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Abstract

:

To address the soil–plant transfer modelling of 13 US-EPA Polycyclic Aromatic Hydrocarbons (PAHs), a mechanistic model—MM_19—has been developed based on the fugacity concept. For that, the Mackay_97 model has been improved in terms of reconsidering the losses related to the transport and transformation mechanisms taking place in the compartments—roots and aboveground shoots—of the three short-life species (Eleusine indica, Cynodon dactylon and Alternanthera sessilis). Model input parameters consist of both experimental and literature data, including the initial soil and air PAHs content, flowrates, PAHs physico-chemical properties, retention times and transport half-lives of PAHs inside plant species. Using in situ weather data and Penman’s law, xylem flows were estimated as the evapotranspiration for each plant. Model calibration was performed using a Generalized Reduced Gradient (GRG) nonlinear optimization solver method. Sensitivity analysis showed that the phloem flow was the most sensitive among all tested parameters. According to the Nash–Sutcliffe efficiency (NSE), the MM_19 model is more efficient than the Mackay_97 model for all three plant species. Finally, the impact of PAHs physico-chemical parameters on their sol-plant transfer was discussed in terms of slight, intermediate and high molecules weight. The NSE values showed that the MM_19 model is more efficient than the Mackay_97 model. Indeed, comparisons between experimental and simulated results in the MM_19 model showed similarities for each compartment of the plant species. Thus, the MM_19 model can be used to predict the soil–plant transfer of organic pollutants.
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1. Introduction


Soil–plant transfers of organic pollutants depend not only on the physico-chemical properties of the molecules under consideration but also on the physiological processes involved in plant development [1]. The goal of modelling organic pollutants in plants is to predict the kinetics and balance (of the extraction of these pollutants by species at different times) [2,3]. Both empirical and mechanistic models are usually used. Empirical models are based on statistical relationships and do not consider the physiological characteristics of the plant, nor the exchanges between compartments of the environment [4]. Thus, bioconcentration factors, regression equations, root concentration factor, partition coefficients and translocation factors have been established to predict the transfer of organic pollutants from soil to plant compartments [3]. There are some dynamic mechanistic models which integrate the physiological characteristics of plants, as well as the exchanges that can occur between plant and their environment (air, soil and/or water). There are different types of models, such as the one developed by [5] to predict the relationships between the lipophilicity, root uptake and translocation of non-ionised chemicals by barley. The first fugacity model that included a plant compartment was made by [6]. Then, the Trapp and Mackay group developed several models based on the same fugacity concept, including the Mackay_97 model based on three mass balance equations [2]. These models are all based on the same principles and describe the same basic processes such as advective absorption in plants, diffuse absorption, chemical equilibrium, xylem and phloem transport, growth dilution and deposition of soil and air particles [3]. Several studies addressed the soil–plant transfer modelling of organic pollutants [7] including PAHs [8]. These authors constructed an empirical model using two linear regression equations to express the concentration of 16 PAHs in lettuce, potatoes and carrots as a function of their concentrations in soil, without taking into account the possible impact of other soil characteristics.



To model the soil–plant transfer of PAHs, the Mackay_97 model is chosen in this paper because: (i) it is based on a compartmental approach that considers the dynamics of PAHs transfer through soils, roots, stems, leaves and air, (ii) the resulting differential equation could be solved analytically avoiding errors from numerical methods, (iii) this model applied to herbaceous plants with short vegetative periods, considers the physico-chemical properties of soils, the plant physiology and the key transfer processes between the plants compartments. The main objective of this work is to develop an improved version of the Mackay_97 model and use it to predict the transfer of 13 PAHs into 2 compartments (aerial and root) of 3 herbaceous plants as a function of time and initial PAH concentrations in soil and air. This will mainly involve: (i) improving the Mackay_97 model; (ii) conducting a sensitivity analysis and calibration of the model with the most sensitive parameter; (iii) assessing the efficiency of the two models; and (iv) comparing the simulated values with the measured ones.




2. Materials and Methods


2.1. Conceptual Model


The mechanistic model we are developing in this study (MM_19 model) takes into account 13 of the 16 US-EPA PAHs. The latter are those mainly analyzed inside the plants during the experimental study conducted by [9]. The 13 PAHs are fluorene (F), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chy), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenzo(ah)anthracene (DahA), benzo(ghi)perylene (BP) et indeno(1,2,3-cd) pyrene (IP).



Two compartments are considered for each plant (Figure 1): aboveground shoots (L) = stems + leaves and roots (R). The other compartments are soil (S) and air (A). The main transfer flows across the plant are xylem (X) (upflow) and phloem (P) (downflow). Two keys processes within the compartments of the plant are taken into account: the growth dilution (G) and the metabolism (M) following the various degradation (catabolism) and synthesis (anabolism) reactions taking place inside the plant (Figure 1). According to [2], the Mackay_97 model considers the mass balance of downward and upward flows separately, hence avoiding a coupled equation. This leads to a poor consideration of losses related to the transport and transformation mechanisms that take place in each plant compartment; such as growth dilution and metabolism of PAHs inside the plants. Although approximate, this approach has the advantage to simplify the mathematical resolution of the Mackay_97 model. In order to overcome this, the present study is based on the development of a model that considers the mass balance of sap flow via the xylem and phloem vessels to be continuous, so that a single differential equation taking into account the two flows together could be established. Consequently, the mathematical resolution has been adapted. Another reason of improving the Mackay_97 model in this paper is due to the fact that it has not been calibrated.



The process rate, N (mol·h−1), in or from a phase can be calculated by the product of transport (D) and fugacity (f). The straight arrows represent the process rate between compartments and the deformed arrows refer to the process rate of losses related to growth dilution and metabolism.




