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Abstract 

Multi-enzymatic reactions can successfully replace complex chemical 

syntheses, using milder reaction conditions, and generating less waste. The model-

based analysis of this paper compares performances of several optimally operated 

Batch Reactors (BR), with those of an optimally operated serial Sequence of BRs 

(SeqBR). Exemplification was made for the bi-enzymatic reduction of D-fructose to 

mannitol by using MDH (mannitol dehydrogenase) and NADH cofactor, with the in-

situ continuous regeneration of NADH at the expense of formate degradation in the 

presence of FDH (Formate dehydrogenase). For such coupled systems, the model-

based engineering evaluations are difficult tasks, because they must account for 

interacting reactions, common species initial levels and dynamics, etc. 

Determination of the optimal operating modes of BR or SeqBR turns into a multi-

objective optimization problem with multiple constraints to be solved for every 

particular system. The study presents multiple elements of novelty, that is: i) the 

direct comparison of process effectiveness when conducted by using various optimal 

BRs (a model-, and experimentally-based analysis), or an optimal SeqBR, and ii) the 

effect of using a multi-objective optimization criteria on the SeqBR performances. 

Key words: D-fructose reduction with NADH to D-Mannitol; Sequential batch 

reactors; Enzymatic reactor optimization; Mannitol dehydrogenase; Formate 

dehydrogenase for NADH regeneration 

1. Introduction 

“Remarkable progresses made in the development of new enzymes and in 

realizing complex coupled enzymatic systems, able to in-situ recover the reaction 
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cofactor(s), reported important applications in the industrial biocatalysis, 

presenting important advantages. Examples include the large number of 

biosynthesis processes used to produce fine-chemicals, or organic compounds in 

food, pharma, or detergent industry, such as: the production of monosaccharide 

derivatives, organic acids, alcohols, amino-acids, etc., by using single- or multi-

enzymatic reactors [1, 2]”. 

Thus, “multi-enzymatic reactions can successfully replace complex 

chemical syntheses, using milder reaction conditions, and generating less waste. 

Multi-enzymatic systems with parallel or sequential reactions are successfully 

applied for: i) recovering the main reaction co-factor, ii) shift equilibrium of the 

main reaction, iii) remove the excess of one product, iv) prolongs the life of the 

main reaction enzyme, by degrading its inhibitor, etc.” [3]. 

“Even if the multi-enzymatic systems are advantageous, the engineering 

part for developing and/or optimizing such a process is not an easy task because it 

must account for the interacting enzymatic reactions, differences in enzymes 

optimal activity domains, deactivation kinetics (if significant), the presence of 

multiple and often opposed optimization objectives, technological constraints, and 

an important degree of uncertainty coming from multiple sources (model/ 

constraints inaccuracies, the presence of disturbances in the control variables), and 

the highly nonlinear process dynamics. 

Classic and simplest technology involves Batch reactors (BR) to 

efficiently conduct complex (multi-enzymatic) processes. BR are simple, 

relatively cheap, easy to operate and control, flexible, and adaptable, thus being 

suitable for the multi-product operation. 

Even if an optimal pH and temperature is used, the determination of the 

optimal operating mode [enzyme(s), substrate(s), cofactor] feeding policy of the 

BR (or its derivatives) often turns into a difficult multi-objective optimization 

problem with multiple constraints to be solved for every particular system” [4-8]. 

Depending on the suspended or immobilized enzyme(s) operation 

alternatives, the model-based problem to be solved consists in the selection of the 

most suitable reactor type, and its optimal operation mode for a given (multi-

)enzymatic process of the already known kinetic model and enzyme(s) 

characteristics. “To facilitate the evaluation of the reactor operation alternatives” 

[5] proposed a computational modular platform, that allows simulating and 

comparing the optimal operating policies of various enzymatic reactors with 

respect to certain formulated objectives, thus allowing the best use of the 

enzyme(s), by screening among various reactor alternatives, that is:  

1) “Simple Batch Reactor (BR) (Figure 1). Substrate(s), biocatalyst, and 

additives are initially loaded in the recommended amounts (concentrations) [5, 7, 

9-11]. 
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2) Sequential Batch-to-batch Reactors (SeqBR) (Figure 2) consist in a 

certain number of (usually identical) BRs operated in series. The content of each 

BR is transferred to the next BR, with adjusting the reactants and/or biocatalyst(s) 

amounts (concentrations) at the beginning of each BR from the series to reach 

optimal levels (in-silico, off-line determined in this paper) [12,13]. 

3) BRP, that is a BR with reactants and/or biocatalyst(s) added during the 

batch in a Pulse-like addition of equal / uneven solution volumes, with a certain 

frequency to be in-silico off-line determined (Figure 2), [4-7]. 

4) Semi-Batch (or Fed-Batch) Reactor (SBR or FBR), with an optimal 

feeding policy of enzyme(s)/substrate(s), (Figure 2). In a continuous mode the 

SBR runs with continuous feeding and evacuation with equal flow rates. 

Substrates/biomass/enzymes /supplements are added during the batch following a 

certain (optimal) policy (to be in-silico, off-line determined) [5, 6, 14, 15, 16, 17, 

18, 19, 20, 21]. In a FBR operation, the feeding policy of biocatalyst/substrate(s) 

is optimally varied (following a time stepwise policy) to get maximization of the 

formulated goal. Usually (case dependent), FBRs reported better performances 

compared to other batch operating alternatives [22]. However, FBRs are difficult 

to operate. That is because they need previously prepared stocks of biocatalyst(s), 

and substrate(s), of different concentrations (a-priori in-silico determined), to be 

fed for every ‘time-arc’ (Ndiv in total) of the batch (that is a batch-time division in 

which the feeding composition is constant). It is self-understood that the time-

‘arcs’ feedings usually differ between them. This is ‘the price’ paid for achieving 

FBR best performances compared to other batch operation modes. [5, 7, 14-25].  

5) FiXed-Bed continuous Reactor (FXBR) with immobilized enzyme(s) [5, 

6, 16]. 

6) Mechanically Agitated (Semi-)Continuous Reactors (MA(S)CR) with 

immobilized enzyme(s) [6, 16]. 

As roughly represented in (Figure 2), the simple BR can be operated in 

various modes: simple (repeated) batch, BRP, FBR, SBR, serial batches (SeqBR), 

cyclic batch, etc. A few number of examples of the above mentioned 

enzymatic/biological reactor types are given by Maria [14]. 
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(a) (b) 

Fig. 1. Simplified scheme of a BR or a FBR used to conduct enzymatic or biological processes and 

reaction conditions: (a) Simplified scheme of a BR or a FBR In the BR operating mode, 

substrate(s), biocatalyst, and additives are initially loaded in the recommended amounts 

(concentrations). In the FBR operating mode, the substrate(s)/ biocatalyst(s) and additives 

(nutrients, pH-control substances) are continuously fed, following a certain (optimal) policy [14]; 
(b) Nominal reaction conditions of the [26] used for the enzymatic reduction of D-fructose to 

mannitol using MDH and NADH cofactor in an experimental lab-scale BR, with the in-situ 

continuous regeneration of the cofactor at the expense of formate degradation in the presence of 

FDH” [27].  

 

By using an adequate kinetic model from literature, the in-silico analysis 

of this paper is aiming to evaluate and compare the performances of several 

optimally operated Batch Reactors (BR), of a single or repeated use, with those of 

an optimally operated serial Sequence of BRs (SeqBR). Several multi-objective 

optimization criteria have been used in this regard.  

“Exemplification is made for the case of the enzymatic reduction of D-

fructose to mannitol by using suspended MDH (mannitol dehydrogenase) and 

NADH (Nicotinamide adenine dinucleotide) cofactor, with the in-situ continuous 

regeneration of the cofactor at the expense of formate degradation in the presence 

of suspended FDH (Formate dehydrogenase). 

As an observation, the study presents several elements of novelty, that is: 

i) the direct comparison of process effectiveness when conducted by using various 

optimal BRs (a model-, and experimentally based analysis), or an optimal SeqBR, 

and ii) the effect of using a multi-objective optimization function on the SeqBR 

performances. 
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Fig. 2. Enzymatic reactors types and operating modes. The usual modelling hypotheses: 

BR= isothermal, iso-pH, and iso-DO (air sparger, if necessary); perfectly mixed liquid 

phase. Reactants / biocatalyst(s) / additives added at the beginning of the batch only.  

BRP= a BR with reactants and/or biocatalyst(s) added during the batch in a Pulse-like 

addition of equal / uneven solution volumes, with a certain frequency (to be determined).  

FBR= Substrates/biocatalyst(s)/additives are added during the batch following a certain 

(optimal) policy (to be determined).  

SBR= in continuous mode there is a CSTR with continuous feeding and evacuation with 

equal flow-rates. Substrates/biomass/enzymes /supplements are added during the batch following a 

certain (optimal) policy (to be determined).  

SeqBR= a certain number of (usually identical) BR operated in series. The BR content is 

transferred from every BR to the next one, with adjusting the reactants and/or biocatalyst(s) 

amounts (concentrations) at the beginning of each BR, to reach optimal levels (off-line 

determined, this paper) [14,27] simplified scheme of a BR or a FBR 

 

2. Adopted kinetic model of the enzymatic process and batch reactor 

characteristics 

Mannitol “is a natural hexitol with important applications in medicine and 

food industry due to some other favorable known properties [28], being currently 

produced via hydrogenation of 50% fructose-50% glucose syrup with a high cost, 

that is at high pressures and temperatures, by using a Raney nickel catalyst [29]. 

Over the last decades, several more profitable production alternatives have been 

developed [28]. The most attractive are: (i) the biological production by 

fermentation using lactic acid bacteria, yeasts, and fungi, with important 

advantages: good yields, less by-products, no need of ultra-pure, and expensive 

raw materials [30], and (ii) the enzymatic production of mannitol. The most 

promising is that proposed by [26]. A higher productivity was achieved using only 

D-Fructose as substrate. This method (Figure 3) consists in the enzymatic 

reduction of D-fructose to D-mannitol in the presence of MDH enzyme and using 
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NADH as cofactor (proton donor). The advantage of using NADH instead of 

others is that it is relatively cheap [31], and much more stable than the NADPH 

[32].  

 

 
Fig. 3. Simplified “reaction scheme of the two coupled enzymatic reactions: (Up) D-

fructose (F) reduction to mannitol (M) by using suspended MDH (mannitol dehydrogenase), and 

the cofactor NADH (Nicotinamide adenine dinucleotide). (Down) NADH cofactor continuous 

regeneration by the expense of formate (HCOO) degradation in the presence of suspended FDH 

(Formate dehydrogenase)” [26,27]. The use of NADPH cofactor is not recommended, being much 

more expensive [31], and very unstable [32]. 

Table 1 

Nominal reaction conditions of the [26] “for the enzymatic reduction of D-fructose to 

mannitol using MDH and NADH cofactor in an experimental BR, with the in-situ continuous 

regeneration of the cofactor at the expense of formate degradation in the presence of FDH. 

The used FDH (EC 1.2.1.2) from Candida boidinii has a specific NAD-dependent activity of 

2.4 U/mg, measured at 25°C and pH 7.0. The MDH (EC 1.1.1.67) from Pseudomonas 

fluorescens DSM 50106 was over-expressed in E. coli JM 109. The NADH-dependent FDH 

and MDH typical activity in D-fructose reduction varies within the range of 0.5-2 kU/L. 

 
*Higher initial concentrations of fructose are possible, but have not been  

checked by [26] due to the side-effects (process inhibition by the products). 
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By far, the bi-enzymatic alternative of Slatner et al. [26], also approached 

in this paper, is more advantageous, the process occurring under mild conditions 

(pH= 7, 25°C) and generating no waste. However, due to the costly enzymes, 

solving the engineering part (this study) is important. Recent advances try 

coupling the two reactions, not in the same BR, but in the same genetic modified 

micro-organism (Bacillus megaterium) used as host for both enzymes synthesis, 

and cofactor regeneration [33]. 

As mentioned above, the studied bi-enzymatic process involves two 

concomitant interfering enzymatic reactions (denoted by R1 and R2 in Table 2): 

The reaction (R1) is the enzymatic reduction of F to M by using suspended MDH 

and NADH cofactor. This main reaction is supported by the enzymatic reaction 

(R2) concomitantly taking place in-situ in the same reactor. The reaction (R2) 

ensures the continuous regeneration of NADH by combining NAD (+) with the 

ammonium formate in the presence of suspended FDH enzyme (initially added 

together with the MDH).  

 
Table 2 

The kinetic model of Maria [9] referring to the “two coupled enzymatic reactions, that is: 

(R1) reduction of D-fructose to mannitol using MDH enzyme and NADH cofactor and, (R2) 

in-situ continuous regeneration of the cofactor NADH at the expense of formate degradation 

in the presence of FDH (Fig. 3). Rate constants have been estimated under the nominal 

conditions of Fig. 1 and Table 1 to match the experimental kinetic data of Slatner et al. [26].” 
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To determine the kinetics of this bi-enzymatic process, Slatner et al. [26] 

conducted a large number of lab-scale batch experiments by using various initial 

conditions, some of them being displayed in (Figure 4). The main characteristics 

of this BR are presented briefly in (Fig. 1) and (Table 1). As mentioned by Slatner 

et al. [26], operation of this BR is subjected to a couple of strong technological 

constraints, as followings: 

A) Because (a) D-mannitol displays a low solubility in water at 25°C (ca. 

1.2 M in Table 1), that is much lower than that of D-fructose (ca. 22.2 M), and (b) 

pure D-fructose is a rather expensive substrate, high substrate conversions (> 

90%) are especially important for this process. On the other hand, a high 

productivity of a BR requires substrate (fructose) high initial concentrations. 

However, in spite of its extremely high solubility in water (4000 g/L), the work at 

high fructose concentrations is not considered in the present engineering analysis 

due to several important drawbacks: (i) a risky extrapolation of the used kinetic 

model validity; (ii) a high viscosity of the reaction medium raising product 

separation problems; (iii) a low solubility of mannitol at 25°C (ca. 1.2 M) leading 

to its crystallization in the bulk liquid phase, with product purification problems, 

and (iv) a higher substrate inhibition effect (in R1 kinetic expression of Table 2). 

B) On the other hand, the experiments of Slatner et al. [26] proved that F-

conversion decreases with the growth of the fructose initial concentration, from 

98% for [F]o = 0.1 M to 80% for [F]o = 1 M. These reasons explain the small 

range of initial [F]o Є [0.1-1] M experimentally investigated by Slatner et al. [26] 

to determine the process optimal conditions on an exhaustive basis. The product 

and enzymes recovery do not raise special problems for such a bi-enzymatic 

process, details being given by Slatner et al. [26]. 

C) Another technological problem concerns the MDH stability. As 

experimentally investigated by Slatner et al. [26], a shift in reaction temperature 

from 25oC to 30oC did not increase D-mannitol productivity significantly. 

However, because the moderate operational stability of MDH at 30oC and higher 

temperatures it was not possible to be ensured, then the optimum 25oC was 

adopted. Because MDH was also found to be sensitive to shear, a 200 rpm of the 

stirrer was used by Slatner et al. [26] to ensure an efficient mixing of the bulk 

phase, and a minimal shear inactivation of enzymes. Under these operating 

conditions, the coenzymes NAD+ and NADH were proved to be stable. The pH is 

maintained constant at 7 ± 0.1 (optimum for MDH) by an automatic addition of 

HCl, due to the shift in pH towards the alkaline region observed when FDH-

catalyzes oxidation of the ammonium formate. In fact, this pH is a compromise 

between the pH-optimum (7.5), and the pH-stability (7.0), according to Slatner et 

al. [26].   

“This is why, Slatner et al. [26] conducted extended experiments at 25°C, 

and a buffer of pH 7.0± 0.1, under the following ranges of initial conditions: [F]o 
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Є [0.1 – 1] M; [NADH]o Є [0.2 – 1] M; [HCOO]o = [F]o ; [NAD]o = 0.0005 M; 

{ [MDH]o, [FDH]o } Є [0.1 – 2] kU/L.  

The collected kinetic data by Slatner et al. [26] were used by Maria [9] to 

build-up a kinetic model for this bi-enzymatic process. Based on these 

quantitative observations, a simple Michaelis-Menten kinetic model of Ping-

Pong-Bi-Bi type was proposed for the both involved reaction rates R1 and R2 

(Table 2), by analogy with a similar process of pseudo 2-nd order kinetics [34]. 

The adequacy of the resulted kinetic model was proved to be very good vs. 

the experimental data [9], roughly illustrated here by the comparative results of 

(Figure 4), and of (Table 4) for three (experimentally tested) different initial [F]o 

of 0.1, 0.5, and 1 M. Consequently, this model will further be used for engineering 

evaluations. 

For simplicity, this model includes a non-competitive moderate inhibition 

with respect to reactants [26], while the mannitol inhibition was neglected. 

Enzymes MDH and FDH inactivation during the reaction have been neglected due 

to lack of available data. Concerning interrelationships of the coupled enzyme 

reactions, formate did not inhibit MDH, and D-fructose had no effect on FDH 

activity or stability. The pH is maintained constant at 7 ± 0.1 (optimum for MDH, 

Table 1). Due to its high selectivity, the transformation of fructose (F) in mannitol 

(M) is quantitative so, [M] = [F]o - [F] at any moment” [26]. 

 

 

 

3. Optimization of the BR  

The analyzed BR is those of Slatner et al. [26] with the operating 

conditions range of (Table 1).  

“To simulate the BR dynamics, a simple math model of (Table 3) was 

adopted. This classic ideal model assumes the following hypotheses [35,36]: (i) 

isothermal, iso-pH; (ii) additives (for the pH-control) are added initially and 

during the BR operation in an automatic mode to ensure the operating parameters 

of Table 1; (iii) perfectly mixed liquid phase (with no concentration gradients). 

The adopted BR model described in (Table 3) includes the differential mass 

balances of the process key-species, that is: F, M, HCOO, NADH, NAD+, CO2. 

The enzymes (MDH, FDH) concentrations are assumed to be constant, due to the 

neglected inactivation, but maintained at optimal levels to be determined. The 

initial concentrations of the other compounds (that is, [M]o, and [CO2]o) are null, 

or at values recommended by Slatner et al.[26] (that is [NAD]o, and [HCOO]o = 

[F]o, see Table 1, and Table 5). The liquid volume in the BR is considered 

constant.  
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For the analyzed bi-enzymatic process with in-situ cofactor regeneration, a 

comparative analysis of the optimal BR (with the initial addition of enzymes and 

substrates), against the BRP with intermittent addition of the key-enzyme MDH 

following various optimal policies was made by Crisan and Maria [7]. The 

superiority of BRP is relatively case dependent. Simulations with the present 

kinetic model revealed that the best operating alternative is the BR, requiring less 

MDH enzyme to obtain an imposed fructose conversion (99%) over 48 h batch 

time.  

 

 
Fig. 4. The experimental kinetic data of Slatner et al. [26] obtained in a lab-scale BR with the 

characteristics of (Table 1). The top figures illustrate the experimental vs. the model-based 

predicted pricess kinetics in terms of F-conversion over time, for initial [F]o of 0.1, 0.5, and 1 M 

[9, 27]. 

 

Starting from such an approximate result, by using the kinetic model of 

(Table 2), Maria [9] in-silico analyzed the optimal operation of the BR of (Table 

1) by using the BR model given in (Table 3). In the present study, the optimal BR 

operation is determined in a more systematic and complete way, by concomitantly 

fulfilling several optimization criteria, that is: (1) minimizing the enzymes (MDH 

and FDH) consumption, with (2) realizing an imposed high fructose conversion (> 
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0.90-0.95) at the batch end. In short, this optimization problem is formulated in 

(Fig. 5). The relevant results presented in (Table 5) have been derived for different 

initial concentrations of fructose [F]o, that is 0.1 M, 1 M, and 3 M, respectively 

with using the same exhaustive algorithm of Maria [9] to solve the multi-objective 

(1-2) optimization problem. As a general conclusion, in all tested alternatives, the 

model-based predicted performances of an optimally operated BR are much better 

in terms of minimum enzymes consumption (2x less for FDH, and 2x-5x less for 

MDH), compared to the experimental BR randomly (sub-optimal) trials of Slatner 

et al. [26], to obtain a high F-conversion. The species dynamics for three optimal 

BR operations are (i.e. [F]o = 0.1 M, 1 M, and 3 M)” are given by Maria [9], and 

in (Fig. 6). These results lead to several conclusions, as followings: 

i. The optimal BR, for [F]o = 0.1 M, and for [F]o = 1 M have been 

experimentally validated by Slatner et al. [26] (see Table 4). 

ii. “There is a close connection between the coupling reactions, enzyme 

concentrations, and the quasi-stationary of the NADH/NAD ratio over the batch. 

