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Abstract

:

Chitosan, the deacetylated derivative of chitin, is a biopolymer with many applications in different sectors, such as pharmaceutical, food, and wastewater treatment, amongst others. It can be used as a source for synthesizing bioadsorbents modified with chelators and nanoparticles for the removal of pollutants. In this report, we conducted an exergy analysis to evaluate the large-scale production of chitosan-based bioadsorbents modified with iron nanoparticles and chelators. The objective was to identify energy inefficiencies and propose technological enhancements to improve energy utilization. The process was simulated using Aspen Plus V.10® software, enabling the quantification of chemical and physical exergies for the species and streams involved. We calculated process irreversibilities, exergy losses, waste exergy, and utility exergy flows for each stage and the overall process. These findings provide valuable insights into optimizing energy utilization in the production of chitosan-based bioadsorbents. The overall exergy efficiency was 4.98%, with the washing and drying stages of nanoparticles and adsorbent synthesis accounting for the largest contribution to process irreversibilities and exergy destruction. To increase the global exergy efficiency of the process, it is proposed to implement process improvement strategies, such as mass or energy integration, to obtain better energy performance.
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1. Introduction


Seafood is a significant food source in numerous developing countries. According to reports from the Food and Agriculture Organization (FAO) [1], global shrimp catches reach approximately 3.4 million tons per year, with an estimated 50% of the shellfish’s net weight comprising shells [2]. Consequently, the substantial waste generated during manual and industrial seafood processing has become a pressing environmental concern [3]. Considering the above, various technological alternatives have been developed to valorize these residues by synthesizing value-added products. Chitin, one of the most common compounds found in the exoskeletons of shellfish, is widely used to manufacture chitosan [4].



Chitosan is a polysaccharide primarily composed of repeated units of D-glucosamine. It is obtained through the partial de-N-acetylation of chitin, another polysaccharide. In recent years, chitosan has gained considerable interest as a functional biopolymer due to its diverse and intriguing physicochemical and biological properties. It finds applications in various fields such as food, agriculture, medicine, pharmaceuticals, and cosmetics [5]. Chitosan is a biocompatible, water-soluble polymer with various beneficial properties. It is non-toxic and demonstrates antibacterial, antifungal, and antitumor activities [6]. Moreover, it exhibits immuno-enhancing effects in animals and displays antimicrobial properties against a wide range of phytopathogens. The commercial production of chitosan involves several sequential steps, including grinding crustacean shells into a fine powder and deacetylating the powder using a strong alkali [7].



Currently, there is growing interest in sustainable and green-chemistry approaches for synthesizing new materials for emerging industries. Industrial wastewater treatment poses a significant global challenge, with limited water reuse and costly purification being major issues. Stricter laws and regulations have sparked great interest in effective wastewater treatment technologies in recent years [8]. A variety of processes and technologies have been reported in the literature for water treatment, such as chemical coagulation and flocculation [9,10], filtration [11], ultraviolet (UV) disinfection and ozonation [12,13], and membrane separation techniques [14]. Amongst these methods, adsorption has emerged as an effective, efficient, and cost-effective technology [15]. Adsorbents, which can be of mineral, organic, or biological origin, are selected based on their specific applications. While polymeric adsorbents have been extensively used for removing organic pollutants from industrial wastewater, there is growing interest in adsorbents derived from biomasses, organic residues, and biopolymers due to their abundant availability and environmental concerns associated with the disposal of residual biomasses and wastes [16].



In this way, and due to its capacity to adsorb pigments, chitosan is being investigated for use in wastewater treatment as an adsorbent [17]. As a result, it has been functionalized with different compounds to enhance the selectivity and overall efficiency of the adsorption process [18]. Amongst the doping agents used for increasing the adsorption capacity of chitosan are TiO2 [19], magnetite [20], ZnO [19], pandan leaves [21], and metal–organic frameworks [22]. Therefore, synthesizing a novel material with enhanced adsorption and degradation capacity for water pollutants is attractive. Specifically, if applied to industrial development, there is a great opportunity to utilize shellfish waste materials for the production of modified chitosan.



