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Abstract 11 

Two-dimensional compound specific isotope analysis has become a powerful tool to 12 

distinguish reaction mechanism. Lambda (Λ), an essential and important parameter for 13 

processing two-dimensional isotope fractionation data, is specific to a reaction 14 

mechanism. In the present article, we modified the existing algorithms for Lambdas 15 

based on the review of the current methods. Specifically, through regressing 16 

[(1000+δE0,2)*(n1*x2)*ΔδEbulk,1] versus [(1000+δE0,1)*(n2*x1)*ΔδEbulk,2] by York 17 

method, a novel method was developed to calculate Λs. The improved method eliminates 18 

both the influence of non-reacting position and the initial isotope signatures. Furthermore, 19 

this method retains the advantages of two-dimension isotope plot, which eliminates 20 

contributions from commitment to catalysis, no need to determine fraction of remaining 21 

substrate and can be constructed even from filed data. At the same time, one sample t test 22 

is applied to generate 95% confidence interval of data set of Λris for various reaction 23 

mechanisms. The range of 5.6724.8, 8.549.80, 0.518.35, 25.236.8, 7.0921.9 are 24 

responsible for oxidation of C-H bonds (ZC=1, ZH=3), oxidation of C-H bonds 25 

(ZC=1,ZH=4), aerobic biodegradation of benzene (ZC=6,ZH=6), methanogenic or sulfate-26 

reducing biodegradation of benzene (ZC=6,ZH=6), and nitrate-reducing biodegradation of 27 

benzene (ZC=6,ZH=6). The accumulation and correction of these values will make the 28 

data measured in the field easier to interpret. 29 

Keywords Biodegradation; Two-dimensional isotope fractionation; Mechanism insight; 30 

One-sample t test; Compound specific isotope analysis 31 
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Introduction  33 

Compound specific isotope analysis (CSIA) has been extensively explored as a useful 34 

tool to identify contaminant sources and monitor the extent of pollutant degradation 35 

(Elsner 2010, Elsner &Imfeld 2016). By measuring kinetic isotopic effects (KIEs) of 36 

biochemical reactions for compounds, CSIA also can be provided insight into 37 

biodegradation reaction mechanisms (Elsner et al. 2007). KIEs for a specific reaction 38 

mechanism are fully expressed only if the dominant isotope fractionation step is the 39 

slowest step, known as the rate-determining step or rate-limiting step (Jaekel et al. 2014). 40 

However, the isotope-sensitive step (i.e., the bond conversion) is occasionally preceded 41 

by a not or slightly fractionation process such as transport and adsorption to reactive sites, 42 

or formation of enzyme-substrate complexes, which will make the measured apparent 43 

kinetic isotope effect smaller than the intrinsic KIE (Elsner et al. 2005, Feisthauer et al. 44 

2011). The masking factors mainly include high microbial cell densities, low substrate or 45 

electron acceptor bioavailability, substrate transport across cellular membranes and the 46 

reversibility of enzymatic reactions, respectively (Jaekel et al. 2014). The expression 47 

“commitment to catalysis” (Northrop 1981) was introduced to describe this influence. To 48 

mitigate masking effects of biochemical reactions, measure of isotope signatures of two 49 

elements involved the isotope-sensitive steps simultaneously (two dimensional CSIA) has 50 

been proposed (Fischer et al. 2007, Jaekel et al. 2014). The slope of a dual-isotope plot, 51 

Lambda (Λ), can be specific to one certain reaction mechanism.  52 

 53 
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Generally, four methods are used to calculate Λs as follows: 54 

(i) Calculating Λs from fractionation factor at the reacting position (αrp) (Elsner et al. 55 

2005). When there are heavy isotopes in the reaction site of the molecule, αrp usually be 56 

masked by commitment to catalysis (C) and the influence of C can be described by Eq. 57 

(1) (Elsner et al. 2005), 58 

 59 (𝛼𝑟𝑝⊂ )−1 = 𝐶+(𝛼𝑟𝑝⊄ )−1𝐶+1                                                      (1) 60 

