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Abstract

:

The importance of green technologies is steadily growing. Salt-tolerant plants have been proposed as energy crops for cultivation on saline lands. Halophytes such as Salicornia europaea, Tripolium pannonicum, Crithmum maritimum and Chenopodium quinoa, among many other species, can be cultivated in saline lands, in coastal areas or for treating saline wastewater, and the biomass might be used for biogas production as an integrated process of biorefining. However, halophytes have different salt tolerance mechanisms, including compartmentalization of salt in the vacuole, leading to an increase of sodium in the plant tissues. The sodium content of halophytes may have an adverse effect on the anaerobic digestion process, which needs adjustments to achieve stable and efficient conversion of the halophytes into biogas. This review gives an overview of the specificities of halophytes that needs to be accounted for using their biomass as feedstocks for biogas plants in order to expand renewable energy production. First, the different physiological mechanisms of halophytes to grow under saline conditions are described, which lead to the characteristic composition of the halophyte biomass, which may influence the biogas production. Next, possible mechanisms to avoid negative effects on the anaerobic digestion process are described, with an overview of full-scale applications. Taking all these aspects into account, halophyte plants have a great potential for biogas and methane production with yields similar to those produced by other energy crops and the simultaneous benefit of utilization of saline soils.
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1. Introduction


The increase in global population and living standard has caused an increase in the demand for food, energy, soil and water, among other resources, and has led to an overexploitation of natural resources. Crop production globally suffers severe constraints as arable lands are diminishing because of soil salinization as well as freshwater scarcity due to the lack of precipitation and improper water resource management practices by the users. Salt-affected soils occur on all continents and under almost all climatic conditions. Approximately 43% of the land mass of earth is arid or semi-arid and 98% of its water is saline. Worldwide, over 800 million hectares are affected by salinity, 20% of the 230 million hectares of prime irrigated agricultural land has become saline and the salinity threat is inching into arable lands [1].



Most salt-affected soils are found in arid and semiarid regions compared to humid regions. Salinization of agricultural land affects a considerable area of irrigation projects. Currently, salt is degrading 20% of the world’s irrigated land and causing economic losses of around US$ 27.3 billion per year, according to the assessment from the United Nations University [2]. This leads to investigation and promotion of environmentally sound practices and techniques to avoid further salinization, as well as research and use of salt-tolerant plants (halophytes) to produce food, feed and other marketable products, including renewable energy from biomass.



Halophytes have a substantial potential to restore salt stressed lands and in phytosanitation or phytoremediation of contaminated soils [3]. Saline land areas or marginal zones are rich in halophytic vegetation, which can thrive in high salinity environments. Dissimilar to glycophytes that are unable to ideally grow even in low salinity levels, halophytes can grow and complete their life-cycle in a salt concentration of at least 200 mM NaCl [4], and some of them need salt for optimal growth (true halophytes). Therefore, they are potentially ideal candidates for bioenergy crops from saline soils. Halophytes can also be supplied with seawater without jeopardizing their biomass or seed productions, ultimately ensuring food security in several saline affected land areas, and the residues can be used for biogas production. Consequently, cultivation and valorization of halophytes is gaining developing recognition, more specifically in arid areas in which short supply of freshwater drives people to use marginal resources like brackish water. Hence, the cultivation of halophytes may be beneficial due to them being more economical to cultivate as well as being generally copious on saline soils. Furthermore, the sustainable processing of halophytic biomass to attain a wide range of marketable food and feed ingredients, high-value bio-based/bioactive products and bioenergy (biofuels, power and/or heat) allows for the optimum potential utilization of all viable feedstock components considering the availability of efficient methods of conversion and valorization [5].



In this context, biogas production from halophyte plants or their residues after processing of other valuable products offers an environmentally sound process combining production of renewable energy from biomass with recycling of plant nutrients and humus. Furthermore, biogas technology is a versatile technology that can be applied to a variety of biomass resources, in mono- or co-digestion and at different scales, from single households and farms to industry scale. Through this review paper, we would like to give an overview on the potential of using halophytes for biogas production—either directly or after pre-processing—and to identify further routes to establish widespread application of this technology to treat biomass from saline soils.




