promising strategy for in-situ remediation of subsurface uranium. This reaction has
significant environmental implications, where the engineered biostimulation of indigenous microorganisms to
mediate the conversion of U(VI) to immobile U(IV) form has been demonstrated in various uranium contaminated
sites (Anderson et al., 2003; Yabusaki et al., 2011).

Fe(III) reduction by HS™ reaction

Figure 6 shows the impact of rate constant (#) on (a) sulfate, (b) acetate, (c) U(VI) concentration for the Fe(III)
reduction by HS™ reaction. As can be seen from Figure 6, sulfate, acetate and U(VI) concentration trends did not
result in any significant deviations when the rate of Fe(IlI) reduction by HS™ is varied £50 % from the baseline
value. The relatively low average LSV results, ranging between 7.55E-6-0.0191, can also be seen in Table 2. The
lack of sensitivity of the rate constant, 7, on concentration prediction outcomes demonstrated that the Fe(III)
reduction by HS™ reaction did not have much influence over the biogeochemical reaction network considered in
this study.

Similar to the Fe(III) bioreduction, Fe(III) reduction by HS" reaction has impacts on water quality based on the
release of soluble Fe(Il) into the subsurface pore water environment, which can enhance the mobility and
bioavailability of iron in solution. This would facilitate the transport of iron and other nutrients, supporting
microbial activity and bioremediation processes. Again, the formation of magnetite and/or green rust as secondary
reactive minerals can also take place, which can also serve as adsorbents for removing various pollutants in the
media (Chaudhuri et al., 2001).

U(IV) reoxidation

The impact of rate constant () on (a) sulfate, (b) acetate, (c) U(VI) concentration for the U(IV) reoxidation
reaction is depicted in Figure 7. As seen from Figure 7, the results of the sensitivity analysis show the sensitivity
of U(VI) concentration predictions to the £50% variations in 7. The relatively higher LSV results for U(VI) ranging
between 0.2569-0.3282 can also be seen in Table 2. When the rate of U(IV) reoxidation reaction (see Reaction 9)
is increased by increasing the rate constant, r, further increase in U(VI) results based on the reaction stoichiometry;
and the reverse effect causes a decrease in the U(VI) concentration trends when the rate constant, r, is decreased.
The observed deviations from the measured data points for U(VI) can also be seen from the R2 (ranging between
0.8727-0.8854) and MRE (ranging between 0.3242-0.3595) values in Table 2. The sulfate and acetate
concentrations on the other hand, were not sensitive to the variations in 7, as can also be seen from the relatively
low LSV results (ranging between 1.33E-6-3.18E-6) in Table 2. The greater sensitivity of U(VI) results might
again be due to the relatively lower concentration values of U(VI), when compared to sulfate and acetate
concentrations.

From an environmental point of view, this reaction has significant impact in terms of the stability of bioreduced
uranium. U(IV) has been shown to be susceptible to re-oxidation and remobilization under electron-donor limiting
and sulfate reducing conditions (Sani et al., 2004). Subsurface porous medium is known to contain Fe(III)-oxide
minerals, where the available Fe(III) can serve as the electron acceptor to reoxidize U(IV) back to U(VI), thereby
significantly affecting uranium biodegradation efforts (Sani et al., 2004; Spycher et al, 2011).

Sulfur precipitation/dissolution reaction

The impact of rate constant (r) on (a) sulfate, (b) acetate, (c) U(VI) concentration for the sulfur
precipitation/dissolution reaction is illustrated in Figure 8. As can be seen from Figure 8, sulfate, acetate and U(VI)
concentration trends did not result in any significant fluctuations with the +50% variations in the sulfur
precipitation/dissolution reaction rate constant. The relatively low average LSV results, ranging between 2.4E-7-
0.0156, can also be seen in Table 2. The sensitivity analysis results showed that the sulfur precipitation/dissolution
reaction rate was also insensitive to the overall concentration predictions, and therefore this reaction did not have
much control towards the biogeochemical process dynamics.

Considering the environmental impact of this reaction, sulfur precipitation can influence the pH and redox
conditions of the water, which can have further influence on the solubility and mobility of other contaminants in
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the medium. Elemental sulfur also plays an important role in biogeochemical cycling of heavy metals, where its
dissolution to form hydrogen sulfide, HS-. would facilitate the formation of metal sulfide precipitates to remove
metal contaminants from aqueous environment.