2.2. Model Equations


According to [2], for each compartment i of the plant, Equation (1) expressed the mass balance equation that governs the dynamics of pollutants across t compartments.


    d  (   M i   )    d t   =   d  (   V i   Z i   f i   )    d t   =   ∑      D  j i    f j  −  f i    ∑      D o   



(1)




where:




	-

	
Mi = mass of PAH in compartment i;




	-

	
Zi = fugacity capacity of compartment i;




	-

	
fi and fj = fugacity of PAH in compartments i and j (Pa);




	-

	
Vi = volume of compartment i (m3);




	-

	
Dji = transport D values to compartment i from compartment j with fugacity fj, including the flow in xylem and phloem and the uptake from soil and air (mol·Pa−1·h−1);




	-

	
Do = transport and transformation D values for processes by which pollutant is removed from a giving compartment (mol·Pa−1·h−1).









Transport and transformation processes are expressed in terms of D values that can be considered as a fugacity rate constant or a type of conductivity or the reciprocal of resistance. They are obtained from quantities such as flowrates, mass transfer coefficients, diffusivities and reaction rate constants [2].



2.2.1. Fugacity Expression of the Plant Compartments


Fugacity can be imagined as a measure of the escaping tendency of molecules from one phase to an adjacent phase. Hence, in a multicomponent system, if the fugacity of a component in the two adjacent phases is the same, the two phases will be in equilibrium with no net transfer of molecules from one phase to another. The fugacity can also be evaluated by simple methods, employing limiting assumptions, but still useful for engineering purposes at a variety of conditions [10]. The fluid and gaseous exchanges within the plant are governed by two flows (upward and downward).



According to Equation (1), PAH uptake terms (∑ Dji fj) include both the upwards and downwards input processes; e.g., for the root compartment, PAH uptake includes the stem_leaves to roots (DLR) and the soil to roots (DSR) transport processes. PAH output terms (f ∑Do) also include both processes, e.g., the output terms for root compartment in both processes include roots to stem_leaves (DRL) and root to soil transport (DRS), along with metabolism (DRM) and growth dilution (DRG).



The resolution of Equation (1) leads to the expressed PAH fugacity and deduces its concentration inside the compartment under consideration according to the two flows direction. Thus, the mass balance of the stem_leaves compartment (L) can be written as:


     d  (   V L   Z L   f L   )    d t   =  D  A L    f A  +  D  R L    f R  −  f L    ∑      D o      With      ∑      D o  =    D  L A   +  D  L R   +  D  L M   +  D  L G     



(2)




and the mass balance of the roots compartment as follows:


     d  (   V R   Z R   f R   )    d t   =  D  L R    f L  +  D  S R    f S  −  f R    ∑      D o      With      ∑      D o  =  D  R L   +  D  R S   +  D  L M   +  D  L G     



(3)




where:




	-

	
A = Air, R = Roots, S = Soil and L = Stems and Leaves




	-

	
fA, fR, fS and fL are the fugacity of PAH in compartment A, R, S and L respectively;




	-

	
DAL, DRL, DSR and DLR are the air to stem_leaves, roots to stem_leaves, soil to roots and stem_leaves to roots transport D values of PAH. With   D = ln  ( 2 )   (  V Z  )  / τ  , with  τ  the PAH half-life.




	-

	
DLM, DLG, are the PAH lost by metabolism and growth dilution. DLA, DLR,DRS and DRL are the other losses related to the first compartment. For example, DLA is the transport D value lost from stem_leaves to air (through transpiration for instance).









Replacing each D value and dividing Equations (2) and (3) by VLZL and VRZR, respectively, gives the following system of 2 coupled linear differential equations.


  {      d  f L    d t     =   −  [    ln  ( 2 )     τ  L A , L     +   ln  ( 2 )     τ  L R , L       +    k  L G     +    k  L M    ]   f L    +     ln  ( 2 )     τ  R L , L      f R    +     ln  ( 2 )     τ  A L , L      f A        d  f R    d t     =   −  [    ln  ( 2 )     τ  R L , R       +     ln  ( 2 )     τ  R S , R       +    k  R G     +    k  R M    ]   f R    +     ln  ( 2 )     τ  L R , R      f L    +     ln  ( 2 )     τ  S R , R      f S      



(4)




where:




	-

	
τAL,L, τRL,L, τLA,L and τLR,L are the air to stem_leaves, root to stem_leaves, stem_leaves to air and stem_leaves to root PAH clearance half-lives in the stem_leaves compartment;




	-

	
τLR,R, τSR,R, τRL,R and τRS,R are the stem_leaves to root, soil to root, root to stem_leaves and root to soil PAH clearance half-lives in the root compartment;




	-

	
kLG and kLM are stem_leaves growth dilution and metabolism rates constants, respectively; kRG and kRM the roots growth dilution and metabolism rates constants, respectively.









Equation (4) can be written as a linear differential equation with the second element:


     d f   d t   = M f + F    where :   f =  (       f L         f R       )    ;   F =  (        ln  ( 2 )     τ  A L , L      f A          ln  ( 2 )     τ  S R , R      f S       )    and    M =  [      −  [    ln  ( 2 )     τ  L A , L     +   ln  ( 2 )     τ  L R , L     +  k  L G   +  k  L M    ]        ln  ( 2 )     τ  R L , L             ln  ( 2 )     τ  L R , R         −  [    ln  ( 2 )     τ  R L , R     +   ln  ( 2 )     τ  R S , R     +  k  R G   +  k  R M    ]       ]    



(5)







Analytical resolution of Equation (5) is provided in Supplementary Material A (SM_A).