In this matter, it has been found that modifying biopolymers, such as chitosan, with chelating agents like thiourea (CH4N2S) can enhance their selectivity towards certain metals and dyes. Chelating agents contain amine and thiol groups in their structure, which greatly contribute to the selective adsorption of ions. This is because thiol groups can only form stable complexes with the elements, thereby increasing the number of active sites on the surface of the chitosan [23]. Although chitosan modified with thiourea exhibits higher adsorption capacity and selectivity, its recovery efficiency in aqueous solutions remains challenging in industrial applications. To address this issue and avoid the high operating costs associated with specialized separation devices, modification of the bioadsorbents with magnetic particles is proposed. Magnetic separation technology has gained significant attention because of its easy and efficient separation process through the application of an external magnetic field [24].



However, there is a lack of literature on the industrial-scale production of these bioadsorbents. Therefore, it is necessary to assess the scalability of the process. Exergy analysis is a valuable tool that goes beyond the limitations of the first law of thermodynamics. It helps identify the main sources of energy losses and provides insights into the thermal and energy efficiencies of the process. Exergy analysis allows for the quantification of parameters such as irreversibilities, exergy flows through residues, and exergy of utilities, amongst others. This approach is used to screen and evaluate sustainable production alternatives. Several studies have applied exergy analysis to chemical processes. For instance, Pelvan and Ozilgen [25] conducted an energy and exergy assessment of packaged tea production processes and waste valorization. Ma et al. [26] analyzed the calcium carbide production process using energy and exergy assessment. The exergetic efficiency of bio-oil production through fast pyrolysis from different feedstocks was also calculated, showing potential for energy utilization when pyrolysis product streams are recycled [27]. Since exergy analyses require knowledge of thermodynamic properties and process flows, computer-aided process engineering (CAPE) tools, such as process simulation software, are employed. Kartal and Özveren [28] used Aspen HYSYS for energy and exergy analyses of an entrained bed gasifier/GT/Kalina cycle model for CO2 co-gasification of waste tires and biochar.



The potential of a macroalgae-based biorefinery for the production of lactic acid was investigated from an exergetic point of view, finding overall exergy efficiencies of 66.65%, 90.3%, and 90.93% when using steam explosion, organosolov, and microbial, respectively, as pretreatment methods [29]. In another study, the energy efficiency of different biorefinery schemes utilizing sugarcane bagasse as the feedstock was investigated through process simulation and exergy analysis, they assessed the performance of these schemes. The findings demonstrated the utility of exergy analysis as an effective tool for evaluating novel technologies with sustainability objectives [30]. By employing exergy analysis, it was possible to gain valuable insights into the energy utilization and efficiency of the biorefinery processes. This approach proved to be instrumental in diagnosing areas that required improvement and optimizing the overall sustainability performance of the biorefinery schemes. The study highlights the significance of considering exergy analysis as a diagnostic instrument when pursuing sustainability goals in the development and assessment of new technologies in the biorefinery sector.



This research aims to evaluate the industrial-scale performance of chitosan-based bioadsorbent modified with iron nanoparticles and chelators using exergy assessment. Thiourea was chosen as the chelant agent, considering experimental data and previous information published by the research group [31]. The process scaling was carried out using computer-aided process engineering (CAPE), alongside with data obtained from laboratory-scale synthesis of the bioadsorbents [31]. This approach offers valuable insights into exergy flows, irreversibilities, unit efficiency, and other important factors, providing a comprehensive understanding of the process performance and identifying potential areas for improvement from an exergy/energy standpoint. Conserving energy quality contributes to improving economic, environmental, and process safety aspects, such as the extension of social impacts. Therefore, this exergy analysis contributes to generating insights that enable process improvement from a sustainability perspective. The novelty of this work is that for the first time, the exergetic analysis methodology is used to evaluate, from an energy quality perspective, the emerging process of producing chitosan-based bioadsorbents modified with magnetite nanoparticles and thiourea. The aim is to make an initial approximation to predict its behavior at an industrial scale from an energy standpoint.