2. Natural Habitats of Halophytes, Their Role and Adaptive Mechanisms


2.1. Natural Habitats of Halophytes


Salt-tolerant plants or halophytes are plant species that were adapted over a long evolutionary time to thrive and prosper in saline conditions. They are defined as plant species that complete their life-cycle in a salt concentration of at least 200 mM NaCl [4]. Halophytes occur all over the world in different ecosystems, ranging from pristine alkaline semi-deserts and mangrove forests, through semi-natural meadows and pastures, to man-made habitats. They can be found in irrigated arable lands with poor drainage in the tropics, sand and cliff shorelines in the tropics, salt deserts and semi-deserts, kelp forests and beds, salt marshes, salt lakes and salt steppes, isolated inland saline grasslands and other zones polluted with NaCl and CaCl2 during deicing [6]. Many of the habitats occupied by terrestrial halophytes are not only saline, but are also prone to flooding, whereas others rarely flood [7]. Further halophyte domestication will lead to establishment of completely new, artificial agro-ecosystems to yield fodder, fiber, food and fuel, and other purposes such as phytoremediation, among others (Table 1). Halophytes represent about 2% of the world angiosperm species. Of the total halophytic species, 57% come from just 13 families. The Amaranthaceae family (now including the former goosefoot family Chenopodiaceae) has the largest number of halophyte species; over half of its 550 species are salt-tolerant. The families Poaceae, Fabaceae and Asteraceae also include a large number of halophytes, although they represent fewer than 5% of the species in these families [8]. Salt-tolerant species such as Spartina alterniflora Loisel., Plantago spp., Triglochin spp., Sporobolus viginicus (L.) Kunth, Salicornia spp., Atriplex canescens (Pursh) Nutt., Suaeda maritima (L.) Dumort, Batis maritima L., Tripolium pannonicum and Chenopodium quinoa Willd., among many others, have been reported [8,9].




2.2. Salt Adaptation Mechanisms


Salt-tolerant plants are highly evolved and specialized organisms with specific physiological and morphological characteristics, allowing them to grow in saline soils. This remarkable tolerance is complex since it is determined by a number of factors, specific for each particular species [43]. Halophytes can be classified according to their mechanism to tolerate salts, that is, halophytes can be salt excluders having an ultrafiltration mechanism in their root system, salt excreting in which internal salinity levels are regulated via foliar glands and/or salt accumulators that permits the plant to accumulate high salt contents in their cells and tissues and subdue salt toxicity by developing succulence [14]. Some adaptation mechanisms can include blends of, but not limited to, salt exclusion, excretion, succulence, transport and compartmentalization [44]. Salt avoidance involves structural and physiological adaptations to minimize salt concentrations in the cells or physiological exclusion by root membranes [45]. Water potential plays an important role in the halophyte cells, which has to be lower within than outside the plasmalemma to retain cellular water and the necessary osmotic adjustment is achieved mainly by Na and C1 ions [46]. Na+ and Cl– are largely compartmentalized in vacuoles in halophytic plants [47], which contain 90% or more of cell water. Na+ must be actively pumped into the vacuole from the cytoplasm and it appears to be mediated by Na+/H+-antiporters in the tonoplast, working together with H+-ATPases and perhaps PPiases, which provide the proton motive force [8]. Nevertheless, excessive ion content in the cytoplasm should be avoided and this is apparently achieved by mechanisms that regulate K+/Na+ selectivity. Some genes may also be involved in salt tolerance in halophytes such as the plasma membrane H+-ATPase gene [48]. The water potential in the cytoplasm of halophytic plants is also adjusted by the accumulation of organic solutes [8]. Some halophytes accumulate proline as a nontoxic and protective osmolyte under saline conditions [49]; additionally, ascorbate, phenols, flavonoids and total antioxidant capacity can be increased under saline conditions [50].



