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Abstract 23 

Many attempts for bioremediation of polycyclic aromatic hydrocarbon (PAH) contaminated 24 

sites failed in the past, but the reasons for this failure are not well understood. Here we apply 25 

and improve a model for integrated assessment of mass transfer, biodegradation and 26 

residual concentrations for predicting the success of remediation actions. First, we provide 27 

growth parameters for Mycobacterium rutilum and M. pallens growing on phenanthrene 28 

(PHE) or pyrene (PYR) degraded the PAH completely at all investigated concentrations. 29 

Maximum metabolic rates Vmax and growth rates μ were similar for the substrates PHE and 30 

PYR and for both strains. The investigated Mycobacterium species were not superior in PHE 31 

degradation to strains investigated earlier with this method. Real-world degradation scenario 32 

simulations including diffusive flux to the microbial cells indicate: that i) bioaugmentation only 33 

has a small, short-lived effect; ii) Increasing sorption shifts the remaining PAH to the 34 

adsorbed/sequestered PAH pool; iii) mobilizing by solvents or surfactants resulted in a 35 

significant decrease of the sequestered PAH, and iv) co-metabolization e.g. by compost 36 

addition can contribute significantly to the reduction of PAH, because active biomass is 37 

maintained at a high level by the compost. The model therefore is a valuable contribution to 38 

the assessment of potential remediation action at PAH-polluted sites. 39 

 40 

Keywords: PAH-degradation, mycobacteria, growth, kinetics, modelling, bioremediation-41 

options. 42 

  43 
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1. Introduction 44 

Polycyclic aromatic hydrocarbons (PAH) are hydrophobic compounds with two or more 45 

condensed benzene rings in their molecular structure [1]. They exhibit high toxicity and 46 

cancerogeneity [2]. PAH are metabolised by several bacteria, fungi, algae and also by 47 

cytochrome P-450 monooxygenases of higher eukaryotic cells [3], but undergo no or slow 48 

decomposition in the environment [4]. Full mineralisation with productive growth is only 49 

known for bacteria [5]. However, reports about full mineralisation of PAH with > 5 rings are 50 

relatively rare [6].  51 

Varying concentrations of PAH occur in coals, crude oils and oil-based products. They are 52 

formed during pyrolysis and incomplete combustion of biological material and organic 53 

compounds and thus one main source of the anthropogenic formation and emission of PAH 54 

is the combustion of fossil fuels in vehicles and for power generation [7]. Due to their 55 

properties, PAH are released during combustion adsorbed to dust and soot particles, and are 56 

then more or less globally distributed in the environment [8]. PAH also frequently occur in 57 

urban soil environments due to the process of coal gasification in the 19th century [9] leading 58 

to the formation of waste tar oils often dumped in open pits at the manufactured gas plant 59 

sites. Later with increasing urbanisation the tar oil ponds were solidified with waste coke 60 

materials and coal powders that could not be burned in the plants at that time. These 61 

widespread contaminations entered focus in the late 1980s and gas works sites or sites 62 

where tar oil products were spilled were identified to need technical soil remediation. Many 63 

attempts for bioremediation failed without real understanding of the reasons, most probably 64 

because PAH tend to sorb strongly to coal and coke particles or to so-called non-aqueous 65 

phase liquids (NAPL) soil [3]. The biodegradation of the hardly water-soluble PAH is typically 66 

limited by the diffusive flux to the microbes. Aging or sequestration was considered to lower 67 

the bioavailability of these compounds, since sorption to soil gets stronger (Kd increases) with 68 

time and degradation half-times increase with time, resulting in a fraction of persistent 69 

compounds [10, 11].  70 



4 

Recently a modelling approach for integrated mass transfer, biodegradation (parameter 71 

determination: vmax, KM and yield) and residual concentration assessment was developed and 72 

applied for the turnover of non-water soluble substrates like PAH under mass transfer 73 

limitations [5, 12]. The model equations imply that below a certain substrate concentration, or 74 

more exactly below a certain substrate flux to the microorganisms, bacterial growth ceases 75 

and bacterial populations start to decline which in turn leads to non-degraded residues. For 76 

the prospective assessment of the turnover of PAH there is a research gap since only very 77 

limited kinetic data for different groups of PAH degrader bacteria are available. In particular 78 

for mycobacteria the knowledge is limited [13] due to the complex cell cycle with formation of 79 

cell clusters and aggregates with PAH.  80 

The goal of the present work is to determine and compare growth and affinity parameters for 81 

well described phenanthrene (PHE) and pyrene (PYR) degrading mycobacteria on both 82 

substrates. In addition, the unified modelling approach for sorption and degradation [5, 12] 83 

was improved and applied to prospectively describe the dynamics of the PAH compound 84 

turnover for various treatment options for soil at contaminated sites. Simulated treatment 85 

options include bioaugmentation measures, the addition of adsorbing amendments for 86 

reducing pollutant mobility, the addition of solvents or chelators for increasing pollutant 87 

dissolution, as well as measures for stimulating co-metabolism (addition of co-substrates 88 

such as compost). 89 

 90 

2. Materials and Methods 91 

2.1. Strains and culture conditions.  92 

For the comparative assessment of degradation kinetics, the well described Mycobacterium 93 

rutilum (PHE and PYR degraders) and Mycobacterium pallens (PYR degrader) were chosen 94 

as model microorganisms [14] based on their multiple PAH degradation (PHE and PYR), 95 
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growth kinetics in liquid cultures and their origin from different environmental samples (Table 96 