2. Materials and Methods


The production process of the chitosan-based adsorbent functionalized with Fe3O4 nanomaterial was subjected to exergy analysis using Aspen Plus® software. The simulation was conducted considering a processing capacity of 90.36 kg/h for Fe3O4 and 180.71 kg/h for chitosan, taking into account the specific conditions in the northern region of Colombia as room temperature, availability of freshwater, and availability of process utilities, among others. To perform the simulation, necessary information such as operating conditions, mass balances, and energy balances was gathered from experimental data and relevant literature sources. The simulation aimed to replicate the actual production process and analyze the exergy performance of each step. By inputting the specific parameters and constraints of the system, the Aspen Plus® software provided valuable insights into the energy efficiency and exergy losses throughout the process. The results obtained from the simulation were crucial for identifying areas of improvement and optimizing the overall exergetic performance of the chitosan-based adsorbent production process. By calculating irreversibilities and exergy losses at each process step, critical stages were identified, providing insights for process optimization [32].



2.1. Process Description


To determine the critical areas from an energy perspective, the process was divided into nine steps (Figure 1).



The stages of the process are described in Table 1:




2.2. Thermodynamic Modelling


The exergy analysis conducted in this study was made considering the process configuration, operating conditions, compositions, and mass flow of the process streams. Some basic assumptions made for performing the complete exergy analysis of the process were:




	
The process operates in steady state and constant flow;



	
Kinetic and potential exergies were not taken into account, considering that their magnitudes are not significant in comparison with the physical and chemical exergies [38,39];



	
Temperature of reference is 298.15 K.









2.3. Exergy Analysis


The governing equations for the exergetic analysis are outlined below. It is important to note that the exergy balance deviates from the energy conservation principle in this analysis, as it takes into account exergy losses associated with system irreversibilities [40]. Exergy analysis enables the identification and quantification of unused energy within a system or process, making it a valuable tool for identifying potential optimization conditions to improve the process. It also facilitates the evaluation and selection of different alternatives, thereby contributing to the optimal design of the process [41].



To carry out an exergy analysis, the principles of the first and second laws of thermodynamics are used to quantify inefficiencies and understand their origin and cause. For this purpose, a mass and energy balance must be performed, which are fundamental conditions for conducting the exergy balance and evaluating the system’s performance. The exergy balance of a facility collects the inflows of exergy entering the system and the outflows of exergy obtained from it. These outflows of exergy leaving the system can be divided into two categories: useful exergy flows and residual exergy flows [42]. Through the exergy analysis, the amount of exergy lost in each component of the process is calculated. In the case of a steady-state exergy balance, the destruction of exergy is related to the net exergies of mass transfer, work, and heat transfer through Equation (2).


      E x  ⋅    l o s s   =     E x  ⋅    m a s  s  i n     −     E x  ⋅    m a s  s  o u t     −     E x  ⋅    h e a t   −     E x  ⋅    w o r k    



(2)







The exergy associated with work in a system where there is no change in volume is equal to the work performed by the system itself, and is calculated by Equation (3):


      E x  ⋅    w o r k   =  W ⋅   



(3)







For the calculation of exergy by heat, Equation (4) is used based on Carnot efficiency, which represents the fraction of energy transferred from a heat source at temperature T that can be converted into work in an environment at the reference temperature To:


      E x  ⋅    h e a t   =   1 −    T 0   T     Q ⋅   



(4)







The exergy related to mass flow, in the absence of electrical, magnetic, nuclear, and surface tension effects, is defined as shown in Equation (5), where kinetic (      E x  ˙    k i n    ) and potential (      E x  ˙    p o t    ) exergies can be considered negligible for being significantly low compared to chemical and physical exergies:


      E x  ⋅    m a s s   =     E x  ⋅    p h y   +     E x  ⋅    c h e m   −     E x  ⋅    p o t   −     E x  ⋅    k i n    



(5)







The physical exergy by each component is defined by the Equation (6):


      E x  ·    p h y   =    H ·  −    H ·   0    +  T 0     S ·  −    S ·   0     



(6)







Regarding physical exergy, if the stream behaves as an ideal gas with constant heat capacity, Equation (7) can be used. Alternatively, if the stream is in a solid or liquid state with a constant specific heat, Equation (8) can be applied.


