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Abstract

:

The use of constructed wetlands (CWs) for wastewater treatment has earned high interest around the world. However, innovations to improve its removal efficiency and adoption have been suggested in the last decades. For instance, the use of ornamental flowering plants (OFP), which make wetland treatment systems more aesthetic and is an option for the production of commercial flowers while the water is cleansed. The objectives of this study were to identify through a bibliometric analysis (2000–2022) the main OFP that have been used in CWs and their functionality as phytoremediators (removal effects), as well as the authors, collaborations, main investigations, and the countries where such investigations have been carried out. To this respect, 10,254 studies on CWs were identified. The United States and China were the leading countries in the use of this eco-technology. Subsequently, regarding the use of OFP, the analysis revealed 92 studies on this matter in which Mexico has three researchers who lead the use of OFP in CWs (almost 40% of publications of CWs with OFP), where the main species studied include Canna hybrids, Zantedeschia aethiopica, Strelitzia reginae, Iris species, Spathiphyllum sp., and Anturium sp. These species may remove between 30–90% of pollutants of organic compounds, 30–70% of heavy metals and drugs, and about 99.9% of pathogens. Thus, this study may help researchers to identify OFP for new CWs design, and to know new future research directionsand collaboration approaches in this area using multipurpose alternatives like those of CWs with OFP. More research can still be carried out on the use of CWs with OFP in temperate climates, as well as evaluating the influence of different substrates and water flow on the growth of these plants.
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1. Introduction


Constructed wetlands (CWs), also called treatment wetlands, are a nature-based solution that emulates natural wetlands processes (physical, chemical, and biological) in order to optimize and treat different types of wastewater. CWs consist of shallow cells or channels with an impermeable layer and structures to control the water level, flow direction, and hydraulic retention time. Substrate, microorganisms, and plants are the principal components of CWs [1,2,3].



According to the water flow, CWs can be classified as free water surface (shallow open waters, where plants are rooted in a soil layer on the bottom; these systems are the most similar to natural wetlands) or subsurface CWs (shallow watertight beds, filled with porous media, plants are rooted in the water-saturated beds, water is loaded in the inlet of the bed and therefore it flows below the surface in a horizontal or vertical pattern) [4,5].



Common substrates in CWs include mineral or plastic materials. In a recent study, nine substrates were evaluated (zeolite, anthracite, shale, vermiculite, ceramic filter material, gravel, steel slag, bio-ceramic and combination substrate-isopyknic layered anthracite, bio-ceramic and zeolite), corroborating this combination of substrates was the best scheme among nine materials. Zeolite was ideal for better nitrogen removal [6].



In other studies, some plastic substrates were used as filter material in CWs (plastic rings and PET residues) [7]. However, some microplastics could be released in certain time, being a later problem, depending on the intended use of the treated water [8,9].



The importance of CWs for wastewater treatment lies at the multiple types of wastewater they can clean. Some reviews regarding the use of CWs for removal of pesticides from agricultural runoff and drainage [10], industrial wastewater [11], emerging contaminants [12], acid mine drainage [13], leachate [14], or wastewaters to community or municipal level [15,16,17,18,19,20] have been developed, corroborating the functionality of CWs for the removal of pollutants.



In order to increase the removal efficiency of the ecotechnology, some innovations have been proposed in recent years. For instance, intermittent flows of water to be treated in wetlands (tidal flow CWs, partially saturated CWs, or integration of hydraulic or aeration machinery into constructed wetlands [21,22]). The combination of different types of wetlands or flows has also been an option to improve concentrations of pollutants through CWs (hybrid CWs) [23]).



Furthermore, about plants in CWs, the common vegetation of natural wetlands (Cyperus papyrus, Phragmites australis, Typha and Scirpus spp.) [24] that is also used in CWs has been changed or combined with terrestrial ornamental flowering plants (OFP) (herbaceous perennial ornamental plants including the use of species with different colored flowers), evaluating their adaptation to conditions of water saturation to be treated and their functionality as water purification [1,25,26].



OFP harvesting can be an economic entity for CW operators, providing social and economic benefits such as the improvement of system landscapes and a better habitat quality [25,26,27]. The economic potential using CWs with OFP has recently been analyzed [28]. To this respect, 21 species of phytoremediation plants were identified. Anthurium andreanum and Zantedeschia aethiopica stand out for their commercial value, reported in 2018 to be USD 272,875 and 30,318, respectively, at the national level.



In addition, several studies have reported that ornamental macrophytes species have an excellent capacity to enter flooding mechanisms, but each one had different physiological development. These conditions favor the removal of pollutants in different ways, demonstrating removals between 40–90% of organic and inorganic compounds [28,29,30]. Other studies have also demonstrated that the polyculture of OFP in CWs may enhance the release of root exudates, which might stimulate the uptake of nitrogen and phosphate compounds [31,32].