1).  97 

The strains were pre-cultivated on mineral medium (MM) with vitamins (Brunner, DSMZ no. 98 

462) consisting of Na2HPO4 2.44gL-1, KH2PO4 1.52gL-1, (NH4)2SO4 0.5gL-1, MgSO4x7H2O 99 

0.2gL-1, CaCl2x2H2O 0.05gL-1, trace element solution SL-4 10mLL-1 (containing per L-1: 100 

EDTA 0.5g, FeSO4x7H2O 0.2g and trace element solution SL-6 100mLL-1 [containing per L-101 

1 ZnSO4x7H2O 0.1g, MnCl2x4H2O 0.03g, H3BO3 0.3g, CoCl2x6H2O 0.2g, CuCl2x2H2O 102 

0.01g, NiCl2x6H2O 0.02g, Na2MoO4x2H2O 0.03g]) and 2.5mLL-1 vitamin solution consisting 103 

of p-aminobenzoate 10mgL-1, biotin 2mgL-1, nicotinic acid 20mgL-1, thiamine-HClx2H2O 104 

10mgL-1, Ca-pantothenate 5mgL-1, pyridoxamine 50mgL-1, vitamin B12 20mgL-1 [15]. PHE 105 

(98% purity, Sigma-Aldrich, Saint Louis, USA) or PYR (>96% purity, Merck Schuchardt, 106 

Hohenbrunn, Germany) was provided as a sole source of carbon and energy. 107 

2.2. Experimental set-up.  108 

To overcome the inhomogeneities of PAH cultures with total concentrations above water 109 

solubility, a 'mini-culture approach' [5] for enabling initially non-limited growth on PAH was 110 

developed. Briefly, a set-up of destructively sampled small vials (10mL with finally 2mL 111 

culture) containing 1800µL of MM was applied in which the initially introduced PHE or PYR 112 

solution in acetone was evaporated and the remaining PAH microcrystals were allowed to 113 

equilibrate with the MM overnight. The acetone was then allowed to fully evaporate while 114 

shaking the vials for covering the bottom surface with a PHE or PYR microcrystal layer 115 

corresponding to nominal medium concentrations of 10, 25, 50, 100, 200 and 400mgL-1 116 

(only 100mgL-1 for pre-cultures) prior to adding the MM. The vessels were inoculated to an 117 

initial optical density of 0.01 at 560 nm by adding 200 µl of a pre-culture under similar 118 

medium conditions at the late exponential phase and incubated at 30°C at 135 rpm. Finally, 119 

the vessels were closed with teflon coated butyl rubber septa for cultivation. Each vessel was 120 

destructively sampled and analysed at the respective sampling time. The experiment was 121 
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performed in six replicates for each concentration and time for providing two triplicate sets for 122 

separate quantification of biomass and PHE or PYR. They were harvested after 0, 4, 8, 12, 123 

24, 36, 48, and 96h of incubation for initial 10, 25 and 50mgL-1 PHE or PYR concentrations 124 

and after 0, 6, 12, 24, 48, 72, 96, 192 and 288h for initial 100, 200 and 400mgL-1 PHE or 125 

PYR conc. for both strains (M. rutilum and M. pallens). The harvested cultures were stored at 126 

-20°C until further analysis.  127 

2.3. Protein analysis.  128 

For monitoring the growth of the bacteria, we tried to measure the protein photometrically in 129 

96 well plates (BIO-RAD-Protein-Assay, Bio-Rad Laboratories GmbH, München, Germany) 130 

as described previously [5]. The protein measurements for both mycobacteria were highly 131 

variable due to the cell cycle of these bacteria and due to clustering with the microcrystals 132 

(see Supporting Material SM). The optical density at 560 nm (OD) measured after rigorous 133 

shaking of the cultures gave more consistent results than the direct measurement of the 134 

microbial protein concentration and was used to monitor bacterial growth in the degradation 135 

experiments. Microbial protein concentrations CX were then calculated from OD under 136 

consideration of the microcrystals of the chemicals (PHE or PYR) in solution using the 137 

conversion factor fCX (see SM, Figures SM2 and SM3).  138 

2.4. PAH analysis.  139 

For tracking the PAH consumption the mini cultures were extracted two times with 2 ml of 140 

hexane with fluorene as internal standard and analyzed by GC-MS as described previously 141 

