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Chapter 1. Introduction 

 

Although, pharmaceutical industry has developed continuously and progressively since the last 

decade of the 19th century, with a significant peak in the immediate aftermath of World War II, 

inclusion it as a concern for environment is quite recent – only in the early 2000 [4]. Until that 

period, consideration of this branch of industry as an environmental issue was attributed to be 

insignificant and the only potential to pollute the environment was considered arise solely from 

the manufacturing facilities [5]. However, these were estimated to be relatively small with 

controlled emissions, while the probability for an accidentally spills was appreciated to be 

reduced. Concerns surrounding these chemicals appeared in 1994 when presence of clofibric 

acid was identified by Stan et al., [6] in surface waters from Germany. After that, once because 

of accorded interest and secondly due to registered developments in analytical instrumentation 

technologies, pharmaceuticals active ingredients started to be reported in multiple 

environmental matrices (surface water, groundwater, sediments, soil, etc.) all over the world 

[7-13]. Now, pharmaceuticals active ingredients belonging to analgesics, antifungals, antacids, 

antibiotics, anticancer drugs, anticonvulsants, antidepressants, antidiabetic drugs, 

anthelmintics, antihistamines, antihypertensive drugs, anti-inflammatories, antipsychotics, -

blockers, contraceptives, contrast media, lipid regulators, antivirals, diuretics, psychiatric 

drugs, antiallergics, stimulants, bronchodilators and other drugs are widely detected in different 

environmental matrices at global level [7; 9; 12; 14-21].  

With the spread of reports about pharmaceuticals presence in environment, they have 

become a global issue of growing concern. Concerns became justified as studies showed that 

pharmaceutical presence in environment are persistent and pseudo-persistent [22-26] with a 

significant bioaccumulation potential in living organisms of different trophic level [27-31]. 

Their direct and indirect ways of entry into environment were well established. Metabolic 

excretion by humans, livestock and industrial activities are considered as direct ones, while 

improper disposal and sewage treatment are considered as representative indirect ones. 

As many pharmaceuticals are partially metabolized by consuming organisms and 

wastewater treatment plant not entirely have the ability to remove these products causing their 

liberation into environment both in unchanged and transformed forms of them, questions have 

been raised relating to potential negative effects occurrence on the environment, biota and not 

least on any living organisms connected to the contaminated environment or biota.  

 



Non-steroidal anti-inflammatory drugs (NSAIDs) are known to have the highest 

consumption rate worldwide because of their wide spectrum of clinical applications. Today 

NSAIDs are ranked as the second medical prescription class of drugs as follow antibiotics [3]. 

These are over the counter remedies available all over the world used mainly for their 

antipyretic (relieve fever), anti-inflammatory (reduce inflammation), and analgesic (relieve 

pain) properties.  

Pharmaceuticals, as NSAIDs, reach soil and water environment through numerous 

ways of entry, and are redistributed through different environmental compartments. One of the 

reasons of that is because current WWTPs technologies failed in their complete removal. 

Resulted WWTP products as effluents and sludge reach either water and soil environment. 

Continuous use of these pharmaceuticals and their improper removal assures a continuous 

influx of them in environment. At moment, the advances in analytical technologies made 

possible the detection and quantification of NSAIDs as diclofenac, ibuprofen and ketoprofen 

active ingredients in environmental and biological samples. These NSAIDs active ingredients 

may be mobile and persistent in different environmental compartments and ecological 

receptors even at ppb levels. However, relevant data on their pathway and behavior in the 

environment, as well on threat to ecological and non-targeted living organism health are still 

lacking. Moreover, the ecotoxicological significance of NSAIDs related TPs remains largely 

unknown at moment. Such knowledge is imperatively needed to boost research and 

development for new and effective treatment technologies, in line with the mode of fate, uptake 

and consequences of each NSAIDs active ingredients. Addressing the topic of TPs formation, 

pathway in environment, bioaccumulation potential in non-targeted organisms is important as 

our previous experience with other organic chemical contaminants has proved that TPs often 

could possess more accentuated adverse effects and impact on organisms and environment than 

corresponding parent compounds. In case of NSAIDs, recently started to be published 

toxicological studies on ibuprofen hydroxylated TPs adverse effects on living organisms. These 

studies evidenced cyto-toxicological, teratogenic, and mutagenic effects. Although other 

organic contaminants, e.g., agrochemicals, are only periodically introduced into environment, 

NSAIDs – as popular, frequently used, over-to-counter pharmaceuticals, and who are 

inefficiently removed by WWTPs, are continuously introduced in environment.  Therefore, the 

incidence of unwanted exposure to NSAIDs of non-targeted living organisms is obvious and 

real.  

 Potential impact of climate change on fate of organic contaminants in environment has 

reached a growing interest as frequency and amplitude of extreme events as heat waves, flood 



 

or drought become more pronounced all over the world. The impact of warmer temperatures 

and meteorological anomalies on NSAIDs active ingredients are missing at moment, although 

there are a growing number of studies that are being to study and evaluate these impacts and 

changes in a quantitative way on regulated organic chemical contaminants. Based on available 

literature search, studies on environmental cycling of NSAIDs, and especially their TPs 

formation potential, are not existent at moment up to our knowledge. So, examination and 

evidence acquiring on how chemical and biological processes are changed for major 

environmental compartments (soil, water), and how these indirect effects of climate change 

impact NSAIDs behavior are a requirement to fulfil the knowledge gap about these chemical 

pathways in environment. Moreover, if significant changes to the biotic and abiotic 

components and properties of the environment are attributed due to climate change, these in 

turn may impact how we currently assess the environmental risk of organic chemical 

contaminants.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2. Experimental concept description 

 

2.1. Exposure scenario proposed for model plant 

Generally, pharmaceuticals could reach the environment through multiple ways. Although 

improper disposal or accidental discharge contribute to pharmaceuticals entrance into the 

environment, this route is considered with minor contribution in case of NSAIDs if we take 

into account their large presence in different environmental compartments all over the world. 

Main way throughout the selected pharmaceuticals reaches the environment is human and 

animal excretion that enter into sewage systems and wastewater systems [7; 369-371]. 

Increased amounts of resulting sludge from wastewater treatment plants and sewage system 

plants, gathered a reuse potential given by their increased content of organic matter, minerals 

and other benefic fertilizing components [372; 373]. These made from their disposal on soils 

(agricultural, forest, etc.) a proper way to handle them. Also, increased water scarcity due to 

climate changes, made treated wastewater reuse to become a solution for agricultural lands 

irrigation [374-376]. A significant problem connected with sewage and wastewater systems 

current technologies are their reduced capacity to eliminate the new generation of contaminants 

like pharmaceuticals [377-381].  

According to these, pharmaceuticals as NSAIDs could reach the environment through 

multiple ways. Therefore, tomato (Lycopersicon esculentum) could get contact with NSAIDs 

through multiple routes as soil, water, pulverized water (as precipitation), or combinations of 

one or more of these major routes. In this study each of these exposure routes were considered 

in order to evaluate their potential amplitude in contamination with NSAIDs of Lycopersicon 

esculentum, especially its edible part - the tomato fruit.  

Tomato plants were grown in a controlled environment of a climate change chamber. 

Climate change chamber (1 m3) was designed and constructed in the laboratory with plexiglass. 