For this reason, recent studies have considered the use of OFP as the main vegetation for CWs. However, some questions remain unanswered: What are the main studies on CWs using OFP and who has carried them out? What is the main vegetation of OFP used in CWs and how many pollutants are removed? In order to answer these questions, this research was carried out and the main objective was to identify through a bibliometric analysis (BA) the use of CWs around the world (2000–2022), to know the main OFP that have been used in CWs and their functionality as phytoremediators (removal effects), as well as the authors, collaborations, main investigations, and the countries where such investigations have been carried out.



A bibliometric analysis (BA) is a scientific computer-assisted review methodology that can identify core research or authors, as well as their relationship, by covering all the publications related to a given topic or field [33]. For the BA, bibliographic tools such as DIMENSIONS are used and software tools such as VOSviewer, a computer program used for network analysis; it draws maps of scientific knowledge to show the interrelationships between literature [34].



Scientometric studies on CWs or climate change have previously been carried out. For example, Colares et al. [35] provided a BA regarding the use of floating CWs. Zhang et al. [36] reported a BA to summarize the impact between water management and CWs. Moondra et al. [37] explored a BA for the use of CWs in wastewater treatment. However, specific bibliometric studies to analyze the use of ornamental plants in CWs are scarce. Santos et al. [38] used a BA to create comparative trends of publications about global warming/climate emergency. Thus, this study may contribute more knowledge in this research area in which a selection of OFP is presented in order to complement the design of new CWs and help readers to establish new collaborations in the field.




2. Materials and Methods


The first step of this study was to know the types of names with which an ecological wastewater treatment system has been used in publications around the world from 2000 to 2023. This period of time was selected in the early 2000s when the amount of publications on this topic took an important standout and continuity as a research area in the face of wastewater contamination problems [2,18,39].



The procedure used to discover the name used for ecological wastewater treatment was to detect the number of publications using the term “constructed wetland”, “artificial wetland”, “treatment wetland”, “wetland biofilter”, “engineering wetland”, “ecotechnology wetland” in the title and abstracts. This was performed byusing the DIMENSIONS program. This number of publications with the terms described were used to generate word clouds using the software WordArt [40].



Dimensionsisan integrated database that allows researchers to search and analyze grants, patents, clinical trials, policy documents, and publications (https://app.dimensions.ai/ (accessed on 10 February 2023)). This program has been described like a new scholarly search database that focuses on the broader set of use cases that academics now face. Compared to other databases, it has a free version that includes a searchable publications index and links to all the other different entities [41].



The second step was to identify the scientometric analysis; these were based on papers regarding the use of CWs around the world and collaborations about the topic in journals registered on the DIMENSIONS bibliometric database during the period 2000–2023, using the title and abstract codes “constructed wetlands” and other similar names (“constructed wetland”, “CW”, “CWs”, “constructed wetlands”, “artificial wetlands”, “treatment wetlands”). For ornamental plant, other similar names were “ornamental plants”and“flowering plants”. In addition, studies on the use of ornamental plants in CWs were consulted in the DIMENSIONS program. Search example: “Constructed wetland AND ornamental plants”; co-occurrence, and collaboration with countries and affiliations were also performed on the full search results, which were exported from DIMENSIONS to a CSV file.



The recovered manuscripts were properly organized using Microsoft Excel, while the maps were made with VOSviewer. Thanks to this program, it was possible to identify the different thematic areas, the journals indexed, the main studies, the countries, the main authors, and collaborations.



Once the main authors who have conducted research on the use of ornamental plants in CWS were identified with DIMENSIONS, the third step was to individually corroborate all the studies, not only on DIMENSIONS, but also on Google Scholar. Subsequently, they were sent by each of their authors individually via email and corroborated.




3. Results and Discussion


3.1. Importance of CWs as a Green Technology


Regarding the background of the use of CWs, it should be noted that subsurface CWs were first researched in Germany in 1954 by Dr. Seidel. In 1960, this was described as the “root method” by Dr. Kickuth [2,3,19]. Later on, they were called artificial wetlands [20], which, to date, is not used, as the word ‘artificial’can be understood as something useless or of little use. Figure 1 presents the word cloud generated for the different names using ecological wastewater treatment. Based on such a word cloud, the most employed concepts have been Treatment wetlands and Constructed wetlands, increasing over time in terms of occurrence in articles. However, other terms have been incorporated to a lesser extent such as wetland biofilters and bioengineered wetlands (Figure 1; [1,2,3,4,5]). These data showed coincidences regarding the fact that recent book publications are already titled as treatment wetlands [42,43,44].



On the other hand, recently, more attention has been paid to CWs as part of a circular economy in the rural and urban environments as these systems are a good fit for the new concept of sponge cities [2]. Many factors indicate that the future of rural and urban water systems is shifting towards solutions that are resource oriented, integrated, sustainable, distributed, and nature-based. The treatment of wastewater will be replaced by the production of goods, an optimized system like CWs will allow reaching multiple targets (wastewater treatment and water reuse, ornamental plant production, compost with plant biomass, bioelectricity generation, scenic landscaping), instead of having a separate infrastructure for every purpose [44,45,46].



Some authors, through the assessment of the sustainability (based on the development of a composite indicator embracing economic, environmental, and social issues) [47], and life cycle analysis studies using wastewater treatment like constructed wetlands, have identified that such systems combine low costs, high efficiencies in removal of pollutants (40–99%), and lower environmental impact (environment friendly) [48,49].