 61 

where the superscript “⊂” and “⊄” represent the presence of commitment to catalysis and 62 

not. As masking effects always equally the two elements involved in the biochemical 63 

reactions (Elsner et al. 2005, Zwank et al. 2005), the combination of two-dimensional 64 

isotope equations elegantly eliminates contributions from commitment to catalysis shown 65 

in Eq. (2).  66 

 67 Λ𝛼 = (𝛼𝑟𝑝,𝐻)−1−1(𝛼𝑟𝑝,𝐶)−1−1                                                        (2) 68 

 69 

(ii) Calculating Λs and its uncertainty by dual-isotope plots that use regression with 70 

ordinary linear regression (OLR). The rate limiting step of non-fractionation including the 71 

substrate absorbed by cells or combined with enzyme caused by enzyme masking effect 72 

has the equal effect on the isotopic effect of different elements. Therefore, the masking 73 

effect of commitment to catalysis can be reduced to a certain extent with the ratio 74 
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calculation. Isotope signatures of different elements (𝛿𝐸1, 𝛿𝐸2) could be plotted on the 75 

horizontal and vertical coordinates respectively and the slope of 𝛥𝛿𝐸1 versus 𝛥𝛿𝐸2, 76 

denoted by ΛOLR, is obtained from OLR. To eliminate the influence of the initial isotope 77 

signatures 𝛿𝐸0, the change in isotope signature at time t (𝛥𝛿𝐸𝑡 = 𝛿𝐸𝑡 − 𝛿𝐸0) is 78 

utilized in the two-dimensional isotope plot, rather than measured isotope signature 𝛿𝐸𝑡 . 79 

     80 

(iii) Calculating Λs and its uncertainty by dual-isotope plots that use regression with York 81 

method (Ojeda et al. 2019). Plotting dual-isotope, OLR only minimizes the sum of 82 

squares of one type of isotope signature set as y-variable, without considering the 83 

measurement error of another one. While measurement errors are inherent to both 84 

variables and neither of them could be ignored. Λyork is obtained by regressing measured 85 

data through the York method that incorporates uncertainty in both isotope measurements 86 

(Ojeda et al. 2019), then Λyork as a more appropriate estimation of Lambda than ΛOLR was 87 

proposed. 88 

     89 

(iv) In addition to the above, there is another way to calculate Λ (Eq. (3)) (Jaekel et al. 90 

2014). 91 

 92 Λ𝑟𝑝 = 𝜀𝑟𝑝,1𝜀𝑟𝑝,2                                                            (3) 93 

 94 
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Where εrp,1 and εrp,2 are isotopic enrichment factors in the reactive positions for the 95 

two isotopes. 96 

 97 

To our best knowledge, there is limited comprehensive and in-depth comparison among 98 

these four methods for data processing yet. Still, there remains the puzzling disparity 99 

among the Λs calculated with the current four methods. The objective of this paper is to 100 

propose a modified method for Λs calculation which can make the field survey data 101 

easily to interpret. 102 

 103 

Methods 104 

Data collection   105 

Published studies using dual isotope (C, H) fractionation for practitioners to identify 106 

transformation mechanisms are far more than other isotopes. This provided a good 107 

opportunity to evaluate the uncertainty associated with the current mathematical models 108 

with carbon and hydrogen isotopes. Experimental data were collected from previous 109 

studies involving organic contaminant biodegradation, containing carbon and hydrogen 110 

isotope measurements (Bennett et al. 2018, Cui et al. 2017, Elsner et al. 2007, Feisthauer 111 

et al. 2011, Fischer et al. 2008, Holler et al. 2009, Hunkeler et al. 2001, Jaekel et al. 2014, 112 

Kinnaman et al. 2007, Mancini et al. 2008, Mancini et al. 2003, McKelvie et al. 2009, 113 

Rasigraf et al. 2012, Vogt et al. 2008, Zhang et al. 2019).  114 

 115 
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Regression methods  116 