This chamber allowed controlled light-dark cycle, humidity and temperature. Briefly, 14 days 

old tomato (Lycopersicon esculentum) seedlings were planted in approximately 2 L volume 

experimental pots. Germination of tomato seeds was performed at 25 °C at an incubator 

(LabCompanion, Billerica, MA, USA). After seedling transfer in experimental pots at the 

climate chamber the following conditions were kept for plant development: 14 h day light, 10 

h darkness; day temperature 25 °C and night temperature 18 °C. Daylight blend matching the 

natural sunlight was done with Mammoth LED that enclose an unremitting range of 

wavelengths from blue and green to red. Soil humidity was adjusted at 58 % water holding 



 

capacity. To ensure tomato development 5 g of fertilizer were added to each pot as described 

by Kovacs et al. [382].   

First, uptake of diclofenac, ibuprofen and ketoprofen in the edible part of tomato was 

quantified. Secondly, translocation factors of these pharmaceuticals active ingredients form 

contaminated environmental compartment to plant as well translocation factors from one 

anatomical compartment to another of tomato was also estimated. And not at last, metabolites 

of studied NSAIDs were kept in attention for the whole tomato plant. Studies were performed 

involving all development stages of tomato (time vs. plant evolution). Therefore, tomato plant 

samples were collected at each four major stages of their development: stage 1 - vegetative, 

stage 2 - flowering; stage 3 - fruit formation, and stage 4 - mature fruit (harvesting).  

Moreover, as pharmaceuticals active ingredients reach one or more environmental 

compartments [369], they undergo several biotic and abiotic transformations. These are 

complex processes that result in formation of new chemicals called TPs about whose 

persistence in the environment or potential bioavailability and toxicity are little knowledge at 

this moment. To fulfill these identified gaps of knowledge, the fate of each selected NSAIDs 

in soil and water was studied. In this case no plants were present in experiment boxes. Influence 

of biotic and abiotic processes were quantified through laboratory experiments under controlled 

conditions (Table 4). Influence of different physical, chemical and biological parameters was 

evaluated also as additional experimental variables for a better assessment of diclofenac, 

ibuprofen and ketoprofen fate in these environmental compartments.  

 

Table 4. NSAIDs fate evaluation in main environmental compartments  

Environmental matrices Monitored processes Main evaluated parameters 

✓ Soil 

✓ Water 

✓ Biotic processes 

✓ Sorption processes 

✓ Abiotic processes 

✓ Active ingredients 

quantification in time 

✓ GC-MS identification of 

potential transformation processes 

 

2.2. Modelling concept planned for NSAIDs pathway assessment in complex systems 

 

Understanding NSAIDs pathway in environment is particularly important in relations with 

assessment of their potential impact on non-targeted living organisms. It is important to find 

out both the concentrations as well the formation potential of related TPs in different 

environmental matrices and living systems as well. This is an interest, since there are 



assumptions based on previous evidence that organic chemical contaminants could have 

unwanted effects on environment and biota [383].  

To properly estimate NSAIDs impact on a living organism it is necessary first to figure 

out as accurate as possible their pathway in individual environmental compartments. Thus, 

become possible to acquire information about their time spend in the specific environmental 

compartment, reactions in that could be involved (depletion and formation potential of new 

products – TPs) as well impact on the environmental matrix. If these are known, the assessment 

of the contaminant impact on any living organisms become more realistic as it quite possible 

that the organisms to be impacted not only by the initial contaminant but also by the resulted 

TPs in the environment.  

Starting with these assumptions, in this thesis, inter- and intra-compartment mode of 

assessment of NSAIDs pathway was applied for experimental data acquisition (see Figure 6). 

These obtained experimental data were used further for numerical model built, model that 

allow the prediction of NSAIDs impact on a living organism – in this case on Lycopersicon 

esculentum. 

 

 

Figure 6. Schematic concept of experimental data collections for model formulation 

 

   For each major system specific model was applied in order to estimate the NSAIDs fate 

and not ultimately the impact rate of NSAIDs on Lycopersicon esculentum.  

Structural Equation Modelling (SEM) was applied for NSAIDs fate assessment in 

surface water, as this environmental matrix is considered a potential major rout through that 

Lycopersicon esculentum could get contact with NSAIDs. This model combined with Partial 

Least Squares Path modelling (PLS-PM) allowed to quantitatively test the proposed theoretical 



 

model of NSAIDs fate in surface water based on set of experimental variables that are 

hypothesized to influence their fate in this environmental system.  

In soil system, NSAIDs fate as depletion kinetics (time-scale) and spatial distribution 

of parent and TPs through soil was modelled applying COMSOL solver with components from 

COMSOL Multiphysics and Subsurface Flow Model. The COMSOL proposed pollutant 

transport application, built on Richard’s equation coupled with Fick convection-dispersion 

equation, was adapted to diclofenac, ibuprofen and ketoprofen case study under different 

environmental conditions (simulated drought condition and simulated flood conditions).  

In both these environmental systems, NSAIDs pathway is influenced by non-random 

spatial and temporal variations of physical, chemical and biological components of the 

environmental matrix.  

In case of tomato (Lycopersicon esculentum) uptake of NSAIDs from environment 

(soil, water, and pulverized water as precipitation) into different anatomical compartments 

(root, stem, leaf, fruit) was simulated applying Rein et al., [384] uptake model adapted to 

studied NSAIDs, which allow diclofenac, ibuprofen and ketoprofen continuous and/or periodic 

input simulation, degradation in soil of their active parent compounds, and diclofenac, 

ibuprofen and ketoprofen active ingredients dilution through plant growth and metabolites 

formation through plant development. For studied NSAIDs and corresponding representative 

TPs distribution through tomato fruit body, model proposed by Xiao et al., [385] was adapted. 

This model involved to predict the dynamic distribution (moving boundary) of diclofenac, 

ibuprofen and ketoprofen concentration in tomato fruit.  

In each case, either environmental compartment or anatomical compartment of tomato, 

the obtained predicted data were compared with experimental ones in order to evaluate the 

goodness of fit of proposed model. 

 

 

 

 

 

 

 



Chapter 3. NSAIDs (ibuprofen, diclofenac, ketoprofen) pathway 

assessment in water system 

 

Environmental degradation of NSAIDs in surface water systems involve processes as sorption, 

abiotic degradation and biodegradation. However, it should be accentuated that these processes 

rather induce a transformation of parent active pharmaceutical ingredient than their 

elimination. This might lead in formation of a large number of TPs. Although there are studies 

that have been evidenced these processes impact on certain pharmaceuticals, few data are 

available for studied NSAIDs fate and degradability in natural surface waters. Moreover, after 

our knowledge no one quantified the individual contribution of these processes on diclofenac, 

ibuprofen and ketoprofen fate in surface water environment.  

 

3.1. NSAIDs path modelling in surface water 

 

Changes of NSAIDs amount during experiments were observed in all performed studies 

although the extent differed. This could be motivated through that the studied processes impact 

the active ingredient pathway was different. Because assessment of NSAIDs active ingredients 

through monitoring studies could be cost and time inefficient, identification and development 

of proper numerical approaches that allow their fate assessment become of interest both for 

environmental assessors as well for regulators. In that part of the thesis targeted NSAIDs active 

ingredients pathway in water environment was formulated numerically based on acquired 

experimental data.  