3.2. Use of CWs around the World and Collaborations in the Field


It has been described that CWs are widely recognized as efficient and cost-effective solutions to wastewater problems [1,2,3]. Such affirmation was confirmed with the analysis on the use of this technology around the world (Figure 2), in which a wide distribution of publications on the topic was detected in 89 countries. This demonstrates the importance that CWs have as a research area facing the problem of water pollution. Despite this, there is still a wastewater treatment deficit; only 39% of the global population has used a safely managed sanitation service [50].



In Figure 2, the largest circles represent the largest publications by country, where the United States and China are the main countries, leading with 6.9% and 4.4%, respectively, followed mainly by European countries. Regarding Mexico, it is already represented on the map with an extensive collaboration between publications from European, American, and Latin countries, but only representing 1%, which suggests it is a country that has just recently used CWs compared to countries like China and the USA.



The findings regarding the main countries where research on CWs is carried out is consistent with those reported by Zhao [51], who describes that China and the USA lead the new strategies with technical principles that include penetration, detention, storage, purification, usage, and drainage, where the CWs are key technical solutions for water purification. Reyes et al. [52] also identified China and the USA by means of a BA among the countries that had the most number of treatment wetlands, specifically for stormwater. Thus, greater efforts to replicate this alternative by other countries are pertinent. Some studies stress the need for integration among the water field actors to include and accept the use of CW technology in public policies without risk aversion [53].



Moreover, through bibliometric studies, the importance of ecotechnology in the face of water scarcity has been discussed [36], reporting that CWs focus on water management in three different ways: rainwater management, wastewater treatment, and ecological water purification. Furthermore, the influencing factors of CWs for water management, as well as their additional benefits are also discussed, which demonstrates that CWs must be designed and maintained in future research, and should be more involved in water management so that they may become sustainable through CWs.



The productivity by authors about the publications of CWs around the world was analyzed with the BA, and approximately 10,254 posts on CWs were found worldwide. The size of the circles on the map (Figure 3) is proportional to the number of articles that the author leads in that area, regardless of whether they are technical research or literature review texts. Furthermore, it is observed that the main authors according to the number of publications and citations include Jan Vymazal from Czech University of Life Science Prague, Czechia (110 publications; 9977 citations), Jian Zang of Shandong University of Science and Technology, China (93; 3442), Joan García from Universitat Politécnica de Catalunya, Spain (77; 4286), and Hans Brix from Aarthus University, Denmark (64; 4262).



Although the detected authors are from geographically distant countries, the closeness between circles on the map indicates their intellectual relationship in terms of co-authorship in that area of research. The authors that are close to each of the main ones detected indicate mutual collaborations.



It should be noted that there is a paucity of comparative data with bibliometric studies on the general use of CWs. However, in a BA about the authors and institutions boarding topics on the relationship between water management and CWs, Zhang et al. [36] showed that in terms of the most productive authors according to the number of publications are M. Scholz, C.M. Cooper, and R. Kroeger. This refers to the fact that there is a great variety of scientists on CWs, but there is also a wide specialization of topics, which may include: agricultural, domestic, or industrial wastewater, regression models, greenhouse gases, circular economy, plant growth, clogging, different flows, and hybrid systems, among others.




3.3. CWs Using Ornamental Flowering Plants and Collaborations in the Topic


Once the use of CWs in the world was detected, a search regarding the use of ornamental plants during the treatment of wastewater by means of CWs was needed owing to the importance that this type of vegetation provides in the aesthetic appearance of ecotechnology, as an economic resource, and for its better adoption and appropriation.



Regarding the use of ornamental plants in subsurface flow constructed wetlands, the scientometric study on DIMENSIONS found 92 publications related to the use of ornamental plants in CWs during wastewater treatment. Figure 4 shows the countries with the highest number of publications on the topic, according to the size of the circles that represent each country. Mexico stands out with the highest number of publications (24.2%), followed by India (12%), China (11%), Brazil (8.8%), and the United States (7.7%).



It should be noted that on this map, the color of the circles, on a scale from blue to yellow (2000–2023), indicates that although Mexico leads the largest publications on treatment wetlands using ornamental plants, those that began with this type of inclusion of plants were countries like the United States, Thailand, and the United Kingdom (blue tones). Later on, Mexico, and recently Chile and Brazil were as the most representative (yellow tones). The link between the circles (countries) indicates the co-authorship.



It is evident that there is cooperation between Mexico and all the countries on the map, however, there is a greater emphasis in relation to Latin American countries. For such region, Rodríguez-Domínguez et al. [53] showed that this area is a heterogeneous territory where CWs arean excellent option to solve the wastewater problems using a largevariety of OFP, and these vegetation can influence the interest or the impact of the technology either by beautification or integration in the place of establishment, which coincides with the fact that Mexico is one of those countries with wide use of CWs with OFP as found in this BA.