As stated before, ion accumulation is an important adaptation mechanism of several halophytes. According to Flowers and Colmer [4], halophytes have measurably high Na+ intake and transport in order to sustain its water potential gradient and osmotic pressure needed for water intake. Commonly, in salt-tolerant plants, the measurable abundance of ions follows the order Na+ >K+ > Mg2+ > Ca2+ and Cl− > SO42− [44]. These findings were similar to those reported by Akinshina et al. [51], where salt accumulation in dry material varied from 14–49% in seven different halophytes. In fact, Saliconia europaea agg. contained the largest amounts of mineral compounds mainly Na+ and Cl−. It was also observed that the accumulation of salts varied by season.





3. The Potential Use of Halophytes


3.1. Valuable Ingredients and Products of Halophytes


In addition to the marketable value of the whole plant, halophytes contain important ingredients, such as flavors, fragrances, essential oils, resins, gums, oils, pharmaceuticals and fibers [52,53], that make them even more profitable. Halophytes such as Tripolium pannonicum (Jacq.) Dobrocz, Plantago coronopus L., Lepidium latifolium L. and Salicornia spp. have been reported as having high potential as functional foods or for the supply of nutraceuticals [50]. However, changes in the metabolic profile during exposure to salinity are dependent on the genus, species, cultivar, stress conditions and developmental stage of the plants [50,54,55]. Sub-optimal environmental conditions are likely to cause stress in plants, and thus, there is the potential to manipulate metabolic changes through the growing conditions. Boestfleisch et al. [50] pointed out that among the species studied, the halophytes Tripolium pannonicum, Plantago coronopus, Lepidium latifolium and Salicornia europaea demonstrated the most potential as functional foods or nutraceuticals. Other species, such as Tetraena alba (L.f.) Beier & Thulin (synonym Zygophyllum album), Crithmum maritimum L. and Cakile maritima Scop., have also been reported as potential oilseed halophytes [56].



Seeds of several halophytes contain appreciable quantities of edible oil ranging from 22% to 25% [57]. According to Weber et al. [57] the average of the fatty acid composition in seed oil of several halophytes was 84% unsaturated and 16% saturated, which is a favorable percentage ratio. The oilseed halophyte Salicornia bigelovii Torr., a highly salt-tolerant annual halophyte, yields 2 t/ha of seed containing 28% oil and 31% protein, similar to soybean yield and seed quality with unsaturation degree comparable to oils from conventional oil seeds [58]. Seeds of Cakile maritima and Crithmum maritimum are also rich in oil (up to 42% and 30% of the seed fresh weight (FW), respectively); similar to olive oil, the fatty acid composition of Crithmum maritimum seeds is characterized by a high level of oleic acid (81%) [56]. Some studies have shown that some halophytes, when grown in saline environments, can increase the concentration of interesting compounds. For example, Yajun et al. [59] pointed out that the species Descurainaia sophia (L.) Prantl collected from saline soil (0.4% NaCl) contained higher amounts of linolenic acid in their seeds as compared to plants originating from non-saline soil (<0.1% salt) (53.7% and 36% linolenic acid, respectively). Environmental stresses such as increased salinity often trigger a significant oxidative stress in plants, generating the formation of reactive oxygen species (ROS), which may cause cellular damage. Plants overcome this by enhancing biosynthesis of osmotically active metabolites, specific proteins and antioxidant compounds [9,53,60]. In this regard, in many halophytes, a positive correlation among increasing salt concentration in the medium and increasing contents of secondary metabolite production has been observed [9]. For example, Nitaria retusa (Forssk.) Asch showed an increasing phenol and flavonoid contents with increasing salinity (0 to 800 mM NaCl), whereas the leaf phenol content of Atriplex halimus L. was maximal in presence of 100 mM NaCl [61]. In addition to their role as antioxidant, polyphenols exhibit a wide spectrum of physiological properties, such as anti-microbial, anti-artherogenic, anti-allergic, anti-thrombotic, anti-inflammatory, cardio-protective and vasodilatory effects [62]. For example, the halophytes Eryngium maritimum L., Crithmum maritimum and Cakile maritima have shown antioxidant and antimicrobial activities [63], which could be used as natural food or cosmetic preservatives. The authors found that Crithmum maritimum exhibited the highest total phenol content and ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) radical scavenging activity. However, the antioxidant capacity of plants (including total phenols, flavonoids, ascorbate, reduced/oxidized glutathione and reactive oxygen species scavenging enzymes) can be manipulated by altering the saline growing environment, the length of time under saline cultivation and the developmental stage [50]. Besides environmental factors, plant growth stage plays an important role in the concentration of secondary metabolites. Several studies on different halophytic species including Mesembryanthemum crystallinum L., Crithmum maritimum and Limonium densiflorum (Guss.) Kuntze found that the concentration of phenolic compounds and flavonoids is highest in the flowering period [64,65,66]. For full valorization of halophytes, these valuable ingredients should be separated up-stream by fractionation and extraction processes and subsequent biochemical and thermal conversion processing of halophytes. This can be realized through a biorefinery process design to yield all valuable ingredients. In this set-up, biogas production can be an integrated treatment to exploit the energetic and nutrient value of the residues in a zero-waste regime with recycling of process water.