 

3.2. Structural Equation Model involving Partial Least Squares Path Modelling (SEM-

PLS-PM) 

 

Multivariate data analysis is commonly applied to test empirically hypothesized 

correspondence between variables that could shape organic compounds pathway in water. 

Frequently used approaches are multiple regression, logistic regression or analysis of variance. 

However, over time, these approaches have been showed several limitations. Some of that are 

(i.) assumption of simple model structure with one layer of dependent and independent 

variables; (ii.) consideration only of the observable variables, neglecting the abstract properties 

or attributes; and (iii.) premise that all measured data are free of errors.  



 

 To overcome these limitations, second generation multivariate data analysis approaches 

should be applied. Structural equation modelling (SEM) could be a proper approach to simulate 

NSAIDs active ingredients pathway in water environment. This approach is suited for estimate 

a network of causal relationship of abiotic, sorption and biotic processes defined according to 

a theoretical model linked to several latent complex concepts as NSAIDs active ingredients 

potential attenuation due to photolysis, sorption to water sediments or biodegradation 

performed by bacterial and fungal communities – called as latent variables (LV), measured 

through a number of observable indicators (eq. water related physiochemical properties, 

microbiological characteristics, and active ingredient amount variation) – called as manifest 

variables (MV).  

 SEM approach represent a connecting point between path analysis (PA) and 

confirmatory factor analysis (CFA). Further, partial least squares (PLS) method of SEM 

named also as PLS path modelling (PLS-PM) was used in further to assess the representative 

processes impact on studied NSAIDs active ingredients pathway in water system, as this 

approach is a component-based estimation procedure compared with LISREL method which 

is built on covariances. As iterative algorithm, this approach resolves the problem of 

measurement model and then it assumes the path coefficients in SEM. PLS-PM well describe 

the residual variance of LV and sometime of MV in any regression run of proposed model. 

Therefore, this approach is mainly dedicated to improve predictions (explained variance) than 

estimates which could present less statical accuracy.  

 PLS-SEM is construed by two set of linear equations of that the first represent the 

structural model (inner model) and the second one represents the measurement model (outer 

model). The structural model designates the relation between LV while the measurement model 

expresses the relation between LV and corresponding MV (indicator variable). LV that are not 

dependent are also called as exogenous variable (). If it is dependent, it is called as endogenous 

variable (). These variables are operational through measurement indicator variables (x, y). 

The combination of these models (structural model and measurement model) results in PLS 

model.  

 The structural model for exogenous LV and endogenous LV could be mathematically 

expressed through (Eq.48.):  

𝜂𝑗 =  𝛾𝑗𝑖 ∙ 𝜉𝑖 + 𝜍𝑗    (Eq.48.) 



where  and  are vectors of exogenous and endogenous LV, respectively; LVi explain LVj;  

represent the matrix of coefficients of corresponding relationships;  represent the structural 

model residuals. 

 In case of a relationship between two endogenous variables the structural model is 

defined according with (Eq.49.):  

𝜂𝑗 =  𝑗𝑖 ∙ 𝑖 + 𝜍𝑗    (Eq.49.) 

where  is the vectors of endogenous LV, respectively; LVi explain LVj;  represent the matrix 

of coefficients of corresponding relationships;  represent the structural model residuals. 

Reflective and formative measurement models are common outer models in PLS-SEM. 

 

Assumed hypothesis, variables and data entries 

 

Hypothesis: The main hypothesis assumed was that abiotic, biotic or sorption processes 

influence NSAIDs active ingredients pathway in surface water, although the extent of 

corresponding consequences on active ingredients are not well known at moment. 

Hypothesized and tested relations between defined processes and targeted NSAID active 

ingredients amount listed in Table 20:   

 

Table 20. Primary and secondary assumption corresponding SEM-PLS-PM segments 

Assumption Segment MV (manifest variables) 

Primary 

assumption 

Abiotic process → NSAID 

attenuation 

pH → Abiotic process 

Temperature → Abiotic process 

Photolysis → Abiotic process 

Non-photolysis → Abiotic process 

Sorption process → NSAID 

attenuation 

pH → Sorption process 

Temperature → Sorption process 

Sediment organic matter → Sorption process 

Attenuation → Sorption process 

Biotic process → NSAID 

attenuation 

Total microbiota community → 

Biodegradation process 

Bacteria community → Biodegradation 

process 

Fungal community → Biodegradation 

process 

Microeukaryotes community → 

Biodegradation process 

Aerobic bacteria → Biodegradation process 



 

Assumption Segment MV (manifest variables) 

Anaerobic bacteria → Biodegradation 

process 

Gram positive bacteria → Biodegradation 

process 

Gram negative bacteria → Biodegradation 

process 

Methanotroph bacteria → Biodegradation 

process 

Attenuation → Biodegradation process 

Secondary 

assumption 

Abiotic process → Biotic process  Abiotic process MV → Biotic process MV 

→ NSAID attenuation 

Abiotic process MV → Biotic process MV 

→ Sorption process MV → NSAID 

attenuation 

Abiotic process → Sorption 

process  

Abiotic process MV → Sorption process 

MV→ NSAID attenuation 

Biotic process → Sorption 

process 

Biotic process MV → Sorption process MV 

→ NSAID attenuation 

 

Variables and data entries: Studied NSAIDs active ingredients non-standardized MV main 

characteristics are listed in Table 21. Collected experimental data were the support the NSAIDs 

active ingredient SEM-PLS-PM model.  

 