Replacing each expression of C1 and C2 (SM_A), the analytical expressions of fL and fR are:


      f L      =    [     (  A +  λ 2   )     (   λ 1  −  λ 2   )     [    ln  ( 2 )     τ  A L , L      f A    −     Dln  ( 2 )     (  A +  λ 2   )   τ  S R , R      f S   ]   (   1   λ 1     )   (  1   −    e   λ 1  t    )   ]       +    [     (  A +  λ 1   )     (   λ 2  −  λ 1   )     [    ln  ( 2 )     τ  A L , L      f A    −     Dln  ( 2 )     (  A +  λ 1   )   τ  S R , R      f S   ]   (   1   λ 2     )   (  1   −    e   λ 2  t    )   ]      



(6)






      f R    =   [     (  A +  λ 1   )   D    ×      (  A +  λ 2   )     (   λ 1  −  λ 2   )     [    ln  ( 2 )     τ  A L , L      f A    −     Dln  ( 2 )     (  A +  λ 2   )   τ  S R , R      f S   ]   (   1   λ 1     )   (  1   −    e   λ 1  t    )   ]      +    [     (  A +  λ 2   )   D    ×      (  A +  λ 1   )     (   λ 2  −  λ 1   )     [    ln  ( 2 )     τ  A L , L      f A    −     Dln  ( 2 )     (  A +  λ 1   )   τ  S R , R      f S   ]   (   1   λ 2     )   (  1   −    e   λ 2  t    )   ]      



(7)







All new constants are defined in SM_A.




2.2.2. PAHs Concentrations in the Roots and Stem_Leaves Compartments


Fugacity (f) which is an equilibrium criterion and can be considered as partial pressure (Pa), is linearly related to concentration C (mg·kg−3) through a fugacity capacity Z (mol·m−3·Pa−1), such as:


  C = f Z  



(8)







According to [2], equilibrium partitioning (at equal fugacity, fi = fj) between compartment, with concentrations CL and CR, can be described by a dimensionless partition coefficient (Kij) which is essentially a ratio of Z values; hence:


   K  i j   =    C i     C j    =    f i   Z i     f j   Z j    =    Z i     Z j     



(9)







PAH concentrations in stem_leaves (CL) and roots (CR) compartments can then be calculated as ZLfL and ZRfR, respectively. Rearranging Equation (9) and relating all fugacity capacity coefficients to water (W) gives


      C L    =   [     (  A   +    λ 2   )     (   λ 1    −    λ 2   )     [    ln  ( 2 )     τ  A L , L      C A   (     K  L W      K  A W      )  −     Dln  ( 2 )     (  A +  λ 2   )   τ  S R , R      C S   (     K  L W      K  S W      )   ]   (   1   λ 1     )   (  1   −    e   λ 1  t    )   ]      +    [     (  A +  λ 1   )     (   λ 2  −  λ 1   )     [    ln  ( 2 )     τ  A L , L      C A   (     K  L W      K  A W      )    −   Dln  ( 2 )     (  A +  λ 1   )   τ  S R , R      C S   (     K  L W      K  S W      )   ]   (   1   λ 2     )   (  1   −    e   λ 2  t    )   ]      



(10)






      C R    =    [     (  A   +    λ 1   )   D  ×    (  A   +    λ 2   )     (   λ 1    −    λ 2   )     [    ln  ( 2 )     τ  A L , L      C A   (     K  R W      K  A W      )  −     Dln  ( 2 )     (  A   +    λ 2   )   τ  S R , R      C S   (     K  R W      K  S W      )   ]   (   1   λ 1     )   (  1   −    e   λ 1  t    )   ]       +    [     (  A   +    λ 2   )   D    ×      (  A   +    λ 1   )     (   λ 2    −    λ 1   )     [    ln  ( 2 )     τ  A L , L      C A   (     K  R W      K  A W      )  −   Dln  ( 2 )     (  A   +    λ 1   )   τ  S R , R      C S   (     K  R W      K  S W      )   ]   (   1   λ 2     )   (  1   −    e   λ 2  t    )   ]      



(11)




where KLW, KAW, KSW and KRW are the stem_leaves to water, air to water, soil to water and root to water partition coefficients, respectively.





2.3. Model Input Parameters


The input parameters of the model were either measured or calculated using experimental or literature data, or were taken directly from the literature without any modifications.



The calculated input parameters are:




	-

	
Partition coefficients of PAHs between compartments;




	-

	
Flowrates that control the transport processes;




	-

	
Retention times of PAHs in each compartment of the plant according to the flow direction;




	-

	
Half-lives of transport (τ), growth dilution (τG) and metabolism (τM).









The existing input parameters are:




	-

	
Metabolism and growth dilution half-lives




	-

	
Plant morphological and physiological parameters such as volumes of stem_leaves and roots compartments for each plant species; and the initial soil PAHs concentrations.









2.3.1. Calculated Input Parameters


Partition Coefficients and the Initial PAHs Concentration in Water


To calculate the initial PAHs concentration in water (CW), the distribution coefficient (Kd = CS/CW) is used. Thus:


   C W  =  C S  /  K d  ,  



(12)




where CS is the initial soil PAH concentration (mg/kg).



Kd is calculated using the organic carbon coefficient (KOC: ratio between the amount of PAH absorbed per unit weight of organic carbon and the amount of PAH in the aqueous phase at equilibrium).


    K d  =    K  O C     ×   % C O     100      With   % C O = % M O / 1.72   and    K  O C   = 0.411    K  O W     



(13)




where %CO [11] and %MO are the percentages of organic carbon and organic matter, respectively, from experimental data.



The compartment-water partition coefficient (KiW) including stem_leaves, root and soil, have been calculated using the leaves (E) to air (A) partition coefficient (KEA) from [12] as follows:


    K  E A   =  (    R T  H   )  ×  [       V C  1.11  K  O W   0.97   +  V W  +  V l   K  O W   +  V F  0.0372  K  O W   0.95   +  V P  ( 86.2  K  O W   − 1         + 3.70 )      ]     With :     R T  H  =  K  A W     



(14)




where:




	-

	
VC, VW, Vl, VF and VP are the volume fractions of cuticular membrane, water, carbohydrate, lipids and protein of the leaves.




	-

	
KAW is the air to water partition coefficient and RT/H derived from the Henry’s law constant.









Referring to Equation (8),    K  E W   =    K  E A      K  A W     = K _ i W  . Rearranging Equation (14) and taking into account the density of each compartment i, the final expression of KiW is then:


   K  i W   =  [   V C  1.11  K  O W   0.97   +  V W  +  V L   K  O W   +  V F  0.0372  K  O W   0.95   +  V P   (  86.2  K  O W   − 1   + 3.70  )   ]  ×  d i   



(15)







The octanol/cuticle-air partition coefficient can be expressed as KOA = KOW/KAW.