For all the optimal conditions of (Fig. 6), the two enzymatic reactions are well 

coupled. Thus, the high reaction rates R1 and R2 ratio reach a quasi-stationary 

level, leading to a quasi-constant NADH / NAD ratio much higher than 10, thus 

maintaining the process efficiency [9]. 

iii. The cofactor NADH regeneration is very efficient, formate 

decomposition being quasi-complete (Fig. 6) and leading to saturation [CO2]* in 

short time (after ca. 10 h or even earlier), with removal of the CO2 excess from the 

system over the rest of the batch-time.” 

iv. As revealed by repeated simulations of Maria [9], and the results of 

(Table 5, Fig. 6), the BR performances are more sensitive to the initial [MDH]o 

than to the initial [FDH]o. 
  

Table 4 

Some BR performances predicted by the kinetic model of Maria [9] compared to the 

experimental data of Slatner et al. [26]. Initial conditions: [HCOO]o =  [F]o; [NADH]o = 

0.008 M; [NAD]o =0.0005 M; Batch =48h; Fig. 4 [9] 
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Table 3 

“The ideal models (species mass balances) for the BR and SeqBR enzymatic reactors. The 

BR hypotheses [35]: (1) isothermal, iso-pH. (2) Additives for the pH-control are added 

initially and during the batch in recommended quantities; (3) perfectly mixed liquid phase 

(with no concentration gradients). Indices: “0” = initial; “f” = final (at the batch time); “i” = 

reaction; “j” = species; “k” = BR number.  NBR = no. of BR in the SeqBR series” 

[37].
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Fig. 5. The BR optimization problem in math terms [27]. 

 
Table 5 

“Some optimal BRs predicted by the kinetic model of Maria [9] compared to the 

experimental data of Slatner et al. [26]. Initial conditions: [HCOO]o = [F]o; [NAD]o = 0.0005 

M; Batch time = 48 h.” 
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Fig. 6. Some optimal BRs predicted by the kinetic model of Maria [9] compared to the 

experimental data of Slatner et al. [26]. Initial conditions: [HCOO]o = [F]o ; [NAD]o = 0.0005 M; 

Batch time = 48 h. Species dynamics is presented for the running set-points (A-B). [27] the BR 

optimization problem in math terms [27]. 

 

4. Optimization of the SeqBR  

“The high productivity potential of the optimally operated BR, as 

underlined in chap. 3, raises a legitimate question: (a) is it more profitable to 

repeatedly use a certain number of BRs of equal volume, by preserving every time 

the same optimal initial conditions, or, (b) it is more profitable to use a series of 

batch-to-batch, of a certain number of BRs (denoted by SeqBR), the content at the 

batch end of each BR being passed to the next BR from the series. However, the 

initial conditions of each next BR will be in-silico, off-line adjusted to ensure the 

optimal performance of the whole SeqBR. This section is dedicated to solve this 

engineering problem roughly formulated in (Fig. 7). 

Control variable choice. The SeqBR ideal model approached here is 

presented in (Table 3). Thus, at the batch end of each BR, its content is transferred 
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into the next BR of the series. However, the concentrations of the following 

compounds (control variables) are initially adjusted to match the optimal values 

(to be determined, see below): [F]o, [NADH]o, [MDH]o, [FDH]o. The initial 

concentrations of the rest of the substances (that is, [M]o, [NAD]o, [CO2]o) are 

those from the end of the previous BR. [HCOO]o is adjusted to be equal with the 

[F]o.” 

 

 
Fig. 7. The SeqBR optimization problem in math terms [27, 37] 

 

The choice of the number of BRs (NBR) in the SeqBR series. A series of a 

moderately large number NBR = 10 BRs connected in series are considered here 

with an equal batch time of 40 h for every BR. This will allow a direct 

comparison of SeqBR performances with those of a FBR with a variable feeding 

over Ndiv time-arcs. “It is worth mentioning, by analogy with the time stepwise 

optimal feeding policies of FBR [14,38], that the use of a SeqBR with a higher 

number of BRs suffers from a series of disadvantages, that is: (i) as the (NBR) 

increases, as the number of optimization (control) variables (that is the initial load 

of substrate(s) / enzyme(s) to be determined for every BR) is higher, thus 

increasing the computational effort, and the number of local solutions of the 

SeqBR optimization problem due to its model high non-linearity, thus decreasing 

the chance to quickly locate the global optimum of the problem; (ii) as the (NBR) 

increases, the optimal operating policy of SeqBR is more difficult to implement 
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since the optimal policy requires physical operations to adjust the substrate(s) / 

enzyme(s) concentrations at the beginning of each BR from the series of BRs; (iii) 

Besides, SeqBR operation with using a larger number of (NBR) can raise special 

operating problems when including PAT tools (Process Analytical Technology) 

[39], and also involves a higher investment and process control cost.  

 In spite of these difficulties, some trials to operate SeqBR, or cyclic BR, or 

even parallel BR have been reported in the literature, by using 2-5 biological 

FBRs [40-42], 14-times cyclic BRs [43], or 48 parallel BRs [44], or even 24 

parallel BRs [45]. As expected, optimized FBR reported better performances 

compared to the simple BR, (even if optimally operated), due to a higher 

operating flexibility [6,14,24,25]. On the other hand, the chemical reactor theory 

demonstrated that a series of a large number of CSTRs tends to have the best 

performances of a plug-flow reactor [46]. Consequently, it is expected that an 

optimal SeqBR will present better performances than a repeated operation of only 

a BR with the same initial conditions.” 

The SeqBR to be optimized in this paper includes a series of NBR = 10 

identical BRs (with the characteristics of Table 1) for the approached bi-

enzymatic process described in section 2. The in-silico (model-based), off-line 

optimization approached here has to solve at least two simultaneously economic 

objectives:  

1).- Determine the optimal initial conditions for every BR from the series 

to ensure the highest productivity in mannitol at the SeqBR output, that is the 

output of the last (NBR)-th BR, and 

2).- Minimize the costly “enzymes (MDH and FDH) overall consumption, 

with preserving the best connection of the two enzymatic reactions to ensure a 

quick regeneration of the cofactor and a high fructose reduction rate. 

Other optimization objectives can be formulated as well, depending on the 

reactor and process type [16,18] but are beyond the scope of this paper.” 

From the math point of view, this NLP optimization problem consists in 

the following formulation eqn. (1): 
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An alternative objective function which gives more weight to the M-

production maximization in the detriment of enzymes’ consumption is: 

 

 
 

Both optimization problems eqns. (1-2) are subjected to the following 

constraints: 

 

(i).  
1

ndc rj
rijidt i

= 
=

 (dynamic model of the process; Tables 2,3); J = species index 

(F, M, HCOO-, NADH, NAD+, CO2, MDH,FDH) 

(ii).  Initial conditions of: 

 ( )[ ] =0  = [ ] ( ),0 , 1 1k
c t c t tj k j f k f k=− −   ;  k=2,…, NBR 

Except for the “J”-species which are the search variables, that is [F]o,k ; [NADH]o,k 

; [FDH]o,k ; [MDH]o,k }with (k= 1,…, NBR) 
(3) (iii).  ( )  0tcj  ,  t (physical significance constraints);  

(iv). Searching ranges suggested by Slatner et al.[26] (experimentally validated), 

that is: 

 [MDH]o ; [FDH]o   [0.1-2] kU/L ;  

 0.1  [F]o,k  3 M ; 0.01  [NADH]o,k  0.5 M ; 

(v).   =  = ... = 1 2V V VNBR
,  (BR of equal volumes); 

(vi).  The main reaction R1 occurs quantitatively, that is   
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      [M(t)] = [F]o - [F(t)], at any moment in each BR. 

(vii).  One excludes the trivial solution (infeasible): 

 
viii).  The SeqBR model of (Table 3) imposes that the mannitol [M] produced in 

each BR is passed (at the batch end) to the next BR of the series, So, it 

continuously accumulates reaching a maximum concentration in the last BR of the 

series. 

  

 

“Concerning the formulation of the optimization problem eqns.(1-2), some 

observations are necessary: (a). the chosen units for M, MDH, FDH, allow the 

direct comparison of Fobj1, Fobj2, Fobj3, and their concomitant use in the    

objective function because they present the same order of magnitude; (b) the way 

by which   was built, implicitly ensures the simultaneous realization of the 

following derived objectives: Max(Fobj1), Min(Fobj2), and Min(Fobj3); (c) equal 

volumes of BRs from the analyzed SeqBR offers the consistency of the 

summative objectives (Fobj2), and (Fobj3); (d) other formulations of the   

function are also possible, depending on the weight given to each individual sub-

objectives (Fobj1, Fobj2, Fobj3)” [18]. 

 

5. Results and discussions 

“The optimization problems eqns. (1,3), or eqns. (2,3) are Nonlinear 

Programming Problems – NLP [47,48], with 4  NBR = 40 searching variables, 

and multiple nonlinear implicit and explicit constraints. To avoid local sub-

optimal solutions, a very effective multi-modal adaptive random search procedure 

has successfully been used, that is the MMA of Maria [47-49]. 

 The SeqBR optimization problem eqns.(1,3) was solved in two 

alternatives, by setting different upper limits of the key substrate(s):  

Alternative (a)-  Max[F]o,k = 1 M, and Max [NADH] o,k = 0.1 M, 

    [MDH]o;  [FDH]o  [0.1-1] kU/L ;  

Alternative (b)-  Max[F]o,k = 3 M, and Max [NADH] o,k = 0.5 M, 

   [MDH]o ; [FDH]o  [0.1-1] kU/L ;  

The resulted optimal operation policies are plotted in (Figure 7), while 

systems performances are comparatively summarized in (Table 6).  

The analysis of these results reveals several conclusions: 

 

(1) in both tested alternatives, the optimal SeqBR with NBR = 10 identical BRs 

reported better performances compared to the 10x repeated single optimal BRs. “ 

 

More specifically:  
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1a) for the SeqBR optimization problem eqns. (1,3) with the searching variables 

limits of Alternative (a) the enzyme consumption is roughly 12x higher for 10 

individually operated optimal BRs than for an optimal SeqBR with a series of 

10 BRs, to obtain a small increase in M-production (Table 6). The 10 

individually operated BR-s of Slatner et al. [26] reported a huge (unacceptable) 

consumption of enzymes to obtain a modest M-production. 

1b) For searching variables limits of Alternative (b) the enzyme consumption is 

significantly higher for the 10 individually operated optimal BRs for obtaining 

ca. 40% increase in M-production compared to the optimal SeqBR with a series 

of 10 BRs.  

2) All searching variables ([F]o, [NADH]o, [MDH], [FDH]) present a large 

influence on the objective functions eqns. (1-2).  

3) “In the SeqBR, passing the content of one BR to the next BR leads to the 

accumulation of mannitol, but with preserving the non (yet) regenerated 

NAD(+), while the systematic initial adjustment of the [NADH] ensures its 

availability during the whole batches” (Fig. 7). 

4) The requirement of the SeqBR optimal operating policy to decrease the enzyme 

content (often both of them concomitantly) for some BR-s of the SeqBR series 

involves an intermediate physical separation operation, separated enzymes being 

further re-used. Adjustments of the enzymes levels at the initial state of each BR 

from the series could be facilitated if immobilized enzymes are used. 

5) “The direct comparison of the SeqBR with an optimized FBR may be an 

interesting problem to be studied in a separate numerical analysis. 
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Fig. 8. “Species feeds and dynamics for the optimal SeqBR with max[F]o= 1 M, max[NADH]o= 

0.1 M, [HCOO]o = [F]o, [NAD](BR=1) = 5×10-4 M. Solution of the optimization problem 

eqns.(1,3). Note: transformation of fructose (F) in mannitol (M) is quantitative, so [M] = [F]o – [F] 

at any moment. [Right]  Species feeds and dynamics for the optimal SeqBR with max[F]o= 3 M, 

max[NADH]o= 0.5 M, [HCOO]o = [F]o, [NAD](BR=1) = 5×10-4 M. Solution of the optimization 

problem eqns.(1,3).” 

 

6) In all tested alternatives, the optimal SeqBR reports incomparably better 

performances than the experimentally tested optimal BR of Slatner et al. [26] 

(Table 5) even if operated in a repetitive manner. 

7) These results prove the superiority of SeqBR vs. the repeated use of a simple 

BR with the same initial conditions. Such better performances are due to a 

greater flexibility in the operation of each BR from the series of BRs. 

8) Similar positive results with SeqBR have also been reported by” [12, 13, 50]. 
 

6. Conclusions 

“The numerical/engineering analysis of this paper, based on an 

experimentally validated kinetic model from literature, demonstrates that 

optimally operated SeqBR can lead to high productivities with a substantially 
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lower consumption of costly enzymes compared to the repeated use of a simple 

BR, even if optimally operated.” 

“The relatively simple but relevant case study analyzed in this paper 

proves that for the coupled multi-enzymatic systems, derivation of the optimal 

operating conditions (minimum enzyme consumption, with maximum reactor 

productivity) is not a trivial engineering problem even for a simple BR case [8, 9]. 

Solving this engineering problem by only using an experimental quasi-

exhaustive approach, as tried by Slatner et al. [26], may not be the best choice 

because it involves high costs and a large number of experimental separate tests, 

while the result it might not be global optimal. 

The use of an adequate process model can offer an approximate if not 

exactly solution to the problem (depending on model quality), with a moderate 

computational effort. In addition, the paper proves in a simple, yet suggestive way 

how a lumped but adequately dynamic model can successfully support in silico 

engineering evaluations aiming to optimize the BR or SeqBR operation, thus 

saving considerable experimental effort”. 

 
Table 6 

“Performances of the optimal SeqBR policy obtained by solving the optimization problem 

eqns.(1,3) compared with some optimal BRs of Maria [9], and with the experimental data of 

Slatner et al.[26]. Initial conditions: [HCOO]o = [F]o ; [NAD]o = 0.0005 M; Batch time = 48 

h for BR, and of 40 h for each of the 10 serial reactors of  SeqBR. “ 

 
 

Nomenclature 
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jc  - species j concentration 

*c
j  - species j saturation level 

k
j , K j  - rate constants 

Min / Max - minimum / maximum 

rj , R1, R2 - “species j reaction rate; reaction rates 

t  - time 

ft  - The batch time 

V - The BR volume 

xF  - Fructose conversion 

Greek Symbols   

 - accepted tolerance to achieve the target conversion 

ij  - stoichiometric coefficient of species j in the reaction i 

 - The objective function of the optimization problem 

Index   

o - initial 

f - final 

Abbreviations   

arg - The argument of a function 

BR - batch reactor 

BRP - BR with intermittent addition of enzyme solution 

 

CSTR - Continuous stirred-tank reactor 

DO - Dissolved oxygen 

E - enzyme 

F - D-Fructose 

FDH - Formate dehydrogenase 

FXBR - fixed-bed solid-liquid continuous reactor 

GFS - fructose/glucose syrup 

HCOO- - formate 

M - Mannitol 

MACR/ MASCR - mechanically agitated solid-liquid (semi-)continuous reactor 

MDH - Mannitol dehydrogenase 

NAD(P)H - nicotinamide adenine dinucleotide (phosphate) 

NAD, NAD+ - Nicotinamide adenine dinucleotide (oxidized form) 

NLP - Nonlinear Programming Problem 

NBR - Number of BR connected in series 

Ndiv - 
Number of time-‘arcs’ in which the FBR time was divided 

(in every time-arc. the feeding composition is constant, but 

the feeding differs between them). 

SeqBR - sequential batch-to-batch reactor 

SBR - semi-batch reactor” 
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[X] - Concentration of X 
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Abstract 

Plastic and microplastic (MP) pollution is known to be widespread across 

the planet in all types of environments. We are now in the so-called "Plastic" era, 

which reflects the omnipresence of plastics in our lives. It is already recognized that 

plastic particles smaller than 5 mm, known as PM, have a tremendous impact on the 

ecosystem, local economies and human health. Our study is based on a survey 

(questionnaire) that includes 406 respondents from all over Romania, based on 20 

questions. Most of these questions were divided into several points. "Which of the 

following actions are you planning to do in the near future (within the next 3 

months)?" was one of the main questions. Here, the population's perception of this 

type of risk of microplastic particles was tracked. Respondents answered on a scale 

from 1 to 7, where: 1= Definitely not... 7= Definitely yes. The actions followed by 

this type of question were as follows: I will reduce the consumption of plastic items; 

/ I will replace plastic items with eco-friendly products in my purchasing decision 

whenever possible; / I will recycle my plastic waste (separating it); / I will refuse to 

buy plastic products even if there is no ecological alternative; / I will reuse plastic 

items beyond their original use (eg using a plastic water bottle by refilling it; using 

a plastic cup that is no longer suitable for drinking, such as pots); / I will replace 

"single-use plastic products" (eg single-use water bottles, plates, straws, cutlery, 

cotton wool) with environmentally friendly products, to prevent these particles. Over 

44% of respondents said they would reduce their plastic consumption in the near 

future, over 60% said they would recycle and just over 9% agreed to substitute in 

the purchasing process, products containing plastic with ecological products, 

whenever needed. A proper perception and attitude of risk related to microplastic 

particles, by the responders and not least by the government, would reduce this risk 

related to microplastic particles. 

Key words: microplastic, risk perception, pollution, environment 
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1. Introduction 

The production and use of plastics has followed an upward trend in the last two 

decades and reached a record level with the COVID-19 pandemic [1].  During the 

COVID-19 pandemic, 1.6 million tons of plastic waste were generated worldwide 

per day, mainly due to high market demand in the production of single-use 

personal protective equipment. This means that there was an annual plastic waste 

generation of 75 kg per capita [2].  

The major problem with microplastic particles (MPs) is that they do not 

biodegrade and once they reach the terrestrial environment they accumulate in the 

bodies of animals, and in the marine environment they integrate into the bodies of 

fish and crustaceans, being then consumed by humans as food. MPs have been 

found in marine, freshwater and terrestrial ecosystems, as well as in food and 

drinking water. Their continuous release contributes to the permanent pollution of 

all ecosystems and food chains. In research through laboratory studies, this 

exposure to that pollutant has been associated with a number of negative ecotoxic 

and physical effects that act on the health of living organisms [3]. 

However, plastics are essential raw materials widely used in various fields 

in our modern society due to their excellent durability and moldability [4]. An 

increasing number of research on MPs have been reported in the last decade, 

indicating the importance of this field. A considerable effort and a reduction in 

plastic production would lead to a decrease in pollution with this occurrence [5]. 

As a result of environmental and human health concerns, several member 

states of the European Union have introduced or proposed national bans on the 

intentional use of MPs in consumer products. Every year, approximately 42,000 

tons of MPs end up in the environment from the use of products containing them. 

It is estimated that around 176,000 tons of unintentionally produced MPs reach 

the surface waters of the European continent annually as a result of wear and tear 

from large pieces of plastic [6]. 

MPs are another symbol of global environmental change and for this 

reason the perception of individuals is important. Through his study, Pahl [7], 

helped fill the gap in social research and the "human dimension". Kramm [8], 

showed that the majority of the German public has a high perception of risk, with 

a slightly higher concern for environmental risks than for health risks. Although 

concern was generally high, some differences could be identified. 

A decrease in the negative impact of MPs can be successful when there is 

strong pro-environmental behavior. Kurisu [9] defines pro-environmental 

behaviors (PEBs) as behaviors that “contribute or are perceived to contribute to 

environmental conservation,” while environmental conservation is described as 

either reducing negative impacts or increasing positive environmental impacts. 
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2. Experimental  

The survey is based on a questionnaire that was drafted in Romanian and 

carried out on an online platform. The link created for the questionnaire was 

distributed online on several social platforms (for example, Facebook, Instagram, 

WhatsApp, mail, Messenger, messages, etc.). According to Cohen [10], the 

distribution of the link for the survey, followed the method of the Bulgarian snow 

but the representation according to Amicarelli  [11] may suffer distortions. All the 

discussions were subject to GDPR, being anonymous, not asking the participants 

for their personal data. 