Table 21. Manifest variables (MV) main characteristics 

NSAID MV Mean Median 
Standard 

deviation 

Excess 

kurtosis 
Skewness 

Diclofenac AeroB 3.3 3.6 0.693 -1.643 -0.409 

 AnaeroB 2.9 3.3 0.601 -1.906 -0.524 

 Bact 32.8 33.2 4.786 -2.052 -0.174 

 Bioat 23.2 24.3 7.849 -0.587 -0.631 

 Fungi 2.3 2.4 0.526 -1.753 0.271 

 G+B 3.6 3.6 0.393 -1.524 -0.031 

 G-B 21.5 21.2 6.485 -2.073 -0.098 

 Methano 1.4 1.4 0.128 -1.111 -0.304 

 Meuk 9.7 9.7 0.515 -1.657 -0.223 

 NonPhot 5.4 4.6 3.654 -1.047 0.699 

 pH 6.5 6.5 0.057 0.413 0.028 

 Phot 15.8 16.7 7.277 -1.546 -0.218 

 Som 6.1 6.2 0.077 2.037 -1.923 

 Sorbat 11.7 12.3 3.861 -0.519 -0.701 

 Temp 12.4 12.5 0.18 0.167 -1.317 

 Total M 77.5 78.4 9.589 -2.036 -0.181 

Ibuprofen AeroB 6.2 6 1.778 -1.403 0.246 



NSAID MV Mean Median 
Standard 

deviation 

Excess 

kurtosis 
Skewness 

 AnaeroB 1.6 1.5 0.302 -1.189 0.526 

 Bact 29.7 28.7 5.978 -1.195 0.378 

 Bioat 42.8 51.1 17.4 -0.909 -0.708 

 Fungi 1.5 1.6 0.207 -0.634 -0.912 

 G+B 2.9 2.1 1.077 -0.429 0.959 

 G-B 17.9 18.1 5.678 -1.179 -0.020 

 Methano 1.6 0.9 0.401 4.470 2.111 

 Meuk 14.7 17 4.283 -0.052 -1.294 

 NonPhot 11.1 11.3 6.539 -1.669 -0.279 

 pH 6.5 6.5 0.045 -0.431 -0.036 

 Phot 24.3 22.5 10.469 -11.036 0.118 

 Som 6.2 6.2 0.097 1.919 -1.858 

 Sorbat 19.2 20.1 10.881 -0.736 -0.624 

 Temp 12.4 12.5 0.243 2.475 0.732 

 Total M 75.7 76.0 15.766 -1.129 -0.125 

Ketoprofen AeroB 4.8 4.8 0.567 -1.074 0.23 

 AnaeroB 2.1 2.1 0.273 -1.364 0.329 

 Bact 31.1 30.6 5.396 -1.740 0.036 

 Bioat 35.4 39.5 9.596 1.417 -1.355 

 Fungi 1.9 2.0 0.165 -1.770 -0.534 

 G+B 3.2 2.9 0.729 -1.003 0.729 

 G-B 19.7 19.6 6.022 -1.696 -0.104 

 Methano 1.3 1.2 0.248 2.189 1.469 

 Meuk 12.2 13.3 2.372 -0.182 -1.219 

 NonPhot 8.8 12.7 6.084 -2.231 -0.239 

 pH 6.5 6.5 0.045 -0.431 -0.036 

 Phot 37 42.6 19.909 -1.555 -0.492 

 Som 6.2 6.2 0.097 1.919 -1.858 

 Sorbat 20/5 24.7 9.395 -1.018 -0.781 

 Temp 12.4 12.4 0.243 2.475 0.732 

 Total M 76.3 76.5 12.710 -1.569 -0.193 

AeroB – aerobe bacteria; AnaeroB – anaerobe bacteria; Bact – bacteria; Bioat – biotic process induced 

attenuation; G+B – gram positive bacteria; G-B – gram negative bacteria; Methano – methanotroph 

bacteria; Meuk – microeukaryotes, NonPhot – non photolysis; Phot – photolysis; Som – sediment 

organic matter; Sorbat – sorption process induced attenuation; Total M – total microbiota; 

 

3.3. SEM-PLS-PM path diagram for NSAIDs fate in surface water 

 

The SEM-PLS-PM was solved using SmartPLS software. The algorithm, through the 

preparatory phase normalize the MV followed by outside approximation and inside 

approximation processes, respectively. Through outside approximation the LV are estimated 

as weighted aggregates of MV applying ordinary least squares regression. Through inside 



 

approximation endogenous LV are associated with adjacent LV and proxies are established 

applying once again ordinary least squares regression. Performing the algorithm, the path 

diagram, weight of formative indicators, reflective indicators and coefficients of each 

hypothesized paths between LV are generated.  

 Using previously obtained experimental data, the path diagram for primary assumption 

and secondary assumptions are presented for each studied NSAIDs active ingredient. In Figure 

28 are presented the path diagrams for diclofenac, in Figure 29 are presented the path diagrams 

for ibuprofen, and in Figure 30 are presented the path diagrams for ketoprofen. 

 

 (a.) 



 (b.) 

Figure 28. Diclofenac path diagram in surface water. a.) primary assumption; b.) 

secondary assumption. 

 

 

 (a.) 



 

 (b.) 

Figure 29. Ibuprofen path diagram in surface water. a.) primary assumption; b.) secondary 

assumption. 

 

 (a.) 



 (b.) 

Figure 30. Ketoprofen path diagram in surface water. a.) primary assumption; b.) 

secondary assumption. 

 

Proposed model veracity test: quality index evaluation 

 

In Table 25 – 27 are listed the representative qualitative indexes obtained for the proposed path 

models. Analyzing the obtained data for tested quality index, the proposed path model for each 

studied NSAID active ingredient in water environment was accepted. 

 

Table 25. Proposed path model quality indexes: diclofenac case study 

Assumption Parameters 

Primary assumption Construct reliability and validity () 

Abiotic process: 0.949 

Biotic process: 0.994 

Sorption process: 0.942 

Discriminated validity 

 Abiotic Biotic Sorption Total attenuation 

Abiotic 0.925    

Biotic 0.951 0.973   

Sorption 0.959 0.877 0.907  

Total attenuation 0.99 0.98 0.947 0.979 
 



 

Assumption Parameters 

Secondary 

assumption 

Construct reliability and validity () 

Abiotic process: 0.947 

Biotic process: 0.994 

Sorption process: 0.938 

LV characteristics 

 Excess kurtosis Skewness 

Abiotic process -0.62 -0.252 

Biotic process -1.898 0.011 

Sorption process 1.067 -1.206 

Total attenuation diclofenac -1.174 -0.237 
 

Model performance Reliability for diclofenac attenuation 

 (Cronbach alpha): 0.985 

: 0.986 

Composite reliability: 0.989 

Average variance extracted: 0.958 

r2: 0.998 

Model RMSEA: 0.082 (model fit) 

 

Table 26. Proposed path model quality indexes: ibuprofen case study 

Assumption Parameters 

Primary assumption Construct reliability and validity () 

Abiotic process: 0.968 

Biotic process: 0.992 

Sorption process: 0.952 

Discriminated validity 

 Abiotic Biotic Sorption Total attenuation 

Abiotic 0.949    

Biotic 0.987 0.963   

Sorption 0.972 0.983 0.926  

Total attenuation 0.993 0.995 0.974 0.985 
 

Secondary 

assumption 

Construct reliability and validity () 

Abiotic process: 966 

Biotic process: 0.992 

Sorption process: 0.951 

LV characteristics 

 Excess kurtosis Skewness 

Abiotic process -0.985 -0.202 

Biotic process -0.812 -0.613 

Sorption process 0.021 -0.845 

Total attenuation diclofenac -1.183 -0.388 
 

Model performance Reliability for diclofenac attenuation 



Assumption Parameters 

 (Cronbach alpha): 0.990 

: 0.990 

Composite reliability: 0.992 

Average variance extracted: 0.970 

r2: 0.972 

Model RMSEA: 0.05 (model fit) 

 

Table 27. Proposed path model quality indexes: ketoprofen case study 

Assumption Parameters 

Primary assumption Construct reliability and validity () 

Abiotic process: 0.961 

Biotic process: 0.992 

Sorption process: 0.949 

Discriminated validity 

 Abiotic Biotic Sorption Total attenuation 

Abiotic 0.938    

Biotic 0.996 0.960   

Sorption 0.970 0.977 0.921  

Total attenuation 0.989 0.984 0.966 0.981 
 

Secondary 

assumption 

Construct reliability and validity () 

Abiotic process: 0.958 

Biotic process: 0.992 

Sorption process: 0.948 

LV characteristics 

 Excess kurtosis Skewness 

Abiotic process -1.284 -0.372 

Biotic process -1.176 -0.397 

Sorption process -0.008 -0.908 

Total attenuation diclofenac -1.163 -0.641 
 

Model performance Reliability for diclofenac attenuation 

 (Cronbach alpha): 0.987 

: 0.987 

Composite reliability: 0.990 

Average variance extracted: 0.962 

r2: 0.991 

Model RMSEA: 0.057 (model fit) 

 

 

 

 



 

Chapter 4. NSAIDs (ibuprofen, diclofenac, ketoprofen) pathway 

assessment in Lycopersicon esculentum 

 

Three major processes might influence NSAIDs fate in soil environment. One of those 

processes is that of pharmaceuticals active ingredients adsorption onto active surface of soil 

environment, the second one is that of biodegradation by soil inhabiting microorganisms, and 

the third is the translocation potential by higher trophic level organisms. These processes define 

potential persistence as well transformation rate of these compounds in the soil environment.  