[5]. Briefly, PYR and PHE were quantified by means of a gas chromatograph equipped with a 142 

BPX5 column coupled to a mass spectrometer (5975C, Agilent Technologies). The GC oven 143 

temperature was programmed to initial 40°C (2 min hold), then heat to 180°C (2 min hold) at 144 

40°Cmin-1, to 240°C (2 min hold) at 5°Cmin-1 and to a final temperature of 300°C (5 min hold) 145 

at 15°Cmin-1 with a helium flow of 1.5ml min-1. The injector was set to 280°C. The MS was 146 

operated in the electron impact ionization mode at 70 eV. The source temperature was set to 147 
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230°C, the quadrupole temperature to 150°C. Full scans were acquired in the m/z range 40-148 

500. 149 

2.5. Modelling.  150 

The model is a set of ordinary differential equations (spatial dependencies are not 151 

considered) with chemical mass m as state variable. It includes dissolution of PAH from 152 

microcrystals or NAPLs into water (diffusive flux driven by the chemical activity gradient), 153 

microbial biodegradation (Michaelis-Menten kinetics) and growth kinetics (Monod kinetics) 154 

including growth delay, maintenance requirements, death and decay rates as described 155 

previously in detail [5]. Briefly, these equations are: 156 
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where Eq. (1) describes dissolution flux (mass from organic PAH phase mph), Eq. (2) 161 

metabolic flux (mM is metabolized PAH mass), Eq. (3) microbial growth (microbial mass X) 162 

and Eq. (4) change of PAH mass mW in water. S is water solubility (mgL-1), concentration C is 163 

m/V, with mass m (g or mg) and volume V (L or m3). CW (mgL-1) is freely dissolved 164 

concentration, the total PAH concentration in suspension is CSus = (mph+mW)/V. The equation 165 

system includes degradation (Monod kinetics) parameters vmax, KM, Y, b, maintenance r is 166 

given as r = b/Y (parameter names and units see Table 2). Parameters for dissolution 167 

kinetics are permeability or mass transfer coefficient P (md-1) and surface area of PAH phase 168 
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Aph (m2), which is calculated from mph and correction factor fA for deviations from cubic 169 

geometry (details see SM).  170 

Lag phases, which occurred in most of the experiments, were considered by determining a 171 

time tlag by which microbial degradation is delayed, i.e. metabolic flux dmM/dt was set to zero 172 

for times t ≤ tlag. Eq. (2) modifies accordingly by multiplying metabolic flux dmM/dt with ftlag 173 

which is either 1 or 0, 174 












lag

lag

tlag

ttif

ttif
f

1

0
         (5) 175 

and this was realized within MATLAB™ by using a modified Heaviside function [16].  176 

The considered model approach is improved and simplified compared to our previous study 177 

[5], as kinetic fitting parameters have been reduced from 7 to 6 (the four Monod parameters, 178 

tlag and fA). Moreover, fA is the only fitting parameter for dissolution, and tlag only evokes a 179 

delay in the onset of degradation. This simplicity is an advantage and further development 180 

compared to the approach in Adam et al. [5] where two fitting parameters for dissolution 181 

kinetics (fA,0 and kagg) were applied and high values of the fitting parameter for the lag phase 182 

(factor finh,corr) took influence over the entire duration of the experiment, not only during the 183 

time of the lag phase. The parameter tlag is easy to determine (adjusted for the individual 184 

experiments), and different fA can be considered for obtaining model curves at best estimate 185 

as well as minimum and maximum estimates for the range of reasonable curve fits. Applying 186 

tlag (Eq. 5) needs only one parameter and results in a sudden “step-like” change (zero 187 

metabolic flux during the lag phase). As some observations may suggest a gradual onset of 188 

PAH degradation, rather than a sudden start, additional model studies were done with ftlag 189 

approaching 1 exponentially within tlag (improving only some curve fits slightly; results not 190 

shown).  191 

All differential equations were solved numerically, both by an Euler one-step solution scheme 192 

realized as Microsoft-Excel™-spreadsheet and by the ODE45-solver (Runge-Kutta-scheme 193 
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with variable step size) within MATLAB™-R2014b. The correct implementation of the model 194 

was quality-controlled by comparing both numerical solutions and by verification against 195 

analytical (steady-state) solutions offered by the Best equation. The Best equation balances 196 

diffusive flux to the bacterium with metabolic flux in a steady state, thus considering equal 197 

and temporally constant dissolution and degradation kinetics (for details see [17]). These 198 

conditions were mimicked with the dynamic model (solving Eq. 1 to 5 numerically) by starting 199 

with initial conditions at steady-state, where identical results were obtained. 200 