It is important to describe that countries with a large portion of land in the tropical and subtropical area such as Mexico, India, China, and Brazil have a greater biodiversity of vegetation species due to the prevailing climatic conditions. This has favored the greater use of variety of ornamental plants as an alternative treatment in CWs. However, more studies are needed both as monocultures or polycultures of ornamental plants as this favors diversity and a better removal in the system [30,54,55], as well as different designs of CWs that may reinforce what has been detected so far.



When the importance of Mexico as a leader in publications on wetlands constructed with ornamental plants was detected, the collaboration between the main authors in this area of research was analyzed. Three main authors stand out (Figure 5a): 1. Dr. Florentina Zurita, Centro Universitario de la Ciénega, University of Guadalajara, 2. Dr. José Luis Marín-Muñiz, El Colegio de Veracruz, 3. Dr. Luis Carlos Sandoval Herazo, National Technology of Mexico/Technological Institute of Misantla. It is worth mentioning that each of these authors has built extensive networks of independent collaboration, as well as joint work.



When the analysis of collaborations between the authors who carry out research on ornamental plants in CWs was reduced from the period 2018 to 2023 (Figure 5b), that is, to detect in recent years who continue to focus on such studies, the collaboration of projects between the researchers Sandoval and Marín-Muñiz stand out as the main ones, in view of which further research on the topic is pertinent, considering different study regions, climate, diversity of plant species, and greater national and international collaborations to achieve greater details of the effect of ornamental plants in the wastewater treatment with wetlands.



A recent study [39] also identified these aforementioned three authors as leaders in the use of ornamental plants in CWs with Scopus data. The study pointed out that ornamental plants in CWs have leaned towards Canna, Iris, Heliconia and Zantedeschia in the last two decades, however, it did not highlight the works addressed by each of the leading authors. Table 1 describes the main findings of their studies, including the ornamental plants used, the removal percentages according to the organic loading rate based on biological oxygen demand (BOD5), chemical oxygen demand (COD), total nitrogen (TN) or total phosphorous (TP), ammonium (N-NH4), phosphates (P-PO4), total suspended solids (TSS), coliforms (CF), or Escherichia coli (E. coli), and the citations for every study.



Table 1 also shows the ornamental plants used, and a total of 25 publications were detected by Zurita’s research, three of them in collaboration with Sandoval and three more collaborating in a triad with Marín-Muñiz and Sandoval. On the other hand, Marín-Muñiz’s research presents a total of 23 publications, three of them in collaboration in a triad and 11 of them in joint work with Sandoval. For his part, Sandoval presents a total of 21 studies, three of them in triad with Marín-Muñiz and Zurita, three more in which he only collaborates with Zurita, and 11 in collaboration with Marín-Muñiz.



Some deficiencies that could be mentioned for the three researchers in terms of their studies is that their investigations began at the microcosm level or on a pilot scale. It is until recent years that they already apply the design factors learned on a large scale to favor high efficiencies of removal of contaminants in CWs. It is also observed that there is a lack of greater international collaboration comparing different plant species, as well as design conditions according to climatic conditions.



In column 5 of Table 1, the number of times the publication has been cited (based on statistics from Google Scholar) is showed, and the top 3 for every author and collaboration is reported in bold. The most highly cited reference was a paper written by F. Zurita, cited 358 times. In these research topics, this paper was one of the first in Mexico and represents a wetland treatment study treating domestic wastewater with commercial flowers in vertical and horizontal conditions. This was followed by a review of CWs using OFP co-authored with L.C. Sandoval and J.L. Marín-Muñiz (cited 107 times). The third study with more citations was on hybrid CWs by F. Zurita (74 times). The top 4 and 5 were with the same number of citations (65 every), one written by F. Zurita regarding CWs with OFP treating domestic wastewater on a laboratory scale. The other were co-authored between J.L Marín-Muñiz and L.C. Sandoval addressing the issue of the OFP used in CWs with different substrates as filter.



Data reported by the authors (Table 1) revealed that CWs using OFP are efficient in the removal of pollutants as the ranges oscillated between 60–98% for BOD5 and COD, TN and TP 40–95%, pathogens 62–99%, and nitrogen and phosphorous compounds 30–80%. In addition, arsenic was observed in some studies by Zurita, with removals between 79 and 91%, and drugs like carbamazepine (36–63%) and ibuprofen (71%) were reduced in CWs with OFP. These data provided part of the answer to the second question that guided this study.



The use of plants in CWs for pollutant removal has been applied in different countries around the world (Figure 2). A comparison by Sandoval et al. [26] on the average removal of pollutants with CWs using OFP and typical plants of natural wetlands showed that the removal percentages were similar across all plant genera for TSS (62–86%; n = 26; p = 0.236), COD (41–72%; n = 49), BOD5 (51–82%; n = 38), TP (49–66%; n = 44), NH4-N (62–82%; n = 24), NO3-N (63–93%; n = 34), and TN (48–72%; n = 32). Hernández et al. [56] compared removals of nitrogen in CWs with the OFP Zantedeschia a. vs. typical plants of wetlands (Typha sp., Cyperus papyrus) corroborating similar removals (40–45 mg L−1) without finding differences. This highlights the importance, in terms of phytoremediation, that OFPs have added to their aesthetic and commercial value, as previously mentioned.