Flowrates and Retention Times


Regarding the case of this study with two plant compartments (stem_leaves = L and root = R), the calculation of flowrates related to stem_leaves and air compartments (Table S1) is deduced from [2] and all the explanations related to the transport parameters are in Supplementary Material B (SM_B). Flowrates are calculated according to the migration direction of PAHs. Xylem flowrates (GX) are specific to the plant type and dependent on weather conditions. According to [2], the Phloem flow is equal 5% of the xylem flow (GP = 5 × 10−2 GX); the soil to root flowrate is 1.05 of the xylem flow (GSR = 1.05 GX); and the root to soil flowrate is 5% (α) of the xylem flow (GRS = 0.05 GX).



Retention times (𝜹)—the times required for a volume of xylem or phloem sap to equal the volume of a given compartment to flow through the plant—are calculated from flowrates as presented in Table S2 (SM_B).




Transport Half-Lives


Half-lives D values for each flow direction are expressed in Table S3 (Supplementary Material C). It is the time required to halve the amount of PAH in a given compartment. The transport half-lives (D = ln(2)VZ/τ) are deduced from the two plant compartments volumes (VL and VR) and the four flowrates (GLA, GAL, GP and GSR). According to [2], the general expression to calculate the clearance half-life of a PAH from a compartment i to a compartment j, Gij is    τ  i j   = ln  ( 2 )   K  i w      V i     G  i j     = ln  ( 2 )   K  i w    δ  i , i j   .   Thus, half-lives are then calculated for each flow direction using the values of retention times (𝜹) and the partition coefficients.



To determine the air–leaves exchanges, the transfer half-lives are explained in Supplementary Material C.





2.3.2. Existing Input Parameters


Metabolism and Growth Dilution Half-Lives


Most persistent pollutant of environmental concern like PAHs have low metabolic rates and the metabolism half-life can be assumed to be infinite or very large [2]. The D values for metabolism and growth dilution, for example, in the stem_leaves compartment, are DLM and DLG, respectively. These D values can be calculated as:


   D  L G   =  Z L   (    d  V L    d t    )  =  k  L G    Z L   V L   



(16)






   D  L M   =  Z L   (    d  V L    d t    )  =  k  L M    Z L   V L   



(17)




where V is the volume of the plant, and kLM and kLG are the assumed first order rate constants. τLM and τLG, the stem_leaves compartment metabolic and growth dilution half-life are ln(2)/kLM and ln(2)/kLG respectively.



Later, as the plant matures, kLG decreases. For simplicity, it is assumed that kLG is constant throughout the short growing period of an herbaceous agricultural plant. The growth half-life, τLG, is usually the simple estimation of the time required for each plant tissue to double in volume. For grasses, τLG may be a week [2].



According to experimental data, the time required for the three plant species to double their original size from sprouting is approximately 14 days = 336 h [9]; corresponding to a kG of 2 × 10−3 h−1. The metabolic rate constant (kM) was also assumed to be 2 × 10−3 h−1 for all plant compartments, corresponding to a metabolic half-life of 336 h.




Plant Morphological and Physiological Parameters and Others


Mass, volumes and density of each compartment (air, stem_leaves, roots, soil and water) were obtained from the experimental data and literature. The expression of PAH content in the atmosphere is developed in Supplementary Material D (SM_D). Volume fractions of cuticular membrane, carbohydrate, lipids and protein of each plant compartment come from [12], and the volume fraction of water in each plant compartment has been calculated using their water content. The typical values for τO and τA are 126 h and 5 × 10−6 h, respectively, and the diffusion fraction of xylem flow (Ø) is 0.05 [2]. The duration used to model the transfer of PAHs (150 days = 3750 h) is the same as that of the experiments conducted by [9]. The octanol-water partition coefficient (log KOW) of each PAH comes from literature as well as their Henry law values. All these input parameters were used to solve the model.






2.4. Overview of the Experimental Work


An experimental study has been conducted by [13] to investigate the effect of fuel oil pollution on growth characteristics and phytoremediation potential of six plant species (Cynodon dactylon (L.) Pers., Eleusine indica (L.) Gaertn., Cleome ciliata Schum. and Thonn., Alternanthera sessilis (L.) R. Br. ex DC†, Commelina benghalensis L. and Asystasia gangetica (L.) T. Anderson).



The experimental device comprises three modalities, namely Tn: unpolluted planted soil; To: unplanted polluted soil; and Tp: polluted planted soil. For this study, soil had sandy loam texture (81.06% sand, 11.25% silt, and 3.98% clay); with a low cation exchange capacity (10.38 ± 1.08 meq/100 g of soil), a pH (7.4 ± 0.26) close to the neutrality; rich in organic matter (5.86 ± 0.51% DM) and nutrients (total Kjeldahl nitrogen = 1516.67 ± 44.1 mg/kg DM; total phosphorus = 1326.51 ± 31.79 mg/kg DM). The study was carried out under natural conditions at an experimental site located in the North-East of Strasbourg city (48°34′24.21′ N; 7°45′8.47′ E), France. A WatchDog weather station was used for climate data registration. The climatic variations were diverse because the experimental period (April–August) took place over two climatic seasons (spring and summer). A hierarchical classification makes it possible to distinguish three climates: (i) a fairly cold period (average temperature = 14 ± 1 °C) and wet (average humidity = 67 ± 5%), with the lowest average sunshine (153 ± 31 Wat/m2); (ii) a relatively humid period (average humidity = 70 ± 3%) and rainy (20.22 mm) with the highest average sunshine (220 ± 42 Wat/m2); (iii) and a warm period (average temperature = 24 ± 1 °C) and dry (average humidity 59 ± 1%).