3.2. What Makes Halophytes Interesting as a Biomass Resource for Biogas Production?


Anaerobic digestion (AD) of plant material is generally regarded as a sustainable method to exploit the energetic value of organic matter with simultaneous nutrient recycle when using the digestate as fertilizer. Especially when treating agricultural residues and livestock waste in biogas plants, the reduction of CO2 emissions is two-fold by: (1) producing renewable energy to replace fossil-based energy resources and (2) reducing greenhouse gas (GHG) emissions that are released without AD treatment.



Land and water resources are limited, thereby creating frictions and competition for these limited resources, and raising concerns about food security. Biofuel production, except when based on agricultural residues and waste, requires land; therefore, it competes with other economic and agriculture activities, urbanization and with some environmental objectives, especially the protection of biodiversity and carbon sequestration [67]. Currently, the amount of land devoted for growing crops for energy purposes is only 0.19% of the world’s total land area and only 0.5–1.7% of global agricultural land [68]. With increasing production of energy crops, however, the amount of available land for food crops and the supplied quantity of grains, as is the case of maize, will decrease; therefore, the quantity demanded for basic grains rises, combined with an increase in prices [67]. From a sustainability perspective, the use of crops such as maize for biogas production requires land, and thereby, may be in competition for food and feed production and might lead to indirect land use changes (ILUC) and distortion of food prices, as stated before. Consequently, crop-based biogas production that was established earlier in countries such as Germany for example [68] is no longer supported, and biogas plant operators are looking for new feedstocks with a high biogas yield of which the use is environmentally sound; halophyte plants and their residues could fill this gap.



Based on this, biomass from energy crops is one important factor for biogas production. As mentioned above, land and water are limited resources; consequently, the biomass obtained from energy crops depends in part on land and water availability. Therefore, new cultivation techniques and the use of other potential crops to exploit areas that are not suitable for traditional crops (coastal areas, saline soils) are necessary. Furthermore, due to the perennial life span of many halophytes, it allows harvesting for several years without reseeding while maintaining high biomass production with adequate lignocellulosic properties [1,69]. As biogas production is a tailored process to exploit the energetic value of halophytes plants grown on saline soils on the one hand, the range of feedstocks for biogas plants would be broadened.





4. Cultivation of Halophytes for Biogas Production


The increased demand and scarcity of food, which inevitably means an increase in food prices, arises partially due to new demands on agriculture for biomass as feedstock in biogas production. Scarcity of these resources is exacerbated as demand increases mainly due to industrial uses, an increase in population and use in the production of biofuels [70]. Besides this, there are other causes that can decrease the availability of these resources such as climate change. This brings us to exploit renewable energy using sustainable systems, and thus, the preservation of resources for future generations is guaranteed. In order to use a sustainable system, avoiding the competition between food crops and energy crops, biomass from halophyte plants has a high potential for biogas production. In this context, marginal land and saline water resources could be used to cultivate plants for biogas production.