Some treatment mechanisms for pollutant and pathogen in CWs include sedimentation and filtration (for the removal of particulate organic matter, biological degradation), ammonification, nitrification, denitrification and plant uptake by nitrogen compounds, adsorption–precipitation reactions and plant uptake for phosphorus, sedimentation, filtration, predation for pathogens and sedimentation, filtration, adsorption, ion exchange, and precipitation and biological degradation through plants and microbiological metabolism for heavy metal removals [21,22,23,29,30,31].



Water in CWs is the vehicle for the entry and distribution of nutrients within the system, as well as a support for plant material and establishment of bacterial colonies. Its main function is to provide the necessary nutrients for the development and metabolism of bacteria, which has an impact on the processes of removal, biodegradation, and biotransformation of the substances that enter it [57].



The removal of pollutants showed are similar to those used in CWs with typical plants of natural wetlands [26,27,28], and similar to removals by conventional wastewater treatments [58,59], but without the need for electrical requirements or specialized labor. The main requirements in CWs include vegetation harvesting, flow control, clogging monitoring, and proper management of pretreatment systems.
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Table 1. Classification of publications regarding CWs using ornamental plants according to the three researchers detected with the co-occurrence map by VOSviewer (quantity of individual publications + collaborations among them).






Table 1. Classification of publications regarding CWs using ornamental plants according to the three researchers detected with the co-occurrence map by VOSviewer (quantity of individual publications + collaborations among them).





	
Study Title

	
Study Type

	
Ornamental Plants Used

	
Pollutant Removal (%)

	
Citation

	
Reference






	
Florentina Zurita Martínez (Total sum of studies: 25)




	
1. Performance of laboratory-scale wetlands planted with tropical ornamental plants to treat domestic wastewater

	
Experi-mental

	
Zantedeschia aethiopica, Anthurium andreanum, Strelitzia reginae, Hemerocallis dumortieri, Canna hybrids

	
COD > 75, BOD5 and TN > 70, TP > 66

	
65

	
[60]




	
2. Stress detection by laser-induced fluorescence in Zantedeschia aethiopica planted in subsurface-flow treatment wetlands

	
Experi-mental

	
Zantedeschia aethiopica

	
COD: 78, BOD5: 80, TN: 49, TP: 41

	
34

	
[61]




	
3. Treatment of domestic wastewater and production of commercial flowers in vertical and horizontal subsurface-flow constructed wetlands

	
Experi-mental

	
Zantedeschia aethiopica, Strelitzia reginae, Anturium andreanum, Agapanthus africanus

	
COD and BOD5: >80, TP >50

	
358

	
[62]




	
4. Seeking a way to promote the use of constructed wetlands for domestic wastewater treatment in developing countries

	
Experi-mental

	
Zantedeschia aethiopica, Anthurium andreanum, Strelitzia reginae, Hemerocallis dumortieri, Canna hybrids

	
COD: 80, BOD5: 78, TN: 73, TP: 50

	
55

	
[63]




	
5. Municipal wastewater treatment in Mexico: current status and opportunities for employing ecological treatment systems

	
Review

	
X

	
X

	
48

	
[64]




	
6. Preliminary study on the potential of arsenic removal by subsurface flow constructed mesocosms

	
Experi-mental

	
Zantedeschia aethiopica, Anemopsis californica

	
Arsénic: 79–91

	
40

	
[65]




	
7. Comparative study of three two-stage hybrid ecological wastewater treatment systems for producing high nutrient, reclaimed water for irrigation reuse in developing countries

	
Experi-mental

	
Zantedeschia aethiopica, Strelitzia reginae, Canna indica

	
TN: 20–57, TP: 0, E. coli: 99.9

	
74

	
[66]




	
8. Wastewater disinfection in three hybrid constructed wetlands

	
Experi-mental

	
Zantedeschia aethiopica, Strelitzia reginae

	
CF/E. coli.: 99.93–99.99

	
16

	
[67]




	
9. Performance of three pilot-scale hybrid constructed wetlands for total coliforms and Escherichia coli removal from primary effluent—a 2-year study in a subtropical climate

	
Experi-mental

	
Zantedeschia aethiopica, Strelitzia reginae, Canna indica

	
E. coli: 80–99.9

	
35

	
[68]




	
10. Efficiency of three hybrid wetland systems for carbamazepina removal

	
Experi-mental

	
Zantedeschia aethiopica, Iris sibirica, Thypha latifolia, Strelitzia r.