      E x  ·    p h y   =  C p    T −  T 0    +  T 0     C p  ln  T   T o    − R ln  P   P o       



(7)






      E x  ·    p h y   =  C p      T −  T 0    −  T 0  ln  T   T o      −  v m    P −  P o     



(8)







Chemical exergy by each component is determined by the standard formation energy of the compound plus the stoichiometric sum of the standard chemical exergies of its constituent elements, which can be calculated using Equation (9):


  E  x 0       c h e m        i n     = Δ  G f 0  +   ∑ i    n  e l e m     E  x 0       c h e m        e l e m      



(9)







The chemical exergy of a mixture is defined by its components and their respective compositions, as shown in Equation (10):


      E x  ·    c h e m         m i x     =   ∑ i    y i  E  x 0     c h e  m  i n     + R  T 0      ∑ i    y i  ln    y i       



(10)







The measurement of total irreversibilities in the system, denoted as     E  x  d e s t r o y e d      , involved calculating the difference between the exergy input and output of the product streams or stage outputs using Equation (11). Additionally, Equation (12) was used to determine the non-avoidable irreversibilities, referred to as     E  x  l o s s e s       by considering the exergy values of the products and residues relative to the total exergy output. These equations allowed for the quantification of the system’s irreversibilities and provided insights into the energy losses and inefficiencies associated with the process.


  E  x  d e s t r o y e d   = E  x  t o t a l − i n   − E  x  p r o d u c t s − o u t    



(11)






  E  x  l o s s   = E  x  t o t a l − i n   − E  x  t o t a l − o u t    



(12)







The calculation of the exergies of the output products, is performed by the sum of the exergies associated with the mass transfer of the streams leaving the stage and containing the desired product; in our case this is the chitosan-based bioadsorbent modified with iron nanoparticles and chelators. Similarly, the calculation of the exergy lost with the residual streams of the process is performed by identifying in each stage the exergies associated with the mass transfer of the residual streams leaving the process. After that, they are summed up to obtain the total exergy lost due to waste throughout the process.



Once the exergy of the products and the exergy of the waste has been calculated for each stage of the process, the calculation of the unavoidable exergy losses is performed using Equation (12). To achieve this, the exergy of the total input to each stage is subtracted from the exergy that exits with the mass streams, i.e., both the exergy of the products and the exergy of the waste. With the obtained information, the exergy destroyed in each stage is calculated, which corresponds to both avoidable and unavoidable losses, using Equation (11). The total exergy destroyed in the process can also be calculated by summing the irreversibilities of each stage.



The exergy efficiency (   η  e x e r g y   )   can be calculated as Equation (13) and, highlights that losses and internal irreversibilities are to be assessed to improve the performance of the process. The contribution of the process by stage i to global exergy (  % E  x  l o s s    ) is determined as Equation (14).


   η  e x e r g y   = 1 −     E  x  l o s s     E  x  t o t a l − i n        



(13)






  % E  x  l o s s , i   =     E  x  d e s t r o y e d , i     E  x  t o t a l − d e s t r o y e d       × 100  



(14)







Using Equation (14), the percentage of the total exergy destroyed attributed to each stage is calculated. This information helps determine which stages are critical in the process. The percentage of exergetic efficiency for each stage is calculated using Equation (14), taking into account that the required information (exergy destroyed and total input exergy) is only for the specific stage being studied. With the overall input exergy associated with mass transfer and the total input exergy from industrial services, we proceed to calculate the total input exergy. Using this value and the total irreversibilities of the process, we can calculate the overall exergy of the process by once again applying Equation (14).



For the exergy assessment, initially the physical and chemical exergies for each stream in the process were calculated based on information from simulation and the literature. Subsequently, the total exergy for each stream, the exergy of the heat input, and the work-related exergy of each piece of equipment were calculated. The process was divided into the following 9 stages: (1) Raw material mixing for iron nanoparticle synthesis, (2) Reaction, (3) Magnetic separation, (4) Iron nanoparticle washing, (5) Iron nanoparticle drying, (6) Raw material mixing for the production chitosan-based bioadsorbent modified with iron nanoparticles and thiourea, (7) Formation of chitosan-based bioadsorbent modified with iron nanoparticles and thiourea, (8) Modified bioadsorbent washing, and (9) Bioadsorbent modification drying. These stages were individually assessed to determine their performance. The total input exergy of each stage was then calculated, taking into account the input exergy by mass and the utilities, in order to determine the total irreversibilities, exergy attributable to residues, and losses at both the stage and global levels. Finally, the exergy efficiency of each stage and their contribution to exergy loss were measured.