All calculations are performed in R using the native functions for OLR and the IsoPlotR 117 

package for York regression and the pseudo code for the regressions was provided in the 118 

previous literature (Ojeda et al. 2019). 119 

 120 

Method improvement  121 

The merits and demerits of existing calculation methods of Lambda were reviewed 122 

carefully. Then winnow out the wheat from the mountains of chaff and attempt to develop 123 

an improved method for Lambda calculation. Mainly by working hard to eradicate the 124 

influence of the initial isotope signatures and non-reacting positions based on those 125 

current methods. 126 

 127 

Evaluation effects 128 

By weighing up the relative merits of the modified method firstly and comparing of 129 

Lambda values calculated with different methods, the validity of the new mathematical 130 

model proposed. Specifically, five algorithms including four existing ones and one 131 

derived here were used to calculate Lambda. All the calculated results were used for 132 

evaluation the five methods, especially, the new approach (Table 1 and Fig. 1). 133 

 134 

Results and discussion 135 

Merits/demerits of algorithms for Lambdas 136 
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Lambdaα (Λα) 137 

Mechanisms of various biochemical reactions could be compared straightforward, 138 

because distinct mechanisms usually lead to diverse Λαs. Besides, its major merit is 139 

elimination masking effect by commitment to catalysis. However, this method is rarely 140 

used in literature (Rasigraf et al. 2012). Firstly, the error of Λαs may increase after many 141 

operations from original data. An example can be found in the previous study (Feisthauer 142 

et al. 2011), where uncertainty is from 1.2 to 3.3, 11%33% uncertainty in the calculated 143 

value of Λα (8.210.5). Furthermore, determining the precise fraction of remaining 144 

substrate (f) is necessary to calculate αrp through Eq. (2). Actually, measurement of f is 145 

very difficult in the field investigation. Moreover, this method may be inappropriate for 146 

isotopes of high natural abundance (e.g., S, Cl and so on), because it neglects the effect of 147 

molecules with more than one heavy isotope for isotope fractionation for the limited 148 

number of molecules (or low abundance molecules). 149 

     150 

For a given reaction, the term on the right-hand-side of the Eq. (2) can be calculated 151 

based on the expected KIEs for different elements (Elsner et al. 2005). However, this has 152 

some limitations, which are largely due to the selection of the scope of KIEC and KIEH. 153 

Because of various transition states and masking effect of commitment to catalysis, 154 

apparent kinetic isotope effect of isotope fractionation tends to be variable in the same 155 

reaction mechanism.  156 

     157 
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LambdaOLR (ΛOLR) 158 

The major advantage of ΛOLR is that two-dimensional isotope plot could easily 159 

constructed even from field data, without measuring fraction of remaining substrate (f). 160 

Secondly, any two isotopes (even Br (Tang &Tan 2018), Cl (Rodriguez-Fernandez et al. 161 

2018)) can been used to obtain ΛOLR without the constraint of natural abundance. A third 162 

factor, it can be completed in one-step regression, thus reducing the transmission of 163 

errors. Last but not least, because ΛOLR is approximately equal to Λα (Elsner et al. 2007, 164 

Vavilin &Rytov 2016) (derivation process in literature (Elsner et al. 2007) and revised 165 

below), distinct mechanisms usually lead to different ΛOLR (Braeckevelt et al. 2012) 166 

Combined with the above advantages, ΛOLR has been widely used involving two-167 

dimensional isotopes (Badin et al. 2014, Solano et al. 2018) (or three (Kuder et al. 2013, 168 

Van Breukelen et al. 2017)). 169 

     170 

However, there are still some flaws in this method. According to Eq. (1), first of all, the 171 

masking effect of commitment to catalysis on isotope fractionation is not linear. 172 

Therefore, it could not be eliminated exactly by simply through the ratio calculation. 173 

Especially in the case of high isotope fractionation (e.g., ε>100‰), which is often 174 

observed with hydrogen isotope, the calculation of ΛOLR is less reliable than Λα 175 