As for the results of this experiment, we noticed that only 3 plants (E. indica, C. dactylon and A. sessilis) survived and developed throughout the 150 days of experimentation. The bioconcentration and translocation factors values of PAH indicate that E. indica and A. sessilis promoted the rhizodegradation and phytoextraction of hydrocarbon-polluted soils, whereas C. dactylon was only involved into rhizodegradation. Input parameters from this study are the initial PAHs concentration in soil; the mass and density of compartment R, L and S; and the weather data to calculate plants transpiration (SM_B) used as xylem flow from which the phloem flow was deduced.




2.5. Model Resolution and Data Analysis


The two linear differential equations were solved for the 13 PAHs and each of the 3 plant species (Eleusine indica, Cynodon dactylon and Alternanthera sessilis).



Sensitivity analysis was mainly based on the phloem flow calculation factor (α), the diffusion fraction of xylem flow between plant compartments (Ø), as well as the characteristic time of PAH through cuticle (𝝉O). The choice of these parameters is based on the fact that they come from literature and are likely to vary according to the type of pollutant and the environmental factors. They are also directly related to the plant.



The classical Mean Square Error (MSE) here measures the difference between computed values h and the measured values h0, for n PAHs. MSE is the one of most widely used criteria for calibration and evaluation of models with observed data. It can be expressed in the units of the quantities it compares when a unique variable is considered.


  MSE =  1 n      ∑   i = 1  n     (   h i  −      h   i 0   )   2    ∈  (  0 , + ∞  )   



(18)







The Generalized Reduced Gradient (GRG) nonlinear optimization solver method [14] in Excel was used for the calibration.



To assess model efficiency, the so-called Nash–Sutcliffe efficiency (NSE), a dimensionless error criterion, has been used. It accounts for the mean μo and standard deviation σo of the dataset.


  NSE = 1 −       ∑   t = 1  n     (   h i  −  h i 0   )   2        ∑   t = 1  n     (   h i 0  −  μ 0   )   2      = 1 −   MSE      (   σ 0   )   2    ∈  (  − ∞ ,   1  )   



(19)







A value of 1 for NSE indicates a perfect agreement between the model and the dataset. Model performance is rated as “very good” if 0.75 < NSE < 1.00, as “good” if 0.65 < NSE < 0.75, as “satisfactory” if 0.50 < NSE < 0.65, and “unsatisfactory” otherwise.



The Student’s t-test was used to compare the average values of PAHs contents between the computed and the measured values; using StatPlus:mac LE software v6.1.60 (AnalystSoft Inc., Walnut, California). Evapotranspiration (ETP) was calculated using the Penman–Monteith method.





3. Results and Discussion


3.1. Sensitivity Analysis


The sensitivity analysis shows that changes in the α factor have the greatest influence on the model (Table S4, Supplementary Material E). In fact, changing the α factor by an order of magnitude results in equivalent changes in the simulated values. Parameter 𝝉O also significantly influences the model; however, its impact is not homogeneous like the α factor. As for Ø, the model is less sensitive to its variation compared to the other two parameters. Indeed, it only influences the root compartment.



For example, in the case of chrysene (Chy) in the stem_leaves compartment, by multiplying alpha by 10−1 and 10−2, the initial value of Chy (4.44 × 10−1) is modified by 10−1 (4.59 × 10−2) and 10−2 (4.63 × 10−3), respectively. Applying the same scenario with 𝝉O, no change is observed when 𝝉O is multiplied by 10−1 (4.47 × 10−1); and when 𝝉O is multiplied by 10−2, the simulated Chy values is modified in the order of 10−1 (3.67 × 10−1). Multiplying Ø by 10−2, the initial Chy value (7.06 × 10−3) in the roots is only modified by 10−1 (6.75 × 10−3) (Supplementary Material E).




3.2. Impact of Light PAHs on Model Calibration


Model calibration with the 13 PAHs was not possible; it was performed with 10 PAHs. The latter are the heaviest PAHs (4–6 benzene rings). The remaining 3 PAHs are 3-ring (Fluorene, Anthracene and Phenanthrene), thus the lower molecular weight PAHs among the 13 US-EPA PAHs used in this study. Overall, whatever the plant compartment and the species, the sum of the square deviations (SSD) calculated between the simulated and the measured values for these 3 PAHs are not in the same orders of magnitude as those of the other 10 PAHs (Table S5, Supplementary Material F). Thus, this contributes to skewing the model calibration.



Different behaviour observed between heavy and light PAHs during modelling could be explained by their physico-chemical properties as well as the environment factors. Regarding PAHs properties, it is assumed that soil–plant transfer of PAHs is only possible for low molecular weight PAHs (2 to 3 benzene rings) while those of 3 to 6 rings show a tendency towards adsorb to the cortical zone of roots [15]. In addition, light PAHs (152 to 178 g·mol−1) have higher solubility and volatility than heavy PAHs which increase their probability to be transfer into the plant through xylem and phloem flows. It is at this stage that environmental factors are involved. In fact, for experiments, with regard to phloem flow, the physical non-restriction of the air compartment and thus the increase in volatilization would reduce downward transfers; and for xylem flows, the soil biodegradation of these highly soluble PAHs (2 to 3 benzene rings) must be taken into account, since plant–microbe interaction significantly affect the bioavailability and remediation of PAHs [16]. Moreover, the rhizosphere could also stabilize pollutants through polymerization reactions such as humification [17]. All these statements make it possible to understand why the model overestimated (Supplementary Material E) the transfer of 3-ring PAHs (Fluorene, Anthracene and Phenanthrene), especially within the root compartment, for almost all three herbaceous species. With respect to the foregoing, only 10 PAHs will be taken into account for both model calibration and modelling.




3.3. Impact of the Physico-Chemical Properties of PAHs on Their Transfer from Soil to the Plant Species


Overall, the soil–plant transfer modelling results of the heavier PAHs follow the same trend, regardless of the plant species. In fact, the simulated concentrations of heavy PAHs are usually closer to the experimental ones. However, some differences are noticeable depending on the physico-chemical properties of PAHs.