 

2.1. The study area 

  

The study area includes the entire territory of Romania, with respondents 

from over 30 counties of the country. 

 

 
Fig. 1. Survey study area  

 

2.2. Types of questions in the questionnaire 

 

Establishing the criteria for dividing the questions: introductory questions; 

closed questions with (given answer options); open questions; content questions 

that provide most of the information in accordance with the research object 

(questions with scales); control questions that aim to verify the answer to a 

previous question; identification questions (age, income, resident). 
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Each question in the questionnaire corresponds to a specific objective Ex 

1. Question number 4 - Which of the following actions do you plan to do in the 

near future (3 months)? This question results in an answer related to the 

individual's perception of recycling, reusing, replacing, reducing, refusing to 

replace plastic items. More precisely, if there is an increasing trend in recycling 

and consumption of plastic products. 

Ex. 2. The identification question, related to the place of residence, is 

based on obtaining the result that supports another secondary objective proposed 

in the paper. More precisely we want to see if the place of residence matters, if 

you are influenced and at the same time if we have a higher rate of growth of the 

trend for the 4 Rs in certain areas of the country. 

The survey used both environmental and social science research methods 

through a quantitative approach (questionnaire, based on empirical research (the 

opposite of theoretical research). A methodology based on a qualitative approach 

was not carried out because the quantitative process, through the complexity and 

number of questions, was made through a deeper and more detailed investigation. 

The creation of the questionnaire is based on the establishment of the 

investigated collective, the formulation of the questions, the establishment of the 

spatial, modal and temporal coordinates. This quantitative research was carried 

out with the help of data collection and processing and will highlight certain 

results of the data processing, being extensive and expensive, because a certain 

amount, a certain volume of data was needed, for the processing and the results to 

be has relevance. The theoretical documentation necessary and useful for the 

scientific research undertaken involved the consultation of bibliographic sources 

regarding the risk of microplastics, both on the territory of Romania and 

internationally, having as bibliographic sources, books, articles, specialized 

studies, etc. Current studies in specialized journals show that academic research 

on the use of qualitative, quantitative and mixed methods in the economic field is 

in full development and justifies the creation of articles and doctoral theses on this 

topic. The analysis of classical qualitative and quantitative methods from the 

perspective of their integration into complex, mixed methodological norms, 

represents an important and topical research objective [12], [13]. The data were 

collected from the primary source (questionnaire). Among the sources that could 

be used: questionnaire, experiment, interview, observations, etc., we chose the 

questionnaire as a primary source. In this research, an attempt was made to harm 

the participants by maintaining the confidentiality of the results obtained for this 

research. SPSS statistical software was used for data analysis. 
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3. Results and discussions  

In the study, the perception of Romanians and their attitude related to the 

present risk of microplastic particles in all four environmental factors was 

followed: water, air, soil and biodiversity. More than 9% of respondents answered 

that they will replace plastic with environmentally friendly products in their 

purchase decisions, whenever possible. Just over 44% answered that they will 

reduce their consumption of plastic items and 60% said that they will use the 

process of recycling plastic waste, separating it. All these actions follow a period 

of 3 months. 
 

 
Fig. 2. Actions to reduce, recycle and replace plastic for a short period – Romania 

 

3.1. Proposed actions 

 

The actions followed in the study are REDUCTION, REPLACEMENT IN 

THE BUYING DECISION OF PLASTIC ARTICLES WITH 

ENVIRONMENTALLY FRIENDLY PRODUCTS, RECYCLING, REFUSAL 

TO BUY, REUSE AND REPLACEMENT OF SINGLE-USE PRODUCTS. 

For each question, a scale from 1 to 7 was used (1 - definitely NO and 7 - 

definitely YES), I will reduce, replace, etc. my plastic consumption. 

 

3.1.1. Proposed actions 

 

The results obtained have a good impact on the environment, more they 

reflect pro-environmental actions of the Romanians. Just over 2.97% answered 

"categorically No" I will reduce my plastic consumption in the next three months, 

which is a satisfactory result. A little over 16% ticked four which represents 

"maybe" and a percentage of 44.30% declare that they will reduce their plastic 



The risk of microplastic particles seen through the future actions of Romanians 

 

32 

 

consumption in the established period, ticking the number 7 "categorically YES", 

as can be seen from the graph Fig. 3. 

 

 
Fig. 3. Reduction of plastic comsumption 

 

3.1.2. Replacing plastic items in purchasing decisions with 

environmentally friendly products. 

 

In the process of replacing plastic items in purchasing decisions with 

environmentally friendly products, the percentages show a lower acceptance rate. 

A little over 18.81% answered "categorically Yes", 11.88% answered 

"categorically NO". This 18.88% is not a large percentage, which is not worrying, 

and 18.56% are still thinking about what decisions they will make related to 

plastic in the next three months. Table no. 1. 
Table 1 

Replacement in purchasing decisions for the next 3 months:  

SUBSTITUTION in purchasing decisions 

Scale from 1-7 Number of prospectuses Percent % 

1 - Definitely NO 48 11.88 

2 39 9.65 

3 50 12.57 

4 75 18.56 

5 66 16.33 

6 52 12.87 

7 - Definitely YES 76 18.81 
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3.1.3. Recycling plastic waste (separating it) 

 

As can be seen in Table 2, related to recycling, the percentages show a 

high rate of pro-environmental actions. The mass media campaigns, the 

government through actions and specific legislation and last but not least the 

supermarkets have left their mark here. Some of them have established plastic 

waste collection centers in Romania. People's actions are also rewarded, they offer 

discounts and different offers in return. 

Among those questioned, a number of 245 people answered with "sure 

YES", representing a majority percentage of 60.64%. A small number of people 

answered with "certainly NO", they very slightly exceed the percentage of 3.46%. 

In many countries around the world, the plastic recycling process is on an 

upward curve. If the plastic material is not disposed of or recycled properly, it can 

end up in the environment turning into pieces where they remain for centuries. 

These pieces (< 5mm) are called microplastic particles and are a cause for 

concern. These are solid particles of plastic material composed of mixtures of 

functional additives and polymers that may also contain residual impurities. 

 
Table 2 

Plastic recycling action in the next 3 months: RECYCLING of plastic 

Scale from 1-7 Number of prospectuses Percent % 

1 - Definitely NO 14 3.46 

2 9 2.27 

3 16 3.96 

4 33 8.16 

5 32 7.92 

6 57 14.1 

7 - Definitely YES 245 60.64 

 

 

3.1.4. Reuse plastic items beyond their original use 

 

Reusing plastic items beyond their original use (for example, use a plastic 

water bottle by filling it; use a plastic cup that is no longer suitable for drinking as 

a pot), is a technique that can have a positive long-term impact on the 

environment. Thus, the packaging does not end up in landfills after a first use, if it 

is not recycled. The reuse of plastic products, purchased as packaging or in 

another form, had a good impact in our study. More than 199 people answered 

"sure YES" to the question above, with a percentage of 49.25% and a little over 

9.15% had a "sure NO" answer. Only 6.18% answered "maybe" (Table 3). 
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Table 3 

Reusing plastic items in the next 3 months: REUSING of plastic 

Scale from 1-7 Number of prospectuses Percent % 

1 - Definitely NO 37 9.15 

2 13 3.81 

3 17 4.2 

4 25 6.18 

5 43 10.64 

6 72 17.82 

7 - Definitely YES 199 49.85 

 

3.1.5. Replacing single-use plastic products, with the aim of preventing 

pollution with micro and nanoplastic particles 

 

Currently, plastic production exceeds 350 million tons/year [14]. In 2017, 

the European Commission took some EU-wide regulatory action on MPs 

intentionally added to products. An extended solution has been proposed on the 

intended use of MPs in products placed on the EU market to avoid or reduce the 

amount released into the environment. The proposal is expected to prevent the 

release of 500,000 tons of microplastics over 20 years [15].  

Among the restrictions among the most important are: banning the 

intentional addition of microplastics to products such as cosmetics and detergents 

by 2020; increasing the recycling rate of plastic waste in the EU; the ban in the 

E.U. of certain single-use plastic products that end up as waste in the seas and for 

which alternative materials already exist; the ban in the E.U. of light plastic bags. 

The European Parliament has added oxo-degradable plastics to the list of items to 

be banned. These are materials that easily break into small pieces due to additives 

and contribute to ocean pollution with MPs [6]. 

Starting from September 2, 2021, in Romania, single-use plastic products, 

products made from oxodegradable plastic materials and fishing equipment 

containing plastic are regulated by a new simple ordinance (OG 6/2021). Through 

this Ordinance, certain categories of products will be prohibited from being placed 

on the market, and consumption reduction targets will be applied for others. 

Prohibited products: ear sticks, cutlery, plates, drinking straws, drink 

stirrers, sticks that attach to balloons, food containers, etc. 

The results of our study regarding the process of replacing single-use 

plastic products, with the aim of purchasing environmentally friendly products, 

show a percentage of over 50% in the decisions of the interviewed Romanians, 

who say, with "sure YES". A little over 3.96% answered with "definitely NO", not 

making any commitments for the next three months, after completing the 

questionnaire (Table 4). 
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Table 4 

Replacement single- use plastic products: REPLACEMENT 

Scale from 1-7 Number of prospectuses Percent % 

1 - Definitely NO 16 3.96 

2 8 1.98 

3 13 3.21 

4 39 9.65 

5 58 14.35 

6 66 19.09 

7 - Definitely YES 209 51.73 

 

3.1.6. Refusal to purchase plastic items 

 

Even when we have no alternative, we can refuse the purchase of plastic 

products. A percentage of less than 20% of the respondents used in their answer 

related to this topic, the number 7, more precisely with "sure YES". Over 11.88% 

answered categorically No (Table 5). 
Table 5 

Refusal to buy plastic products even if there are no environmentally 

 friendly products: REFUSAL 

Scale from 1-7 Number of prospectuses Percent % 

1 - Definitely NO 48 11.88 

2 39 9.65 

3 50 12.57 

4 70 18.56 

5 66 16.33 

6 52 12.87 

7 - Definitely YES 76 18.81 

 

 

4. Conclusions  

From the results obtained, we observe a concern of the Romanians for the 

environment. Government policies implemented through ordinances transposed 

from European policies, as well as the entire mass media, have left their mark on 

the area related to the recycling of plastic materials. In this area of recycling, the 

repetition of this topic in the press, TV, etc., but also online actions brought the 

percentage to over 60%. There is a need for such actions either by governments or 

the mass media and on the side of reducing and replacing disposable products 

with more environmentally friendly products, where the percentages obtained are 

lower. 
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Large store chains, through concrete recycling actions, could help to a 

small extent to increase the percentage on this side. There are very few 

supermarkets in Romania that have implemented such a system. One of the 

problems would be the distance from the collection points of the shops, which 

does not happen in the west. 

Our study being carried out online, via the Internet, could be subject to 

some limitations because according to the I.N.S. 2021, eight out of ten houses in 

Romania have an internet connection. More than 80% of the Romanian population 

uses the Internet and the difference between men and women in terms of Internet 

connection has also decreased. In rural areas, 73.1% of households are connected 

to the Internet, and in urban areas, 86.3%. 

 

 
Fig. 4. https://www.dreamstime.com/photos-images/microplastic.html [16] 
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Abstract 

Heavy metals are some of the most harmful pollutants with severe effects on 

humans, plants, animals, and on the entire environment basically. Today, anywhere 

in the world, and especially in highly industrialized countries, any analysis of heavy 

metals in water, soil or air samples will certainly indicate their presence. It is clear 

that pollution comes from heavy metals compounds, and these compounds rarely 

result from natural geochemical processes. They are mainly the result of human-

related activities, from mining to chemical or non-chemical industrial and 

agricultural practices. For many decades now, heavy metals pollution has been a 

major source of worries due to their high level of toxicity, non-biodegradability, 

persistence and bioaccumulative nature. 

This review discusses, in brief, conventional and modern technologies for HM 

removal from soil and air, each with advantages and drawbacks. It is clear that 

effective removal methods exist already, but new remediation techniques are needed, 

as will be further detailed. 

Key words: Heavy metals; Soil reclamation; Air depollution; Removal methods 

 

 

1. Introduction 

Heavy metals (HMs) results from natural and from anthropogenic sources and 

accumulate in all environmental components [1]. 

Lead, cadmium, mercury, arsenic, copper, zinc, and chromium are some of 

the metals known to be toxic to humans. Cadmium and arsenic are known 

carcinogens. Copper, lead, and chromium can cause brain and bone damage, while 

mercury can induce mutations and genetic disorders [2]. 
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To function properly, the living systems need certain metals like iron, copper, 

zinc, magnesium, manganese, and others. Therefore, small amounts of these 

elements are found in nature and are essential to our health, but exposure to 

excessive levels of any of these elements can have acute or long-term harmful 

effects [3–5]. Moreover, toxic HMs tend to accumulate in living organisms due to 

their non-biodegradability and persistence, causing a wide range of diseases and 

disorders. For example, hemoglobin production and anemia are both determined by 

the interaction of lead with the enzymes involved in heme biosynthesis [6]. Lead 

poisoning can cause encephalopathy, convulsions, and mental impairment in 

humans [7]. Neurobehavioral development is severely harmed by exposure to lead. 

Thus, industrial wastes containing lead should be thoroughly cleaned before being 

disposed [8]. Many researchers studied the removal of lead ions by different 

adsorbents such as natural and industrial materials, granular activated carbon, char, 

and chitosan [9]. 

Following the few examples indicated above, it is clear that because of HM’s 

non-degradable properties, the resulting pollution can be defined as irreversible, 

and consequently it must be carefully monitored and managed. Currently the 

presence of HM is strictly monitored in soil, outdoor air, surface and ground water, 

drinking water, in accordance with regulatory mandates, but the human 

exposure/biological monitoring is rarely achieved [10,11]. While data show 

continuous decline in heavy metals emissions, improvements in technologies and 

targeted legislation are needed to reduce the health impact of the pollution [12]. 

As emphasized before, the pollution with HM exists in different 

environmental compartments. In air we find particulate matter (PM10 and smaller) 

containing HMs resulted from industrial activities, and volatile compounds like 

tetraethyl lead, tetracarbonyl nickel, etc., resulted from burning fossil fuels. In the 

soil, HMs accumulate, by their transfer from water (leaching) and from air 

(re/sedimentation and adsorption). The methods of controlling the effects of HM 

should refer to drastic and more restrictive environmental rules on HM discharge 

limits, leading to new highly efficient treatment technologies development and 

implementation. 

 

2. Methods in soil depollution 

According to literature information, the soil pollution with HM is first of all 

the direct consequence of their increasing use as such, respectively in the form of 

compounds of industrial interest. In fact, any metal or metal-containing product 

thrown or abandoned in/on soil becomes a pollution source for longer or shorter 

time. 
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In an extensive review on metal contamination of agricultural soils, Huo et 

al. [13] indentified sources of pollution with HM(loid)s from surface runoff and 

irrigation with polluted water sources to aerosols released during industrial 

activities. So, with respect to high soil pollution, we can say that a larger or smaller 

area of pollution usually appears around sites where HM were industrially 

processed. One example, representative for Romania, could emphasize these 

observations: the case of HM pollution within Bucharest metropolitan area. The 

most important pollution sources were identified as industrial activities, traffic 

(cars, railway, and air transportation), power stations and domestic activities [14]. 

Especially in the area Pantelimon – Brănești, because of the industrial activities 390 

ha of land were polluted with lead, 87 ha with copper and 15 ha with zinc. Among 

others, here, starting with 1978 it was built an industrial site for lead-acid 

accumulators for all purpose industrial applications (cars, locomotives and wagons, 

tractors, and trucks, etc.). Due to contamination levels, the entire area has been 

declared as disaster area since 1998. The lead concentration for instance was, at the 

time of the study, 230 times higher than the maximum accepted. Population health 

issues were recorded in the period 1990-2005 [15]. 

Regarding the problem of HM contaminated soils, there are some solutions 

for remediations, as shown schematically in Fig. 1. The first category consist in 

pollutants containment-based techniques (capping/encapsulation), the pollutants 

removal and extraction express the second category, defined as transport-based 

techniques, whereas pollutants solidifications and stabilization  define the third 

category of transformation-based techniques for soil decontamination [16]. 

 
 

Fig. 1. Solutions for soil decontamination in pollution with HM compounds (Adapted with 

permission from [16]) 



Heavy metals removal from soil and air – A brief review 

 
 

41 
 

In the following, more attention is paid to the biotechnological solutions for 

soil decontamination, included in Fig. 6 as bioremediation. 

Bioremediation is defined as the interaction between living organisms (plants 

or microbial species, native or genetically engineered), and the contaminants (here 

HMs) resulted in removal or degradation of pollutant through biological activity 

[13,17]. The organisms must not only be resistant to toxicity, but also to grow and 

multiplicate in an environment not normally suitable for living. There are some 

major advantages of implementing these techniques, considered as natural-based 

solutions, over the traditional remediation methods: regenerates the soil providing 

long-term health, low costs, workers safety, smaller life cycle environmental 

footprints, no secondary pollution [13]. 

There are three general approaches: microbial remediation, 

phytoremediation, and multi-techniques joint remediation [18], each divided into 

different technologies. The methods can be applied in situ or ex situ, based on the 

strategies involved [17]. In situ is the treatment done on site, where contamination 

occurs, and ex situ involves excavation and moving soil prior and after treatment. 

Table 1 presents the principle and main mechanisms involved in phytoremediation 

and microbial remediation. 

Phytoremediation can be defined as a plant-based method, performed in situ. 

Starting with the observation of spontaneous colonialization and vegetation of 

natural plants, defined as natural hyperaccumulators, on highly contaminated mine 

tailings, the method has quickly been acknowledged as most straightforward, high 

cost effective and environmentally friendly, allowing the preservation of the 

physical characteristics of the soil [22,23]. Tolerant plants can be used to extract 

and remove HMs from soil or to lower bioavailability in soil, using their root 

systems [24]. The polluted soil is thus reclaimed, and its fertility restored. The main 

drawbacks of this biological technique are related to slow plant growth. It was 

observed that these hyperaccumulator plants have a very slow growth rate and low 

biomass production, especially in highly contaminated soils, so the bioprocess is 

time-consuming. Therefore, new techniques are currently studied to assist and 

improve phytoremediation performance on large scale applications: stimulation of 

plant development using growth regulators and promotors, application of chelating 

and acidification agents on polluted soils, or improving plant performances through 

genetic engineering [25,26]. 

Another sensitive aspect that must be mentioned is the management of 

resulted biomass, especially when HMs are removed by phytoextraction. It this 

case, HMs are transferred into above ground plant biomass, so plant residues must 

be carefully handled and disposed to avoid recontamination [22]. 
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Table 1 

Bioremediation for HM soil decontamination [19–21] 

No. Process Principle Mechanisms 

Phytoremediation 

1 Phytoextraction HMs are translocated to 

accumulate in 

aboveground parts of the 

plant. 

Absorption by roots, 

transportation, and storage in 

the aboveground part of the 

plant, and elimination by 

harvesting. 

2 Phytostabilization HMs are in-situ inactivated 

or immobilized in plants 

roots. 

Accumulation, precipitation, or 

root surface absorption. 

3 Phytotransformation/ 
phytodegradation 

HMs are transformed in or 

degraded to less-toxic 

compounds. 

Absorption and storage in new 

plant tissues through 

lignification. 

Enzymatic decomposition. 

4 Phytovolatilization HMs are converted in 

volatile compounds. 

Absorption by plant roots, 

transportation through the 

xylem, conversion into volatile. 

Forms, and release into 

atmosphere through stomata. 

Microbial remediation 

5 Biosorption 

(adsorption/ 

absorption) 

Metal binding on cell 

surface, intracellular or 

extracellular parts. 

Physical adsorption, Chelation, 

Complexation, Coordination, 

Entrapment, Ion Exchange, 

Micro-Precipitation. 

6 Bioprecipitation Cellular metabolism-

independent, due to 

chemical interaction of 

microbial cell wall and 

metal ions. 