(Feisthauer et al. 2011). Furthermore, calculating ΛOLR by OLR of 𝛥𝛿𝐸1 versus 𝛥𝛿𝐸2  176 

has not been corrected with respect to nonreactive locations. This makes ΛOLR deviate 177 

from Λα largely sometimes. Toluene degradation pathways by several anaerobic cultures 178 
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were investigated (Vogt et al. 2008) by 2D-CSIA. ΛOLR, and Λα are showed in Table 1 179 

and Fig. 1. Obviously, ΛOLR is more than twice as much as Λα, which makes ΛOLR can no 180 

longer to differentiate distinct mechanisms in this case. And ΛOLRs cannot be compared 181 

with ones produced by other molecules in the same reaction type. However, there are 182 

only a few restrictions for Λα and one could be compared within distinct molecules 183 

reacted under similar reaction mechanism (Elsner et al. 2005). As a result, the 184 

relationship between 𝛥𝛿𝐸 and Λα is reduced and Λri and some other factors that may 185 

affect the accuracy of the dual-isotope plot is proposed. 186 

     187 

Lambdayork (Λyork) 188 

Compared with ΛOLR, Λyork has some advantages, such as regression symmetry (Ojeda et 189 

al. 2019). Similar to ΛOLR, nevertheless, the deviations between Λyork and Λα are 190 

pronounced in some cases (Table 1 and Fig. 1), which point out that Λyork needs to be 191 

further consummated. 192 

     193 

Lambdarp (Λrp) 194 

Λrp take the influence of non-reacting positions into account and is much closer to Λα 195 

than ΛOLR or Λyork (Table1 and Fig. 1). However, this equation does not make much 196 

sense. On the one hand, Λrp does not completely eliminate masking effect by 197 

commitment to catalysis, unlike Λα. The relationship between Λrp and Λα is shown in Eq. 198 

(4) (derivation process provided in the Supplementary information).  199 
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 200 Λ𝛼 = (𝜀𝑟𝑝,2+1000)(𝜀𝑟𝑝,1+1000) × 𝜀𝑟𝑝,1𝜀𝑟𝑝,2 = (𝜀𝑟𝑝,2+1000)(𝜀𝑟𝑝,1+1000) × Λ𝑟𝑝                                   (4)  201 

 202 

On the other hand, Λrp has almost the same drawback with Λα, the precise fraction of 203 

remaining substrate must be determined and more calculation steps lead to greater 204 

uncertainties. Therefore, it’s wiser to calculate Λα by Eq. (4) than 𝜀𝑟𝑝,1/𝜀𝑟𝑝,2, if 𝜀𝑟𝑝,1 205 

and 𝜀𝑟𝑝,2 are known. 206 

 207 

Modified algorithm for Lambda  208 

Eq. (5) (derivation processes were provided in the Supplementary information) is 209 

proposed to calculate Lambda (it is defined as Λri in the present study), disadvantages 210 

mentioned above have been swept away. Here, York method is selected to regress 211 

[(1000+δE0,2)*(n1*x2)*ΔδEbulk,1] versus [(1000+δE0,1)*(n2*x1)*ΔδEbulk,2], since regression 212 

symmetry and the measurement error are accounted for in both variables, while error in 213 

the horizontal ordinate is ignored in OLR (Ojeda et al. 2019). 214 

 215 Λ𝑟𝑖 = 𝑛1∗𝑥2𝑛2∗𝑥1 × 1000+𝛿𝐸0,21000+𝛿𝐸0,1 × 𝛥𝛿𝐸𝑏𝑢𝑙𝑘,1𝛥𝛿𝐸𝑏𝑢𝑙𝑘,2                                         (5) 216 

     217 

Furthermore, Eq. (5) retains the advantages of two-dimension isotope plot, which has less 218 

uncertainty, no need to determine fraction of remaining substrate and can be constructed 219 

even from filed data. Most importantly, the deviation between Λri calculated by Eq. (5) 220 
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and Λα is very small, even in the case of large deviation between Λα and ΛOLR or Λyork 221 

(Table1 and Fig. 1). As a result, Λri calculated by Eq. (5) is strongly recommended to 222 

describe the relationship between two isotopes. And some factor that may affect the 223 

accuracy of Λri are discussed below. 224 

 225 

Merits of new method  226 

This method looks at many aspects of uncertainty of algorithm for Lambda at once. 227 