According with literature, two major challenges have been identified in assessment of 

NSAIDs pathway in soil environment. One of this refer at these pharmaceutical active 

ingredients fate under current challenges of climate change, namely under precipitation and 

temperature anomalies [423-426] while the second one is about the formation potential of TPs 

that could possess more improper environmental and toxicological properties than the parent 

compound [363; 369; 402; 424; 427].  

Based on these two major identified challenges, in this part of thesis diclofenac, 

ibuprofen and ketoprofen fate and transformation in soil under different environmental 

conditions have been studied.    

 

4.1. Identified NSAIDs related TPs formation potential through assay 

 

According with obtained experimental data (both from performed pot and column experiments) 

positive correlation was identified between specific soil microbiota community and NSAIDs 

depletion in soil based on Monod equation kinetic parameters when formation potential of 

transformation products for studied NSAIDs was questioned. Analyzing the available 

literature, transformation products could be formed when microorganisms use these 

compounds as carbon source through their metabolic functions [250; 442- 445]. Therefore, 

through experiment GC-MS analysis in full scan mode were performed to identify potential 

transformation products of these studied NSAIDs targeting corresponding qualifier and 

quantifiers ions (m/z) suggested by literature [446- 450]. 

 



During the thirty days of our soil pot experiments we identified the following seven TPs in 

soils: 1-hydroxyibuprofen, 2-hydroxyibuprofen, 1,2-dihydroxyibuprofen, 2-hydroxy-1,4-

quinol, isobutyl benzene and 3-isobutyl phenol. Their mass spectra are presented in Figure 41.  

 

 
(a.) 

 
(b.) 



 

 
(c.) 

 
(d.) 



 
(e.) 

 
(f.) 

Figure 41. Mass spectra of identified transformation products of diclofenac. (a.) total ion 

chromatogram of ibuprofen and transformation products; (b.) mass spectra of 2-

hydroxyibuprofen qualifier and quantifier ions; (c.) mass spectra of 1-hydroxyibuprofen 

qualifier and quantifier ions; (d.) mass spectra of 1,2-dihydroxyibuprofen qualifier and 

quantifier ions; (e.) mass spectra of 2-hydroxy-1,4-quinol qualifier and quantifier ions; (f.) 

mass spectra of 3-isobutylphenol qualifier and quantifier ions; 



 

Proposed degradation pathway considering their time in appearance through our experiment 

is presented in Figure 42. 

 

Figure 42. Established degradation pathway for ibuprofen in soil 

 

Identified TPs related to diclofenac: In case of diclofenac totally five TPs were identified 

during experiment. These were 4-hydroxydiclofenac, 5-hydroxydiclofenac, 4,5-

hydroxydiclofenac, N-(2,6-dichlorophenyl)hydroxylamine and p-benzoquinone. Their mass 

spectra are presented in Figure 43. In view of experimental data, the proposed diclofenac 

pathway in soil is presented in Figure 44.  



 

(a.) 

 

(b.) 



 

 

(c.) 

 

(d.) 



 

(e.) 

Figure 43. Mass spectra of identified transformation products of diclofenac. (a.) total ion 

chromatogram of diclofenac and transformation products; (b.) mass spectra of 4-

hydroxydiclofenac qualifier and quantifier ions; (c.) mass spectra of 5-hydroxydiclofenac 

qualifier and quantifier ions; (d.) mass spectra of p-benzoquinone imine qualifier and 

quantifier ions; (e.) mass spectra of N-2,6-dichorophenyl hydroxylamine qualifier and 

quantifier ions 

 

 

Figure 44. Established degradation pathway for diclofenac in soil 



 

Identified TPs related to ketoprofen: In case studies on ketoprofen the identified TPs were 2-

[3-(hydroxy-phenyl-methyl)phenyl]propanoic acid, (3-ethylphenyl)(phenyl)methanone, (3-

hydroxyphenyl)(phenyl)methanone and (3-hydroxyphenyl)ketoacetic acid. Their mass spectra 

are presented in Figure 45. Ketoprofen transformation products amount (relative area) during 

soil pot experiments are presented in Table 40. 

 

 
(a.) 

 
(b.) 



 
(c.) 

 
(d.) 



 

 
(e.) 

Figure 45. Mass spectra of identified transformation products of ketoprofen. (a.) total ion 

chromatogram of ketoprofen and transformation products; (b.) mass spectra of 2,3-

hydroxyphenyl methyl phenyl propanoic acid qualifier and quantifier ions; (c.) mass 

spectra of 3-ethylphenyl phenyl methanone qualifier and quantifier ions; (d.) mass spectra 

of (3-hydroxyphenyl)(phenyl)methanone qualifier and quantifier ions; (e.) mass spectra of 

(3-hydroxyphenyl)ketoacetic acid qualifier and quantifier ions 

 

 

Figure 46. Established degradation pathway for ketoprofen in soil 

 



4.2. NSAIDs path modelling in soil environment 

 

In this study with aim to simulate studied pharmaceuticals fate in soil, a transport and reaction 

model was applied in COMSOL solver based on obtained experimental data. Model was 

defined according with: (i.) diclofenac, ibuprofen and ketoprofen depletion rate with time in 

soil; and (ii.) their TPs potential formation rate and stability in time.  

 

Reaction and mass balance equation proposal for NSAIDs and related TPs formation 

 

The mass balance equations for each NSAID and corresponding to each involved TP are 

presented in equations (Eq.58. – Eq.74): 

 

Ibuprofen 𝜕𝐼𝑏𝑢𝑝𝑟𝑜𝑓𝑒𝑛

𝜕𝑡
= −𝑘1 − 𝑘3     (Eq.58.) 

𝜕𝐼.𝑇𝑃1

𝜕𝑡
= 𝑘1 − 𝑘2 − 𝑘5     (Eq.59.) 

𝜕𝐼.𝑇𝑃2

𝜕𝑡
= 𝑘2       (Eq.60.) 

𝜕𝐼.𝑇𝑃3

𝜕𝑡
= 𝑘3 − 𝑘4      (Eq.61.) 

𝜕𝐼.𝑇𝑃4

𝜕𝑡
= 𝑘5 − 𝑘6       (Eq.62.) 

𝜕𝐼.𝑇𝑃5

𝜕𝑡
= 𝑘4       (Eq.63.) 

𝜕𝐼.𝑇𝑃6

𝜕𝑡
= 𝑘6       (Eq.64.) 

 where I.TP1, I.TP2, I.TP3, I.TP4, I.TP5 and I.TP6 represent ibuprofen 

transformation products as 1-hydroxyibuprofe, 1,2-dihydroxyibuprofen, 

2-hydroxyibuprofen, 2-hydroxy-1,4-quinol, isobutyl benzene, and 3-

isobutyl phenol, respectively; and k are the corresponding transformation 

rate constants.  