3. Results and Discussion


The production of chitosan-based adsorbent functionalized with Fe3O4 nanomaterial was simulated using Aspen Plus® software. The process operated at a production rate of 2.03 tons per hour, and all the necessary chemical species were readily available in the software’s extensive database. This eliminated the need for manually adding or creating new molecules, streamlining the simulation process. The thermodynamic properties of the mixture were calculated based on the molecular structures of each species, and the non-random two liquids (NRTL) thermodynamic model was chosen due to the diverse nature of the substances present in the process, including polar, non-polar, and electrolyte components. Through the simulations performed in Aspen Plus®, the physical exergies of the streams within the production process were determined. Physical exergy provides valuable insights into the maximum useful work that can be extracted from a stream when it reaches thermodynamic equilibrium with the environment. Additionally, the chemical exergies of the compounds listed in Table 2 were obtained from the literature [43,44]. These chemical exergy values, obtained at standard conditions of 298.15 K and 1 bar, were utilized in the calculation of the chemical exergies of the streams, and were employed in the calculation of the chemical exergies of the streams.



The result of the exergetic analysis for the main streams of the BMCMN synthesis process is presented in Table 3, obtained from the implementations of Equations (2)–(12).



The results of the overall exergetic performance of the evaluated alternatives are presented in Table 4. It was observed that the rejected exergy of the residues accounted for the largest proportion of the exergy destruction in the process. This highlights the significance of the generation of residues and the utilization of utilities in relation to the requirements of flows and equipment.



The exergy assessment of the bioadsorbent production process, specifically bio-chitosan-based adsorbents modified with chelators and TiO2 or TiO2-magnetite nanoparticles, was conducted by Meramo et al. [45], Their study reported total irreversibilities of 117 GJ h−1, 182 GJ h−1, and 217 GJ h−1 for the production of 155 kg h−1, 232 kg h−1, and 307 kg h−1 of each respective adsorbent. These values, when compared on a per kilogram basis, were higher than those obtained in the present study, indicating that the initial stage of the process significantly contributed to the irreversibilities observed. It is important to note that the aforementioned values solely accounted for the irreversibilities within the process itself and did not consider those associated with waste generation. Waste-related irreversibilities can contribute to energy losses during the process. Additionally, the exergy due to utilities, which represents the energy requirements of the process, was estimated to be approximately 5 GJ h−1. This suggests that industrial services have a relatively minor impact on the overall irreversibilities compared to the exergy contributed by the input mass. Hence, the development of novel treatment technologies holds promise for reducing energy consumption and improving the exergy input for industrial services. By implementing efficient and sustainable techniques, it is possible to reduce energy losses and enhance the overall exergetic performance of the bioadsorbent production process. This highlights the importance of continued research and innovation in the field of treatment technologies to optimize energy consumption and improve the sustainability of manufacture of bioadsorbent.



The bioadsorbent production alternative using chitosan, as presented in this study, exhibited a low global exergy efficiency of 4.98%. This finding aligns with reported data in the literature on bioadsorbent production processes, where exergetic efficiencies ranged from 0.04% [45] to 2.5% [46]. These results underscore the necessity for further enhancements in the energy efficiency of the process, as well as the potential for novel treatment technologies to bolster overall exergetic performance. The observed low efficiencies imply significant room for technological advancements to achieve improved exergetic and energy indicators, emphasizing the importance of ongoing research-and-development efforts in this field.