 201 

2.6. Determination of kinetic parameters.  202 

Bacterial growth and yield parameters were fitted by inverse modeling, i.e. least-square fitting 203 

with manual adjustment of parameters, and parameter sensitivity was investigated. Details 204 

on the fitting procedure are given in the following and the SM (Section 3). Statistical data on 205 

the curve fits (root-mean-square-errors, mean-absolute-errors and coefficients of 206 

determination) are provided in Table SM2 for all simulations. The parameters for degradation 207 

kinetics (vmax, KM, Y, b), and dissolution kinetics (fA) were determined iteratively for each 208 

bacterial strain until a combination was found that is optimal for all sets of experiments (initial 209 

nominal concentrations 10, 25, 50, 100, 200 and 400 mgL-1). Furthermore, lag phases 210 

(parameter tlag) were adjusted individually for each experiment. In principle we followed the 211 

fitting procedure suggested by Adam et al. [5], i.e. first, the death rate constant b was found 212 

from experiments with low initial substrate concentration, then vmax and KM were fitted, 213 

followed by the adjustment of Y, with subsequent re-iterations to improve the curve fits.  214 

 215 

3. Results 216 

The results for M. rutilum PHE and PYR degradation with measured versus modeled 217 

suspension concentration CSus and estimated versus modeled microbial protein 218 
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concentration CX,est, are shown in figures 1 and 2. The input data and the parameters 219 

obtained for growth and degradation of the strains are summarized in Table 2. PHE and PYR 220 

were degraded virtually completely at all initial concentrations (10, 25, 50, 100, 200, and 221 

400mgL−1) within t< 4 d for initial CSus ≤ 100mgL−1 and t=8-12 d for initial CSus ≥ 100mgL−1 in 222 

the fitted curves. Bacterial growth was observed at the first 0.5-2 days and was higher at 223 

higher initial substrate concentration. Depletion of substrate led to reduced growth and later 224 

decay. The simulations were performed with the same half-saturation constants KM for all 225 

strains (Table 2, 0.1mgL-1) and succeeded in most cases.  226 

Kinetic parameters for growth of M. rutilum on PHE were found as follows: vmax = 10 (range 227 

7-12) gg-1
bactd-1, KM = 0.1mgL-1, b = 0.03 d-1, Y = 0.2 (range 0.16-0.28) gbactg-1. 228 

Numbers are best estimate values, with ranges (minimum to maximum estimates) in 229 

brackets. Lag phases for the experiments ranged from 0.1- 0.3 days (Table SM1).  230 

The yield Y for growth of M. rutilum on PYR was relatively similar as for growth on PHE, with 231 

a best estimate of 0.22 gbactg-1, and the best estimate for vmax is 9 gg-1
bactd-1 (range 7-232 

11). The simulation succeeded with the same values for KM of 0.1 mgL-1 and b of 0.03 d-1. 233 

Fitted lag phases (tlag) range from 0-0.8 days (Table SM1). Growth and substrate 234 

consumption in these experiments are closely related and decline at the same time (Figures 235 

SM2 and SM3).  236 

For M. pallens growing on PYR (Figs. SM4 and SM5), the yield (Y = 0.32 gbactg-1 as best 237 

estimate; Table 2) is higher than for M. rutilum growing on PYR, whereas vmax is similar with 238 

8 gg-1
bactd-1 as best estimate (range 6-10 gg-1

bactd-1). M. pallens showed a lower death 239 

rate b (0.01 d-1) and the same KM (Table 2) but a longer lag phase (Table SM1) compared to 240 

M. rutilum on PYR.  241 

 242 

4. Discussion 243 
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PHE and PYR were degraded by the tested Mycobacterium strains at all initial 244 

concentrations accompanied by growth and subsequent decay after substrate consumption. 245 

Kinetic data (vmax, KM and Y) were obtained by non-linear fit of a Monod-type model. The 246 

non-linear fit gave similar maximum metabolic turnover rates for growth of M. rutilum and M. 247 

pallens on PYR. The yields and the decay rates differed slightly. vmax for growth on PYR is 248 

slightly lower than for growth on PHE, but the yields are higher. The likely ranges overlap 249 

and the differences might therefore not be significant. The lag phase for growth on PYR for 250 

M. rutilum was slightly longer than with PHE as substrate but the difference is insignificant (P 251 

> 0.5, paired t-test, two-tailed), while the lag phase of M. pallens with growth on PYR is 252 

clearly longer than that of M. rutilum (P = 0.057).    253 

Earlier data obtained for growth of three bacterial strains on PHE in the same set-up gave 254 

higher results for the maximum metabolism rate vmax: Adam et al. [5] determined vmax values 255 

between 12 and 18 gg-1
bactd-1 for the strains Novosphingobium pentaromativorans, 256 