	
Carbamazepine: 36–60

	
9

	
[69]




	
11. Carbamazepine removal in three pilot-scale hybrid wetlands planted with ornamental species

	
Experi-mental

	
Thypha latifolia, Iris sibirica, Zantedeschia aethiopica

	
Carbamazepine: 59–63

	
50

	
[70]




	
12. Evaluation of three pilot-scale hybrid wetland systems for nitrogen removal.

	
Experi-mental

	
Zantedeschia aethiopica, Canna indica

	
N-NH4: 84, TN: 58

	
18

	
[71]




	
13. Nitrogen removal in pilot-scale partially saturated vertical wetlands with and without an internal source of carbon

	
Experi-mental

	
Strelitzia reginae

	
TN: 72–73

	
35

	
[72]




	
14. Addition of Corn Cob in the Free Drainage Zone of Partially Saturated Vertical Wetlands Planted with I. sibirica for Total Nitrogen Removal—A Pilot-Scale Study

	
Experi-mental

	
Iris sibirica

	
BOD5: 91–92, COD: 67,−75, TN: 66–68

	
1

	
[73]




	
15. Changes in the nitrification-denitrification capacity of pilot-scale partially saturated vertical flow wetlands (with corncob in the free-drainage zone) after two years of operation

	
Experi-mental

	
Iris sibirica

	
BOD5: 96, COD: 84, TN: 51–53

	
3

	
[74]




	
16. Capacity of two ornamental species (Iris sibirica and Zantedeschia aethiopica) to take up, translocate, and accumulate carbamazepine under hydroponic conditions

	
Experi-mental

	
Iris sibirica, Zantedeschia aethiopica

	
X

	
8

	
[75]




	
17. Resistance evaluation of Canna indica, Cyperus papyrus, Iris sibrica, and Typha latifolia to phytotoxic charafteristics of dilutes tequila vinasses in wetland microcosms

	
Experi-mental

	
Canna indica, Cyperus papyrus, Iris sibrica, Typha latifolia

	
X

	
1

	
[76]




	
18. Method for treating domestic wastewater through the use of ornamental plants

	
Experi-mental (patent)

	
Anthurium andreanum, Hemerocallis dumortieri, iris laevigata, pseudacorus, Lysichitum americanum, camtschatcense, Agapantus umbellatus/africanus

	
COD: 75, BOD5: 70, TP: 66

	
2

	
[77]




	
19. Ornamental plants

	
Book review

	
X

	
X

	
40

	
[44]




	
Luis Carlos Sandoval Herazo (21)




	
1. Effect of Canna hybrids in partially saturated constructed wetlands for swine water treatments

	
Experi-mental

	
Canna hybrids

	
COD: 66, TP: 23, CF: 62

	
9

	
[78]




	
2. Influence of light intensity on growth and flowering ornamental plants in constructed wetlands

	
Experi-mental

	
Lavandula sp., Anthurium sp., Zantedeschia aethiopica, Spathiphyllum wallisii

	
COD: 60–85,

	
0

	
[79]




	
3. Evaluation of the performance of vertical partially saturated constructed wetlands for sewage treatment swine

	
Experi-mental

	
Canna hybrids, Iris germánica

	
COD: 90, N-NH4: 78

	
11

	
[80]




	
4. Plant biomass production in constructed wetlands treating swine wastewater in tropical climates

	
Experi-mental

	
Typha latifolia, Canna hybrids

	
COD: 84, TN: 94, TP: 82

	
4

	
[81]




	
José Luis Marín-Muñiz (23)




	
1. Removal of wastewater pollutant in artificial wetlands implemented in Actopan, Veracruz, Mexico

	
Experi-mental

	
Typha spp.

	
BOD5: 80, N-NO3: 60

	
14

	
[82]




	
2. Constructed wetlands in Mexico for wastewater treatment, ornamental plant production, and water reuse

	
Review

	
X

	
X

	
29

	
[83]




	
3. Influence of different porous media and ornamental vegetation on wastewater pollutant removal in vertical subsurface flow wetland microcosms

	
Experi-mental

	
Zantedeschia aethiopica, Alpinia purpurata

	
BOD5: 80, N-NO3: 40, P-PO4: 40

	
23

	
[84]




	
4. Greenhouse Gas Emissions and Treatment Performance in Constructed Wetlands with Ornamental Plants: Case Studies in Veracruz, Mexico

	
Experi-mental

	
Alpinia p., Typha sp., Hedychium coronarium, Canna hybrids, Anturium a., Lillium sp., Zantedeschia a., Cyperus papyrus/alternifolius

	
N-NH4: 50, P-PO4: 61–81, TN: 47

	
2

	
[85]




	
5. Plant growth and pollutant removal from wastewater in domiciliary constructed wetland microcosms with monoculture and polyculture of tropical ornamental plants

	
Experi-mental

	
Alpinia purpurata, Hedychium coronarium, Canna hybrids

	
N-PO4: 68–80, N-NH4: 60–80

	
22

	
[54]




	
6. Evaluation of the growth of vegetation planted in artificial wetland: effect of planting position

	
Experi-mental

	
Canna hybrids, Typha sp., Sphatyphylum wallisii, Heliconia sp.