The development of AD of biomass greatly increased as biogas continues to be perceived as a renewable and viable energy source. The feedstock used in conventional technologies were first-generation food crop biofuels derived from starchy grains, wheat and maize, though other sources are also possible. Therefore, to mitigate this food vs. biofuel dilemma, researchers have started to focus on agricultural residues, organic waste and biomass that grows on inedible food or lignocellulosic biomass such as halophytes or non-halophytes to make second-generation biofuels [3]. In addition, the increase in salinization of arable lands and continued depletion of limited freshwater resources is a major constraint for the sustainable production of agriculture as stated above. This vast amount of unused degraded niche saline-affected lands can be used for cultivating feedstocks that can grow under saline conditions [71], which will in turn spare arable lands and waste resources for traditional agriculture. For this reason, halophytes are an ideal candidate for biofuel production due to its ability to grow, reproduce and thrive under high saline conditions, with desirable lignocellulosic composition, mostly perennial and probable rehabilitation of the salt-affected lands.



There are a number of annual and perennial species among halophytes that are able to grow in highly saline environments, such as Chenopodium quinoa, Tripolium pannonicum and Salicornia spp. (Figure 1), among many other species, as described above (Table 1).



These halophytes can also be cultivated in Constructed Wetlands (CWs) to treat wastewater, in hydroponics or in aquaponics [72], and the biomass has a great potential for the production of biogas (Figure 2). It was experimentally shown that some halophytes have a great potential for extracting inorganic contaminants from wastewater, such as nitrates and phosphates [9]. Some other species, such as Tripolium pannonicum and Chenopodium quinoa, among others, have been used for biodegrading xenobiotics in hydroponics and their biomass was used to produce biogas [73,74]. However, for the production of biogas, it is important to take into account the composition of the biomass, which can vary depending on the species, cultivation method and climatic conditions, among others.




5. Halophyte Composition


While during evolution halophyte plants adaptive mechanisms were evolved to grow at high salinity levels, the high salt uptake in the plant tissue and salt concentration of the adsorbed water may lead to adverse effects in the processing of halophyte biomass for biofuel production. This can be, for example, by inhibiting the enzymes and microorganisms involved in hydrolysis and fermentation processes and by accelerating the corrosion of process equipment [70]. This way, the accumulation of inorganic salts in the halophyte plants can interfere both thermochemical and biochemical conversion to produce biofuel. Many halophytes collect high salt concentrations in their shoots. As a mechanism to adapt to high saline conditions, some halophyte species store or accumulate excess salt in their tissues or organs, as stated before, while others may develop techniques to exclude salts. Perhaps the halophytic species that discharge salt can be a better alternative as the inorganic content of the biomass produced from accumulators may lead to fouling problems [3]. In addition, the salinity level tends to influence the composition of the organic matter in the plant tissues, i.e., the content and structure of carbohydrates, proteins, lipids and lignin [73]. Moreover, the content of these different organic compounds determines the degradability and the specific biofuel yield of the halophyte biomass in subsequent fermentation processes. Consequently, the composition analysis of halophyte biomass is crucial to evaluate the suitability and the potential of a specific halophyte plant for biofuel production. Furthermore, the chemical composition varies significantly with the plant fractions, i.e., stems, pods, seeds and roots. Therefore, a composition analysis of the different plant fractions maybe necessary.



5.1. Organic Matter Content


The organic matter or volatile solids (VS) content of halophyte biomass ranges from 51–86% on dry matter (DM) basis [51,73,74], indicating an up to 49% high share of minerals and salts in the ash fraction of the DM. The organic matter and ash content, respectively, arethereby influenced by the salt concentration under cultivation of the halophyte plant as analyzed for example for the aboveground biomass of Chenopodium quinoa with a decreasing content when using a growth medium with a higher salinity concentration [74].




5.2. Ash Content


Many halophytes can accumulate different quantitative amounts of salts/ions due to their variations in the way the plant utilize salts or rate of uptake/accumulation into the plant tissues or surfaces. Therefore, it is ideal to identify the mineral content of the biomass. According to Akinshina et al. [51], who investigated seven different halophyte biomasses with a conventional grass, they contain 14–49% mineral content (structural ash) based on the dry matter. Following their findings, Salicornia europaea contained the highest ash content of 49%. It is undeniable that halophytes contain very high concentrations of ash, as contrasted with conventional grass, which contains approximately 5–10% mineral content in dry material mainly due to their selective uptake of mineral ions as a mechanism of adaptation in saline environments [51,71,73,74,75,76,77]. As reported by Akinshina et al. [75], there were variations in ash content of the investigated wild and cultivated halophyte plants in different seasons of the year. The total ash content is directly proportional to the salinity. This is reflected in findings from Turcios et al. [73] and Turcios et al. [74], where cultivating halophytes under different salinity showed an increase in both crude ash and structural ash content with increasing salinity. As stated in Cybulska et al. [76], a large portion of initial ash content in the raw Salicornia bigelovii plant was in the form of extractable ash, as irrigating the biomass with saline water showed more salt deposits on the plant surface than being incorporated within the plant matrix. Moreover, the stem fractions of Salicornia bigelovii contained less structural ash, 2–8%, as compared to its seed spikes, 5–14%. Conclusively, stems contained less ash both on the surface and incorporated in the plant matrix when compared to pods [76,78].