Specifically, the improved method eliminates both the influences of non-reacting position 228 

and the initial isotope signatures. At the same time, this method retains the advantages of 229 

two-dimension isotope plot. For example, it eliminates contributions from commitment to 230 

catalysis, but also no need to determine fraction of remaining substrate and can be 231 

constructed even from filed data. 232 

     233 

The isotope signature measured with GC-IRMS can only provide average bulk isotope 234 

ratios, in which the changes will be smaller than those at the reacting positions. In several 235 

molecules, there is little different between Λir and ΛOLR or Λyork. In the enrichment of 13C 236 

and 2H during monooxygenase-mediated biodegradation of 1,4-dioxane(Bennett et al. 237 

2018), 1,4-dioxane is the target molecule and C and H considered elements, nC=8, nH=8, 238 

xC=4, xH=4, so 𝑛1∗𝑥2𝑛2∗𝑥1 = 1. Nevertheless, in most cases, 𝑛1∗𝑥2𝑛2∗𝑥1 is not equal to one, and 239 

some even deviate greatly. For toluene in Table 1 and Fig. 1, the deviation is 38.1%. 240 

     241 
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One may say that the determination of n and x will complicate the analysis. However, this 242 

step is necessary. Λs obtained by average bulk isotope ratios (ΛOLR or Λyork) implies a 243 

hypothesis that all atoms of considered element in the molecule are in reactive positions. 244 

On the other hand, distinct molecule usually present diverse values of 𝑛1∗𝑥2𝑛2∗𝑥1, which 245 

greatly restrict the comparison between them, even if similar reaction mechanism is 246 

occurring. The transformation of ΛOLR or Λyork into Λri make it convenient to compare 247 

with each other, irrespective of their molecular size. For the same biochemical reaction, 248 

Λri could be compared in different, even for structurally very dissimilar contaminants. 249 

     250 

In one-dimensional CSIA data processing, practitioners often ignore the effect of the 251 

initial isotope signatures, but focus more on the range of measured delta values. However, 252 

different initial isotope values may lead to different conclusions. The theoretical 253 

derivation about it and an example are given in the Supplementary information. Similarly, 254 

the initial isotope signatures have a certain influence on the two-dimensional CSIA data 255 

processing. In general, the initial isotope signatures ratio (1000+𝛿𝐸0,21000+𝛿𝐸0,1) are very close to 256 

unity and have a minimal impact on Λs. The mathematical error is less than 5% when the 257 

deviation between 𝛿𝐸0,1 and 𝛿𝐸0,2 is less than 50‰ (|𝛿𝐸0,1 − 𝛿𝐸0,2| < 50‰). The 258 

effect is ignored when dealing data in the overwhelming majority of papers and the 259 

information about initial isotope signature provided in some literature is shown in Table 260 

S1. However, negative situation may emerge in some cases. The changes of carbon and 261 

hydrogen isotope signatures of ethane during aerobic biodegradation was investigated 262 
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(Kinnaman et al. 2007), δ2H0 and δ13C0 is about -32.1‰ and -347‰. And the 263 

arithmetic result of (1000 + 𝛿𝐸0,𝐶)/(1000 + 𝛿𝐸0,𝐻) is 148%. In other words, the 264 

impact of initial isotope signatures may cause Λs to deviate by 48%. In addition, due to 265 

different original sources and production procedures, the initial isotope signature used in 266 

each laboratory and between organics are various, which limits the comparison of Λs 267 

between different laboratories and molecules. Plus, (1000 + 𝛿𝐸0,2)/(1000 + 𝛿𝐸0,1) is 268 

easy to get, the initial isotope signatures are strongly recommended to take into account. 269 