Furthermore, Figure 2 and Figure 3 help to provide a comprehensive analysis of exergy efficiency and exergy losses per stage, categorized by product type. The results shed light on the critical stages within the entire process. Specifically, stage 4, the washing of nanoparticles, emerged as a key stage in terms of exergetic considerations. It accounted for approximately 63% of the total irreversibilities, resulting in a substantial exergy destruction of 50 GJ/h [46]. The majority of these irreversibilities (approximately 99.6%) can be attributed to the exergy of residues, primarily stemming from the removal of a significant amount of water and residual ethanol. This highlights the need to address the inefficiencies in the washing stage to enhance the overall exergetic performance of the process. By implementing strategies aimed at minimizing exergy losses associated with water and residual ethanol removal, the exergy efficiency can be improved, resulting in a reduction in overall irreversibilities. These improvements contribute to a more sustainable and efficient production process for bioadsorbents. It is imperative to focus efforts on optimizing the exergetic performance of the washing stage to achieve the desired sustainability and efficiency goals. The chemical production process of dimethyl ether (DME) and methanol, fueled by 25% of the CO2 captured from a natural gas combined-cycle (NGCC) power plant and by green hydrogen generated through an electrolyzer, achieved an exergetic efficiency of 75.74%. The primary source of exergy destruction was attributed to the distillation column that separated the outlet stream of the reactor. Notably, the top-stage condenser emerged as the component with the most significant irreversibility (accounting for 45% of the total), closely followed by the methanol/DME synthesis reactor (24%) [47]. In the synthesis of Methyl chlorid an exergy efficiency of 87.3% was reached, in which the reactor had the highest contribution to exergy destruction, followed by the heat exchange network [48]. The recovery of low-emission alcohol from wastewater showed losses in the conventional extractive distillation process (CEDP), heat pump-assisted extractive distillation process (HPEDP), thermally coupled extractive distillation processes (TCEDP), and heat pump-assisted thermally coupled extractive distillation process (HPTCEDP) of 64.54%, 51.69%, 56.77%, and 46.04%, respectively. The exergy loss of the HPTCEDP was the lowest, indicating that mechanical heat pump technology can significantly enhance the thermodynamic efficiency of the process [49].



The analysis revealed that the washing of microbeads in Step 8 emerged as the second largest contributor to exergy destruction, underscoring the importance of the purification steps. Interestingly, stages 3 and 8 demonstrated improved exergetic efficiency, thanks to the utilization of residual streams from these stages as inputs for the corresponding washings in stages 4 and 8. Conversely, stage 5 (nanoparticles drying step) exhibited low exergetic efficiency, presenting significant opportunities for enhancement through optimization techniques. Optimization strategies, such as mass and energy integration, could be implemented to reduce reliance on industrial services and fresh materials, like ethanol, in the purification stages. By employing these strategies, the exergetic efficiency of the process can be enhanced, resulting in minimized exergy losses and a more sustainable and resource-efficient production of bioadsorbents. The implementation of such optimization measures would contribute to the overall improvement of the processes performance and its environmental footprint [45].



Stages 1 and 3, shown to be highly efficient. The mixing stages are usually more exergetically efficient because they primarily involve mass transfer and do not have significant energy losses. Compared to other stages of the process, such as chemical reactions or separations, mixing has lower exergy destruction and therefore higher efficiency in transferring and distributing thermodynamic properties of the streams. Additionally, mixing tends to be a simpler and less complex operation from a thermodynamic perspective, which contributes to its higher exergy efficiency, as reported by Gholami et al. [50] and Peralta-Ruiz et al. [41].



The purpose of analyzing of the contributions of each stage to the non-avoidable exergy losses of the system was to gain a deeper understanding of the critical stages, while also excluding the exergy destruction due to residues. The outcomes of this analysis are depicted in Figure 3, providing a visual representation of the significant contributions of each stage to the overall inefficiencies of the system. By focusing solely on the non-avoidable exergy losses, it becomes easier to identify specific stages that require attention and improvement, thus optimizing the overall exergy performance of the process. This information is invaluable for strategic targeting and enhancements of the system’s efficiency.



Based on the analysis of non-avoidable exergy losses presented in Figure 3, it can be observed that the stages with the highest irreversibilities are associated to the drying of the chitosan-based bioadsorbent and the reaction for magnetite nanoparticle production [32]. These particular stages are greatly influenced by the demands of utilities, such as the extraction of energy from the streams that is not effectively utilized, as seen in the cooling cycles. This contributes significantly to the unavoidable exergy losses experienced throughout the process. Conversely, stage 3, which involves magnetic separation, exhibits a minimal exergy loss compared to the other evaluated stages. Moreover, it is important to emphasize that the overall exergy losses are relatively small when compared to the exergy of the residues generated in the process. These findings emphasize the need for further optimization and improvement in the utilization of energy and resources within the system, aiming to reduce the overall exergy losses and enhance the overall sustainability of the process.