Immobilization, Chelation, 

Reduction, Precipitation (as 

sulfides or phosphates). 

7 Bioaccumulation Influx and accretion of 

metals within bacterial 

cells. 

Chelation, Adsorption, 

Precipitation, Complexation, 

Reduction, Methylation. 

8 Bioleaching Release of metal ions 

through mineral 

dissolution. 

Sulfide bioleaching, Pyrite 

leaching, Heterotrophic 

bacterial leaching. 

 

Like plants, microbial population is either killed or selected by pollutants 

presence in the environment. The microorganisms capable of developing 

mechanisms of resistance to HMs toxicity are successfully used for soil microbial 

remediation. Generally speaking, the microorganisms are changing the ionic state 

of HMs affecting their solubility and bioavailability [27]. The technology 

performance is influenced by environment pH, humidity, ambient temperature, soil 
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type and the presence of additives in the environment (like humic, or other low 

molecular weight organic acids) [28]. Optimal pH and temperature depend on the 

microbial species, with direct impact on their growth and multiplication rates. 

Different techniques are applied to improve performance: bio-stimulation (addition 

of proper nutrients for indigenous microorganisms), bio-augmentation (addition of 

pre-adapted microorganisms species or consortia) or even bio-augmentation by 

genetically improved species [29]. While there are numerous advantages of these 

methods (simple, environmentally friendly, easy to implement in situ, with no 

residual treatment required and minimal disruption of site) which make the 

bioremediation a natural process, there are also some drawbacks. Disregarding the 

conditions, microbial remediation is time-consuming and depends on 

microorganisms’ type and characteristics, but most important, HM remain still in 

the soil, concentrated or converted to less toxic forms susceptible to future 

recontamination if hydrological and geochemical conditions are changing [27,29]. 

Multi-techniques remediation refers to a combination of two or more different 

remediation methods to increase efficiency and/or to reduce some disadvantages. 

There could be mentioned: combined physical-chemical-biological remediation, 

chemical-biological remediation or plant-microbe consortia remediation [18]. 

New research directions are emerging nowadays, like nano‐phytoremediation 

and microbial‐mediated nano‐remediation, using nanoparticles to improve 

properties of hyperaccumulators and indigenous soil microbes. It is however very 

difficult to estimate further influence of nanoparticles on the 

environment/ecosystems and this issue needs careful consideration [30]. 

 

3. Methods in Air Depollution 

In the industrialized zones the most important air pollutants, harmful for 

human health, are ozone, nitrogen dioxide and particulate matter (PM). Levels of 

PM in particular have demonstrated influence on respiratory and cardiovascular 

morbidities [31]. PM, consisting in various chemical and biological components, 

are classified by the aerodynamic diameter as coarse (PM10 diameter between 2500 

nm and 10000 nm), fine (PM2.5 with 100 nm and 2500 nm diameter) and ultrafine 

(PM0.1 with diameter below 100 nm). With respect to this classification, PM2.5 are 

considered as most toxic airborne particles as their number and surface are 

considerable higher – one third to two thirds of total PM mass [32]. Furthermore, 

for PM2.5 it has been stated that “no lower concentration threshold below which 

exposures can be considered safe at the population level” [33]. Specific to PM2.5 

pollution from various sources, an integrated exposure response curve was 

developed (Fig. 2). 
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The basic roots of air pollution come from the explosive development of 

industry and transport, especially road transportation. Transportation activities, 

using all sorts of vehicles based on fossil fuels, significantly contributed to air 

pollution by PM. In urban/industrialized areas, although in last years the values are 

decreasing in Europe, the traffic remains the second main emission source of fine 

particles, with almost 20 % share, while the industrial combustion, with a 35 % 

share of total emissions, represents the leading source [34]. These PM2.5 are formed 

of primary particles and secondary particles. Primary particles are those directly 

emitted because of industrial/combustion processes, minerals, metals salts, pollen, 

spores resulted from natural or anthropogenic sources. The secondary particles are 

those resulted from gas to particle conversion in the air, through nucleation [34]. 

 

Fig. 2. Relative risk of cardiovascular disease associated with long-term exposure to PM2.5. 

(Adapted with permission from [33]) 

 

Toxic heavy metals such as Pb, Cu, Ni, Cr, etc. have a major contribution to 

aerosols toxicity [35]. Unlike the case of any other contaminants, the pollution with 

heavy metals is much localized in relation to specific industrial activities location 

[36]. 

The dynamic movement from one environmental component to another is 

especially noticeable for atmospheric HMs, which can enter our bodies directly or 

can be re-deposited in water, on soil and on plant leaves [37]. 
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When comes to methods for removing HMs from the air, it’s clear that their 

removal is possible only with the removal of PM. And in this sense, there are not 

many solutions at hand. Most of the measures for cleaner air refer to emissions 

reduction to minimize air pollutants concentration. Programmes like “Clean Air for 

Europe” or guidance documents like “Heavy Metals Protocol” of the Convention 

on Long-range Transboundary Air Pollution recommend research and development 

of less polluting technologies [38–40]. Specific methods for controlling and 

preventing HMs emissions are already available: new low-emissions installations, 

advanced off-gases cleaning technologies, use of low HM content raw materials, 

better management decisions on every technological aspects from housekeeping to 

use and disposal of HM containing products [39]. 

Five major directions to follow for emissions reduction can be enumerated. 

The first direction can be named Use green technologies to develop processes, since 

there are not many processes that do not produce some powders or aerosols where 

obviously we will find HMs. The second direction Energy from the sun, water and 

wind urging towards the development and implementation of more and more non-

polluting energy solutions, which operate without PM production. The third 

direction Use Alternatives to Open Burning starts from the consideration that the 

open burning is an important source of PM. The fourth direction having the name 

Drive less considers that the driving of a car is likely a person's single most polluting 

daily activity. Driving less reduces the amount of vehicles/time on the road which 

helps to reduce air pollution. The fifth direction having the name Drive Smart refers 

to aspects showing how we can operate our vehicles in order to keep the pollution 

diminishing. 

Referring directly to the methods for PM pollution control, we must mention 

the air purifiers. These start with the domestic ones and continue with others 

designed for large urban agglomerations, respectively large industrial platforms. 

From this last category we can mention innovative projects like the Smog Free 

Tower, which uses positive ionization technology to cleans up to 30,000 m3/h air in 

public spaces. Another example is the project Green City Without Smog with two 

action directions: a) city afforestation with emphasis on the use of vegetal systems 

that fix the pollutants, including HM; b) large local installations with extremely 

large air - liquid transfer interphase that remove, locally, pollutants and carbon 

dioxide. 

 

 

 

 

 

https://www.dailymail.co.uk/sciencetech/article-3177294/The-smog-eating-TOWER-World-s-largest-air-purifier-building-suck-pollutants-skies-lock-inside-jewellery.html
https://www.dailymail.co.uk/sciencetech/article-3177294/The-smog-eating-TOWER-World-s-largest-air-purifier-building-suck-pollutants-skies-lock-inside-jewellery.html
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4. Conclusions 

HMs are toxic for the environment and belong to the most important groups 

of pollutants. The potential harmful effects associated with the accumulation of HM 

in the environment are too well known. The toxic effects on human populations and 

potential health hazard of HM requires continuous studies, experimentally and by 

mathematical modelling, with respect to control of these pollutants’ occurrence and 

to their distribution in all environment compartments. It was noted here that the 

depollution of HMs contaminated soils using plants or microbes with high capacity 

for HMs fixing is modern and of interest, especially since it can progress due to 

genetic intervention on living species; it has been shown that air pollution with HM 

is a consequence of its pollution with PM and that a major part is related to road 

transportation based on fossil fuels and specific industries; in HMs pollution control 

the biosorption and bioaccumulation are recommended as novel, efficient, eco-

friendly techniques, with much lower costs than the conventional methods. 
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Abstract 

About 60% of methane emissions in the atmosphere come from 

anthropogenic activities. Methane is also emitted from wetlands, agricultural 

activities, energy generation and during the decomposition process of the organic 

matter. The sources of CH4 in cities, due to the urbanization, vary from fossil fuel 

combustion, natural gas network and traffic, wastewater management to industrial 

activities. The annual emissions of methane from urban water bodies are found to be 

significantly high. Urban rivers are highly exposed to wide range of environmental 

and industrial factors that might change their physio-chemical properties. This 

study is based on measuring CH4 emissions from urban rivers and lakes. In this 

study, 50 water samples were collected along Someș river in Cluj-Napoca from 

different sampling locations, in order to estimate methane concentration in these 

samples and to include all possible interrupting environmental and urban factors 

and for appropriately determining the reasons behind these fluxes. The highest 

values estimated to hit more than 160 ppm which overpasses the device measuring 

limit, for both of the sampling points LCH 17 and LCH 14. These high CH4 

concentration values were recorded at locations close to industrial activities and 

wastewater treatment facilities. However, these observations are important 

indicators towards further sampling and analyzing of methane emissions from urban 

water bodies, in order to identify their influencing factors whether they are 

biological organisms, waste water, industrial wastes or any other pollutants, so that 

they can be introduced into CH4 mitigation strategies for reducing GHG’s 

emissions. At the same time, this will carry indicators for the quality of air in terms 

of traffic pollution and CH4 high concentrations. In addition, it will characterize 

urban polluting sources. 

Key words: methane emissions, urban river, wastewater, pollution 
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1. Introduction 

More than 50% of atmospheric methane are due to human activities [1–3]. 

Methane emissions mainly come out from rice paddy, wetlands, waste and energy 

facilities [4], and organic matter decomposition [4, 5]. Emissions from fossil fuel 

combustion, natural gas network and traffic, wastewater management to industrial 

activities are the potential sources of CH4 in the urban area [6]. In the IPPC report 

[1], it indicates that up to 90% of CH4is oxidized by OH in the atmosphere over a 

period of approximately 10 years which represents the short lifetime of CH4. 

About 4800 Tg(CH4) is eliminated during this period in the atmosphere while the 

microbial activities remove up to 47 Tg(CH4). Ito [7] also stated that urbanization 

and industrial activities are behind the 150% increase in CH4 emissions in recent 

decades. Urban rivers were found to have significantly high fluxes. While urban 

rivers are exposed to different types of pollutants, it is important to receive 

attention and to estimate their annual participation in the global emissions. In 

recent studies, the results showed that CH4 production could occur under aerobic 

conditions which contradicts previous studies which found out that aerobic 

conditions promote the oxidation of CH4 [8]. Other papers [7-9] concluded that 

temperature, latitude, microbial activities and oxygen concentration are important 

factors in CH4 fluxes. However, Cao et al. [10] stated that combining these factors 

in addition to vegetation cover and organic matter decomposition can determine 

CH4fluxes. As Fernández et al [11] concluded that bacterial activities and plants 

are important factors in producing and transferring atmospheric CH4. Zhao et al. 

[8]also pointed out that waste water treatment plant has noticeably influenced CH4 

concentration resulting in its high records in river samples close to this treatment 

plant while it was thought that other sources of CH4 production, a presence of 

sediments and algae in-between stony riverbed, might be responsible for high CH4 

concentration. Since the industrial revolution, anthropogenic activities 

accompanied by population growth increased greenhouse gas (GHG) emissions 

which stand behind the global warming crisis. However, this crisis would escalate 

if we do not immediate intervene to stop these emissions [12]. Methane has more 

than 20 times the warming radiative effects of CO2 in the atmosphere [13-14]. 

Fernandez et al. [13] state that despite this negative influence CH4 has a short life 

time which is a changing point in dealing with a short-term global warming effect. 

By better characterizing CH4 sources, CH4 emissions can be reduced promoting 

its oxidation and sinks and declining its fluxes from its identified sources. The 

presence of high concentration CH4 in water is a sign of high chemical reactions 

and/or microbial activity with involved organic matter as part of water 

contamination [15-16]. The US geological survey in New York [17] found out 

that natural gas extraction is a significant source of water contamination with CH4 

particularly in extraction locations. This dissolved gas can reach the atmosphere 
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under high temperature and pressure conditions. In one papers [18] it studied the 

metals and other pollutants that contaminates the environment in the same urban 

area our case study. They found out that sediments in Somes river can be used as 

indicators for contamination detection. Also, they stated that urbanization is the 

main reason for this river pollution. Nevertheless, they didn’t study CH4 

concentration in the river to discover the possibility of another sources of water 

contamination related to urbanization and to growing anthropogenic activities. 

Recent studies based onCH4 fluxes and the implicated factors, microbiology and 

chemical reactions, such as: . Also, studies of urban CH4 sources, such as:[3, 11, 

13, 21–25]. 

In our study, we are dealing with CH4 for particularly have this 

significance characteristic of short lifetime and for the obvious involvement of the 

urban area in the recent increase in CH4 fluxes. The results from CH4 abatement 

can be obtained in a short-term similarly for the global warming and polluting 

effects. 

 

2. Experimental 

The study of Somes river started from its extension from Gilau in the west 

to Gherla going through Cold and Warm Somes including lakes and other water 

bodies along for approximately 75 km which can be observed from Figure 1. 

Sommes has a 100 km length crossing Cluj-Napoca into the Tisa River of the 

Danube. It is used as an essential source for freshwater in the city and the 

surrounding communities  including important tributaries such as: Someşu Rece, 

Somesu Cald, Feneș, Gârbău, Lujerdiu, Becaș, Borșa, Ocna, Lung, Lonea and 

Ornan [18]. For measuring CH4 concentration, water samples were taken for 

urban rivers and lakes. However, these samples were collected from different 

sampling locations along Somes river. In this context, CH4 fluxes were supposed 

to diversify according to land-use types and to different human activities 

surrounding these sampling locations, in order to appropriately determining the 

reasons behind these fluxes. The selection of sampling sites based on the river 

extension and its morphological varieties with the diversification of surrounding 

activities.  

The 50 samples were collected along the river with respect to the 

established criteria and to include an important factor of accessibility due to the 

limitation of resources. The distance between each sample varied from 0.3 – 2 km. 

Samples were named according to their source either from the stream river SCH 

or from lakes across its extension distance LCH. These locations were allocated 

by Google Map and then the samples were collected by tracing these locations 
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from the same Google Map mobile application. However, the coordinates for each 

sampling point were registered again in the site for further accuracy. Sampling 

standard in collecting, transporting and reserving was followed in the sampling 

stage for obtaining high accuracy in the results in the next stage of conducting 

sample analysis. A total of 50 water samples were collected from 50 sites. The 

depth of sampling sites depended on the manually changeable length of the 

stainless-steel wing sampler of up to 2 m. 

Methane can be released from these samples by pumping process and by 

increasing water temperature [16]. Therefore, sampling collection and pouring 

were slowly conducted and in an inclination position, in order to avoid bubbles.  

The samples temperature was increased to the room temperature. Afterwards, 

each sample was carefully transferred into a gas jar in an inclination position. The 

jar was closed and shaken for 3 minutes, in order to cause bubbles and to release 

the resolved CH4 from the water sample. The extracted data from measurements 

represent CH4 concentration (in ppm) in each water sample. The analysis of this 

data can be summarized by taking the average of CH4 concentration from the one-

minute-measurement. This analysis was prepared by using Microsoft excel with 

sampling point’s code and the average value of CH4 concentration. The spatial 

analysis was performed by ArcGIS pro software (Esri, Canada) and symbology 

categorizing these sampling points was done according to their CH4 concentration 

average. 

3. Results and discussions  

Methane average concentrations from Somes river samples were presented 

in Figure 1, which illustrates the location of water sampling points and their CH4 

concentrations which were classified into four categories for indicating the high 

and the low CH4 concentrations values.  

For the first category of values ≤19.33 ppm 25 sampling points were 

recorded within this set. Most of these points are located outside the intensive 

urban area while only 7 points are located within the urban extension. However, 

only one point is located in the central area which seemed not to be influenced by 

external factors of traffic, energy consumption or other type of pollution sources. 

The second category is for values ≤45.13 ppm and >19.33 ppm. This 

category included 14 sampling points from which 5 sampling points are located 

within the urban sphere, one to the west and 8 locations to the east outside the 

city.  

The third category includes 9 sampling locations with values ≤107.61 ppm 

and >45.13 ppm which are mostly located in the eastern part of the study area. 

Only one location is significantly located in the western area outside the urban 

sphere. 



Estimating methane emissions from urban rivers in South-Eastern Europe - case study: Somes 

river 

 

54 

 

The last two samples are located at points with high CH4 concentration of 

more than 160 ppm. Both of these two points are located outside the urban area to 

the east with the stream direction of Somes river.  

 

 
Fig. 1.  Methane emissions' concentration in Somes  

 

From Figure 2, the minimum CH4 concentration is 3.89 ppm at the 

sampling point SCH 2 in the western part of the Somes river, and the maximum 

value of more than 160 ppm, which overpasses the device measuring capacity, 

were estimated for the sampling points LCH 17 and LCH 14. Moreover, other 

maximum values hit 86 ppm and 107.61 ppm at SCH 34 and SCH 27, 

respectively. However, the mean value of these points is 33.56 ppm. Other points 

SCH 5, CHI 31, CHI 30, LCH 14, LCH 32, LCH 33 have already recorded high 

concentration values of CH4. 
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 Fig. 2.  Methane concentration in Somes water body and their estimated average value in 

ppm  

 

Figure 2 shows that emissions gradually increase as points go with the 

stream direction crossing the urban area, the airport and wastewater treatment 

plant.  

The first part outside the urban area has only high significant value at LCH 

14 of 55.47 ppm. This point was taken from a lake with slow stream flow which 

indicates to the presence of either microbial activity, a source of pollution or gas 

leakage. Within the urban sphere average fluxes were obviously high at the lake 

location. This is another indicator to a presence of an influencing factor that might 

come from biological activities.  

The last part that goes to the east direction with the stream outside the 

urban area has the most highlighting fluxes that start from SCH 26 with 43.82 

ppm until LCH 14 with more than 160 ppm. Methane concentration is 

significantly high from these samples which were taking from lakes and from 

points located before and after the airport and the wastewater treatment plant 

(WTP), but there is not certain information for representing a source of pollution. 

Nevertheless, points before and after the WTP can be indicators for the need for 

further investigation. As stated [25] water pollution is considered one of the main 

reasons that influence CH4 emissions, particularly form industry and WTP. 

The stream direction is west-east which crosses the urban area with its 

industrial and traffic activities that might represent an influence over the sampling 

results. However, these lakes can be categorized under wetlands which similarly 

meet the outcomes of [7, 10, 26, 27] stating that wetlands represent significant 

source of CH4 emissions of more than third of the annual methane budget. 

Moreover, the speed of the stream might influence CH4 by creating 

bubbles and releasing these emissions before they are estimated which is the case 

with samples taken from lakes with slow stream velocity. 
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Similar studies based on estimating CH4 annual fluxes like [14] and [7, 10] 

rather than estimating their average emissions from water samples, or simply for 

determining the factors behind these emissions [7, 9, 10, 11]. 

However, these observations are important indicators toward conducting further 

sampling and analysis on CH4 emissions from urban water bodies, in order to 

identify their influencing factors whether they are biological organisms, waste 

water, industrial wastes or any other pollutants, so that they can be introduced into 

CH4 mitigation strategies for reducing GHG’s emissions. 

4. Conclusions 

The anthropogenic activities have proven to be the main reasons for the 

increase in CH4fluxes in recent decades. In the urban area, industrial activities, 

traffic, energy generation and even the urban rivers have a cause in these emission 

increases. 

In combating climate change effects, this study takes an important role in 

characterizing methane emission sources that participate in increasing CH4 

concentrations in the urban atmosphere. The project employs applicable scientific 

methods and develops the concept of detecting high methane concentrations in the 

urban atmosphere, especially the urban rivers and lakes.  

High CH4 fluxes were recorded inside and outside the urban area with 

mean value 33.56 ppm indicating the presence of microbial activities, waste water 

from the WTP, traffic pollution or gas leakage.  

This study may contribute to enhancing the identification of potential 

sources for methane emissions, hence, this will by default suggest applying more 

measurements in climate change mitigation. In other words, this project has the 

potential for protecting human health and the environment.  