3.3.1. Intermediate Molecular Weights’ PAHs


Fluoranthene (Flu) and Pyrene (Pyr) are among the intermediate molecular weights’ PAHs [18]. Compared to the eight other PAHs, Flu and Pyr concentrations present some significant differences between the MM_19 model and the experimental results. In fact, the modelling results of Flu in the roots parts (Figure 2B,D,F) are significantly higher than the experimental results for all the three plant species (A. sessilis: p < 0.001, C. dactylon and E. indica: p < 0.05). In the stem_leaves compartment of C. dactylon, the simulated values of Pyr are significantly lower (p < 0.01) than their experimental ones (Figure 2F).



The higher Flu concentrations for the MM_19 model compared to the experiments predict a strong bioaccumulation trend for this PAH. Indeed, Flu is intermediate between the most soluble and volatile PAHs and the most bioaccumulative PAHs (log KOW > 3). Thus, its tendency to be more or less soluble in the soil solution and to have a strong affinity with the plants lipids contributes to its bioaccumulation inside the plant roots [15].



The low simulated Pyr concentrations compared to the experimental ones can be explained by the adsorption phenomenon. The difference appears only for one plant species (C. dactylon), so it is assumed that the adsorbed fraction of Pyr on the roots of C. dactylon has not been desorbed, probably due to the high affinity that could exist between Pyr and the roots lipids of C. dactylon. In fact, PAHs are well-known to be lipophilic.



The Pyr and Flu contents of the Mackay_97 model are significantly different from those tested in some plant species. Indeed, in A. sessilis, the simulated values of Pyr and Flu in the stem_leaves compartment of the Mackay_97 model are significantly higher (p < 0.001) than those of the experiments (Figure 2B). The same observation is made for E. indica regarding Pyr concentration (p < 0.05) in the stem_leaves compartment (Figure 2A). No significant differences were observed for the root parts of each species (Figure 2B,D,F). The comparison between the simulated values of different models shows that the root concentrations of the Mackay_97 model are slightly different (p < 0.1) to the experimental ones compared to the MM_19 model (p > 0.05).




3.3.2. High Molecular Weights’ PAHs


Simulated (MM_19 model) and measured concentrations of the eight other heavy PAHs are close to the experimental concentrations, except the simulated root concentration of Benzo(a)anthracene (BaA) which is higher than the experimental one for A. sessilis (Figure 3D). Furthermore, the MM_19 model underestimates the experimental concentrations of Benzo(ghi)perylene (BP) (p < 0.001) and Indeno(1,2,3-cd)pyrene (IP) (p < 0.05) in the stem_leaves of all plant species (Figure 3A,C,E).



The close concentrations of heavy PAHs between the MM_19 model and the experiments in the two plant compartments of each herbaceous species confirm their low bioavailability as well as their high bioaccumulation following their log KOW > 3. In fact, heavy PAHs tend to be accumulated on plants lipids and high organic matter area [19].



Comparing the Mackay_97 model with experiments shows that it underestimates the experimental concentrations of all the eight PAHs (p < 0.01) in the stem_leaves of A. sessilis (Figure 3C). The BP simulated concentration with the Mackay_97 model is the only one of the eight PAHs that is significantly higher than the experimental ones in the root parts of C. dactylon (p < 0.01) (Figure 3F) and E. indica (p < 0.05) (Figure 3B).



Overall, although the differences are not statistically perceptible, with 95% certainty between the experimental concentrations and those of the Mackay_97 model, the Student’s t-test shows differences with 90% certainty—particularly for Chy and BbF, whose experimental concentrations are higher than those of the Mackay_97 model for C. dactylon and E. indica. This is not the case with the MM_19 model. Thus, the experimental values of PAHs concentrations in the plant compartments are closer to the model developed in this study (the MM_19 model) compared to that of Mackay_97. Probably because of the difference between the two models in terms of the initial mass balance of the upward and downward flowrates.





3.4. Comparison Between the MM_19 Model and the Mackay_97 Model


3.4.1. Significance of the Phloem Flow Multiplying Factor (α)


As specified in the methodology part, the phloem is calculated from the xylem flow using a multiplying factor (α). The difficulty in estimating this multiplying factor is mainly due to the fact that the air compartment is not physically limited as the model considers it. Direct simulations carried out by varying the model’s input interest parameters (Table 1) showed that the model outputs were very sensitive to phloem flow and therefore to the multiplying factor (α). Table 1 presents the values of α factor for all plant species, before and after calibration. The calibrated value obtained for E. indica was used as the initial value (before calibration) for C. dactylon and A. sessilis. There are significant differences between the phloem flow of the Mackay_97 model and that of the MM_19 model. In fact, bromacil, the pollutant used by [2], has low values of H and log Kow. It could therefore be easily transferred through phloem and xylem flows; hence the high factor of phloem flow. Moreover, it appears that the Mackay_97 model was not calibrated first. Table 1 also shows that the calibrated values of α factor used to estimate phloem flow for the MM_19 model have some consistency, given the same orders of magnitude (10−5) for all species compared to the calibrated values of the Mackay_97 model.




3.4.2. Models Efficiency


Table 2 provides the efficiency of the two models through the NSE values. Overall, it shows that the MM_19 model is more efficient than the Mackay_97 model. NSE values of MM_19 model show that its efficiency is very good (7.24 × 10−1–8.60 × 10−1) in four cases (root compartment of E. indica and C. dactylon; stem_leaves compartment of A. sessilis and C. dactylon); satisfactory (5.50 × 10−1) for the stem_leaves compartment of E. indica; and unsatisfactory just for the root compartment of A. sessilis. The efficiency of Mackay_97 model is unsatisfactory in three cases (root compartment of E. indica and C. dactylon; stem_leaves compartment of A. sessilis); satisfactory for the stem_leaves compartment of E. indica (0.587) and C. dactylon (5.20 × 10−1); and very good (7.87 × 10−1) just to simulate the soil–plant transfer of PAHs inside the root compartment of A. sessilis (Table 2).