Overall Evaluation

The results show that variation in the kinetic parameters pertaining to the sulfate bioreduction reaction had the
most influence over the biogeochemical reaction dynamics considered in this study. For sulfate bioreduction, the
biokinetic parameters, kp, and k4 had similar sensitivity towards sulfate and acetate concentration predictions,
whereas 50 % decrease in g as well as Y had the most impact. Changes in the biokinetic parameters for U(VI)
reduction and U(IV) reoxidation reactions did not show any sensitivity towards the model outcomes, except for
U(VI) concentration predictions. Among the concentrations tested, U(VI) concentration was observed to be the
most sensitive parameter for the changes in biokinetics parameters among the competing biogeochemical reaction
network, which might be due to its lower concentration values compared to other species concentrations in the
system. Fe(III) bioreduction reaction kinetic parameters, cell decay rate coefficient, Fe(Ill) reduction by HS™ and
sulfur precipitation/dissolution reaction’s kinetic parameters also did not significantly affect the biogeochemical
process dynamics.

Sensitivity analysis studies reported in literature have also demonstrated the impact of biokinetic parameters
in modeling various contaminant biodegradation processes, highlighting the importance of accurate monitoring
and prediction of the specific contaminant of concern. Sensitivity analyses for bioactive granular activated carbon
adsorbers for alachlor removal was studied by Badriyha et al. (2003), where their results for thin biofilm model
showed the significant sensitivity of the Monod coefficients, maximum substrate utilization rate and Monod half-
velocity constant, and moderate sensitivity of maximum biofilm thickness on process performance. Den and
Pirbazari (2002) conducted a study to investigate the biokinetic and adsorption parameters for TCE using a series
of minibiofilter and miniadsorber column experiments, where model sensitivity was examined to understand the
effect of adsorption equilibrium, transport and biological parameters on biofilter dynamics. Sensitivity analysis
results indicated that the Monod constants (maximum substrate utilization rate constant and half saturation constant
for Monod kinetics) as well as the biofilm thickness had a significant control on the biofilter performance.
Sensitivity analysis study conducted by Dastidar and Wang (2009) for biological oxidation of As (III) in batch
reactors for various As concentration ranges revealed that their yield coefficient and substrate inhibition coefficient
were the most sensitive parameters in their model predictions, whereas endogenous decay coefficient was the least
sensitive. In their another fixed-film bioreactor modeling study for biological oxidation of As (III) under different
operating conditions, maximum specific utilization rate constant was observed to be the most sensitive parameter
under steady-state conditions compared to half-saturation constant (Dastidar and Wang, 2012). A study reported
by Zhou et al. (2012), which quantified the growth biokinetic parameters of biofilm in wastewater treatment using
oxygen microelectrodes showed that their maximum specific oxygen uptake rate was more sensitive in their
Monod kinetic model, compared to their Monod half saturation constant and maintenance decay coefficient for
oxygen. The determination of biokinetic parameters of biofilms by measuring oxygen uptake profiles was also
investigated by Riefler et al. (1998) for a completely mixed attached growth bioreactor, where their sensitivity
analysis demonstrated that their maximum specific growth rate coefficient as well as half-saturation coefficient
were the most sensitive parameters in their transient biofilm model.

The results demonstrated in the current study might have important consequences in modeling uranium
contaminated environments for U(VI) removal strategies, where similar competing reaction process dynamics
would be of concern. The higher sensitivity of U(VI) to changes in biokinetics parameters would imply the
importance of sensitivity analysis in this context, as U(VI) might the primary monitored contaminant in the system.
Due to the nature of local variabilities in biokinetic parameters especially in the natural environment, uncertainity
in the calibrated parameters in modeling efforts is of paramount importance, especially for modeling complex
biogechemical reaction networks. Understanding how the variations in the calibrated parameters would affect the
model output would help to reduce model uncertainity in model predictions. Also, the sensitivity of biokinetic
parameters over a range various competing reactions in the system would provide useful information to understand
the system dynamics and behavior under different conditions. Furthermore, sensitivity analysis of model input
parameters would help to identify the key parameters that control the system performance, guiding model
refinement and improvement in efforts to increase process efficiency and system design.
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Table 2a. Sensitivity analysis results of the increased 50 % variation of biokinetic parameters on each reaction.