However, these observations are important indicators toward conducting further 

sampling and analysis on CH4 emissions from urban water bodies, in order to 

identify their influencing factors whether they are biological organisms, waste 

water, industrial wastes or any other pollutants, so that they can be introduced into 

CH4 mitigation strategies for reducing GHG’s emissions. 
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Abstract 

This TGA study investigates the impact of water on ethaline and reline deep 

eutectic solvents. The results reveal significant variations in the decomposition 

behavior due to the presence of water, characterized by distinct temperature minima 

and changing weight loss patterns. For choline chloride and urea eutectic solvents, 

water content induces notable alterations in thermal degradation, including lower 

temperature maxima and variable weight loss profiles. These findings underscore the 

eutectic nature of these solvents and emphasize the critical role of water in their 

thermal properties. This research advances our understanding of eutectic solvents 

and their potential applications. 

Key words: thermal stability, reline, ethaline, decomposition 

 

1. Introduction 

 

Deep eutectic solvents (DES) have gained substantial recognition as a 

sustainable class of green solvents, offering a promising avenue in the field of green 

chemistry [1-3]. These remarkable solvents are characterized by their unique 

composition, typically formed through the establishment of hydrogen bonds 

between two or more compounds. The resultant deep eutectic solvents, which are 

composed of common and readily available ingredients, possess exceptional 

attributes that render them appealing as environmentally friendly alternatives to 

traditional organic solvents [4-8].  
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Choline chloride (ChCl) stands out as an important component in the creation of 

DES, because of its cost-effectiveness and low toxicity [5]. In this study, we focus 

is on two specific deep eutectic solvents: ethaline (ChCl and ethylene glycol, EG, 

in a molar ratio of 1:2) and reline (ChCl and urea, U, in a molar ratio of 1:2) [9, 

10]. These DESs demonstrate a unique blend of chemical and physical 

characteristics, offering versatile properties that make them highly intriguing for 

various applications in fields such as catalysis, separation processes, and energy 

storage. 

A fundamental aspect of deep eutectic solvents is their thermal behavior, 

which plays a critical role in determining their utility in different processes. The 

presence of water, a ubiquitous component, can significantly affect the thermal 

properties of these DESs. Investigating how varying water content influences the 

thermal stability and decomposition patterns of these deep eutectic solvents is 

essential for tailoring their properties to specific applications. 

The primary objective of this study was to unveil the role of water in 

modulating the thermal properties of ethaline and reline through comprehensive 

thermogravimetric analysis (TGA) [11, 12]. TGA is a powerful technique for 

scrutinizing the thermal characteristics of materials by monitoring changes in 

weight as a function of temperature or time. The present analysis will yield valuable 

insights into the decomposition pathways, temperature profiles, and weight loss 

patterns of these deep eutectic solvents under different water content conditions [2, 

13]. 

By elucidating how water content influences these systems, we aim to 

contribute to the broader understanding of deep eutectic solvents and their potential 

for sustainable applications in the realm of green chemistry. In addition, this 

research underscores the critical role of water content as a pivotal variable in the 

design and use of DES. 

2. Experimental 

Reagents 

The reagents chosen for this study were of the highest quality, ensuring the 

reliability of the experiments. Choline chloride from Alfa Aesar Thermo Scientific 

had a purity of over 98%, while ethylene glycol from Merck and urea from Scharlau 

both exceeded 99% purity. The water source was prepared in-house using an Elga 

Micra Veolia system.  

 

Deep eutectic solvent preparation 

The preparation of the two deep eutectic solvents (DES) involved precise 

measurements to four decimal places using a Mettler Toledo ML104T analytical 

balance. The required quantities of choline chloride (ChCl), urea, and ethylene 



      Eliza-Gabriela BRETTFELD, Tănase DOBRE, Cristian Andi NICOLAE, Diana 

CONSTANTINESCU-ARUXANDEI, Florin OANCEA 

61 

 

glycol (EG) were accurately weighed to maintain the 1:2 molar ratio 

(ChCl:component) [14, 15]. The synthesis occurred in a well-equipped system, 

featuring a glass-bottomed vessel with an attached vertical condenser to minimize 

gas loss, an oil bath for ensuring uniform heating, an electric hotplate with a 

magnetic stirrer and magnetic bar, and a thermometer. The reaction temperature 

was maintained at 40°C with continuous stirring at 600 rpm for 2 h. Upon 

completion of the reaction, clear, viscous solutions were obtained, which were 

perfectly homogeneous and presented a subtle yellowish tint. 

 

TGA Analysis 

The thermogravimetric analyzer TGA Q5000IR from TA Instruments 

(USA) measures the quantity and rate of weight change in a material, either with 

respect to temperature increase or isothermally with respect to time, in a controlled 

atmosphere. It can be used to characterize any material exhibiting changes in weight 

and detect phase changes resulting from decomposition, oxidation, or dehydration.  

Samples with water contents of 0, 5, 10, 20, 30, 40, 50, and 60% were 

examined and designated as E0, E5, E10, E20, E30, E40, E50, and E60 for ethaline 

and R0, R5, R10, R20, R30, R40, R50, and R60 for reline, respectively. The 

working method employed involved placing 20-25 mg of each sample on a 

platinum tray with a 99.999% nitrogen gas flow at a rate of 50 ml/min. The 

temperature was ramped at 10°C per minute, reaching 450°C. 

3. Results and Discussion 

Ethaline 

 The thermogram reveals four distinct mass loss steps, each characterized by 

an increasingly steep slope, concurrent with rising water content (Fig. 1). The initial 

step, occurring at approximately 100°C, is associated with the removal of water 

from the sample. Subsequently, intermediate acids such as formic, glycolic, and/or 

oxalic acids are formed in the second and third steps [16, 17], and in the final stage, 

choline chloride degradation is observed. This signifies the intermediate thermal 

stability of the solvent composed of ethylene glycol and choline chloride, 

confirming the eutectic point theory [18]. 

In alignment with Fig. 1, the thermogram of ChCl:EG 1:2 with various 

water percentages is complemented by Table 1, which calculates the mass loss 

percentages for diluted ethaline samples. Notably, the first step, spanning from 

room temperature (RT) to 105°C, revealed an increase in mass loss with increasing 

water content. This loss encompasses not only the water content but also negligible 

losses of ethylene glycol (in pure form, over a quarter of the mass is lost) [19] and 

substantially fewer, almost negligible, losses of ChCl (0.11%). 
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In the subsequent temperature range of 105-210°C, mass losses are 

primarily attributed to EG, which, in its pure form, fully vaporizes at 134.9°C [20]. 

In the case of DES, specifically E0 (ethaline with no water), the loss is only 27.57%, 

thereby reinforcing the definition and properties of eutectic solvents and enhancing 

their chemical and physical stability compared to individual components. Mass 

losses in eutectic solvents with water content do not exceed those of E0, falling 

between 15% and 27%. All eight samples exhibit decomposition temperatures 

within the 125-140°C range, with higher temperatures observed for samples with 

lower water content (E5-E20). 

Moving to the subsequent temperature range of 210-270°C, mass losses 

originate from both ethylene glycol (in trace amounts) and choline chloride. The 

percentages start at 6% for E60, the sample with the highest water content, and 

increase to 17.45% for E0, the anhydrous sample. The maximum temperature at 

which decomposition occurs varies between 253-260°C, decreasing to 237°C, 

inversely proportional to the initial water content in the samples. 

Starting from 270°C up to 450°C, choline chloride decomposition occurs in 

the E0–E60 samples at lower temperatures than in pure choline chloride, which 

evaporates at 318.9°C. These decompositions occur alongside slight decreases in 

the water content of the samples. The residual mass losses after 450°C do not 

exceed 0.26%, with ethaline undergoing virtually complete decomposition. 

 

  
Fig. 1. Thermogram of ChCl:EG 1:2 with different 

water concentrations 

Fig. 2. Thermogram of ChCl:U 1:2 with 

different water concentrations 
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Table 1 

Weight loss by temperature steps for ethaline 

  

RT - 105°C 105 - 210°C 210 - 270°C 270 - 350°C 
350 - 
450°C 

Residu
e 

Wt. 
loss 

Tma
x 

Wt. 
loss 

Tma
x 

Wt. 
loss 

Tma
x 

Wt. 
loss 

Tmax 
Wt. 
loss 

Tma
x 

450°C 

% °C °C °C % °C % °C % °C % 

E0 
10,9

0 
0,0 

27,5
7 

137,
5 

17,4
5 

253,
3 

43,9
2 

291,2 
0,0
6 

  0,09 

E5 
16,6

0 
80,7 

27,8
7 

140,
9 

14,4
5 

259,
0 

40,4
9 

303,3 
0,3
3 

  0,26 

E10 
20,0

7 
75,6 

26,9
0 

139,
9 

12,8
6 

249,
9 

39,8
4 

312,1 
0,1
7 

  0,16 

E20 
25,2

8 
75,3 

24,8
7 

139,
7 

12,7
8 

252,
8 

36,6
2 

297,7 
0,2
7 

  0,19 

E30 
32,5

1 
73,3 

23,3
1 

134,
1 

10,5
4 

243,
3 

33,2
5 

302,3 
0,2
3 

  0,16 

E40 
41,6

0 
72,2 

19,9
8 

130,
0 

8,10 
246,

5 
30,1

2 
309,5 

0,0
6 

  0,14 

E50 
54,0

1 
75,1 

15,2
9 

125,
6 

6,22 
241,

1 
24,3

3 
306,0 

0,0
9 

  0,06 

E60 
54,1

9 
84,3 

17,5
7 

132,
8 

6,50 
237,

5 
21,5

9 
292.3/30

9 
0,0
4 

  0,12 

ChC
l 

0,11   0,03   0,96   
98,2

5 
318,9 

0,3
2 

  0,33 

EG 
25,4

6 
  

74,4
7 

134,
9 

0,01   0,01   
0,0
0 

  0,05 

 Water + EG EG EG + ChCl ChCl   
 

 

Reline 

The subsequent set of samples, reline (R0-R60), was investigated using the 

same methodology, as illustrated in Figure 2 and detailed in Table 2. Similar to 

ethaline, mass loss in reline sample starts within the RT-105ºC range. These mass 

losses do not significantly exceed the actual water content in the samples because 

of the enhanced stability of urea compared with EG [18]. 

In the following temperature range of 135-230ºC, urea decomposition 

exceeding 75% occurs individually [21]. In the eutectic mixture with ChCl, mass 

losses reach a maximum of 23.99% for E0 and decrease with increasing water 

content, reaching a minimum of 14.67% for E60. The vaporization temperature is 

inversely proportional to the water content, ranging between 208-223ºC. 

Continuing to the 230-350ºC temperature range, the quantity of the sample 

diminishes primarily due to the loss of ChCl (99% at 318.9ºC) from the system, as 

well as urea (17.72% at 241 and 308ºC). Notably, the mixture exhibits a lower 

temperature compared with individual compounds, ranging from 260 to 274ºC. This 

temperature decrease is inversely proportional to the water content. 
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Urea undergoes a final decomposition step at 376.5ºC, accounting for 6.28% 

of the mass loss. It is worth noting that the ChCl and urea mixture has lost more 

weight (maximum residue of 0.18%) than each individual compound and has 

achieved lower maximum temperatures than the individual compounds. This once 

again demonstrates the eutectic nature of the reline. 
Table 2 

Weight loss by temperature steps for reline 

 

RT - 135°C 135 - 230°C 230 - 350°C 350 - 450°C Residue 

Wt. 
loss 

Tmax 
Wt. 
loss 

Tmax 
Wt. 
loss 

Tmax 
Wt. 
loss 

Tmax 450°C 

% °C °C °C % °C % °C % 

R0 4,38 97,1 23,99 
220,

5 
71,42 273,3 0,06   0,15 

R5 10,36 76,9 23,98 
222,

9 
65,44 274,3 0,04   0,18 

R10 12,44 76,6 22,66 
213,

0 
64,71 274,3 0,02   0,17 

R20 21,66 71,4 23,76 
214,

3 
54,43 267,9 0,04   0,11 

R30 30,00 71,7 22,88 
217,

4 
46,99 266,6 0,03   0,10 

R40 37,84 79,6 18,75 
210,

5 
43,32 269,2 0,01   0,08 

R50 49,65 84,2 16,27 
217,

3 
33,91 267,9 0,02   0,15 

R60 57,74 83,0 14,67 
208,

0 
27,49 260,2 0,03   0,07 

ChCl 0,11   0,11   99,13 318,9 0,32   0,33 

Urea 0,09   75,75 
181,

3 
17,72 241.6/308.5 6,28 376,50 0,17 

 Water Urea ChCl + urea   

 

4. Conclusions 

In conclusion, this study sheds light on the intriguing thermal properties of 

deep eutectic solvents (DES) comprising choline chloride (ChCl) and ethylene 

glycol (EG) in a 1:2 molar ratio, known as ethaline, as well as choline chloride and 

urea (U) in a 1:2 molar ratio, termed reline. The investigation focused on the 

influence of water content on the thermal behavior of these DESs, offering valuable 

insights into their stability and decomposition characteristics. 

Thermal analysis, conducted using a thermogravimetric analyzer (TGA), 

revealed the distinctive mass loss patterns associated with the varying water 

concentrations in both ethaline and reline. As the water content increased, the DES 

demonstrated progressively higher mass losses, highlighting the intricate interplay 

between water and the DES components. Notably, the thermal stability of the DES, 

particularly in the presence of water, was affirmed, showcasing their potential as 

robust green solvents for various applications. 
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Ethaline, composed of ChCl and EG, displayed distinct thermal profiles, 

with each component contributing differently to the overall mass loss behavior. The 

eutectic nature of ethaline was confirmed, as evidenced by the lower decomposition 

temperatures and increased mass losses in the presence of water. 

Similarly, reline, composed of ChCl and urea, exhibited remarkable thermal 

stability, with urea proving to be more robust than EG in terms of mass loss. The 

eutectic behavior was reaffirmed, with the reline showcasing lower decomposition 

temperatures and increased mass losses in the presence of water, further 

highlighting its potential as a green solvent. 

Overall, this research contributes to the understanding of the thermal 

characteristics of these DESs and their response to varying water content, making 

them promising candidates in the realm of green chemistry and sustainable solvent 

systems. 
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Abstract 

Liquid crystalline polymers represent an interesting research field, 

especially in the last few years, taking into consideration their potential 

applications in micro-electronics, such as display technology and optical 

memory materials. In order to be used for different applications, the first 

requirement of these materials is the good thermal stability that is why it is 

easy to understand the important role that thermal stability plays for liquid 

crystals. One of the most important properties of the so-called feed-forward 

neural networks is their ability to work as universal approximator of 

functions determined by a set of values of independent and dependent 

variables. First of all, a series of experimental data is obtained applying 

thermal analysis methods under dynamic heating conditions. Neural 

networks were used to predict the thermostability (appreciated by the 

temperature when the degradation process starts and the temperature 

corresponding to the maximal degradation rate) as function of some 

characteristics of the studied compounds (molecular weight, and a series of 

structural characteristics estimated by mechanical molecular simulation). 

Key words: Thermal stability, Feed-forward neural networks, Liquid crystals  

1. Introduction 

Since the discovery of liquid crystals and especially their important 
applications in LCD (liquid crystals display), these materials received a great 
attention in the last years. Thermotropic liquid crystals are materials in which 
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ordering in liquid crystalline structures takes place to a certain temperature range 
and implies increasing of material’s temperature [1]. In order to be used for 
different applications, the first requirements of these materials are the good 
thermal stability, that is why it is easy to understand the important role that 
thermal stability plays for liquid crystals. For example, in the case of liquid 
crystals with the clearing point above the decomposition temperature, a study of 
thermal degradation process is mandatory [2].  

An artificial neural network is a “black box” model obtained by training 
with input/output pars, which have to be related by transformation which is being 
modeled. 

The most common neural network architecture is the multi-layer feed-
forward neural network (often called multi-layer perceptron, MLP). One of the 
most important properties of the so-called feed-forward neural networks is their 
ability to work as universal approximator of functions determined by a set of 
values of independent and dependent variables [3].  

Artificial neural networks are becoming a promising alternative tool for 

classical processes modeling techniques [4-6]. Obtaining phenomenological 

models, when there is not enough information available, for different chemical 

processes is difficult to achieve [7]. In these reasons, neural networks could 

overcome the modeling difficulties, having a few advantages: the possibility to 

apply it on complex non-linear processes, the ease in obtaining and using neural 

models, the possibility to substitute experiments with predictions. 

This paper presents a new methodology to study the thermal stability of 

some copolyether derivatives with liquid crystals properties and to analyze the 

influence of some structural factors on their thermal stability. Prediction and 

optimization of thermal stability of liquid crystals properties is a complex and 

highly non-linear problem with no easy method to predict polymeric liquid 

crystals properties directly and accurately. The neural network model is used to 

learn, then generalize, the thermal stability based on the structure of the 

compounds, quantified by a series of molecular descriptors. This procedure may 

substitute experiments, which are time and material consuming. 

The goal of this paper is to predict the thermal stability of certain 

copolyethers with liquid crystal characteristics using neural networks. It is 

important to emphasize that is a new approach to use neural networks for 

estimation the thermal behavior of some complex compounds. Another significant 

issue addressed in this paper refers to the choice of the variables which could 

influence the thermal stability and the thermal stability criteria. The parameters 

considered as inputs of the neural model were molecular weight, copolymer 

composition and structural characteristics. The output variables of the neural 

model were the temperature when the degradation process starts and the first 

temperature corresponding to the maximal degradation rate. 
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2. Experimental 

Methodology 

Multilayer feed-forward neural networks, trained with a back-propagation 

learning algorithm, are the most popular neural networks. They are applied to a 

wide variety of chemically related problems. The basic feed-forward network 

performs a nonlinear transformation of the input data in order to approximate the 

output data. In general, a neural network consists of processing neurons and 

information flow channels between neurons, usually called „interconnections”. 

Processing neurons have the role of evaluating the weighted sum of the 

interconnected signals from the previous layers and generating an output [8]. The 

adjustment of the neural network function to experimental data (learning process 

or training) is based on a non-linear regression procedure. Training is done by 

assigning, at the beginning, random weights to each neuron, evaluating the output 

of the network and calculating the error between the output of the network and the 

known results by means of an error or objective function [9]. After that, the back-

propagation rules are used to adjust the values of these weights. The purpose of 

developing a neural model is to devise a network (set of formulae) that captures 

the essential relationships in the data. Once these relationships between input and 

output data are established, they can be applied to new inputs in the validation 

stage [8]. Since a neural network is a nonlinear optimization process made up of a 

learning phase and a testing phase, the initial data set must be split into two 

subsets: one for training and one for testing The neural model obtained 

generalizes well the relationship between inputs and outputs if good results are 

obtained in the validation stage when new input data, not used in the training 

stage (“unseen data”), are used [8] 

Materials and methods  

The copolyethers were synthesized by the phase transfer catalysis technique in 

a liquid/liquid system starting from various bisphenols and α,ω-dihalogenated 

hydrocarbon compounds. Details concerning the synthesis and characterization 

procedures were previously reported [10-13]. 

A typical polymerization reaction, the bisphenols chemical structures and 

abbreviations are presented in Figure 1. 
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Fig. 1. Reaction scheme for copolyether synthesis; DHAB - 4,4’ – dihydroxyazobenzene; 

DHD - 4,4’-dihydroxydiphenyl; BPA - bisphenol A; DHBP - 4,4’-dihydroxybenzophenone; DDE 

- 4,4’ – dihydroxydiphenylether; TDP - 4 – hydroxyldiphenyl – sulfide; DHN - 2,7-

dihydroxinaphtalene; DHDS - 4,4’-dihydroxydiphenylsulfone. 

 

The thermal behavior was investigated on a MOM-Budapest 

derivatograph [14-18]. The recordings were effectuated in static air atmosphere, at 

heating rate of 10 K/min. Thermostability was determined by applying as thermal 

stability criteria Ti – the temperature when the degradation process starts and Tmax 

– first temperature corresponding to the maximal degradation rate. 

The establishment of the numerical inputs for machine learning models 

(molecular descriptors) is a critical and difficult problem. This is due to the fact 

that the molecular descriptors must represent the molecular structural features 

related to the properties of interest as distinctly as possible. The accurate 

prediction of the learning methods depends heavily on the amount of correction 

between the molecular descriptors and the structural features. 