Sphingomonas sp. EPA505 and Sphingobium yanoikuyae. The microbial yield was similar 257 

with 0.21 gg-1 in the earlier study. Values for the half-saturation constant KM show no 258 

difference (KM = 0.1mg/L in all cases) but this parameter is rather insensitive and other 259 

values would hardly alter the fit. The bacterial decay rate constant was slightly lower for the 260 

mycobacteria, with b = 0.01-0.03 d-1 compared to b = 0.04-0.05 d-1 found for Gram-negative 261 

degraders. 262 

The estimates of vmax for the Mycobacterium species growing on PHE or Pyr carry substantial 263 

uncertainty: The measurement of microbial protein concentrations of Mycobacterium sp. 264 

provided difficulties. Direct measurement of microbial protein gave highly variable and non-265 

plausible values. Optical density was used instead, and the effect of PAH on OD had to be 266 

subtracted (SM Section 1). Mycobacteria exhibit a pronounced cell cycle and tend to grow 267 

attached to the surface of the PAH crystals [13], and this may be the explanation for the 268 

considerable scatter and uncertainty in the estimated microbial protein concentration data. 269 
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This attachment may also lead to slower dissolution of the PAH crystals, due to less contact 270 

between aqueous phase and crystals.  271 

Wick et al. [13] used solid anthracene as growth substrate for Mycobacterium sp. LB501T. 272 

They obtained yields Y between 0.158 and 0.196 gbiomassg-1
substrated-1. The decay rate 273 

b was determined to 0.017 d-1 from zero-growth and to 0.048 d-1 from nonlinear fit, KM was 274 

0.0428mgL-1 and the maximum metabolic rate vmax was 18.4 gsubstrateg-1
biomassd-1. The 275 

estimated vmax is higher than the values obtained in our study but was accompanied by lower 276 

yields. Maximum growth rates µmax are obtained by vmax×Y. The µmax for the mycobacteria 277 

ranged from 1.98 to 2.56 d-1 and were thus lower than those obtained by Adam et al. [5] 278 

(2.52-3.78 d-1) and Wick et al. [13] (2.9-3.59 d-1). A relation to water solubility could not be 279 

established, the water solubility of anthracene is 0.048mg/L, of PHE 1.15mgL-1, and of PYR 280 

0.135mgL-1 [18].  281 

Modeled substrate concentrations yielded predominantly good estimations with coefficients 282 

of determination R2 above 0.95 in most cases. Curve fits for microbial protein concentration 283 

CX were generally less satisfying than those for substrate concentration (Tab. SM2). This can 284 

be attributed to uncertainties associated with the determination of CX from optical density 285 

measurements (as discussed above) and the scattered results. The R2-values obtained show 286 

strong variations between individual experiments, predominantly ranging between 0.41 and 287 

0.94. Estimations are often better at higher initial substrate concentration. In some cases CX 288 

decreased during the lag phase, before microbes start to grow (within the first 0.2 to 0.5 289 

days, e.g. Fig. 1a to d). Since the model does not consider specific processes during the lag 290 

phase but simply sets growth to zero, deviations to measurements occurred. The lowest R2 291 

(0.056, Tab. SM2) was obtained for the fit of the M. rutilum biomass CX at the lowest dose of 292 

PHE (Fig. 1a), where the fit is impacted by a very high CX at t = 0.5 d.  293 

 294 

4.1. Role of desorption and dissolution in biodegradation of insoluble substrates  295 
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Sorption processes to solid matter and dissolution from NAPLs are limiting the mass transfer 296 

and are causing residual non-degradable concentrations in real contaminated sites [12]. As 297 

stated previously [5], the model assumes that transport and bacterial uptake of compounds 298 

occurs via the water phase. Even for the mycobacteria no indication was found that transport 299 

may also be enabled directly from the organic phase/crystal to the cell surface plus 300 

membrane and the transfer and turnover processes can sufficiently be described without 301 

considering direct transfer. Considering direct uptake from crystals or NAPLs in the model 302 

would not change the kinetics, because in all cases the driver for uptake and metabolism is 303 

the chemical activity in solution (maximum activity = water solubility). This is at the same time 304 

the activity of the pure solid phase in contact to water [19]. The flux of the substrate to the 305 

microbes is the limiting factor. Increasing the dissolution kinetics and the flux to their 306 

enzymes by various means, e.g. increase of the surface of mobilization by exudates acting 307 

as solvents or biosurfactants or by altering their cell surface properties is therefore a more 308 

promising strategy for bacteria than metabolizing solid or NAPL phase substrate directly [5]. 309 

The effect of these strategies may be larger if the microbes grow in direct contact to the 310 

crystals. 311 

4.2 Sorption and mass transfer.  312 

PAH at real contaminated sites are mixed contaminations in a tar oil matrix in most cases 313 

and the partitioning equilibrium of single compounds between the tar oil and the water phase 314 

are determined by the chemical activity of each compound in the oil matrix expressed by the 315 

Raoult´s law; Kd or Koc values of PAH determined in short-term laboratory experiments are 316 

not representing the situation in real contaminated soils with or without ongoing degradation. 317 