Reaction Parameter Average least-square value
Baseline value Increased Uranium Acetate Sulfate
50 % concentration concentration concentration
Sulfate q 1.5x10°8 LSV = 0.3628 LSV = 0.0792 LSV = 0.0483
bioreduction (10'8 mol/s/mgceus) R2 =0.8696 R2=0.9824 R2=0.9788
MRE=0.3798 | MRE=0.0313 | MRE=0.1328
kp (2x1072 mol/L) 0.03 LSV = 0.3243 LSV = 0.0495 LSV =0.0570
R2=10.8762 R2=0.9429 R2=0.9415
MRE=0.3472 MRE=0.1378 MRE=0.2412
k4 (2x102 mol/L) 0.03 LSV = 0.3879 LSV = 0.0604 LSV = 0.0667
R2=0.8449 R2=0.9347 R2=0.9317
MRE=0.3799 MRE=0.1487 MRE=0.2567
Fe(I1I) q 1.5x10!! LSV = 0.0019 LSV = 0.0004 LSV = 0.0037
bioreduction (10" mol/s/mgce1ss) R2 =0.9541 R2=10.9702 R2=10.9721
MRE=0.2318 MRE=0.0911 MRE=0.1754
kp (2x1072 mol/L) 0.03 LSV = 0.0009 LSV = 0.0002 LSV = 0.0018
R2=0.9538 R2=0.9700 R2=0.9717
MRE=0.2330 MRE=0.0916 MRE=0.1779
Sulfate Y (1600 2400 LSV = 0.1960 LSV = 0.0303 LSV = 0.0274
bioreduction & mgceiis/mol) R2=0.9327 R2=0.9828 R2=0.9840
Fe(I1I) MRE=0.2609 MRE=0.0550 MRE=0.1325
bioreduction b (108 1/s) 1.5x10°8 LSV = 0.0012 | LSV= 0.0002 | LSV = 0.0002
R2=10.9539 R2=0.9699 R2=0.9718
MRE=0.2329 MRE=0.0916 MRE=0.1774
U(VI) 7 (8x10™M mol/s) 1.2x10°1° LSV = 0.4985 LSV = 258E-5 | LSV =0.0011
reduction R2=10.7911 R2=10.9700 R2=10.9718
MRE=0.4418 MRE=0.0915 MRE=0.1769
kp (4x1072 mol/L) 0.06 LSV = 0.3470 LSV = 138E-5 | LSV = 0.0008
R2=10.8533 R2=10.9700 R2=10.9719
MRE=0.4162 MRE=0.0915 MRE=0.1774
Fe(III) red. 7 (0.45x10"" mol/s) | 6.75x10'2 | LSV = 0.0150 LSV = 7.8E-6 LSV = 0.0010
by HS- R2=10.9578 R2=0.9700 R2=0.9719
MRE=0.2240 MRE=0.0915 MRE=0.1767
U((v) 7 (2x107'" mol/s) 3x10°!! LSV = 0.2569 LSV = 1.55E-6 | LSV = 3.1E-6
reoxidation R2=10.8854 R2=0.9700 R2=0.9719
MRE=0.3242 MRE=0.0915 MRE=0.1771
Sulfur r(1.4x10""" mol/s) | 2.1x107!! LSV = 0.0156 LSV = 24E-7 LSV = 2.1E-7
ppt/dissolution R2=0.9508 R2=10.9700 R2=0.9719
MRE=0.2373 MRE=0.0915 MRE=0.1771
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Table 2b. Sensitivity analysis results of the decreased 50 % variation of biokinetic parameters on each reaction.