The molecular simulations were performed with a HYPERCHEM force-

field program. The initial macromolecular conformation of the simulated 

copolyethers was optimized and the value of the potential energy of the single 

chain was obtained. In order to search the real value for minimum energy (not a 

local minimum), the conformation obtained was followed by a molecular dynamic 

cycle and re-minimized. The criterion of energy convergence is to obtain a 

residual root-mean-square force in the simulated polymeric system that is less 

than 0.12 kJ/mol·Å. Minimization was performed using a conjugate – gradient 

algorithm described by Fletcher and Reeves [19]. The spacer length parameters 

were estimated by mechanical molecular simulation using Hyperchem program.  
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Case study 

 

In finding new properties, thermal stability of the compounds is one of the 

most important requirements [20]. Because liquid crystals are materials in which 

mesomorphic properties appear to a certain temperature domain, it is easy to 

understand the important role played by thermal stability for such compounds. In 

this paper we used a copolyethers database (27 in all), which includes a wide 

variety of compounds (Figure 1). The bisphenol can be 4,4’-dihydroxydiphenyl 

(DHD), bisphenol A (BPA), 4,4’-dihydroxybenzophenone (DHBP), 4,4’ - 

dihydroxydiphenylether (DDE), 4 – hydroxyldiphenyl-sulfide (TDP), 2,7-

dihydroxinaphtalene (DHN), 4,4’-dihydroxydiphenylsulfone (DHDS) or  4,4’ – 

dihydroxyazobenzene (DHAB). The thermal stability of the copolyethers which 

have liquid crystal characteristics is made using neural networks. 

3. Results and discussions  

Neural networks were used to predict the thermostability as a function of 

some characteristics of the studied compounds. The thermostability is 

characterized by the temperature when the degradation process starts (noted Ti) 

and the ratio Tmax/Ti (noted L), these representing the outputs of the network. The 

parameters considered as inputs of the neural model were molecular weight (M), 

copolymer composition (Rc) and a structural characteristics - the length of the 

spacer (LS). The output variables of the neural model are Ti and L.  

The neural networks employed here are the simple feed-forward networks trained 

with the back-propagation algorithm. One major problem in the construction of 

neural networks is determining the network architecture, that is the number of 

hidden layers and the number of neurons in each hidden layer. The initial data 

were split into training (2/3) and validation sets (1/3). The topology of the 

network is developed by a trial-and-error method, following a balance between 

complexity and performance. It is the most used technique for developing the 

architecture of the neural model [21, 22]. Table 1 contains different feed-forward 

topologies tested with selected training data and the main performances for these 

networks: MSE (Mean Squared Error), r (correlation between experimental and 

simulation data) and Ep (percent error). These performances were registered for 

the training phase. 

The structure of a network of MLP type (multilayer perceptron) is given 

by the number of neurons in the input layer, corresponding to the three input 

variables, then the number of hidden neurons (in one or two intermediate layers) 

and, finally, the number of neurons in output layer for the output variables. 
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Table 1  

Different topologies tested for the feed-forward neural networks 

No. 
Network 

topology 
MSE r Ep(%) 

1. MLP(3:4:2) 0.00075 0.989 1.243 

2. MLP(3:8:2) 0.00001 0.9999 0.025 

3. MLP(3:12:2) 0.000015 0.9999 0.023 

4. MLP(3:16:2) 0.00001 0.9999 0.003 

6. MLP(3:24:2) 0.00002 0.9999 0.0001 

7. MLP(3:30:2) 0.00001 0.9999 0.0001 

8. MLP(3:35:2) 0.00001 0.9999 0.0001 

9. MLP(3:3:9:2) 0.00002 0.9999 0.0003 

10. MLP(3:12:4:2) 0.00001 0.9999 0.0001 

 

 

The networks with the best performances were MLP (3:8:2) and 

MLP(3:12:4:2), having one or two hidden layers.  

Good predictions are obtained with these neural models on training data. 

Table 2 presents an example for the MLP(3:8:2). The code C in Table 2 identifies 

the two components in pairs: 1-DHAB, 2-DHD, 3-BPA, 4-DDE, 5-DHDS, 6-

DHBP, 7-TDP, 8-DHN (for instance, 6/8 represent DHABP/DHN). The last four 

columns which appear in Table 2 contain experimental data (Ti exp and L exp) and 

the predictions of the network (Ti net and L net). 

 
Table 2.  

Prediction of MLP(3:8:2) on training data 

C Rc M Ls Ti exp L exp Ti net L net 

6/8 1 4100 6.4 350 1.20 350 1.20 

2/3 2.54 3800 2.5 302 1.30 302 1.29 

2/7 0.91 3600 2.5 370 1.08 370 1.08 

1/2 3.7 3000 0 274 1.19 274 1.19 

1/2 1.5 2900 0 277 1.16 277 1.16 

1/5 0.01 3850 6.4 320 1.13 320 1.14 

1/7 0.322 3700 2.5 320 1.25 320 1.25 

2/4 0.91 3550 0 450 1.01 450 1.01 

2/4 0.312 3700 0 390 1.22 390 1.22 

6/8 0.344 4000 6.4 400 1.05 400 1.05 



Cătălin Lisa, Silvia Curteanu,  Nicolae Hurduc, Natalia Hurduc 

 

73 

 

C Rc M Ls Ti exp L exp Ti net L net 

2/3 0.4 4000 2.5 302 1.33 302 1.33 

1/3 0.588 2500 8.9 285 1.18 285 1.18 

1/2 0.833 2300 6.4 277 1.23 277 1.23 

3/4 3.5 3600 2.5 400 1.13 400 1.13 

1/3 2.7 3100 10.2 284 1.14 284 1.14 

3/4 2 3450 2.5 405 1.14 405 1.14 

1/3 1.1 3000 0 286 1.18 286 1.18 

1/4 1.1 3500 0 320 1.30 320 1.30 

1/7 2.9 3800 2.5 335 1.25 335 1.25 

2/7 2.8 3700 2.5 360 1.17 360 1.17 

 

The selected neural models have learned very well the behavior of the 

system, but the real test for them will be the validation phase - the answer of the 

network to data not included in the training set [23]. 

An important feature related to the neural network topology is the 

generalization capability, which means how well the network predicts unseen 

(validation) data. Compared to the training phase, the validation MSE were higher 

and r were smaller. For instance, MLP(3:12:4:2) had MSE = 0.0025 and r = 

0.890. 

The predictions of the two selected networks on validation data are given 

in Tables 3 and 4. 
 

Table 3.  

Prediction of MLP(3:8:2) on validation data 

C Rc M Ls Ti exp L exp Ti net L net 

2/3 1 3900 2.5 339 1.19 302 1.28 

6/8 2.8 4200 6.4 340 1.06 308 1.14 

3/4 0.5 3500 2.5 470 1.02 443 1.05 

1/7 0.833 3750 2.5 330 1.15 321 1.25 

1/4 0.5 3450 0 340 1.26 315 1.32 

1/5 2.1 4100 6.4 320 1.09 290 1.14 

2/7 0.333 3550 2.5 340 1.18 360 1.09 
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Table 4.  

Prediction of MLP(3:12:4:2) on validation data 

C Rc M Ls Ti exp L exp Ti net L net 

2/3 1 3900 2.5 339 1.19 319 1.27 

6/8 2.8 4200 6.4 340 1.06 331 1.11 

3/4 0.5 3500 2.5 470 1.02 442 1.01 

1/7 0.833 3750 2.5 330 1.15 310 1.21 

1/4 0.5 3450 0 340 1.26 344 1.27 

1/5 2.1 4100 6.4 320 1.09 299 1.2 

2/7 0.333 3550 2.5 340 1.18 334 1.09 

 

Predictions of the neural models on validation data have small relative 

errors as can be seen in Table 5. These errors were calculated with the following 

formula: 

100
p

pp
E

exp

netexp
r 

−
=                                                                                      (1) 

where p is Ti or L and indices exp and net denote experimental and neural 

network values. The last two rows in Table 5 contain average relative errors and 

maximum relative errors for the two predicted parameters. 

 
Table 5.  

Relative errors of the neural networks on validation data 

C 

MLP(3:8:2) MLP(3:12:4:2) 

Relative error 

for Ti 

(%) 

Relative error 

for L 

(%) 

Relative error 

for Ti 

(%) 

Relative error 

for L 

(%) 

2/3 10.9145 7.5630 5.8997 6.7227 

6/8 9.4118 7.5472 2.6471 4.7170 

3/4 5.7447 2.9412 5.9574 0.9804 

1/7 2.7273 8.6957 6.0606 5.2174 

1/4 7.3529 4.7619 1.2735 0.7937 

1/5 9.3750 4.5872 6.5625 10.0917 

2/7 5.8824 7.6271 1.7647 7.6271 

avg 7.3441 6.2462 4.3094 5.1643 

max 10.9145 8.6957 6.5625 10.0917 

 

Generally, good results are obtained in validation phase, with average 

relative error below 7 %. Consequently, the developed neural networks can be 

used to make predictions for different compounds (different structures and 

properties), substituting the experiments that are time and material consuming. 
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6. Conclusions 

This paper proposes a neural network-based procedure for estimation the 

thermal behavior of some copolyethers which are important compounds because 

their liquid crystalline proprieties.  

Simple architecture neural networks and simple methods of establishing 

the networks’structure are proposed for process modeling: feed-forward networks 

with one or two hidden layers, developed by trial-and-error method and trained 

with back-propagation algorithm. Good predictions for the temperature when the 

degradation process starts and the temperature corresponding to the maximal 

degradation rate were obtained. Consequently, this neural network modeling 

methodology gives a very good representation for the material thermostability 

analysis.  

A future work will deal with a complex analysis of the thermal stability of 

the compounds in our data base. More input parameters will be taken into account 

and their importance will be estimated within a genetic algorithm-based 

procedure. A direct neural network modeling that means prediction of proprieties 

as function of structural parameters will be completed with an inverse modeling 

procedure in order to appreciate the structures that lead to imposed characteristics. 
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Abstract 

The paper includes a brief review of the methods for determining the thermal conductivity of 

materials, including thermal insulation composites. Among the methods for rapid determination of 

the thermal conductivity, the method of measuring the dynamics of the temperature on the surface 

of the flat plate composite is chosen and an innovative method is developed. This method imposes a 

constant temperature on the opposite surface to the measurement. The dynamic measurements of 

the surface temperatures were carried out keeping the temperature of the warm face of the sample 

not higher than 90 °C, for 8 samples of plate-type composites. The use of these composites to insulate 

the walls of houses can be of great interest since the registered thermal conductivities were below 

0.1 W/(m K).  

 

Key words: composite material, thermal conductivity, plate-type composite 

1. Introduction 

The development of composite materials for the thermal isolation of 

buildings still represents an interesting subject in the world of research scientists, 

industrial producers and small consumers.  
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Only in 2023, more than 1300 papers as indexed by sciencedirect.com were 

dedicated to the subject of composite materials based on the most diverse 

components for the achievement of a thermo-efficient structures [1]. One of the 

most important requirements in the field of these materials is related with the value 

of thermal conductivity (λ) which must be less than 0.2 W/(m·K) [2, 3].  

Most of the times the fulfillment of this request is done by developing 

composites as porous structures, because air (dry air) has the lowest thermal 

conductivity (0.023 W/(m·K) [4, 5]. Designing porous composites can be 

challenging since it is quite difficult to manufacture from the beginning composites 

with an imposed thermal conductivity. Thus, several methods have been developed 

to measure this property.  

 The first category is that of the methods based on the measurement of the 

constant heat flow under steady-state conditions in the case of a thin plate. This is 

assigned as Dr. Bock's method, and La Mort method respectively [6].  

The steady state technique is used to conduct a measurement when the 

material under study is in perfect equilibrium. Signal analysis is made easier 

because a steady condition implies constant signals. The disadvantage is usually 

that it takes some time to reach the required balance. 

Depending on the type of material, several techniques are applied to 

measure thermal conductivity such as guarded hot plate, hot wire, modified hot 

wire, and laser flash diffusivity [7, 8]. Among all these four methods, the most 

suitable for porous materials is the hot wire method which involves the insertion of 

a heated wire into the material.  The temperature changes are recorded while the 

heat flows out the sample [8]. Consequently, the thermal conductivity can be 

determined by plotting the registered temperature of the wire versus logarithm of 

time if the density and capacity are well known parameters [8].  

Dr. Bock’s apparatus [6] is manufactured by two smooth flat plates designed 

for measuring thermal conductivity for solid materials. The upper plate which is 

electrically heated and is embedded in a compensation plate that is kept at 

temperature t1, while the bottom or the cooling plate is kept at temperature t2.  

In Scheme 1, Dr. Bock’s method is exemplified for the measurement of the 

thermal conductivity of a thin plate while keeping constant temperatures 𝑡1, 

respectively 𝑡2 on both sides of the sample. Both temperatures 𝑡1, respectively 𝑡2 

are kept constant by a thermostat connected to each plate, while the heat flow that 

comes from is measured [6]. The sample has a cylindrical or rectangular shape with 

one side ranging from 160 to 250 mm.  

The changes in temperature of the hot, respectively cold plate are recorded 

and the thermal conductivity is determined based on Equation 1:  

 

              𝜆 =
𝑄 ∙ 𝛿

𝜏∙𝑆∙(𝑡1−𝑡2)
                                                                               (1) 
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Scheme 1. Device for the determination of thermal conductivity based on Dr. Bock’s 

method (1 – the tested sample; 2 – bottom device plate kept at temperature t2; 3- thermostat 

for bottom plate; 4 – electrical resistance for heating; 5 – controller system for electrical 

resistance; 6 – upper plate maintained at t1 temperature; 7 – thermostat for upper device 

plate) (adaptation after [6]) 

 

                                                                               

In Equation 1, Q is the amount of heat of the hot plate (W), δ is the mean thickness 

of the sample (m), τ is the time (s), and S is the area of the sample (m), t1 and t2 are 

the measured temperatures of the hot, respectively cooling plate.  

La Mort method uses comparison with a standard sample (sample of known thermal 

conductivity) to establish the thermal conductivity of the designed specimen [7]. As 

it follows from Scheme 2, the measurement is based on the differences between the 

constant thermal flow that passes through the standard and the sample while the 

thermal regime is stationary.  

 
Scheme 2. Schematic representation for thermal conductivity measurement using 

La Mort method (1 – oven insulating; 2 – electrical heating; 3 – sample to be tested; 4 – 

standard sample) 



Innovative method for the determination of thermal conductivity of composite materials 

 

80 

 

When temperature t1, t12, respectively t2 are constant, the heat flow that 

passes through the sample is equal to the one passing through the standard sample. 

Thus, the determination of thermal conductivity is based on Equation 2:  

 

𝜆1 = 𝜆2 (
𝛿1

𝛿2
) ∙ (

𝑡12−𝑡2

𝑡1−𝑡12
)                         (2) 

 

Where 𝜆1 – the thermal conductivity of the tested sample, 𝜆2 – the thermal 

conductivity of the standard sample, 𝛿1 – the thickness of the tested sample, 𝛿2 – 

the thickness of the standard sample, 𝑡1 – the temperature ensured by the insulating 

oven, 𝑡2 – the temperature of the standard sample, 𝑡12 – the temperature at the 

contact of the standard and tested sample. In the case of La Mort method, the 

thickness of both tested and standard sample must be measured with high precision.  

Additionally, two other conditions have to be taken into account, one related with 

the thickness of the standard sample that has to be smaller compared with the one 

of the tested samples, and the other related with the measuring precision of the 

thermocouples that should not introduce a non-negligible thermal resistance in the 

measurement area.  

The use of thermal conductivity determination methods based on umsteady 

state conductive heat transfer in a solid sample is frequently used, developing more 

or less standardized devices in this sense. These methods are preferred for 

measuring the thermal conductivity of all materials and especially wet materials. 

They are fast, as data are obtained in minutes or tens of minutes, as opposed to 

hours for a steady-state measurement [9]. Fitch method [10] uses a  flat plate type 

plate partially embedded in an insulated copper block (the contact surface between 

the sample and the flat type plate is not isolated). The temperature of the copper 

block is brought to t0 which represents the beginning of the measurement, while the 

temperature of the contact surface is kept constant at tb.  

Measuring the temperature drop of the copper block, considered to have a 

constant temperature in its mass due to its extremely high thermal conductivity, 

allows to write, if it is accepted that the sample does not accumulate heat, the 

differential thermal balance from relation (3). Thus, the thermal conductivity of the 

sample (λ) will be in accordance with relation (4), where A is the copper transfer 

surface between the copper block, sample, and the area kept at constant 

temperature, δ is the thickness of the sample (m), mCu is the mass of the copper 

plate (kg), cCu (J/kg·K) is the specific heat of the copper plate, and t is the registered 

temperature at a certain moment in time (τ) expressed as minutes.  

𝑚𝐶𝑢𝑐𝐶𝑢𝑑(𝑡 − 𝑡𝑏) =
𝜆

𝛿
𝐴(𝑡 − 𝑡𝑏)𝑑𝜏                                      (3) 

                     

                       𝑙𝑛 (
𝑡−𝑡𝑏

𝑡0−𝑡𝑏
) =

𝜆 𝐴

𝛿 𝑚𝐶𝑢𝑐𝐶𝑢
𝜏                                                 (4) 
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Most dynamic methods for measuring thermal conductivity, based on the 

recording of the temperature field inside the sample of the tested material, use the 

analytical [11] or numerical solution of a heat transfer model, coupled with an 

optimization mathematical approach [12 -15]. 

Thus, a distinct situation in the class of these methods is the case developed 

in this work. The aim of our study is based on a fast unsteady state thermal 

conduction in the flat plate coupled with establishing the exact thermal flow that 

leaves by natural convection from the plate to the adjacent environment. 

2. Experimental 

Mathematical model for fast determination of thermal conductivity 

 

Figure 1 presents the thermal transfer scheme associated with the proposed 

method for the determination of thermal conductivity of a sample that can be 

included in the thermal isolation materials category. If on a flat horizontal  thermally 

isolated surface, the sample is placed in a specific area and the plate is heated with 

a constant temperature tb the sample will reach a certain temperature called initial 

temperature, t0. The heat will be lost through the surface exposed to the exterior 

medium for which the temperature will be considered ta.   

 
Fig 1. Scheme of fast method for thermal conductivity determination (1 – heated plate; 2 – 

electrical heater with thermosetting control; 3 – thermal insulation; 4 – sample) 

 

The mathematical model associated with the case of thermal transfer 

through the flat plate contains the equation of the temperature flux, the initial 

conditions. The heat flow goes through the heated plate through the sample 

imposing that the limit conditions are z = 0, respectively z = δ (thickness of the 

sample) in which z represents the distance of the heat flow from the contact surface 

between the sample and the heated plate to the top of the sample. Thus, the 

mathematical model is based on equations 5-8.  

 

                  
𝜕𝑡

𝜕𝜏
= 𝑎(𝜆)

𝜕2𝑡

𝜕𝑧2                                          (5) 
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     𝜏 = 0, 0 ≤ 𝑧 ≤ 𝛿, 𝑡 = 𝑡0                                                     (6)                                    

                           𝜏 > 0, 𝑧 = 0, 𝑡 = 𝑡𝑏                                                            (7) 

     𝜏 > 0, 𝑧 = 𝛿, − 𝜆
𝑑𝑡

𝑑𝑧
= 𝛼𝑠(𝑡)(𝑡 − 𝑡𝑎)                                 (8)         

             

If the temperature dynamics is measured at the surface of the sample (ts) as 

a function of time (τ), then the analytical or numerical solution of the model can 

serve as a building point for equation/function (9) which gives the mean square 

deviation between the N large experimental measurements of the surface 

temperature and the N values calculated according to the model. Minimizing this 

function will yield the sought value for the thermal conductivity of the sample. The 

condition is that the dependence of the thermal transfer coefficient from the plate 

to the medium αs(ts, ta) is known and very precise. For instance, it is shown that for 

αs(ts, ta) relation (10), where A has the value 1.45, m is equal to 0.25 and the 

characteristic length is represented by the geometric mean between the length and 

the width of the plate. This expression for 𝜶𝒔(𝒕𝒔, 𝒕𝒂) is verified by an extremely 

large number of transfer data from horizontal surface to the adjacent air [16].  