	
ND

	
1

	
[86]




	
7. Ornamental vegetation used in phytoremediation and its environmental, economic and social potential

	
Review

	
X

	
X

	
1

	
[87]




	
8. Environmental conditions for the optimal development of ornamental and phytoremedial plants

	
Experi-mental

	
Alpinia purpurata, Zingiber spectabile

	
N-NH4: 60, P-PO4: 72

	
1

	
[88]




	
9. The circular economy as a proposal for the reuse of swine sewage

	
Experi-mental

	
Canna hybrids, Cyperus alternifolius

	
COD: 59, TN: 50, TP: 39

	
1

	
[89]




	
Collaborations between F. Zurita, L.C. Sandoval, and J.L Marín-Muñiz




	
1. Influence of a new ornamental species (Spathiphyllum blandum) on the removal of COD, nitrogen, phosphorus and fecal coliforms: a mesocosm wetland study with pet and tezontle substrates

	
Experi-mental

	
Spathiphyllum blandum

	
COD: 78–81, P-PO4: 51–53

	
8

	
[90]




	
2. Effect of Spathiphyllum blandum on the removal of ibuprofen and conventional pollutants from polluted river water, in fully saturated constructed wetlands at mesocosm level

	
Experi-mental

	
Spathiphyllum blandum

	
COD: 72, TN: 39, TP: 63, and 71 ibuprofen

	
6

	
[91]




	
3. Partially saturated vertical constructed wetlands and free-flow vertical constructed wetlands for pilot-scale municipal/swine wastewater treatment using Heliconia latispatha

	
Experi-mental

	
Heliconia latispatha

	
COD: 82- 93, TN: 58–1, TP: 37–60

	
1

	
[21]




	
Collaborations between F. Zurita and L.C. Sandoval




	
1. Nitrogen removal from domestic wastewater and the development of tropical ornamental plants in partially saturated mesocosm-scale constructed wetlands

	
Experi-mental

	
Canna hybrids, Zantedeschia aethiopica

	
COD: 58–97, TN: 65–95, TP: 82

	
13

	
[92]




	
2. Treatment of swine effluent mixed with domestic wastewater and vegetation development in monoculture and polyculture horizontal subsurface flow wetlands

	
Experi-mental

	
Heliconia latispatha, Typha latifolia, Cyperus alternifolius

	
TP: 44–63, TN: 64–68, COD: 68

	
2

	
[93]




	
3. Development of Heliconia latispatha in constructed wetlands, for the treatment of swine/domestic wastewater in tropical climates, with PET as a substitute for the filter medium

	
Experi-mental

	
Heliconia latispatha

	
COD: 56, TP: 41, TSS: 55

	
2

	
[94]




	
Collaborations between Marín-Muñiz and Sandoval




	
1. Effects of the use of ornamental plants and different substrates in the removal of wastewater pollutants through microcosms of constructed wetlands

	
Experi-mental

	
Lavandula sp., Spathiphyllum wallisii, Zantedeschia aethiopica

	
BOD5: 58, P-PO4: 38, N-NO3: 40

	
65

	
[95]




	
2. Role of Wetland Plants and Use of Ornamental Flowering Plants in Constructed Wetlands for Wastewater Treatment: A Review

	
Review

	
X

	
X

	
107

	
[26]




	
3. Effect of ornamental plants, seasonality, and filter media material in fill-and-drain constructed wetlands treating rural community wastewater

	
Experi-mental

	
Canna indica, Pontederia sagittata, Spathiphyllum wallisii

	
COD: 82, N-NO3: 65, P-PO4: 68

	
21

	
[96]




	
4. Evaluation of wastewater treatment by microcosms of vertical subsurface wetlands in partially saturated conditions planted with ornamental plants and filled with mineral and plastic substrates

	
Experi-mental

	
Anthurium sp., Zantedeschia aethiopica, Spathiphyllum wallisii

	
BOD5: 55–70, N-NO3: 28–44, P-PO4: 25–45

	
24

	
[97]




	
5. Impact of ornamental vegetation type and different substrate layers on pollutant removal in constructed wetland mesocosms treating rural community wastewater

	
Experi-mental

	
Spathiphyllum wallisii, Hedychium coronarium

	
COD: 75–92, N-NO3: 41–45

	
22

	
[98]




	
6. Wastewater treatment by constructed wetland eco-technology: Influence of mineral and plastic materials as filter media and tropical ornamental plants

	
Experi-mental

	
Canna indica, Cyperus papyrus, Hedychium coronarium

	
COD: 91, N-NO3: 41, P-PO4: 54

	
32

	
[99]




	
7. Effects of Ornamental Plant Density and Mineral/Plastic Media on the Removal of Domestic Wastewater Pollutants by Home Wetlands Technology

	
Experi-mental

	
Alpinia purpurata, Canna hybrids, Hedychium coronarium

	
COD: 88, P-PO4: 27, N-NO3: 28

	
4

	
[100]




	
8. Environmental, economic, and social potentialities ofornamental vegetation cultivated in constructed wetlands of Mexico

	
Review

	
X

	
X

	
7

	
[28]




	
9. Bioelectricity Generation and Production of Ornamental Plants in Vertical Partially Saturated Constructed Wetlands.

	
Experi-mental

	
Zantedeschia aethiopica, Canna hybrids

	
BOD5: 98, P-PO4: 25

	
4

	
[46]




	
10. Wetlands with ornamental plants, filled with plastic reused as sustainable wastewater treatment

	
Experi-mental

	
Canna hybrids, Typha sp.