Reaction Parameter Average least-square value
Baseline value Decreased Uranium Acetate Sulfate
50 % concentration | concentration concentration
Sulfate q 1.5x10°8 LSV= 0.6459 | LSV = 0.1648 | LSV = 0.2358
bioreduction (10" mol/s/mgceiss) R2=0.6414 R2=0.8514 R2 =10.8296
MRE=0.5163 | MRE=0.2344 MRE=0.3904
kp (2x10°2 mol/L) 0.03 LSV= 0.3325 | LSV = 0.0632 | LSV = 0.0475
R2=0.8891 R2=0.9854 R2=0.9835
MRE=0.3452 | MRE=0.0283 MRE=0.1281
k4 (2x102 mol/L) 0.03 LSV= 0.3474 | LSV = 0.0706 | LSV = 0.0476
R2=0.8794 R2=0.9842 R2=0.9815
MRE=0.3622 | MRE=0.0295 MRE=0.1299
Fe(III) q 1.5x10°!! LSV= 0.0010 | LSV = 0.0004 | LSV = 0.0037
bioreduction (10" mol/s/mgcens) R2=0.9537 | R2=10.9699 R2=0.9716
MRE=0.2334 | MRE=0.0918 MRE=0.1788
kp (2x1072 mol/L) 0.03 LSV= 0.0018 | LSV = 0.0003 | LSV = 0.0037
R2=10.9542 R2=0.9701 R2=10.9721
MRE=0.2318 | MRE=0.0913 MRE=0.1754
Sulfate Y (1600 2400 LSV= 0.5270 | LSV = 0.0704 | LSV = 0.1049
bioreduction & mgceii/mol) R2=0.7435 R2=0.9234 R2=0.9190
Fe(I1I) MRE=0.4706 | MRE=0.1616 MRE=0.2805
bioreduction b (10 1/s) 1.5x108 LSV= 0.0012 | LSV = 0.0002 | LSV = 0.0002
R2 =0.9540 R2=10.9701 R2=0.9719
MRE=0.2323 | MRE=0.0913 MRE=0.1768
U(VI) 7 (8x10" mol/s) 1.2x10°1° LSV=0.5982 | LSV = 2.8E-5 LSV = 0.0016
reduction R2=0.6788 R2=10.9700 R2=0.9718
MRE=0.6683 | MRE=0.0915 MRE=0.1776
kp (4x1072 mol/L) 0.06 LSV=0.5062 | LSV = 2.39E-5 | LSV = 0.0011
R2=0.7874 R2=10.9700 R2=0.9719
MRE=0.4349 | MRE=0.0915 MRE=0.1768
Fe(III) red. r 6.75x10°12 LSV= 0.0191 | LSV = 7.55E-6 | LSV = 0.0010
by HS- (0.45x10°" mol/s) R2=0.9484 R2=0.9701 R2=10.9718
MRE=0.2406 | MRE=0.0915 MRE=0.1775
U((v) 7 (2x10"" mol/s) 3x10M! LSV= 0.3282 | LSV = 1.33E-6 | LSV = 3.18E-6
reoxidation R2=10.8727 R2=0.9700 R2=0.9719
MRE=0.3595 | MRE=0.0915 MRE=0.1771
Sulfur r(1.4x10"" mol/s) | 2.1x107!! LSV= 0.0076 | LSV = 5.0E-7 LSV = 5.3E-7
ppt/dissolution R2=10.9536 R2=0.9700 R2=0.9719
MRE=0.2331 | MRE=0.0915 MRE=0.1771
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Figure 2. Impact of (a-c) maximum substrate utilization rate (¢) on (a) sulfate, (b) acetate, (c) U(VI)
concentration; impact of (d-f) half saturation constant for electron donor (kp) on (d) sulfate, (e) acetate, (f) U(VI)
concentration; impact of (g-i) half saturation constant for electron acceptor (k4) on (g) sulfate, (h) acetate, (i)
U(VI) concentration for the sulfate bioreduction reaction.

__ 25E-02 (a' ——Baseline g (1E-11 mol/s/mgcells) _ 45E-02 (b) ——Baseline g (1E-11 mol/s/mgcells) _ 1.6E-04 ‘C) ——Baseline q (1E-11 mol/s/mgcells)
s € L 50% Increased q (1.5E-11 mol/s/mgcells) E 40802 1 e 50% Increased q (1.5E-11 mol/s/mgcells) z 1ag04 | 50% Increased q (1.5E-11 mol/s/mgcells)
K] 20E02 1 = =50% Decreased q (SE-12 mol/s/mgcells) | § — =50% Decreased g (5E-12 mol/sfmgcells) | & ™ = =50% Decreased q (SE-12 mol /s/mgcells)
é i = Sulfate Data g 3.5E-02 = Acetate Data E, 1.2E-04 | = U(VI) Data
§ 15602 § S0E02 v o 1.0E-04 |
s E 25602 %
g § 20802 f B4E0
8 1.0£.02 g* £ 6.0£05
5 § 15602 g 80E08
o - L © 4.0E-05 |
i 5.0E-03 LML N N é 1.0E-02 s
3 3 5.0E-03 - 5 2.0E-05
0.0E+00 0.0E+00 0.0E+00 +
o 10 20 30 40 50 20 30 40 50 o 10 20 30 40 50
Time (days) Time (days) | Time (days)
— 2.5E-02 (d) ——Baseline kD (2x10-2 mol/L) _ A5E-02 ——Baseline kD (2x10-2 mol/L) _ 18E-04 (f, ——Baseline kD (2x10-2 mol/L}
g ----- 50% Increased kD (0.03 mol/L) E s0E02 | et 50% Increased kD (0.03 mol/L) z 14E04 50% Increased kD (0.03 mol/L)
é 20602 & = =50% Decreased kD (0.01 mol/L) | 2 = =50% Decreased kD (0.01 mal/L) | & = =50% Decreased kD (0.01 mol/L)
E = Sulfate Data é 3.6E-02 = Acetate Data 2 12804 = U(VI) Data
5 § 3.0E-02 ——————r S 10204
2 15602 % 25002 g
E = 5 B.0E-05
S 10E02 20802 E 6.0E-05
s 5 15802 g ™
o
£ 50803 LIS R S R R T g 4oes
a3 § 50803 S 2.0E-05
0.0E+00 0.0E+00 0.0E+00
] 10 20 30 40 50 20 30 40 50 0 10 20 30 40 50
Time (days) Time (days) Time (days)
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Figure 5. Impact of (a-c) rate constant (r) on (a) sulfate, (b) acetate, (c) U(VI) concentration; impact of (d-f) half
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Figure 6. Impact of (a-c) rate constant () on (a) sulfate, (b) acetate, (c) U(VI) concentration for the Fe(III)
reduction by HS" reaction.
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Figure 7. Impact of (a-c) rate constant () on (a) sulfate, (b) acetate, (c) U(VI) concentration for the U(IV)