 270 

Implications for reaction mechanisms 271 

Λri estimated with our approach and ΛOLR are very different in some case. However, the 272 

deviation between them is smaller after multiplying ΛOLR by 𝑛1∗𝑥2𝑛2∗𝑥1 (Table 2). Therefore, 273 

in the future research, ΛOLR corrected by 𝑛1∗𝑥2𝑛2∗𝑥1 also have certain comparability in similar 274 

reaction mechanisms. 275 

   276 

The relationship between Λ and KIE (Eq. (6)) is derived in previous literature (Elsner et 277 

al. 2005). KIE is mechanism-specific (Ojeda et al. 2019), so Λri could be comparable for 278 

the identical mechanism with same Z. 279 

 280 Λ𝛼 = 𝐾𝐼𝐸𝐻−1𝐾𝐼𝐸𝐶−1 × 1+𝐾𝐼𝐸𝐶(𝑍𝐶−1)1+𝐾𝐼𝐸𝐻(𝑍𝐻−1)                                              (6) 281 

 282 

where Z is the number of indistinguishable atoms in intramolecular competition.  283 
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When a set of Λris from certain known reaction are collected, the 95 percent confidence 284 

interval will generate through one sample t test. If the value of individual Λri measured 285 

from any unknown reaction fall within the confidence interval, they are likely to act with 286 

the same reaction mechanism. Therefore, it is necessary to collect sets of Λris from 287 

certain known reactions (Table S2 in Supplementary information) and to generate the 95 288 

percent confidence interval. The range of 5.6724.8, 8.549.80, 0.518.35, 25.236.8, 289 

7.0921.9 are responsible for oxidation of C-H bonds (ZC=1, ZH=3), oxidation of C-H 290 

bonds (ZC=1,ZH=4), aerobic biodegradation of benzene (ZC=6,ZH=6), methanogenic or 291 

sulfate-reducing biodegradation of benzene (ZC=6,ZH=6), and nitrate-reducing 292 

biodegradation of benzene (ZC=6,ZH=6). In the case of C-H bond oxidation, some values 293 

of Λri is not in the range of 5.6724.8 (such as Λri=40.3 (McKelvie et al. 2009), 4.19 294 

(Vogt et al. 2008)). For the larger values, it may be due to the hydrogen secondary isotope 295 

effect, which cause strong hydrogen isotope fractionation (Elsner et al. 2007), therefore 296 

bigger Λris.  297 

 298 

Form another point of view, one sample t test focuses on the overall data, not on 299 

particularly high or low values of Λris that may theoretically be outliers of the data group. 300 

Nevertheless, due to the limited sample data, the range set for various reaction 301 

mechanism may be a little inaccurate. In the future research, more date from various 302 

reaction mechanism could be collected to generate the 95 percent confidence interval of 303 

all mechanisms. 304 
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 305 

Conclusions 306 

A method to calculate dual-isotope slope (Λ) with less uncertainty is crucial to monitor 307 

transformation processes. Owing to the deficiencies of the current methods of calculating 308 

Λ, inaccurate conclusions may be drawn. Λ is calculated by our method (Λri), which take 309 

the influence of non-reacting position and the initial isotope signatures into account, 310 

leading to an appropriate estimation of Λ and its uncertainty. The ranges of Λri values 311 

responsible for a specific reaction mechanism are generated using the student’s t test. 312 

These ranges facilitate the judgment of reaction mechanism in field. This set of best 313 

practices will help practitioners select the appropriate method to process the data of 2D 314 

CSIA and apply it to the natural attenuation of organic pollutants in the environment. 315 
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Table 1 Compare of Λ values calculated using different methods. 448 

 Λα ΛOLR Λyork Λrp Ʌri References 

Anaerobic biodegradation of toluene1 4.98 11.0  4.63 4.19a (Vogt et al. 2008) 

 5.99 15.0  5.05 5.71a  

 6.06 14.0  5.50 5.33a  

 2.14 4.00  2.07 1.52a  

 12.7 28.0  10.5 10.7a  

 12.6 31.0  10.9 11.8a  

 14.6 27.0  11.7 10.3a  
Aerobic biodegradation of DMP2 1.57 5.30 5.73b 1.55 1.94b (Zhang et al. 2019) 

Aerobic biodegradation of DEP2 1.95 2.60 2.70b 1.90 1.58b (Zhang et al. 2019) 