The apparent Kd values in such soils (i.e. the concentration ratio between 318 

adsorbed/sequestered and freely dissolved molecules) are not constant, since Kd increases 319 

with time due to sequestration or aging (Figures 3a, 3d) [10]. In addition, the apparent Kd 320 

increases due to bacterial degradation, which lowers primarily the concentration in dissolved 321 

state as long as degradation is ongoing. For the often observed persistence of the 322 
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compounds in real environmental systems, increasing half-lives may be due to less substrate 323 

present in the dissolved phase. The often postulated irreversible sorption [20] is not required 324 

to explain the phenomenon of environmental persistence. After long periods of aging at real 325 

contaminated sites, the slow desorption flux of PAH from the sequestered or from the 326 

residual tar oil fraction is the only remaining source of compound and limits bacterial growth 327 

and metabolism.  328 

4.3. Limitations of growth.  329 

In general, not only the carbon source but also nutrients may limit growth [21]. Moreover, 330 

growth strongly depends on substrate flux and chemical activity of the compounds. By setting 331 

dX/dt (Eq. 3) to zero, the minimum chemical activity a (truly dissolved concentration in 332 

aqueous phase) for growth of degraders on the substrate can be calculated: 333 

b

Kb
a M

nogrowth





max
          (6) 334 

The resulting minimum activity is 1.5µgL-1 (8.5 nM) for mycobacteria on PHE, and 0.4-1.5µg 335 

L-1 (2-8 nM) on PYR. The values are surprisingly similar to those found for growth of Gram-336 

positive strains on PHE (6 to 11 nM PHE) [5]. All results are sufficiently far below water 337 

solubility and strains grow on PHE and PYR. However, the water solubility of the higher 338 

molecular PAH, such as benzo(a)pyrene, chrysene, indeno(1,2,3-cd)pyrene, and dibenz[a,h]-339 

anthracene, is lower. If the degrader strains metabolize the higher molecular weight PAH 340 

with the same efficiency (i.e. the same kinetic data) as found for PHE and PYR, their use as 341 

sole growth substrate is then limited, as shown in previous experiments [6]. The water 342 

solubility of benzo(a)pyrene is at 4.5 µgL-1 (18 nM), that of dibenz[a,h]anthracene at 2.5µgL-1 343 

(9 nM), and that of indeno(1,2,3-cd)pyrene only at 0.5µgL-1 (1.8 nM) [18]. This means that 344 

even if the pure substance is present in neighborhood to an aqueous phase, the solubility is 345 

almost too low to support bacterial growth on these substances. The only way for 346 

biodegradation is then co-metabolism, i.e. growth of degrader strains on another, more 347 
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soluble substrate. This is not based on the genetic or enzymatic potential of the degrading 348 

bacteria, but on dissolution kinetics and water solubility which limit the PAH flux towards the 349 

cells. 350 

4.4. Modification of the model approach for simulation of aging in soils and sediments.  351 

The ultimate goal of the model development was to provide a tool for simulating remediation 352 

options for PAH contaminated sites. Desorption of aged PAH from soils and sediments can 353 

be described by a bi-phase kinetics, with a fast and a slow desorption rate, as suggested by 354 

Johnson et al. [22]. We therefore replaced the dissolution term for PAH crystals (eq. 1) with a 355 

rapid ad/desorption to soil and a slow sequestration/remobilization step following in series:  356 

source
dt

dm
mkmk

dt

dm M
AADDDA

D         (7) 357 

AASSSAAADDDA
A mkmkmkmk

dt

dm
        (8) 358 

SSAAAS

S mkmk
dt

dm
          (9) 359 

where D is the index for the mass of substance in the truly dissolved phase (synonymous to 360 

W water phase in eq. 1, 2 and 4), A is for adsorbed phase (rapid) and S is for sequestration 361 

(slow). The model was parameterized for PHE (Kd = 162 Lkg-1), the exchange rates k were 362 

set to kAD = 0.09 d-1 and kSA = 1.73x10-3 d-1 [23], and are within the range given by Johnson 363 

et al. [22]. The backward rates are these values multiplied with Kd.  364 

4.5. Simulations of remediation options.  365 

The unified model [24] for mass transfer, sorption, sequestration and metabolism was also 366 

applied for the simulation of typical scenarios and remediation options.  367 

In the first scenario, representing a typical fresh contamination of a soil, the source of PAH 368 

is an oil phase with 1 g PHE distributed evenly over a volume of 1 m3. PHE dissolves within a 369 
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few days into the dissolved phase (D), from where rapid adsorption (A) and subsequent 370 

sequestration take place (Fig. 3a). A degrader population with kinetic data of Sphingobium 371 

yanoikuyae (Y = 0.21 gg-1, vmax = 18 gg-1
d-1) [5], i.e. the most efficient strain tested in 372 

previous experiments [5], grows vividly until the substrate in D and then also in A is depleted 373 

and then declines. The remaining substrate ends up in almost equal parts in A and S. 374 