reoxidation reaction.

344



Sema Seving Seng6r. Sensitivity analysis of uranium reduction and its reoxidation Int. J. Agric. Environ. Food Sci. 2025; 9 (2): 331-347

E 2.5€-02 —Baseline r (1.4E-11 mol/s)
% ++ss«50% Increased r (2.1E-11 mol/s)
© 2.0E-02 = =50% Decreased r (7E-12 mol/s)
E, m Sulfate Data
S
= 1.5E-02
1]
=
=
S 1.0E-02
c
S
] . ]
L 50E03 - _I S
=
=
L) ]
0.0E+00 . . T T T
0 10 20 30 40 50
Time (days)
4.5E-02 -
E {b) = Baseline r (1.4E-11 mol/s)
= 4.0E-02 - +++++50% Increased r (2.1E-11 mol/s)
g 35E.02 . == =50% Decreased r (7E-12 mol/s)
= m Acetate Data
E 3.0E-02 -
—
g 2.5E-02 -
S 2.0E-02 -
g .0E-
@ 1.5E-02 -
&
£ 1.0E-02 -
[
1)
& 5.0E-03 -
<
0.0E+00 . . . T T
0 10 20 30 40 50
Time (days)
1.6E-04 -
(c) = Baseline r (1.4E-11 mol/s)
1.4E-04 - ++++250% Increased r (2.1E-11 mol/s)
= =50% Decreased r (7E-12 mol/s)
1.2E-04 - = U(VI) Data

1.0E-04 -

8.0E-05 :

U(VI) Concentration (Molality)

6.0E-05 - " s o

4.0E-05 |

2.0E-05 - -

0.0E+00 : : : : :
0 10 20 30 40 50

Time (days)
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CONCLUSION

In this study, the impact of biokinetic parameters in modeling biological transformations of uranium are
presented, based on the biogeochemical reaction network presented by Spycher et al. (2011) to model uranium
bioreduction followed by reoxidation by Fe(III) (hydr)oxides. The key biogeochemical reactions include sulfate
bioreduction and Fe(III) bioreduction reactions by lactate, U(VI) reduction to U(IV), Fe(III) reduction by HS",
U(IV) reoxidation reaction to U(VI) and sulfur precipitation-dissolution reaction. The results of the sensitivity
analysis show that the sulfate bioreduction was the most sensitive reaction to changes in the kinetic parameters;
where the rate of maximum substrate utilization and yield coefficient had the most significant impact, and half-
saturation constants had slightly more mild impact on model outcomes. U(VI) reduction and U(IV) reoxidation
showed sensitivity only to the U(VI) concentration predictions with the changes in biokinetic parameters in these
reactions. U(VI) concentrations were observed to be the most sensitive for the changes in biokinetics parameters
among the simulated concentration predictions for all biogeochemical reactions. Although a delicate balance
occurs in the system for competing rates of reactions for U(IV) reoxidation versus sulfide (HS") oxidation by
Fe(Ill), Fe(Ill) reduction by HS™ and sulfur precipitation/dissolution reactions as well as Fe(IlI) bioreduction
reactions did not show any sensitivity towards the changes in biokinetic parameters. The results presented in this
study can help to improve process design conditions and removal efficiencies for uranium contaminated
environments to be used for prediction purposes or for biodegradation models for uranium remediation.
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