3.5. Modelling Results


The cluster dendrogram and the PCA (Figure 4) compare the simulated and experimental values of the 10 PAHs modelled for the MM_19 model. They do not take into account the PAH values in the root compartment of A. sessilis for which the effectiveness of the MM_19 model was unsatisfactory. These comparisons show in general the similarities between model and experiments for the two compartments of each plant. In fact, in each of the two cluster groups, the experimental and simulated values corresponding to a compartment of any plant are present. For example, in the first group, both experimental and simulated PAH values are found in the root compartment of E. indica, and C. dactylon.



Overall, the simulated concentrations of the 10 heavy PAHs are generally closer to the experimental concentrations for the different compartments of all plant species. However, some differences are noticeable depending on the physico-chemical properties of PAHs. More specifically, the model underestimated the experimental concentrations of four PAHs, mainly those of highest molecular weight (DahA, BP and IP) in the air compartments of all plants. This result is consistent with the literature since, due to their low bioavailability and high bioaccumulation, heavy PAHs tend to accumulate on plant lipids and areas with a high organic matter content [19]. Simulated Flu concentrations in the root parts are significantly higher than those in the experimental parts (p < 0.05) for C. dactylon and E. indica. This predicts a strong tendency for the bioaccumulation and transfer of this PAH to the roots. Only the simulated values of Pyr are significantly lower (p < 0.01) than the experimental values in the stem _leaves compartment of C. dactylon.





4. Conclusions


This work aimed to model the soil–plant transfer of 13 US-EPA PAHs using the fugacity concept of Mackay_97 model. However, the double integration of losses in this model, as well as its non-calibration, led to the development of a new one, the MM_19 model. Sensitivity analysis shows that the phloem flow multiplying factor (α) was the most sensitive parameter of the study. It has then been used for model calibration. Of the 13 PAHs, only the soil–plant transfer of 10 (4–6 benzene rings) was simulated due to significant differences in the sum of the square deviations found for the 3-ring PAHs (F, Ant and Phe), which caused a skewness in the model’s calibration. Analysing the performance of both models revealed that the MM_19 model is more efficient than the Mackay_97 model. Solving MM_19 model showed that it overestimated the measured values of two intermediate PAHs (Flu and Pyr); especially in the roots of all species for Flu, and in the stem_leaves of C. dactylon for Pyr. The other eight heaviest PAHs showed significant similarity between the model and measured values; except for DahA, BP, and IP, the measured values of which were underestimated by the model in the stem_leaves compartment of each species. According to its high efficiency for all the three herbaceous species and its accuracy in predicting the soil–plant transfer of the 8 on 10 PAHs, the MM_19 model can be recommended for similar work. However, the integration of rhizospheric biodegradation processes of PAHs by microorganisms would be useful to provide more accurate predictions of the MM_19 model. Results obtained from the calibrated values of the α factor in the MM_19 model make it possible to recommend its future use in the modelling process for the specific case of lipophilic pollutants like PAHs. Although the alpha factor of all plant species showed the same orders of magnitude, that of E. indica (6.64 × 10−5) is the most reliable, since it was used for the other two species, with no significant differences between the initial and calibrated values.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4441/12/6/1759/s1, Table S1: Flowrates of PAHs from one compartment to another, Table S2: PAHs retention times in plant compartments, Table S3: PAHs half-lives of model compartments, Table S4: Example of sensitivity analysis for E. indica, Table S5: Sum of the square deviations (SSD) calculated between the simulated and the measured values for the 13 PAHs.





Author Contributions


Conceptualization, A.W. and P.M.N.; methodology, A.W. and P.M.N.; software, A.W. and P.M.N.; validation, A.W. and P.M.N.; formal analysis, A.W. and P.M.N.; investigation, G.V.D.W. and P.M.N.; resources, A.W., G.V.D.W. and P.M.N.; data curation, A.W. and P.M.N.; writing—original draft preparation, P.M.N. and G.V.D.W.; writing—review and editing, A.W. and P.M.N.; visualization, I.M.K.N., A.W.; supervision, I.M.K.N., A.W., P.F.D.; project administration, A.W.; funding acquisition, P.M.N., I.M.K.N., P.F.D., G.V.D.W. and A.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Schlumberger Foundation Faculty for the Future (FFTF).




Acknowledgments


The authors would like to thank the funding organization of this research project, the Schlumberger Foundation Faculty for the Future (FFTF).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Collins, C.; Fryer, M.; Grosso, A. Plant uptake of non ionic organic chemicals. Environ. Sci. Technol. 2006, 40, 45–52. [Google Scholar] [CrossRef] [PubMed]

	



Hung, H.; Mackay, D. A novel and simple model of the uptake of organic chemicals by vegetation from air and soil. Chemosphere 1997, 35, 959–977. [Google Scholar] [CrossRef]

	



Trapp, S.; Legind, C. Uptake of Organic Contaminants from Soil into Vegetables and Fruits, springerprofessional.de. 2011. Available online: https://www.springerprofessional.de/uptake-of-organic-contaminants-from-soil-into-vegetables-and-fru/4719244 (accessed on 22 May 2018).

	



INERIS. Modèle de transfert sol-plante des polluants organiques. Tome 1: Revue bibliographique | Ineris. 2002. Available online: https://www.ineris.fr/fr/modele-transfert-sol-plante-polluants-organiques-tome-1-revue-bibliographique (accessed on 16 November 2018).