Anaerobic biodegradation of propane3 8.16 6.30  7.72 8.40a (Jaekel et al. 2014) 

 14.0 11.9  10.6 15.9a  

 10.4 7.90  9.57 10.5a  

 13.4 10.0  11.8 13.3a  
Anaerobic biodegradation of butane4 6.11 4.90  6.00 6.13a (Jaekel et al. 2014) 

 7.99 6.90  7.47 8.63a  

 7.17 5.90  7.00 7.38a  

 11.0 8.70  9.91 10.9a  

 8.09 5.30  8.00 6.63a  

 9.93 7.70  9.67 9.63a  
Aerobic biodegradation of 1,4-dioxane5 7.92 7.50 9.31  9.31 (Bennett et al. 2018) 

 11.5 10.9 11.2  11.2  

 36.5 37.2 39.1  39.1  
1 Seven different microbial strains reacted by benzylsuccinate synthase. 2 Rhodococcus opacus DSM 43250 reacted by SN2 reactions. 449 

3 Two different microbial strains reacted by oxidation of C-H bond. 4 Three different microbical strains reacted by oxidation of C-H 450 

bond. 5 Two different microbial strains reacted by oxidation of C-H bond. 451 
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a Approximated by Λ𝑟𝑖 ≈ 𝑛1∗𝑥2𝑛2∗𝑥1 × ΛOLR × 1000+𝛿𝐸0,21000+𝛿𝐸0,1 and 1000+𝛿𝐸0,21000+𝛿𝐸0,1 ≈ 1 here. b Raw data is obtained by visual inspection from the 452 

figures in the literature. DMP: Dimethyl phthalate; DEP: Diethyl phthalate; MTBE: methyl tert-butyl ether. 453 

  454 
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Table 2 Comparison of ΛOLRs and Λris calculated with the proposed method in the present study. 455 

a Raw data is obtained by visual inspection from the figures in the literature; DMP: Dimethyl phthalate; DEP: Diethyl phthalate; 456 

MTBE: methyl tert-butyl ether; b strain: R. rhodochrous ATCC 21198, growth substrate: isobutene; c strain:P. tetrahydrofuranoxidans 457 

K1, growth substrate: tetrahydrofuran.458 

 ΛOLR (n1x2/n2x1)×ΛOLR Ʌri References 

Aerobic biodegradation of DMP 5.30±0.4 1.77±0.1 1.94±0.1a (Zhang et al. 2019) 

Aerobic biodegradation of DEP 2.60±0.5 1.52±0.3 1.58±0.9a (Zhang et al. 2019) 

MTBE Acid Hydrolysis 11.1±1.3 2.96±0.3 2.99±0.3 (Elsner et al. 2007) 

Aerobic biodegradation of 1,4-dioxane 10.9±2.2b 10.9±2.2 11.2±1.2 (Bennett et al. 2018) 

  37.2±2.6c 37.2±2.6 39.1±1.8   
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 459 

Fig. 1 Compare of Λ calculated using different methods. Relative ratio (/ Λα) are 460 

calculated with dividing different types of Λ values by the corresponding value of Λα 461 

(listed in Table 1). “anaerobic biodegradation of toluene”, “aerobic biodegradation of 462 

DMP”, “aerobic biodegradation of DEP”, “anaerobic degradation of propane” and 463 

“aerobic degradation of 1,4-dioxane” are abbreviated as “anaerobic toluene”, “aerobic 464 

DMP”, “aerobic DEP”, “anaerobic propane” and “aerobic 1,4-dioxane”, respectively. 465 

 466 



Figures

Figure 1

Compare of Λ calculated using different methods. Relative ratio (/ Λα) are calculated with dividing
different types of Λ values by the corresponding value of Λα (listed in Table 1). “anaerobic biodegradation
of toluene”, “aerobic biodegradation of DMP”, “aerobic biodegradation of DEP”, “anaerobic degradation
of propane” and “aerobic degradation of 1,4-dioxane” are abbreviated as “anaerobic toluene”, “aerobic
DMP”, “aerobic DEP”, “anaerobic propane” and “aerobic 1,4-dioxane”, respectively.