                   𝐹(𝜆) = ∑ (𝑡𝑠 𝑒𝑥𝑝(𝜏𝑖) − 𝑡𝑠(𝜆, 𝜏𝑖))
2𝑁

𝑖=0                                             (9) 

          𝛼𝑠(𝑡𝑠, 𝑡𝑎) = 𝐴 (
𝑡𝑠−𝑡𝑎

𝑙𝑐
)

𝑚

                                                               (10) 

 

 
 

There are cases where the density and specific heat of the sample, part of 

the thermal diffusivity, are not sufficiently well known. In this case, one can use, as 

 (11) 
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a start, for ts (λ, τi) the numerical variant in which in (11) it considers the numerical 

expression Schmidt [17] with a convenient chosen time step. 

One can then come back with an estimate for the density and specific heat of the 

sample and proceed to a more precise numerical integration. An estimation of the 

thermal conductivity of the sample can be made considering the state of thermal 

equilibrium that is established when the temperature of the sample surface does not 

change over time, for example 𝒕𝒔 𝒆𝒙𝒑(𝝉∞) = 𝒕𝒔∞ = constant. The relation (12) 

proves this fact. 

                                    𝜆 =
𝛼𝑠(𝑡𝑠∞,𝑡𝑎)(𝑡𝑠∞−𝑡𝑎)𝛿

[𝑡𝑏−𝑡𝑠∞]
                    (12) 

Then it is specified that the minimum of relation (10) can be obtained running 

through the search domain identified with relation (12). Also, this minimum can be 

identified numerically by solving equation (13), both for the case that the numerical 

expression of the model is given by relation (11) or in a complete form, with the thermal 

diffusivity calculated for the samples based on densities from Table 1 and a caloric 

capacity of 1800 J/(kg·K).  

                                    
𝒅

𝒅𝝀 
𝑭(𝝀) = 𝟎                   (13) 

Experimental and measured results 

The experimental installation, as shown in Figure 1, was made of an electric stove 

with precision thermostat, thermal insulator made of glass fiber cut according to the 

shape of the samples, precision thermocouple coupled with acquisition system, 

thermal data logger for data acquisition and computer for reading the temperature 

data logger. 

Table 1 

The dimension, density and aspect of the investigated samples 

Proba Lenght 

(mm) 

Witdh 

(mm) 

Thickness 

(mm) 

Density 

(kg/m3) 

tb, 

°C 

ta,  

°C 

Aspect 

P1 45 35 10 205 88 21.8 Porous, soft plastic 

P2 67 55 10 205 88 21.8 Porous, soft plastic 

P3 67 55 10 215 88 21.8 Porous, soft plastic 

P4 67 58 10 205 88 22.2 Porous, soft plastic 

P5 43 42 10 202 88 21.2 Porous, soft plastic 

P6 65 54 10 205 88 23.5 Porous, soft plastic 

P7 66 55 10 205 88 23.1 Porous, soft plastic 

P8 69 57 10 198 88 23.5 Porous, soft plastic 
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Table 2 shows an example of the measured temperature dynamics at the 

sample surface for most of the samples reported in Table 1.  

 
   Table 2. Example of temperature dynamics at the sample surface  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results and discussions  

From Table 2, it is worth mentioning that, depending on the sample, there 

are differences in the surface temperature dynamics. It is also observable that these 

dynamics are still sufficiently similar so that it is not expected to obtain more 

differences between the thermal conductivities of the samples.  

Table 3 shows the thermal conductivity identifications of each sample, 

namely: i) initial identification with relation (12), ii) identification according to 

relation (13) using the numerical model in the form (11) and iii) identification 

according to relation (13) considering the full numerical model.  
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Table 3 

Identified values for thermal conductivity for samples P1-P8 

Proba λ (W/m·K) 

Equation 

(12) 

λ (W/m·K) 

Equation (13) – 

numerical model (11) 

λ (W/m·K) 

Equation (13) – full numerical 

model 

P1 0.064 0.064 0.095 

P2 0.057 0.052 - 

P3 0.051 0.045 0.071 

P4 0.058 0.058 0.087 

P5 0.055 0.057 0.083 

P6 0.057 0.049 0.073 

P7 0.052 0.045 0.061 

P8 0.047 0.045 0.058 

 

From Table 3 it can be noticed that the values of the thermal conductivity 

are quite similar for all samples in the cases in which equation (12), respectively 

equations of the numerical model (11) were applied. However, taking into account 

the full numerical model according to equation (13), the values of thermal 

conductivity are increased with 22 up to 33% in all cases.  Nevertheless, regardless 

of the used method for the determination of the thermal conductivity the values of 

this parameters were lower compared to the thermal conductivity of air (less than 

0.1 W/m·K) showing an excellent insulating characteristic of the plastic porous 

samples.  

Figures 2 and 3 show the location of the minimum of the function F(λ) 

when λ is in the belonging domain.  

 
Fig.2. Localization according to the simplified numerical model (11) of the minimum average 

quadratic deviation F(λ) for samples P1-P8  
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Fig.3. Localization according to the unsimplified numerical model of the minimum 

of the average quadratic deviation  F(λ) for samples P1-P8 

 

Figures 2 and 3 revealed quite similar behavior of the samples in terms of 

the shape of the curves, all showing plots with clear minimum values regardless of 

the applied model.  

 
 

Fig.4. Surface temperature dynamics for P3 and P4 samples (red circles and blue squares 

- experimental data; red and blue line – results obtained from the unsimplified model) 

 

 

Figure 4 shows some temperature surface dynamic curves measured 

experimentally and accordingly to model established in Equations (5) - (8) for a 
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better comparison between experimental and theoretical data. The red and blue 

curves represent the resulted obtained from the use of the unsimplified numerical 

mathematical model, while the red circles and blue squares represent the 

experimental data.  

4. Conclusions 

A fast method for the determination of thermal conductivity was determined 

for plate-type composite porous materials based on the registration of the 

temperature dynamics on the surface of the samples keeping the other face of the 

sample at a constant temperature. The method was successfully tested for 8 

composite samples designed for thermal insulation of civil constructions. The 

method based on the unsimplified mathematical model requires the density and 

specific heat of the tested material to be known. In all cases, regardless of the 

applied model, the values for the thermal conductivities were less than 0.1 W/m·K 

(thermal conductivity of air) making the samples good candidates for insulating 

materials to be used in constructions due also to their low densities.  
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Abstract 

 

Cladophora vagabunda specie is a green alga found along the Romanian Black Sea Coast which 

offers a rich source of a natural product such as cellulose. This natural biopolymer is 

biodegradable and can play a particularly important role in solving environmental problems raised 

by the use of polymeric materials. In this work, seaweed was freshly harvested, dried at 45 °C for 

2 days and grounded into a fine powder. Cellulose extraction from Cladophora vagabunda specie 

was performed in a Soxhlet apparatus with ethanol followed by several chemical treatments. 

The extracted cellulose content from algae was 17.42% in dry matter (DM) thus opening wide 

possibilities for different industrial applications. 

 

Key words: Cladophora Vagabunda specie, ethanol, cellulose 

1. Introduction 

Biodegradable polymers such as polysaccharides (cellulose, starch) can be 

obtained through different chemical syntheses from green algae found along the 

Romanian Black Sea Coast. Biodegradable biopolymers represent a large current 

field of research with important implications in the chemical, food, cosmetic, 

pharmaceutical and agronomy industries [1]. Scientists’ concern for the 

consequences on the environment increased when products made of non-

biodegradable materials (packaging) end up in the landfill. Polysaccharides, 

which are found in Cladophora vagabunda species, have gained much attention 

due to their presence of bioactive constituents [2]. 

Also, an increasing interest is given to algal biomass for different reasons. 

It is mainly characterized by a high growth rate, high carbon dioxide fixation 

coupled with the facility of cultivation outdoor in aquatic media such as 
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photobioreactors or open basins. Additionally, the use of algae doesn’t affect any 

human food sources. Macrophytes are classified in green, red and brown algae.  

Green macroalgae are considered as opportunistic organisms because they 

proliferate in biotic or abiotic conditions. They live principally on coastal rocks 

and shallow seas. Green macroalgae are poorly exploited due to their special 

composition. According to the study carried out by the Grigore Antipa Institute 

[3], for Cladophora vagabunda species, the biochemical composition of the algal 

powder is the following: carbohydrates - 48.45%, proteins - 15.43%, lipids - 

3.85%, total volatile solids - 67.73% and azote -2.45%. Comparatively, following 

other experimental studies, polysaccharides in Cladophora vagabunda algae 

depends on the season of harvesting and climatic factors of the area: solar 

radiation, location of the region, sea-dry ratio, existence of sea currents and 

existence of air currents [4]. The main polysaccharides in green algae species are 

ulvans, sulfuric acid polysaccharides, xylan and sulfated galactans [5]. 

Polysaccharides are found mainly in the cell wall with a role in structural 

reinforcement of the algae; cellulose is insoluble and can be separated from the 

other polysaccharides. 

Exploiting green macroalgae will have a considerable interest in the 

environmental and biotechnological fields. This abundant resource represents an 

interesting substrate for bio refinery or for the production of highly added-value 

molecules. However few studies have focused on the parietal cell-wall 

polysaccharides like cellulose. 

For the extraction of various substances with solvents (liquid media) from 

algae, they are finely ground to achieve the conditions for reducing the resistance 

that this phase opposes to the transport and transfer of the species being extracted.  

2. Experimental 

Fresh Cladophora vagabunda algae was harvested from the north of the 

Romanian Black Sea Coast (Latitude: 44°18'14.9"N; Longitude: 28°55'24.0"E) in 

June 2022. The seaweeds were washed with sea water, distilled water and cleaned 

of impurities. Then were placed for 2 days in a dehydrator with 5 overlapping 

trays, where they dehydrate evenly. The temperature of the warm air flow 

circulating horizontally has been set at 50°C in order not to destroy the bioactive 

substances in algae [6]. Subsequently, the dried algae were finely ground by 

mortaring. 

For cellulose extraction from algae were used ethyl alcohol of different 

concentrations and sodium hydroxide purchased from Merck Romania SRL; 

ammonium oxalate and acetic acid were purchased from “S.C. Chemical 

Company S.A.”, Romania; hydrochloric acid was provided from Inter Star S.A. 

 To extract cellulose from algae species Cladophora vagabunda, 10 g of 
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algae were introduced into a solution of ethyl alcohol. The extraction was 

performed in a Soxhlet extractor (Figure 1a).  

 

 
Fig. 1. a) Soxhlet extractor; b) Chemical treatment with ammonium oxalate; c) Algae 

bleaching 

 

The lipids were then extracted by adding 100 mL ammonium oxalate 

(0.05%) to the skimmed algae. The mixture was then heated for one hour between 

90 and 100°C while stirring (Figure 1b). Successive washing with hot water were 

carried out to remove the residues of the hydrophilic fraction. To allow the 

pigments (chlorophyll) to be removed the algae were bleached at 60°C in a 

mixture of 200 mL acetic acid (5%) and 100 mL NaClO (5%) (Figure 1c). 

According to literature and experimental research conducted, many extraction 

methods have been reported regarding conventional and unconventional 

chlorophyll separation procedures, which can be intensified when is used heating 

and/or stirring during extraction [7]. The algae thus obtained was washed (Figure 

2a) with distilled water and dried at 105°C. In the final extraction step, algae were 

treated with 100 mL NaOH (0,5 M) overnight at 60°C under constant stirring. The 

insoluble fraction extracted was washed to neutrality and dried. The powder 
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obtained was mixed with 200 mL hydrochloric acid (5%), the prepared mixture 

was heated to boiling, after which the solution was kept under continuous stirring 

at 30°C for 12 hours. The extracted cellulose was washed to neutral pH and dried 

at 105°C (Figure 2b). Thus, a yield of 17.42 % wt cellulose per DM was obtained 

proving that Cladophora vagabunda species is a viable alternative resource in 

cellulose production.  

 

 
Fig. 2. a) Cellulose washing; b) Dry cellulose from Cladophora Vagabunda sp. 

3. Results and discussions  

The dried algae (Figure 3) and the dry cellulose extracted from algae 

(Figure 4) were subjected to observation by transmission under the SEM TM4000 

Tabletop SEM microscope (Hitachi, Japan).  

 

  
Fig. 3. SEM image of dry                                   Fig. 4. SEM image of dry cellulose  

Cladophora vagabunda sp.                               from Cladophora vagabunda sp. 
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In Figure 3 it can be observed that the algal powder contains certain 

cellulose structures and in Figure 4 it can be observed clearly microfibers and 

cellulose structures. 

In order to highlight the functional groups of species in the Cladophora 

vagabunda algae sample, the equipment for FTIR -Tensor 37 Bruker analyses 

(Woodstock, NY, USA) were used. 

The FTIR spectra in the region 4000-400 cm-1 for Cladophora vagabunda 

species powder is shown in Figure 5. The big width of the band at 3283.06 cm-1 

indicates the presence of functional group -OH. A broad band in 1800-1500 cm-1 

range with a wavelength of 1640.67 cm-1 can include proteins and amides I from 

the protein structure. Also, the wavelength 1539.24 indicates the presence of 

amides II in the protein structure. The peak at 1236.64 cm-1 is showing carboxylic 

group COO- (  =1250-1200 cm-1) and the characteristic band for phosphate 

P=O –esters. The presence of carboxylic acid and –OH group is an indication of 

polysaccharides presence (especially cellulose), which is also confirmed by the 

peak at 1042.72 cm-1  =1200-900 cm-1). 

 
Fig. 5. FT-IR spectrum of algal powder from Cladophora vagabunda sp. before the 

extraction 

 
The spectral analysis of the cellulose extracted from Cladophora 

vagabunda species is presented in Figure 6. FTIR analysis shows the 

characteristic bands of the oscillation vibrations of the -OH group (3342.66 cm-1). 

A broad band in 1800-1500 cm-1 range with a wavelength of 1643.45 cm-1 can 

include proteins and amides I from the protein structure. The peak at 1204.19 cm-1 

is showing carboxylic group COO- presence (  =1250-1200 cm-1). 
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Characteristic bands for polysaccharides (especially cellulose) are confirmed by 

peaks at 1108.09 and 1047.59 cm-1. 

 
Fig. 6. FT-IR analysis of cellulose extracted from Cladophora vagabunda sp. 

 

6. Conclusions 

In this study, a physicochemical characterization of Cladophora 

vagabunda species in Black Sea was performed: dry matter content, optical 

microscopy and chemical structure by functional group identification with a FT-

IR spectrometer. Then, the extraction of cellulose was performed in a separation 

scheme including the removal of lipids, pigments, ulvans, and hemicellulose. The 

scheme includes operations for the removal of undesirable substances but don’t 

affect the cellulose which is obtained as a white powder. A yield of 17.42 % 

cellulose per dry matter was obtained proving that Cladophora vagabunda species 

is a viable alternative resource in cellulose production. 
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Abstract. In this experimental investigation a heterogeneous catalyst from lignocellulosic 

residual biomass was developed and tested while catalyzing transesterification of waste cooking 

oils to alkyl esters. A fixed –bed catalyst reactor carried out a methanol oil transesterification 

reaction.  For two hours operating time, at 70 °C process temperature, and yields values in the 

range of 88.97-95.01% were obtained.  The performance study of the processes carried out 

highlighted the importance of the height of the catalytic layer and the concentration of the 

catalyst, the interaction between them and the correlation with the feed rate of the reactants. 

 

Key words: catalytic bed reactor, heterogeneous catalyst, lignocellulosic residual 

biomass, alkyl esters 

1. Introduction 

The increasing popularity of alternatives to fossil fuels leads us, day by 

day, to research and discover new solutions and methods of environmentally 

friendly fuels. Whether it is the use of biofuels, hybrid cars or fully electric cars, 

this topic has become of interest to most countries in recent years. 

Automobiles are a major source of carbon dioxide, the main man-made 

greenhouse gas believed to be one of the main causes of global warming. If the 

cars were to use biofuels, then the plants grown for this purpose could absorb a 

large part of the carbon dioxide that the cars would release through the exhaust 

gases. This would maintain a balance between the amount of carbon dioxide 

produced by cars and the amount of carbon dioxide absorbed by plants. Currently, 
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by extracting oil we bring to the surface large amounts of carbon, released then 

into the atmosphere and thus contributing to global warming. 

Petro diesel is obtained from oil which is characterized today by a series of 

factors such as majority availability in areas of permanent conflict, financial 

instability in specific markets, huge extractive or refining installations, whose 

costs execution or maintenance and especially security today are added to the 

prospective ones, thus becoming true barriers for some and allowing only certain 

actors to play in this field. On the other hand, biodiesel, which is a synthetic 

chemical compound but with properties similar to petro diesel, is characterized by 

factors located at the opposite side:  it can be obtained currently in lower quantity 

not requiring necessarily huge installations, the production capacity currently 

being governed only by demand or by certain imposed green regulations; it is 

considered renewable as a resource, being a chemical compound resulting from 

the transesterification reaction between triglycerides (from vegetable oils, animal 

and vegetable fats, etc.) and methanol, in the presence of a catalyst [1-5]; it is not 

related to conflict areas and what makes it extremely valuable and useful is its 

complex of properties and characteristics similar (some even more advantageous) 

to those of diesel 2 [6,7] 

Except for the non-catalytic, non-conventional processes, in the other 

processes the reaction between triglycerides and alcohol takes place in the 

presence of a catalyst. Without catalysts, the process is very, very slow [8]. 

Due to the high cost of refined raw materials and the difficulties associated 

with the use of homogeneous catalysts for the transesterification of low-quality 

raw materials for the purpose of biodiesel production, the need to develop 

heterogeneous catalysts has increased. The development of heterogeneous solid or 

enzyme-type catalysts could solve the problems associated with homogeneous 

catalysts. 

Commercial biodiesel is obtained in homogeneous catalysis, a process that 

poses, among others, the problem of separating the reaction products and some of 

their washing steps. At present, most of the biodiesel is produced from edible oils 

and methanol in the presence of base catalysts in batch reactors [9-12].  

We therefore aimed in this work to develop a solid catalyst, by a method 

which combines a certain type of catalytic support and a base catalyst, to 

heterogeneously catalyze transesterification reaction to alkyl esters. A new 

approach of material pretreatment was carried out, to ensure specific properties in 

terms of superficial surface of the material before functionalization. The 

developed catalyst was then tested in transesterification reaction of waste cooking 

oil to methyl esters (ME). 
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2. Experimental 

2.1 Materials 

 

Isopropyl alcohol 99% (Merck, Germany), methyl orange (Merck, 

Germany), phenolphthalein (Merck, Germany), potassium hydroxide pellets 

(Lach-Ner, Czech Republic), Bromophenol Blue (Merck, Germany), Methanol 

99.99% (Merck, Germany), hydrochloric acid 1N, (Ingen Laboratory, Romania) 

were used for reaction and analysis. Cherry pits were the lignocellulosic residual 

biomass material used for the preparation of the catalytic support. To test the 

heterogeneous catalyst, domestic waste cooking oil was used for conversion to 

ME. 

 

2.2 Experimental set-up and procedure 

 

2.2.1 Catalytic support preparation 

 

The processing of vegetable matter as catalyst and then its use in methanol 

transesterification of degraded vegetable oils is the subject of our following 

subsections. Firstly, the cherry pits, as selected material for catalytic support, 

undergo to a series of thermal and mechanical pretreatments as shown in figure 1. 

After this, they go to chemical preparation phase to have our heterogenous 

transesterification catalyst. 

 

2.2.1.1 Thermal treatment of cherry pits 

 

According with Fig.1 the Drying I operation was carried out at a 

temperature of 70˚C , using Ohaus MB23 Moisture Balance thermo balance. 

 

 
Fig. 1. Simplified operation scheme for pretreatment of cherry pits  

 

The treatment of the material was correlated with the experimental catalyst 

testing matrix, considering that catalyst mass was one of the factor involved 

(Tabel 1). After mechanical treatment a secondary drying operation, with dry air 
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as drying agent,  was carried out with a device with solid in ultrasonic field and 

completely dryed air as drying agent (figure 2). Table 2 shows the catalitic suport 

mass state after operation from figure 1 for  some several catalyst preparation 

batches 

 

 
Fig. 2. Uniform vacuum squeeze:  (1) ultrasonic bath; (2) exit enclosure; (3) entrance 

area; (4) data logger gas out; (5) data logger gas in; (6) silica gel column; (7) air rotameter; (8) air 

fan; (9) autotransformer. 