Diclofenac 𝜕𝐷𝑖𝑐𝑙𝑜𝑓𝑒𝑛𝑎𝑐

𝜕𝑡
= 𝑘1 − 𝑘4     (Eq.65.) 

𝜕𝐷.𝑇𝑃1

𝜕𝑡
= 𝑘1 − 𝑘2      (Eq.66.) 

𝜕𝐷.𝑇𝑃2

𝜕𝑡
= 𝑘2 − 𝑘3      (Eq.67.) 

𝜕𝐷.𝑇𝑃3

𝜕𝑡
= 𝑘3       (Eq.68.) 

𝜕𝐷.𝑇𝑃4

𝜕𝑡
= 𝑘4  − 𝑘5      (Eq.69.) 



 

𝜕𝐷.𝑇𝑃5

𝜕𝑡
= 𝑘5       (Eq.70.) 

 where in D.TP1, D.TP2, D.TP3, D.TP4 and D.TP5 were symbolized 

diclofenac related TPs as 4-hydroxydiclofenac, 4.5-hydroxydiclofenac, 

N-(2,6-dichlorophenyl)hydroxylamine, 5-hydroxydiclofenac and p-

benzoquinone imine, respectively.  

Ketoprofen 𝜕𝐾.𝑇𝑃1

𝜕𝑡
= 𝑘2 − 𝑘3     (Eq.71.) 

𝜕𝐾.𝑇𝑃2

𝜕𝑡
= 𝑟3      (Eq.72.) 

𝜕𝐾.𝑇𝑃3

𝜕𝑡
= 𝑘4  − 𝑘5     (Eq.73.) 

𝜕𝐾.𝑇𝑃4

𝜕𝑡
= 𝑘5      (Eq.74.) 

 where K.TP1, K.TP2, K.TP3 and K.TP4 were symbolized ketoprofen 

resulted TPs: (3-ethylphenyl)(phenyl)methanone, (3-

hydroxyphenyl)(phenyl)methanone, (3-hydroxyphenyl)ketoaceticacid 

and 2-[3-(hydroxy-phenyl-methyl)phenyl]propanoic acid. 

 

In Figure 47 are presented the fate of ibuprofen and its transformation products stability 

in time for all three tested experimental conditions. 

 

 

 

 

 



 (a.) 

 (b.) 

 (c.) 

Figure 47. Ibuprofen and corresponding TPs fate simulation through COMSOL. a.) 

normal condition; (b.) simulated flood condition; (c.) simulated drought condition 



 

 

 (a.) 

 (b.) 



 (c.) 

Figure 48. Diclofenac and corresponding TPs fate simulation through COMSOL. 

a.) normal condition; b.) simulated flood condition; c.) simulated drought condition 

 

 (a.) 



 

 (b.) 

 (c.) 

Figure 49. Ketoprofen and corresponding TPs fate simulation through COMSOL. a.) 

normal condition; b.) simulated flood condition; c.) simulated drought condition 



Chapter 5. NSAIDs (ibuprofen, diclofenac, ketoprofen) pathway 

assessment in Lycopersicon esculentum 

 

The risk that human health will be compromised is increasing in our days. One significant way 

that could contribute at health deterioration is nutrition. Consumption of potential contaminated 

food as consequence of their growth and development in improper environment could be a 

cause. However, contaminants translocation from environment to subjects through food chain 

is a dynamic process whose amplitude and consequences are difficult to estimate at this 

moment.  

Plants are important component of both human and animal diet. Although there are 

critical regulations regarding their quality and safety assurance, these didn’t refer at the new 

generation of contaminants as pharmaceuticals. As plant could be exposed at organic 

contaminants through three major routes – soil, water and air – all these will be considered in 

this thesis. Also, because our experimental data about studied NSAIDs pathway in major 

environmental compartments clearly revealed their potential transformation, in experiments on 

plant exposed to NSAIDs also the identified TPs are targeted.  

 

5.1. NSAIDs impact on Lycopersicon esculentum fruit quality 

 

Lycopersicon esculentum fruit quality was evaluated in terms of volatile organic compounds 

content responsible for fruit aroma, carbohydrates, amino acids and fatty acids methyl esters. 

 

Volatile organic compounds content variation in tomato fruit after multi-route exposure 

experiments: Among volatile organic compounds alcohols, ketones, aldehydes, esters, 

terpenes, phenols and others were identified. In control samples the alcohol compounds content 

was 26.4 %, followed by ketones (19.2 %), terpenes (17.9 %), aldehydes (15.9 %), phenols 

(3.8 %) and esters (2.1 %). Other compounds represented 14.7 %. 

 



 

 
Figure 66. Volatile organic compounds differentiation within tomato fruit grown under 

exposure at studied NSAIDs 

 

In Figure 66 is presented the heat map differentiation between Lycopersicon esculentum 

fruit volatile organic compounds content reported to control. Significant differentiation was 

observed in case of contamination with ibuprofen. Decrease up to 34 % and 24 % were 

identified for 1-hexanol and 3-methylbutanol. Contrary, the presence of these alcohols 

increased with 13 % when Lycopersicon esculentum was exposed at diclofenac. Among 

ketones, 1-penten-2-one presented minor changes in presence of diclofenac, while in presence 

of ibuprofen and ketoprofen its amount in tomato fruit increased with 44 % and 65 %, 

respectively. Oppositely, the amount of 6-methyl-5-hepten-2-one decrease significantly in 

presence of studied NSAIDs (ibuprofen 70 %, ketoprofen 67 %, diclofenac 27 %). Decrease 

was identified even in case of representative terpenes. 

 

Carbohydrates content variation in tomato fruit after multi-route exposure 

experiments: As in case of volatile organic compounds, carbohydrates profile changes when 

they were grown in different contaminated media. In Figure 67 are presented the changes that 

were identified for each studied NSAID and route of exposure. Decrease in amount were 

observed in case of glucose, fructose and xylose especially when tomato plant was in contact 



with soil and air contaminated with ketoprofen, soil and water contaminated with diclofenac 

and soil contaminated with ibuprofen. Fructose content also decreased in presence of soil 

contaminated with diclofenac and pulverized water contaminated with ketoprofen. Increase of 

galactose content was observed when tomato plant was in contact with ibuprofen contaminated 

water. Similarly, sucrose content increased in presence of soil contaminated with ibuprofen.  

 
Figure 67. Correlation matrix of carbohydrates variation within tomato fruit grown 

under different route of exposure at studied NSAIDs 

 

Fatty acid methyl esters (FAMEs) content variation in tomato fruit after multi-route 

exposure experiments: Among this group of compounds, C14:0 (myristic acid), C16:0 

(palmitic acid), C18:1C+T, C18:2C+T (elaidic acid), C18:3n6 (g-linolenic acid), C18:3n3 (g-

linolenic acid) and C24:0 (lignoceric acid) were identified in prevalent amount. Heat map 

correlation (Figure 68) revealed changes of FAME profile when Lycopersicon esculentum was 

in contact with diclofenac, ibuprofen and ketoprofen. Significant changes were observed in 

presence of ibuprofen if we report the FAME content with that obtained from control sample 

analysis. In that case the FAME content decreased with approximately 43 % compared control. 

Although different from control sample outline, the FAME profile of tomato plant exposed to 

diclofenac and ketoprofen were comparable.  