In the exergy assessment performed for an integrated plant that recovers NGL and produces electricity via waste gas for the energy conversion process [51], it was found that the high exergy destruction in the steam power cycle is due to the high calorific value of fuel in it. Otherwise, the steam cycle does not display substantial exergy destructions since the working fluid is steam produced through the steam cycle process. The 78% exergy destruction in the NGL recovery plant was caused by the heat exchangers. Also, it was found that an infinitesimal amount of exergy was destroyed in the condenser.



In Figure 4, the contribution of each stage to the total destroyed exergy is shown. The washing stage of the iron nanoparticles represents the highest losses in the process, accounting for 66.2%. This is mainly due to the use of ethanol as a solvent, where a significant portion of the exergy is destroyed due to concentration and pressure differences between the stream being washed and the solvent used. The subsequent stages that contribute to the exergy destruction are the washing of the bioadsorbents and the formation of the bioadsorbents, with values ranging from 10–13%. The drying stages of the nanoparticles and bioadsorbents contribute 3.8% and 4.9%, respectively. The remaining stages have contributions below 1%, indicating that there is minimal exergy loss in the stages associated with mixing and the formation reactions of the nanoparticles and bioadsorbents. Additionally, there is the possibility of utilizing the solvents used during the washing stages, as well as reusing the processed water.



During the biorefinery process for cathecol production from lignin, finding that the biomass fractionation stage contributed to the 45% of exergy losses, mainly caused to the heating and condensers equipment associated with the higher heat transfer between input and output streams [52]. Under biorefinery approach of synthetic biofuel production via fast pyrolysis and hydro-upgrading of poplar wood, it was also obtained an overall 77.7% exergy efficiency, with the steam reforming reactor as the main source of inefficiencies, followed by the two hydrotreating reactors [53]. It was also shown for a lignocellulosic-based biorefinery annexed to a sugarcane mill for simultaneous lactic acid and electricity production, a total irreversibility rate of 205.4 M W for the biorefinery system, in which the steam generation unit was the main contributor with a 63% of the total [54].




4. Conclusions


This research employed computer-aided exergy analysis to evaluate the large-scale production of chitosan-based bioadsorbents modified with thiourea and magnetite. The stages of washing and drying for both nanoparticles and bioadsorbent were identified as the process sections with the highest irreversibilities, contributing to 63% of the total exergy losses. A significant portion (99.6%) of the irreversibilities were attributed to the exergy of residues, primarily associated with the residual water and ethanol. The overall exergy efficiency of the process was calculated at 4.96%, indicating suboptimal utilization of waste and water flows. To enhance the process, implementing strategies such as process integration is necessary. For future research, it is recommended to assess other sustainability aspects, including safety, health, and operational uncertainty. Additionally, incorporating process optimization strategies such as process intensification, energy integration, and process resilience would provide valuable insights to augment resource conservation, curtailing energy consumption, mitigating waste generation, and amplifying the overall exergy efficiency of the process. These enhancements would result in heightened cost-effectiveness, bolstered environmental sustainability, and heightened operational flexibility, thus culminating in the fortification and adaptability of the production framework.
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Figure 1. Stages of the production process of chitosan microbeads modified with thiourea-magnetite nanoparticles for exergy analysis. 
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Figure 2. Exergy efficiency and contribution to exergy loss per stage. 
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Figure 3. Exergy loss per stage. 
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Figure 4. Sankey irreversibilities flow diagram of the process by stages. 
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Table 1. Stages of the production process of chitosan microbeads modified with thiourea-magnetite nanoparticles.
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	Stage
	Description