 
Table 1 

Cherry pits mass following thermal treatment 

Crt 

no 

Raw mat. 

mass [g] 

Mass after D I 

[g] 

Mass after 

sanding [g]  

Mass after 

polishing [g] 

Mass after D 

II [g] 

1 46.62 43.57 41.69 40.87 39.47 

2 46.35 43.40 41.37 40.56 39.00 

3 48.58 45.28 43.08 42.15 40.73 

4 47.54 44.27 42.36 41.33 39.72 

5 91.81 86.21 82.34 80.72 78.93 

6 92.77 86.94 82.57 80.40 78.60 

7 94.26 87.93 84.14 82.49 79.09 

8 92.56 86.51 82.08 80.55 78.20 

  

 

2.2.1.2 Chemical treatment of cherry pits 

 

Functionalization of the catalytic support involved specific operations, as 

it is shown in figure 3. The impregnation was carried out with 2M and  3M 

potassium hydroxide solutions. 

Figure 4 shows the experimental set-up for functionalization stage. The 

impregnation procedure was initiated by dissolving the pre-calculated amounts of 

potassium hydroxide, by adding KOH in the flask (1) of Vi=1 L volume over 

which methanol and distilled water were added until the mass of the solution 

reached 150 g. The mixture was kept at a temperature of 40˚C with the help of a 

magnetic stirrer with heating (2) for 10 minutes, after which the catalytic support 

was added. 
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Fig. 3. Simplified operation scheme for chemical treatment of cherry pits  

 

We opted for impregnation through a distillation process, which resulted 

in the recovery of methanol from the reaction mixture.  

 

 

   
Fig. 4. Diagram of the catalytic support impregnation installation: 1) glass flask; 2) 

magnetic stirrer with heating; 3) thermometer; 4) refrigerant; 5) methanol collection vessel; 6) 

refrigerant connection; 7) evacuation; 8) water supply; 9) pump vacuum; 10) water source; 11) 

stand clamps; 12) stand 

 

Thus, a reducer and refrigerant (4) and a vessel (5) for collecting the 

distillate (methanol) were added to the flask. The operating time was for 

impregnation/distillation was τich = 6 hours, composed of τrecMeOH= 40-45 min and 

the actual impregnation time τimpr =320 minutes.  

 

 

2.2.1.3 Determination of the basic compound content in the heterogeneous 

catalyst 

Different methods are used to determine the base or acid content of a solid, 

and in this paper, for this determination, the titration method was chosen. The 

determination method consisted in the titration with hydrochloric acid of pre-

calculated amounts of the catalyst, using the set-up in figure 3.17: 
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Fig. 5. Simplified operation scheme for chemical treatment of cherry pits  

 

Determination of the basic compound content involved immersing a 

selected sample of the catalyst in isopropyl alcohol and kept at room temperature, 

under stirring, for the saturation of the solution with the compound basic. The 

saturation time of the solution with the base deposited on the catalytic support was 

approximately τsat = 24 hours. The solid sample mass was then added to a 

Berzelius glass, over which a volume of isopropyl alcohol of  Viso = 20.90-25.49 

mL was poured. After saturating the solution, 0.4 g of bromophenol blue indicator 

was added, and subsequently they were subjected to agitation until 

homogenization. At the end of homogenization, the titration with 0.01N HCl was 

initiated, noting the titration volume. 

 
Table 2 

Sample to determine basic concentration on solids 

Crt.no 
Conc after 

impregn. 

Solvent mass 

[g] 

Sample 

mass [g] 
HCl conc 

1 2M 20 0.62 0.01 N 

2 3M 20.14 0.91 0.01 N 

 

The mass of potassium hydroxide in the catalyst was determined using Eq. (1): 

 

                                                                                                       (1) 

where x - mass fraction of potassium hydroxide; V - solvent alcohol volume, l; C - 

titrant concentration, g/L; mKOH - molecular mass of potassium hydroxide; mHCl - 

molecular mass of hydrochloric acid. 

The concentration of the solid was determined using Eq. (2): 

                                                                                                              (2) 

where: csolid - solid concentration; msample - mass of the analyzed catalyst sample; 
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2.2.1.4 Catalyst testing in transesterification reaction to alkyl esters  

 

Used cooking oil was used for conversion to ME, while for the study of 

the process parameters and the performance of the process we used a 23 design 

factorial plan. 

A refrigerant (2) was attached to the top of the reactor for condensation 

and countercurrent circulation of methanol. The reaction temperature in the jacket 

was maintained with the help of a thermostatic bath (3) of 75˚C temperature, 

equipped with a thermometer (4) and a thermometer with a thermostat (5). The 

methanol, in a molar ratio of 1:6 to the oil, was fed into the mixing vessel (6) of 

Vv.am.=500 mL volume, to which the refrigerant (7) was attached for the reflux 

condensation of methanol and recirculated for 15 minutes to activate the catalyst, 

directed from the mixing vessel using the pump (8) powered by the voltage 

transformer (9), powered itself at 220V. The temperature in the mixing vessel was 

ensured using a magnetic stirrer with thermostat heating (10). 

The transesterification process started with the feeding of the waste 

cooking oil, preheated to 60˚C, and continued with the recirculation of the 

reaction mixture by contacting the catalytic layer in the reactor, directed through 

the separation funnel (11), where the settling of glycerin took place with the 

formation of its reaction product and recirculated through the overflow connection 

throughout the process. The selected duration of the process was tFB=90 min, 

comparable to that of the commercial biodiesel production process in 

homogeneous liquid catalysis. At the end of the process, the reaction products, 

ME and glycerin, were removed and stored in optimal conditions, until the 

collection of samples for analysis. After the collection of samples, the reaction 

products were subjected to successive stages of purification, by washing and 

distillation, in the case of biodiesel and distillation, in the case of glycerin. 

 

  
Fig. 6. Experimental set-up for obtaining biodiesel in a fixed-bed catalyst reactor: 1) 

reactor; 2) refrigerant; 3) thermostatic bath; 4) thermometer; 5) thermometer with thermostat; 6) 

mixing vessel; 7) refrigerant; 8) pump; 9) voltage transformer; 10) magnetic stirrer with heating; 

11) glycerin decanter; 12) magnet; 13) stand; 14) clamps; 15) cold water feed; 16) water out 
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Characteristic factors of transesterification process carried out in the 

catalytic reactor were selected as follows: particle diameter (dp=0.6, 1.2 mm), 

KOH concentration (cKOH=1, 2 M), and reactant superficial velocity (w=1.49, 2.71 

cm/s). According to a 23 factorial plan (3 factors and 2 levels of each factors), 8 

experimental runs were conducted.  
Table 3 

Levels of process factors. 

Exp. 

no. 

dp 

[mm] 

KOH conc 

[mol/L] 

w 

 [cm/s] 
x1 x2 x3 

1 1.2 2M 2.71 +1 +1 +1 

2 1.2 2M 1.49 +1 +1 -1 

3 1.2 1M 2.71 +1 -1 +1 

4 1.2 1M 1.49 +1 -1 -1 

5 0.6 2M 2.71 -1 +1 +1 

6 0.6 2M 1.49 -1 +1 -1 

7 0.6 1M 2.71 -1 -1 +1 

8 0.6 1M 1.49 -1 -1 -1 

 

 

2.2.1.5 Purification of reaction main product 

 

At the end of the process, biodiesel contained methanol and traces of 

monoglycerides, diglycerides or soap, so further washing and distillation were 

performed (Figure 7). In a separating funnel of volume Vsfpurif = 2 L ME and 

glycerin from the mixture of reaction products were added, over which distilled 

water was slowly poured in a mass ratio of approximately water/ME of 1:2, thus 

opting for a static drying after which the obtained mixture was kept for τwash = 48 

h in the funnel (Figure 8).  

                    
 

Fig. 7. Simplified process flow diagram of ME purification 
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(a) (b) (c) 
Fig.8. Post-transesterification operations: (a) glycerin removing; (b) washing;  

(c) 48 h of static ME washing    

 

 

For further purification volumes of biodiesel subjected to distillation were 

added to the distillation flask (1) of volume Vdist = 500 mL. The process 

temperatures were maintained with the help of the magnetic stirrer with heating 

(5) and had the values tama= 89-151˚C and tvapa= 33-63˚C, for the atmospheric 

distilled biodiesel, respectively tamv = 89-192˚C and tvapv = 49-67˚C, for vacuum-

distilled biodiesel. 

 

2.2.1.6 Soap content in reaction main product 

 

Determination of the soap content of the ME phase was performed 

immediately at the end of the process, as well as after the ME purification 

operation. The procedure was identical and was carried out using the titration 

station shown in Figure 5. Thus, from the ME phase a sample was taken with 

mass value in the range of msamB =0.76-1.22 g, diluted then in isopropyl alcohol 

having mass values in the range of msolv = 14.64-16.3 g. The indicator used was 

bromophenol blue, and the titration was carried out using 0,01N hydrochloric 

acid. 

 

2.2.1.7 Reuse and reactivation of the catalyst 

 

  The reuse of the catalyst, i.e. its participation in several transesterification 

reactions, was studied. The reuse procedure involved the transfer of the product 

mixture at the end of the process to the separation zone while maintaining the 

catalyst in the reactor.  
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Fig.9. Process flow diagram of catalyst reusability and reactivation: Rc1 –initial reaction; 

RcR1 – the first reuse reaction; Rcn – n reuse reactions  

 

The new reaction cycle was thus resumed under the conditions mentioned 

in the description of the working method: the methanol stream was fed at the 

temperature of tactiv = 50˚C for τactiv = 15 min, after which the preheated oil at 

60˚C was added and left at temperature treusR1= 60˚C time of τreusR1= 90 min. In a 

similar procedure the reuse of the catalyst in the R2 reaction (and further in the Rn 

reactions) were caried out, while maintaining the catalyst in the reactor. 
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3. Results and discussions  

3.1 Thermal treatment of cherry pits 

 

Drying of lignocellulosic material (Figure 7) as part of thermal treatment 

shows significant differences between pre-functionalization state (Figure 8) and 

after functionalization (Figure 9), with drying rate influenced by impregnation, 

consisting in different pore network response to thermal activity. 

 

  

(a) (b) 
Fig. 10. Cherry pits: (a) functionalized; (b) functionalized and dried 

 

  

(a) (b) 

  
(c) (d) 

Fig. 11. Dynamics of Drying I: (a), (c) drying rate and (b), (d) moisture, before 

functionalization 

 

 



Ana-Maria Raluca Muşat, Cristian Eugen Răducanu, Roxana Jidveian, Doinița-Roxana cioroiu-

tîrpan, Gabriel Vasilievici, Andreea Luiza Mîrţ, Tănase Dobre, Oana Cristina Pârvulescu 

 

107 

 

  
(a) (f) 

 

Fig. 12. Dynamics of Drying III: (a) drying rate and (b) moisture, after functionalization 

 

The drying curves in Figure 11 characterize the complete removal of 

residual water, drying being necessary for the functionalization of the material by 

impregnation to be achieved without the presence of water.  In Figure 12, though, 

the drying curves after impregnation show that the water saturation reached 

0.95kgmoist/kgdry, which denotes the characteristic of a rather porous material. The 

drying dynamics follows the drying curve in which the water diffusion process 

from the pores is predominant. The drying speed from the experimental data 

points is much tighter compared to the drying speed obtained during the initial 

drying of the cherry pit. 

 

3.2 Determination of the base compound content in the heterogeneous 

catalyst 

 

Table 3 shows  the values for the solid concentration obtained in the 

impregnation stage, respectively 1.57-2.29% in the case of catalysts from cherry 

pits. 
  Table 4 

Base concentration on solid catalyst 

Crt.no 
Conc after 

impregn. 

Solvent 

mass [g] 

Sample 

mass [g] 

HCl 

conc 

Base conc. 

in catalyst [%] 

1 2M 20 0.62 0.01 N 2.29 

2 3M 20.14 0.91 0.01 N 1.57 

 

Regarding the concentration of the base compound (potassium hydroxide) 

deposited on the support, concentrations of 2-3M were selected in the case of the 

catalytic support of cherry pits, for which it was monitored pH variation during 

impregnation (Figure 13). 
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Fig. 13. pH variation on functionalization of catalytic support 

 

3.3 Catalyst testing in transesterification reaction to alkyl esters  

 

Table 5 shows the process performances in terms of ME yield (YME=81.5-

96.1%), glycerol yield (YG=7.8-11.6%) under different operating conditions, while 

in Table 6 details the process factor interaction. 

A statistical model based on a 23 factorial plan was used to predict the 

process performances depending on its factors particle diameter (dp=0.6, 1.2 mm), 

KOH concentration (cKOH=1, 2 M), and reactant superficial velocity (w=1.49, 2.71 

cm/s).  

 
  Table 5 

Experimental matrix for 23 factorial experiment 

Exp. 

no. 

dp 

[mm] 

KOH conc 

[mol/L] 

w 

 [cm/s] 
x1 x2 x3 

YME 

(%) 
YG 

(%) 

1 1.2 2M 2.71 +1 +1 +1 87.6 10.6 

2 1.2 2M 1.49 +1 +1 -1 94.3 10.2 

3 1.2 1M 2.71 +1 -1 +1 95.7 9.4 

4 1.2 1M 1.49 +1 -1 -1 93.3 9.8 

5 0.6 2M 2.71 -1 +1 +1 96.1 11.6 

6 0.6 2M 1.49 -1 +1 -1 89.5 8.9 

7 0.6 1M 2.71 -1 -1 +1 81.5 7.8 

8 0.6 1M 1.49 -1 -1 -1 90.1 7.8 

 
 

Methyl ester yield YME and glycerol yield YG are given by the Eqs.(3)-(4):    

 

 yME =91.01 - 2.638 x1x2 - 3.037x1x2x3                                                                     (3) 

 

 yG = 76.636+3.239 x1+2.029 x2+9.031 x3- 2.324 x1x2 - 2.846 x1x3 - 1.799 x1x2x3      (4) 
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  Table 6 

Experimental matrix for 23 factorial experiment 

Exp.no. 

Factori dimensionali 
Dimensionless 

factors 

Process factor 

interaction 

Cat.layer 

height 

[cm] 

Superficial 

velocity 

[cm/s] 

KOH 

conc.[mol/L] 
x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 

1 15 1.49 2 -1 -1 -1 1 1 1 -1 

2 15 1.49 3 -1 -1 1 -1 -1 -1 1 

3 15 2.71 2 -1 1 -1 1 -1 -1 1 

4 15 2.71 3 -1 1 1 -1 1 1 -1 

5 30 1.49 2 1 -1 -1 -1 1 1 1 

6 30 1.49 3 1 -1 1 1 -1 -1 -1 

7 30 2.71 2 1 1 -1 -1 -1 -1 -1 

8 30 2.71 3 1 1 1 1 1 1 1 

 

 

Figure 11(a) shows the statistical model represented by points and the 

experimental data represented by line. In this case (also shown in Table 5), we 

observe that the yield is influenced by the height of the catalytic layer, the feed 

flow and the interaction between the height of the catalytic layer and the 

concentration of potassium hydroxide deposited on the catalytic support. Figure 

11(b) shows the statistical model represented similar, by points and the 

experimental data represented by line. In this case, as also shown in Table 5, we 

observe that the yield is influenced by the height of the catalytic layer, the feed 

flow and the concentration of potassium hydroxide deposited on the catalytic 

support, but also by the interaction between the height of the catalytic layer and 

the feed flow, that between the height of the catalytic layer and the concentration 

of potassium hydroxide potassium deposited on the catalytic support. 

 

 

  
(a) (b) 

Fig. 14. Diagrams for ME and glycerine yield 
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3.4 Purification and soap content of ME 
 

After the 48 hours from the initiation of the washing step and 

simultaneously with the clarification of the aqueous phase, suspended particles 

resulting from the affinity between the hydrophilic particles and water were 

observed, while the initial clear distilled water turned into soap content washing 

water (Figure 15.a). 
 

  

(a) (b) 
Fig. 15. Diagrams for ME and glycerine yield 

 

For ME and distilled wash water, the material balance is presented in 

Table 7, for B4, B5 and B6 of the corresponding experimental tests no. 4, 5 and 6. 

The results obtained following the titration operations for the soap content 

are presented in Table 8, with samples B$, B5 and B6 from the corresponding 

experimental tests no. 4, 5 and 6, and show high soap content values, specific to a 

product before washing purification. 
Table 7 

Material balance in ME soap content determination, from exp. 4, 5 and 6 

Exp.  

no. 

ME in 

[g] 

Distilled water jn 

[g] 

ME out 

[g] 

Waste water 

out [g] 

B4 142.51 145 136.38 151.13 

B5 139.29 140 132.89 146.4 

B6 142.58 145 133.71 153.87 

Table 8 

ME post-transesterification soap content of esp. 4, 5 and 6 

Exp. 

no. 

Isopropyl 

alc. [g] 

ME sample  

[g] 

HCl vol.  

[mL] 

Soap content 

 [ppm] 

B4 15.47 0.94 0.70 2387.15 

B5 16.13 1.70 12.9 24324.85 

B6 15.87 1.08 6.00 17808.89 
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After the washing operation, the ME was subjected to an additional 

purification through the distillation process, as it was collected into distillation 

flask (Figure15.b). Dynamics of distillation temperature process can be seen in 

Figure 16. 

  
Fig. 16. Diagrams of temperature in ME distillation process: vacuum distillation: blue line – 

reaction mixture temperature and red line – vapor temperature; atmospheric distillation:  

green line – reaction mixture temperature and purple line - vapor temperature 

Table 9 

ME post-distillation soap content of esp. 4, 5 and 6 

Exp. 

no. 

Isopropyl alc. 

[g] 

ME sample  

[g] 

HCl vol.  

[mL] 

Soap 

content 

 [ppm] 

B4 14.64 0.90 0.50 1780.89 

B5 14.82 0.95 3.50 11810.11 

B6 16.30 1.40 4.30 9845.77 

 

It can be observed that, post-process, the soap content was higher, with 

values in the range of 2387.15 - 24324.85 parts per million, while after 

purification by washing and distillation it was significantly reduced, to values in 

the range of 1265.37 - 11810.11 parts per million, after a single wash. 

 

3.5 Reuse and reactivation of the catalyst 

 

Both the initial pretreatment and chemical treatment operations of the 

catalyst, as well as those in the catalyst reactivation stage, allowed us to develop a 

catalyst whose properties were created and maintained in the two different stages 

(construction and reactivation). The catalysts obtained were able to catalyze both 

transesterification reactions of used vegetable oils with methanol Rc. 1 with yield 

values of 96.10%, as well as those for reuse Rn with yield values in the range 88-

80.5% ME content (Table 10) 
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Table 10 

Randamentele obţinute la reutilizarea catalizatorului (BSF) 

Exp. No. 
Rc. 1 Rc. R1 Rc. R2 Rc. R3 
YME 

 [%] 
YME 

 [%] 
YME 

 [%] 
YME 

 [%] 

B5 96.10 88.00 81.20 80.5 

 

The catalyst retained residual biodiesel and glycerin on its surface. In 

general, the lack of potential inhibitors in a new reaction medium is preferred, but 

in the present case, biodiesel and glycerine residues did not have an inhibitory 

role, but on the contrary influenced the reaction from the inoculum position, 

starting faster, with the formation of a heterogeneous phase at the interface. 

4. Conclusions 

A fixed –bed catalyst reactor carried out methanolysis reaction, for two 

hours operating time, at 70 °C process temperature, and yields values in the range 

of 88.97-95.01% were obtained.   

The performance study of the processes carried out highlighted the 

importance of the height of the catalytic layer and the concentration of the 

catalyst, the interaction between them and the correlation with the feed rate of the 

reactants. 

The solid concentration resulting from the impregnation of the catalytic 

support was in the range of 1.43-1.63 % in the case of catalysts from apricot 

kernels, respectively 1.57-2.29 % in the case of catalysts from cherry kernels, 

sufficient to catalyze reactions in which the oil mass could it varies between 100 

and 200 g of used vegetable oil and between 200 and 400 g of fresh vegetable oil. 
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