 

 
Figure 68. Heat map of fatty acid methyl esters variation within tomato fruit grown under 

different route of exposure at studied NSAIDs 

 

Amino acids content variation in tomato fruit after multi-route exposure experiments: 

Glutamic acid, alanine, lysine, valine and leucine were detected in representative amount in 

tomato fruit. Their amount encountered approximately 60 % from the total content of the 

identified amino acids. Glutamic acid decreased in case of exposure to ketoprofen while in case 

of exposure to diclofenac or ibuprofen minor changes were observed. Alanine amount 

increased in presence of all studied NSAIDs (21 % – exposure to ketoprofen, 18 % – exposure 

to ibuprofen, and 7 % in case of exposure to diclofenac), especially when the contamination 

was performed through soil route. Decrease in amount of aspartic acid (7 %) and lysine (5 %) 

was determined in experiments on tomato when it was exposed at diclofenac contamination. 

Arginine content increased with approximately 11 % in presence of ibuprofen while in presence 

of diclofenac it decreased with 9 % compared with control samples.  

 

 

 

 



5.2. Modelling NSAIDs bioconcentration into Lycopersicon esculentum fruit considering 

their growth dynamics 

 

Is a widely accepted assumption by scientific community that pharmaceuticals active 

ingredient could be uptake by plants. Concerns are amplified by the constant input of these 

active ingredients in environment all over the world, and because of the potential adverse effect 

that could result on non-targeted organisms that consume these plants through their common 

diet. Analytical detection and quantification both of pharmaceuticals active ingredients as well 

their related TPs is difficult, laborious and involve significant costs. Therefore, numerical 

modeling could be a solution that allow the high-throughput estimation of NSAIDs active 

ingredients amount that could reach a plant that is relevant for the diet of a living organism. 

Further, numerical model that allow estimation of the studied NSAIDs active ingredients 

bioconcentration into Lycopersicon esculentum fruit was implemented based on obtained 

experimental data. 

 

NSAIDs modelling framework in Lycopersicon esculentum fruit 

 

Model concept description: The used model is built on three major parts. The first refer at the 

partial differential equation (PDE) that describe the dynamic moving boundary of the 

Lycopersicon esculentum fruit “sphere” – tomato fruit growth. In that case NSAIDs diffusion 

is assumed that occur along with tomato fruit sphere radius. The logistic function proposed by 

Xiao et al., [385] was applied. This imitates the diffusion of a chemical from a contaminated 

environment into the edible fruit of a plant (namely potato tuber). Used PDE describe the 

behavior of an organic chemical in a sphere based on sphere radius, time, moving boundary of 

studied sphere. This, as a whole has the role to simulate the development in time of a 

Lycopersicon esculentum fruit. Data about NSAIDs uptake by tomato were obtained from 

experiments performed on tomato plants exposed to diclofenac, ibuprofen and ketoprofen 

through multiple environmental compartments. These obtained data, were imported further into 

dynamic sphere model to obtain numerical solutions of the implemented PDE through 

MATLAB solver (MATLAB, version R2013b).  

The second part is the integral form of the proposed model that allow to estimate 

NSAIDs active ingredients uptake and bioconcentration factor for studied Lycopersicon 

esculentum fruit. In that section the NSAIDs amount were integrated along tomato fruit sphere 



 

assumed radius. That allowed to estimate the amount of studied NSAIDs active ingredients that 

has diffused with time into tomato fruit.  

In the third part of the model the obtained estimated data are compared with those 

obtained from performing a classic model (diffusion model). The NSAIDs bioconcentration 

factor for Lycopersicon esculentum fruit is mathematically described according with (Eq.90.) 

where it is defines in relation with time (dynamic) instead of steady-state ratio ones.  

𝐵𝐶𝐹𝑐(𝑡)  ≡
𝐶𝑇𝑜𝑚𝑎𝑡𝑜
𝑐 (𝑡)

𝐶𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
𝑐 (𝑡)

     (Eq.90.) 

 

Moving boundary model description: The main assumption of this model is that all fruits 

(including Lycopersicon esculentum fruit) follow a logistic growth function through its 

development in time until maturity. Because of that, is possible that the uptake process of the 

NSAIDs active ingredients to be influenced. Therefore, according with those proposed by Xiao 

et al., [385] the passive diffusion of NSAIDs active ingredients through tomato sphere could 

be described according with (Eq.91.) and (Eq.92.) which involve the mathematical expression 

of a simple radial diffusion model: 

𝜕𝐶𝑇𝑜𝑚𝑎𝑡𝑜(𝑟, 𝑡)

𝜕𝑡
= 0; 0 ≤ 𝑡 ≤  𝑡𝑐𝑜𝑛𝑡𝑎𝑚; 0 ≤ 𝑟 ≤  𝑟𝑇𝑜𝑚𝑎𝑡𝑜(𝑡) 

         (Eq.91.) 

𝜕𝐶𝑇𝑜𝑚𝑎𝑡𝑜(𝑟, 𝑡)

𝜕𝑡
=  𝐷𝑇𝑜𝑚𝑎𝑡𝑜

𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑
∙ (
𝜕2𝐶𝑇𝑜𝑚𝑎𝑡𝑜(𝑟, 𝑡)

𝜕𝑟2
+ 
2

𝑟
∙
𝜕𝐶𝑇𝑜𝑚𝑎𝑡𝑜(𝑟, 𝑡)

𝜕𝑟
) − 𝑘𝑑.𝑇𝑜𝑚𝑎𝑡𝑜

∙ 𝐶𝑇𝑜𝑚𝑎𝑡𝑜(𝑟, 𝑡); 𝑡 ≥  𝑡𝑐𝑜𝑛𝑡𝑎𝑚;  ; 0 ≤ 𝑟 ≤  𝑟𝑇𝑜𝑚𝑎𝑡𝑜(𝑡) 

(Eq.92.) 

The expressions that describe both the tomato as well its potential surrounding 

contaminated environment are presented in (Eq.93.) and (Eq.94.): 

𝐶(𝑟, 𝑡) = 0; 0 ≤ 𝑡 ≤ 𝑡𝑐𝑜𝑛𝑡𝑎𝑚    (Eq.93.) 

𝐶(𝑟, 𝑡)

=  

{
 
 

 
 𝐶𝑇𝑜𝑚𝑎𝑡𝑜(𝑟, 𝑡); 𝑟 <  𝑟𝑇𝑜𝑚𝑎𝑡𝑜(𝑡); this describe what hapen inside of the tomato

(
𝐾𝑇𝑜𝑚𝑎𝑡𝑜,𝑒𝑛𝑣𝑖𝑟𝑜𝑛1
𝐾𝑒𝑛𝑣𝑖𝑟𝑜𝑛1,𝑒𝑛𝑣𝑖𝑟𝑜𝑛2

) ∙ 𝐶𝑒𝑛𝑣𝑖𝑟𝑜𝑛(𝑡); this describe the surface of tomato; 𝑡 ≥  𝑡𝑐𝑜𝑛𝑡𝑎𝑚

𝐶𝑒𝑛𝑣𝑖𝑟𝑜𝑛(𝑡); 𝑟 >  𝑟𝑇𝑜𝑚𝑎𝑡𝑜(𝑡); this describe what hapens at ouside of the tomato 

 

         (Eq.94.) 

 



Entry data: Numerical data used in this model were either obtained from experiments 

performed in laboratory (previously described) of collected from literature that is available for 

public.  