	



GBriggs, G.; Bromilow, R.H.; Evans, A.A. Relationships between lipophilicity and root uptake and translocation of non-ionised chemicals by barley. Pestic. Sci. 1982, 13, 495–504. [Google Scholar] [CrossRef]

	



Calamari, D.; Vighi, M.; Bacci, E.E. The use of terrestrial plant biomass as a parameter in the fugacity model. Chemosphere 1978, 16, 2359–2364. [Google Scholar] [CrossRef]

	



Collins, C.D.; Finnegan, E. Modeling the Plant Uptake of Organic Chemicals, Including the Soil−Air−Plant Pathway. Environ. Sci. Technol. 2010, 44, 998–1003. [Google Scholar] [CrossRef] [PubMed]

	



Empereur-Bissonnet, P. Modeling polycyclic aromatic hydrocarbon uptake in common vegetables grown in aged polluted soils. Environ. Risques St. 2013, 12, 29–40. [Google Scholar] [CrossRef]

	



Nguemté, P.M.; Wafo, G.V.D.; Djocgoue, P.F.; Noumsi, I.M.K.; Ngnien, A.W. Potentialities of Six Plant Species on Phytoremediation Attempts of Fuel Oil-Contaminated Soils. Water Air Soil Pollut. 2018, 229, 88. [Google Scholar] [CrossRef]

	



Danesh, A. (Ed.) 3-Phase Equilibria. In Developments in Petroleum Science; Elsevier: Amsterdam, The Netherlands, 1998; pp. 105–128. [Google Scholar]

	



Karickhoff, S.W. Semi-empirical estimation of sorption of hydrophobic pollutants on natural sediments and soils. Chemosphere 1981, 10, 833–846. [Google Scholar] [CrossRef]

	



Muller, J.F.; Hawker, D.W.; Connell, D.W. Calculation of bioconcentration factors of persistent hydrophobic compounds in the air/vegetation system. Chemosphere 1994, 29, 623–640. [Google Scholar] [CrossRef]

	



Nguemté, P.; Wafo, G.V.; Djocgoue, P.; Noumsi, I.K.; Ngnien, A.W. Phytoremédiation de sols pollués par les hydrocarbures–évaluation des potentialités de six espèces végétales tropicales. Rev. Sci. L8217eau J. Water Sci. 2017, 30, 13–19. [Google Scholar] [CrossRef]

	



Lasdon, L.S.; Fox, R.L.; Ratner, M.W. Nonlinear optimization using the generalized reduced gradient method. RAIRO-Oper. Res.-Rech. Opérationnelle 1974, 8, 73–103. [Google Scholar] [CrossRef]

	



Oleszczuk, P.; Baran, S. Polycyclic Aromatic Hydrocarbons Content in Shoots and Leaves of Willow (Salix). Water Air Soil Pollut. 2005, 168, 91–111. [Google Scholar] [CrossRef]

	



Hajabbasi, M.A. Importance of soil physical characteristics for petroleum hydrocarbons phytoremediation: A review. Afr. J. Environ. Sci. Technol. 2016, 10, 394–405. [Google Scholar] [CrossRef]

	



Binet, P.; Portal, J.M.; Leyval, C. Dissipation of 3–6-ring polycyclic aromatic hydrocarbons in the rhizosphere of ryegrass. Soil Biol. Biochem. 2000, 32, 2011–2017. [Google Scholar] [CrossRef]

	



Rodrigues, R.; Lacerda, C.A.; Lanças, F.M. Coating of solid-phase microextraction fibers with chemically bonded silica particles: Selective extraction of polycyclic aromatic hydrocarbons from drinking water samples. J. Chromatogr. Sci. 2002, 40, 489–494. [Google Scholar] [CrossRef] [PubMed]

	



Balasubramaniyam, A. The Influence of Plants in the Remediation of Petroleum Hydrocarbon- Contaminated Sites. Pharm. Anal. Chem. Open Access 2015, 1, 1–11. [Google Scholar] [CrossRef]








[image: Water 12 01759 g001 550] 





Figure 1. The plant Model. 
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Figure 2. Improved model (MM_19), Mackay_97 model (Mackay) and experimental (Exp) concentrations of Fluoranthene (Flu) and Pyrene (Pyr) in the different parts of the 3 plant species. Stem_leaves (A) and Roots (B) of E. indica; Stem_leaves (C) and Roots (D) of A. sessilis; Stem_leaves (E) and Roots (F) of C. dactylon. 
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Figure 3. Improved model (MM_19), Mackay_97 model (Mackay) and experimental (Exp) concentrations of the 8 heavier PAHs in the different parts of the 3 plant species. Stem_leaves (A) and Roots (B) of E. indica; Stem_leaves (C) and Roots (D) of A. sessilis; Stem_leaves (E) and Roots (F) of C. dactylon. PAHs abbreviations are: Benzo(a)anthracene (BaA), Chrysene (Chy), Benzo(b)fluoranthene (BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene (BaP), Dibenzo(ah)anthracene (DahA), Benzo(ghi)perylene (BP) and Indeno(1,2,3-cd)pyrene (IP). 
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Figure 4. Comparison between model and experimentation. (a) is the cluster dendrogram of the two models with respect to plant compartments; (b) shows the correlation between PAHs and compartments of each plant species for both models. 
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Table 1. Initial and calibrated values of the phloem flow multiplying factor (α).
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Models

	
Phloem Flow Multiplying Factor (α)

	
E. indica

	
C. dactylon

	
A. sessilis






	
MM_19

	
Initial value

	
5.00 × 10−2

	
6.64 × 10−5

	
6.64 × 10−5




	
Calibrated value

	
6.64 × 10−5

	
6.95 × 10−5

	
9.22 × 10−5




	
Mackay_97

	
Initial value

	
5.00 × 10−2

	
2.72 × 10−4

	
2.72 × 10−4




	
Calibrated value

	
2.72 × 10−4

	
6.07 × 10−4

	
4.69 × 10−2
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Table 2. Efficiency of MM_19 and Mackay_97 models.
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	NSE
	Models
	E. indica
	C. dactylon
	A. sessilis





	NSE_L
	MM_19
	5.50 × 10−1
	8.07 × 10−1
	8.45 × 10−1



	
	Mackay_97
	5.87 × 10−1
	5.20 × 10−1
	−6.56 × 103



	NSE_R
	MM_19
	8.60 × 10−1
	7.24 × 10−1
	−1.05 × 102



	
	Mackay_97
	−1.47 × 10−1
	−1.95 × 10−1
	7.87 × 10−1











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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