	Synthesis of magnetic nanoparticles
	For the magnetic nanoparticles the co-precipitation method was used, mixing FeCl3·6H2O (stream 1) and FeCl2·4H2O (stream 2) as shown in Equation (1), which were initially fed into the process in a molar ratio of 2:1 [33]. The FeCl3·6H2O and FeCl2·4H2O were fed with mass flow rates of 219.298 kg/h and 79.169 kg/h, respectively, and diluted in 4642.51 kg/h of water. The resulting solutions are mixed together using mechanical stirring (MIX-1) and heated to 80 °C [34]. Then, a 3M NaOH (stream 3) solution was added to the reaction vessel at a rate of 3505.58 kg/h, raising the pH to approximately 12 and allowing for the formation and precipitation of magnetic nanoparticles with a 98% conversion rate [35]. The resulting slurry was cooled to 28 °C and sent for magnetic separation. From this process, 725.915 kg/h of nanoparticles were collected and separated from 7722.65 kg/h of the remaining solution (wastewater). The nanoparticles undergo two stages of washing: 29,658.3 kg/h of water and 2632.7 kg/h of ethanol [35]. Finally, the nanoparticles were dried in an oven at 105 °C and 1 bar (stream 12) [36]. It has been reported that the magnetic nanoparticles obtained through this method have a size distribution ranging from 10 to 500 nm and exhibit high purity [37].



	   2   FeCl  3  · 6  H 2  O +   FeCl  2  · 4  H 2  O + 8 NaOH →   Fe  3   O 4  + 20  H 2  O + 8 NaCl   
	(1)



	Production of the modified chitosan bioadsorbents
	180.71 kg/h of chitosan (stream 13) was initially dissolved in a solution of acetic acid (stream 14) with a flow rate of 9071.79 kg/h at 28 °C and 1 bar of pressure (Mixing 2). Then, the solubilized chitosan was mixed with 90.36 kg/h of thiourea (stream 15). The resulting stream, known as functionalized chitosan, was then mixed with the synthesized magnetic nanoparticles (Mixing 4) under the same standard conditions of 28 °C and 1 bar. The synthesis of bioadsorbents from chitosan modified with iron nanoparticles and functionalized with thiourea as a chelating agent (BMCMN) occurs through this process. The synthesized bioadsorbent was washed twice with water (wash 4 and 5), dried at 105 °C to remove excess water, and cooled to 28 °C for storage.










 





Table 2. Standard Chemical Exergies of the compounds present in the processes under study [43,44].
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	Compound
	Chemical Exergy (kJ/mol)





	Acetic acid
	907.2



	Water
	0.9



	Al(OH)3
	21.4



	Al2(SO4)3
	344.3



	Ethanol
	1356.9



	FeCl2·4H2O
	195.5



	FeCl3·6H2O
	228.1



	Magnetite
	116.3



	Na2SO4
	200.4



	NaCl
	14.3



	NaOH
	74.9



	Chitosan
	12,462.78



	Thiourea
	112.1










 





Table 3. Physical, chemical, and global exergies of the main streams in the BMCMN synthesis process.
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	Stream
	Chemical Exergy (MJ/h)
	Physical Exergy (MJ/h)
	Global





	1
	0.000
	0.142
	0.142



	2
	0.000
	0.150
	0.150



	3
	374.62
	1.336
	375.95



	4
	385.183
	1.250
	386.433



	5
	1088.872
	1.363
	1090.234



	6
	1055.7259
	1.385
	1055.114



	7
	49,911.588
	0.219
	49,911.81



	8
	34,071.798
	0.514
	34,072.311



	9
	394.045
	0.493
	394.538



	10
	14,350.352
	0.811
	14,351.163



	11
	1773.632
	464.081
	2237.712



	12
	45.346
	0.001
	45.347



	13
	6052.451
	1.651
	6054.101



	14
	6987.513
	0.0004
	6987.513



	15
	133.065
	0.002
	133.067



	16
	0
	1.653
	1.653



	17
	2490.339
	3.148
	2493.487



	18
	7681.806
	4.330
	7686.136



	19
	4517.824
	5.654
	4523.477



	20
	6230.007
	5.761
	6235.768



	21
	6776.750
	5.480
	6785.230



	22
	8653.942
	8.521
	8572.463



	23
	257.005
	2520.402
	2777.407



	24
	4160.892
	0.0019
	4160.894










 





Table 4. Global exergetic performance.
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	Criteria
	Value (GJ/h)





	Total irreversibilities
	79.43



	Exergy of wastes
	77.38



	Exergy losses
	2.06



	Exergy of utilities
	4.30
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