	
COD: 90–95, TSS: 50–70

	
2

	
[101]




	
11. Treatment wetlands in Mexico for control of wastewater contaminants: a review of experiences during the last twenty-two years

	
Review

	
X

	
X

	
1

	
[3]








Note: X= does not include these data. In the citation column, the numbers in bold are the top 5 of the most cited publications.











In Figure 4 and Table 1, the first question that guided this study is answered.



The main plants used by the authors of the largest studies on CWs with OFP include Canna hybrids (19 cases), Zantedeschia aethiopica (18 cases), Strelitzia reginae (8 cases), Iris species (8 cases), Spathiphyllum species (7 cases), and Anturium sp. (6 cases). The use of OFP combines the function of phytoremediation and landscape benefits of CWs. There are several landscape plants, however, only a few are utilized in CWs. Thus, future research should be aimed at increasing the public participation in the maintenance of CWs for their adoption and appropriation, which may lead to longer lifespans and environmental services. These data provided the second part of the answer to the second question that guided this study.



This review shows the feasibility to produce flowers and treat water at the same time with nature-based systems and ecological engineering like that of CWs. Thus, future studies conducted in order to evaluate the health of the plants and to discover if they are suffering stress from the flooding due to wastewater conditions, pests, degree of toxicity at different concentrations of wastewater, competition between species, or uses of vegetation of wetlands, are necessary.



It is important to highlight that macrophytes are the main source of oxygen in CWs through a process that occurs in the rizosphera zone called radial oxygen loss [102]. The plant roots are the house of many microorganisms, because they provide a source of microbial attachment [24] and release an excretion of carbon that contributes to the denitrification process, which increases the removal of pollutants in anoxic or anaerobic conditions [26,27].



Another mechanism of the plants in CWs is the reduction in the velocity of water flow, sedimentation, decreased resuspension, and uptake of nutrients. In the case of roots and rhizomes in the sediment, the physical effects include stabilizing the sediment surface, less erosion, nutrient absorption, prevention of medium clogging (in subsurface conditions), and improved hydraulic conductivity. Aerial plant tissue favors the light attenuation (reduced growth of photosynthesis), reduced wind velocity, storage of nutrients, and aesthetic pleasing appearance of the system [24,25,26,27,103].



On the other hand, it is important to know that the removal of organic matter in CWs is mediated by several microbial reactions, where the products of some of these reactions include greenhouse gases such as methane, carbon dioxide, and nitrous oxide [104]. However, some studies have revealed that these emissions are minimum in CWs, and the amount of OFP does not influence the methane (4.5–11 g m−2 d−2), nitrous oxide (0–2.3 g m−2 d−2), and carbon dioxide emissions (0.4–7.4) as these are affected mainly by the substrate and water flow [56,85,105].



A study in tropical conditions comparing GHG emissions in CWs planted with Zantedeschia aethiopica compared with the zones near the inflow planted with Typha sp. and Cyperus gigantus (native plants of natural wetlands), showed higher methane emissions in the zone with OFP. The authors related this with differences in the radial oxygen loss between the plant species [85].



Other studies in constructed wetlands treating heavy metals or different leachates [106,107,108,109] have also demonstrated the feasibility of using this eco-technology. This demonstrates the multiple pollutants that CWs can clean, and therefore, the use of OFP detected in this study as phytoremediators should now be investigated for all of these types of contaminants.





4. Conclusions


This study initially presents a bibliometric analysis regarding the use of CWs around the world. To this respect, China and USA are the countries with the most significant use of this technology. Subsequently, the use of ornamental plants in CWS is identified. It is worth emphasizing that Mexico is the leader regarding the number of publications on this topic.



The findings suggest that the most used ornamental flowering plants in CWs are Canna hybrids, Zantedeschia aethiopica, Strelitzia reginae, Iris species, Spathiphyllum sp., and Anturium sp. This may serve as the basis for further research on CW systems, principally in tropical and subtropical areas where these plant species are present. This study also revealed that such OFP have an excellent function in water purification with removals of organic matter that oscillate between 30–90%, heavy metals and drugs 30–70%, or about 99.9% in elimination of pathogens.



In addition, the bibliometric analysis revealed the main authors that use this technology with OFP. This will serve to carry out future collaborations with them as well as to continue promoting the use of this sustainable technology and taking advantage of the circular economy. Thus, new studies conducted to evaluate the health of the plants and their artisanal uses are necessary, as well as the integration of decision makers, creators of public policies, and communities in the construction and operation of CWs, which is an emerging need.
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Figure 1. Word cloud of names used for wastewater treatment with ecological engineering systems. 
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Figure 2. Publications on CWs by countries during 2000–2023 around the world. 
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Figure 3. Researcher collaboration co-occurrence map on CWs studies during 2000–2023 around the world. 
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Figure 4. Network visualization of the main countries in the investigation on wastewater treatment with CWs and ornamental plants. 
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Figure 5. Researcher collaboration co-occurrence map regarding studies on CWs with ornamental plants during 2000–2023 (a), and during 2018–2023 (b). 
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