 

NSAIDs diffusion through Lycopersicon esculentum fruit dynamic moving-boundary  

 

In Figure 70 are represented the simulated NSAIDs active ingredients concentration in 

tomato fruit as function of its radius and time after exposure to pharmaceuticals. According to 

the assumed logistic function, in the horizontal direction the length of the function line increase 

with time. This indicate that for each NSAIDs the concentration is approximately equally 

distributed for all assumed growth processes.  Analyzing Figure 70 it was observed that in case 

of tomato exposure to ketoprofen (Figure 70.c.) the active ingredient concentration decreases 

along the radius of tomato, compared with case when tomato was exposed at ibuprofen for 

example (Figure 70.b.).  

 

Data revealed that ibuprofen easily diffuse through tomato fruit when plants were 

growth in contaminated soil or were watered with contaminated water (Figure 69.b.). The 

reached maximum ibuprofen amount diffused amount of ibuprofen was 0.0586 µgkg-1 (growth 

in contaminated soil). Diclofenac diffusion rate was three-fold higher when Lycopersicon 

esculentum was grown in contaminated soil (0.0284 µgkg-1, Figure 70.a.) compared with 

contamination through watering (0.0087 µgkg-1). Ketoprofen has shown a low diffusion rate 

compared with the other two studied NSAID, the maximum amount was identified to be 0.0174 

µgkg-1 in case when the contaminated media is the soil (Figure 69.c.). For each NSAID low 

diffusion rate was determined when contamination was performed through pulverized water. 

The diffused NSAIDs concentration through tomato fruit varied as follows: 0.0247 µgkg-1 

(ibuprofen) > 0.0008 µgkg-1 (ketoprofen) > 0.005 µgkg-1 (diclofenac).  

Although the simulated data are close to experimental data (correlation coefficients > 

0.688) further experimental data must be collected and used to evaluate the model performance. 

Experimental data are necessary to correctly establish the component parameters of model as 

kd both when we refer at the NSAIDs concentration attenuation in environment as well in living 

organisms as Lycopersicon esculentum. Also, inclusion of transformation potential of the 

parent active ingredient should be introduced into the model, especially when we refer at 

pharmaceuticals as NSAIDs that are highly bioactive and undergo to several changes both in 



 

environment as well in living organism. Also, the model should be tested for other 

contaminants. Such data and models are important to enhance living organisms’ health status 

protection for increased challenges raised from the increased presence and varieties of 

chemicals in our surrounding environment.  

 

   

(a.) 

   

(b.) 

   

(c.) 

Contaminated water Contaminated soil Contaminate pulverized water 

Figure 70. NSAIDs diffusion through Lycopersicon esculentum fruit moving-boundary 

exposed through different media. (a.) Diclofenac; (b.) Ibuprofen; (c.) Ketoprofen 

 

 

 

 

 

 



General conclusion 

 

In that thesis pathways of representative NSAIDs as ibuprofen, diclofenac and ketoprofen were 

assessed within a non-targeted living system as Lycopersicon esculentum. With purpose of an 

accurate understating of these compounds’ active ingredients behavior, their pathway in major 

environmental compartments as soil and water were considered also. This was done in the light 

that generally a plant could be exposed to pharmaceuticals either through the water used for 

watering or irrigation purposes, or through soil on that manure or WWTPs resulted sludge were 

applied.  

 

Through experiments performed on surface water media, influence of biotic, abiotic 

and sorption processes on diclofenac, ibuprofen and ketoprofen pathway was assessed. 

Experimental data sets revealed that a pseudo-first order kinetic model describe suitably these 

pharmaceuticals pathway in surface water environment. Contribution of each process in part to 

NSAIDs attenuation in water was intensely studied. The obtained experimental data, further 

were used to numerically rank the participation of each process to NSAIDs attenuation in water 

environment. As numerical approach structural equation modelling (SEM) combined with 

partial least squares (PLS) model was applied. After each case a path diagram was proposed. 

These were tested statistically through multiple goodness of fit parameters.  

In experiments on NSAIDs pathway assessment in soil environment correlation 

between soil physicochemical properties, microbiota phenotypic structure abundance and 

simulated meteorological related anomalies condition were established. Obtained results 

revealed negative correlation between NSAIDs attenuation rate under drought condition or 

contamination with high dose of NSAIDs. Similarly, positive correlation was found between 

higher abundance of soil microbiota and decrease of NSAIDs active ingredient amount. This 

was explained by that there are microorganism communities that are able to use these chemicals 

as carbon source in their metabolic processes. This assumption was sustained by the identified 

TPs of the studied NSAIDs. Using obtained experimental data, the ibuprofen, diclofenac and 

ketoprofen pathway mechanism was proposed in terms of mass balance equations, reaction rate 

constants, etc. Further these were simulated using transport and reaction model of COMSOL 

solver using Richard’s equation for their diffusion through soil layer. In all situations, the 

proposed numerical solutions were validated comparing the estimated results with those 

obtained from a new set of experimental data. 



 

Experimental data proved that assumption, revealing that biotic processes are the most 

representative ones that shape NSAIDs active ingredient persistence and stability both in soil 

and water environment. This highlights the bioactive potential of these chemicals reported to 

non-targeted organisms. Experimental data have showed that there were numerous phenotypes 

that could use these compounds as carbon source in metabolic functions. This was sustained 

also by the identified TPs.  However, both water and soil microbiota are sensitive to changes 

as those induces by meteorological anomalies due to climate change. These were further felt 

though a lower attenuation potential of NSAIDs in studied media.  

Both active ingredients as well representative TPs accumulation as well potential 

influence on Lycopersicon esculentum was evaluated experimentally and numerically. 

Experiments were performed considering multiple routes of exposure to NSAIDs, tomato plant 

development in time (Zadock stages) and anatomical compartments.  Data shown differentiated 

accumulation potential in all considered cases. Among studied NSAIDs diclofenac was more 

easily retained by the whole anatomy of Lycopersicon esculentum while only in fruit part 

ibuprofen was accumulated significantly. Similar results were obtained also in case of 

identified representative TPs of NSAIDs. Data also revealed that exposure route could 

contribute at NSAIDs active ingredients accumulation potential in various anatomical 

compartment of tomato plant. Of that, soil and water were the representative contributors for 

increased NSAIDs uptake potential by tomato. After performed experiments it was observed 

that these NSAIDs active ingredients are differently accumulated in time through tomato plant 

anatomical compartments. Route of exposure significantly influenced the accumulation 

potential of studied pharmaceuticals. Active ingredients influence on tomato fruit quality in 

terms of volatile organic compounds content, amino acids content, carbohydrates content and 

fatty acid methyl esters content were studied. Experimental results proved that but there were 

compounds whose amount increased in presence of specific NSAIDs while others decreased.  

As collection of experimental data is laborious, difficult, and cost and time consuming 

this way could be a proper solution. Correlating simulated results with those resulted from a 

new set of experimental data revealed that use of numerical models could offer answers are 

accumulation rate of NSAIDs active ingredients in edible part of Lycopersicon esculentum or 

its pathway in fruit once with grown of tomato plant. Xiao model was modified to numerically 

simulate NSAIDs diffusion in a growing tomato fruit. Obtained estimated data were correlated 

with those resulted from a classical diffusion model where tomato fruit increase in volume due 

to growing process was neglected. 
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