Despite sufficient substrate present for further growth, it is not available for the degrader 375 

population, and the PAH in soil is "aged" and persists (Fig. 3a).  376 

Starting from a soil with aged contamination, e.g. an aged contaminated site with NAPL, 377 

coal and coke material (the outcome of simulation 1) with a PHE residual mass in 1 m3 soil of 378 

0.08 g, 61% hereof in S, 39% in A and 0.2% in D, and initial microbial biomass X(0) = 7×10-379 

4
gm-3, several remediation options were simulated. Bioaugmentation is simulated by the 380 

addition of degrader bacteria (X = 0.05 gm-3) after 2 years (t = 730 d) (Figure 3b). An effect 381 

is visible as a reduction of A and D (the "bioavailable" fraction), but the change is small and 382 

rarely affects the sequestered substrate in S. Within short time, the bacterial population 383 

declines again. This scenario may be the background for many failed bioremediation 384 

approaches in real contaminated sites. Unfortunately, most of these reports are only 385 

published in the `grey´ literature about remediation actions; nevertheless, some of them are 386 

also mentioned in peer-reviewed literature [25, 26].  387 

An alternative strategy is the addition of adsorbing amendments to soil [27, 28], which we 388 

simulated by a ten-fold increased organic carbon content of the soil, equivalent to a ten-fold 389 

increase of Kd (Fig. 3c). Practically all substrate remains present adsorbed (A) or 390 

sequestered (S) and bacterial degraders X decline further. The PAH exposure and toxicity 391 

may be reduced by this measure, but the biodegradation is not stimulated. This scenario is 392 

presumably realised in many contaminated sites of former gas work sites, in which 393 

particulate waste coal and coke materials were added for solidification of waste liquid coal 394 

tars finally resulting in non-bioavailable and non-degradable residual concentrations [9]. 395 
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The opposite strategy of increasing the dissolution (decrease of desorption rate Kd) is 396 

simulated by taking 10fold less organic carbon into account. Reduced adsorption can be 397 

achieved in practice by the addition solvents or chelators. Increased solubility stimulates 398 

bacterial degradation (Fig. 3d), substrate is removed from D and A, and subsequently also 399 

the sequestered pool declines. This scenario was realised by addition of surfactants in 400 

particular, using alcohol ethoxylates or glycoside-based surfactants that are found to  401 

improve the PAH degradation [29, 30], or by organic solvents such as acetone [31]. 402 

However, higher dissolved concentrations of PAH might result in higher toxicity. 403 

The last scenario is co-metabolism, and it is simulated with a constant (and high) bacterial 404 

biomass X of 0.01 gm-3 (Fig. 3e). In the long run, this seems the most successful 405 

bioremediation strategy, because it leads to a constant and steady decline of PAH in all 406 

pools. This scenario may explain the increase of PAH after compost addition to soil [27, 28, 407 

32, 33]. 408 

 409 

6. Conclusions 410 

Highly sorptive materials, e.g. black carbon (BC) materials and NAPLs like tar or mineral oils, 411 

are often found in contaminated gas work sites [9]. Tar oils are hydrophobic NAPLs like 412 

crude oil and contain various amounts of PAH. Raoult´s law was shown to determine the 413 

chemical activity and thereby the mass transfer of each compound from the NAPL to the 414 

water phase according to the molar fraction of each compound in the tar oil [3, 34-38]. After 415 

decades of being dumped in the subsurface the majority of the tar oil residues are 416 

biodegraded except of those being associated to coal and coke particles [9]. Due to the 417 

degradation of low molecular weight compounds in aged tar oil NAPLs and the enrichment of 418 

amphiphilic molecules at the NAPL water interphase, the viscosity of the interface between 419 

the remaining tar oil and the water may increase. This results in an additional decrease of the 420 

mass transfer from the NAPL to the water phase. The contamination history and the structure 421 
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and composition of the soil material thus determine the outcome of bioremediation 422 

treatments. In the real world temperature and soil water content also modify the degradation 423 

rates [12]. 424 

The simulations offer distinct prospective power for the assessment of remediation options of 425 

contaminated soils. At aged sites, degrader strains cannot grow due to limited substrate 426 

availability and thus the effect of their addition (bioaugmentation) is marginal and short-427 

termed. Moreover, a high abundance of PAH degrader communities in practically all 428 

investigated soils - including pristine soils - has been confirmed for naphthalene and PHE [8]. 429 

It can be concluded that amendment with degrader bacteria is not stimulating PAH 430 

degradation significantly over extended time spans in most cases. The addition of sorbents 431 

like biochar may decrease the bioavailable fraction and thus lower plant uptake and 432 

toxicological risk but will increase the persistence of the residual fraction due to a very limited 433 

substrate availability. Desorption flux can be stimulated by solvents (e.g. acetone) or 434 

surfactants (in best case those that can be used as substrate by the bacteria), which, 435 

however, also increases toxicity and risk of leaching. Bacterial growth can also be stimulated 436 

with complex co-substrates (compost, root exudates) enhancing co-metabolism and the 437 

bioavailability of sorbed PAH and resulting in a long-term increase of PAH degradation rates.  438 
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Figure captions 568 

Figure 1. Experiments with Mycobacterium rutilum: PHE concentration in suspension CSus 569 

(___♦___) and estimated microbial protein concentration CX,est (--○--), measured (data points) 570 

versus modeled (curves). Experiments with nominal initial phenanthrene concentrations: a) 571 

C0 = 10 mgL-1, b) C0 = 25 mgL-1, c) C0 = 50 mgL-1, d) C0 = 100 mgL-1, e) C0 = 200 mgL-1, f) C0 572 

= 400 mgL-1. Error bars indicate minimum and maximum (3 replicates). 573 

 574 

Figure 2. Experiments with Mycobacterium rutilum: PYR concentration in suspension CSus 575 

(___♦___) and estimated microbial protein concentration CX,est (--○--), measured (data points) 576 

versus modeled (curves). Experiments with nominal initial pyrene concentrations: a) C0 = 10 577 

mgL-1, b) C0 = 25 mgL-1, c) C0 = 50 mgL-1, d) C0 = 100 mgL-1, e) C0 = 200 mgL-1, f) C0 = 400 578 

mgL-1. Error bars indicate minimum and maximum (3 replicates). 579 

 580 

Figure 3. Simulation of remediation scenarios with the most efficient degrader strain 581 

Sphingobium yanoikuyae. Dissolved PHE phase (___), adsorbed PHE phase (--), 582 

sequestered PHE phase (- -), microbial protein (●●●). a) Scenario after release of 1 g PHE 583 

into 1 m3 soil. This panel additionally shows PHE in the NAPL phase for the first 2.6. days 584 

(…). b) Bioaugmentation with microbial degrader biomass to X = 0.05 g/m3 after 2 more 585 

years, c) Amendment with organic carbon (OC = 20%, Kd increased by a factor of 10), d) 586 

solubilisation (Kd decreased by a factor of 10), e) simulation of co-metabolism with constant 587 

X = 0.01 gm-3.  588 

 589 

 590 

 591 

 592 

 593 

 594 
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Table 1. PHE and PYR degrading strains used in the present experiments 595 

Species Mycobacterium rutilum Mycobacterium pallens 

DSM-No. 45405 45404 

Gram staining positive positive 

Morphology  rod-shaped  rod-shaped  

Motility - - 

Isolated from soil from urban park in Honolulu, 

Hawaii, USA [14] 

non-contaminated soil from 

Wahiawa, Hawaii, USA [14] 

PAH mineralization PHE, PYR PHE, FLU, PYR 

(PHE: phenanthrene, FLU: fluoranthene, PYR: pyrene) 596 

 597 

  598 
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Table 2. Model parameters and related fitted Monod parameters for the Mycobacterium 599 

strains 600 

Parameters Symbol Value Unit Reference / comment 

Input parameters     

Suspension volume VSus 0.1 L  

PHE density ρph 1100 kg m
-3

 [18] 

PYR density ρph 1270 kg m
-3

 [18] 

PHE water solubility S 1.15 g m
-3

 [18] 

PYR water solubility S 0.135 g m
-3

 [18] 

Microbial protein fract. fm,prot 0.55 g prot g
-1 

biomass [39] 

Fitted parameters – Dissolution flux 

PHE permeability x fA P x fA 160 (120-200) m d
-1

 details see SM 

PYR permeability x fA P x fA 475 (400-550) m d
-1

 details see SM 

Fitted parameters – Monod 

Mycobacterium rutilum and PHE degradation  

Half-saturation const. KM 0.1 g m
-3

  

Yield Y 0.20 (0.16-0.28) g bact g
-1

  

Death rate const. b 0.03 d
-1

  

Max. removal rate vmax 10 (7-12) g g
-1

 bact d
-1

  

Mycobacterium rutilum and PYR degradation  

Half-saturation const. KM 0.1 g m
-3

  

Yield Y 0.22 (0.17-0.28) g bact g
-1

  

Death rate const. b 0.03 d
-1

  

Max. removal rate vmax 9 (7-11) g g
-1

 bact d
-1

  

Mycobacterium pallens and PYR degradation  

Half-saturation const. KM 0.1 g m
-3

  

Yield Y 0.32 (0.25-0.36) g bact g
-1

  

Death rate const. b 0.01 d
-1

  

Max. removal rate vmax 8 (6-10) g g
-1

 bact d
-1

  

(fitted parameters: best estimate values, with ranges in brackets; fract.: fraction; const.: constant; 601 
max.: maximal; corr.: correction, bact: bacteria; prot: protein; fA: correction factor for deviations of 602 
surface area from cubic geometry) 603 
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Figure 3 627 