5.3. Lignocellulose Content


Halophyte biomass cultivated from their native environments, inland and coastal salt marshes contained 9–37% cellulose, 11–39% hemicellulose and 2–10% lignin based on the dry matter of the aerial fractions of the plant [1,79]. However, the lignocellulosic contents were significantly lower in hydroponically grown halophyte biomass. For instance, on a dry matter basis, Turcios et al. [73] reported the aerial fractions of Tripolium pannonicum grown under 0, 15 and 30 g L−1 NaCl contained 6.7, 1.8 and 2.2% cellulose and 5.7, 8 and 9.5% hemicellulose, while Turcios et al. [74] reported in dry crop residues of the aerial part of Chenopodium quinoa 16.6, 19.1 and 17.4% cellulose and 9, 8.9 and 10.1% hemicellulose in plants cultivated with 0, 10 and 20 g L−1 NaCl, respectively.




5.4. Carbohydrate Content


The content of cellulose, hemicellulose and other sugar polymers in halophyte biomass is typically analyzed by determining the content of monomeric sugars released after acid hydrolysis of the biomass material. While glucose, a C6 sugar, is the only constituent of cellulose, hemicellulose can be composed of C6 and C5 sugars: such as glucose, xylose, arabinose, galactose, mannose and rhamnose. According to Brown et al. [78], the stem fraction of Salicornia bigelovii had a higher carbohydrate content, of 31–56%, compared to seed spikes, 16–23%, based on the dry matter content, when cultivated at different fertilizer and salinity levels. In both stem and seed spike fractions, cellulose concentration was higher than hemicellulose. Likewise, seedless Salicornia bigelovii cultivated under 40 g L−1 NaCl and 1–2 g N m−2 fertilizer had a carbohydrate content of 19–26%, with cellulose having the highest share, while the carbohydrate concentration in the stem fraction was 32–56% [76]. Brown et al. [78] showed that cultivating at low salinity (10 g L−1 NaCl) and medium fertilizer grade (1.5 g N m−2) contained highest carbohydrate in stem fractions. Similarly, the dry crop residue of Chenopodium quinoa contained the highest content of carbohydrates when grown under 10 g L−1 NaCl [74] while Turcios et al. [73] reported that the aerial parts of Tripolium pannonicum had the highest carbohydrate content when cultivated under 0 g L−1 NaCl.




5.5. Lignin Content


The lignin content, determined as the residual part of the lignocellulosic fraction of the halophyte plant after sugar extraction, has generally been found to be notably lower in the aerial fraction of naturally grown halophytes compared to cultivating under controlled conditions of salinity and fertilizer grades [76,78]. For instance, Brown et al. [78] reported a higher Klason lignin content, of 10–17%, in the stems of Salicornia bigelovii as compared to the seed spikes (pods), 5–9%, when cultivated under different salinity:fertilizer concentration ratios. High salinity was correlated to lower lignin content, particularly in the pod fractions of Salicornia bigelovii. It was observed that stems contained significantly more lignin than pods at higher salinity [76]. Inconsistently, seedlings of Salicornia bigelovii grown under 40 g L−1 NaCl and 1–2 N g m−2 contained 6.8% lignin, well within the range of lignin content of naturally grown halophyte biomass [77].




5.6. Extractives


Brown et al. [78] and Cybulska et al. [76] studied the extractives from stem and seed spikes of Salicornia bigelovii which were subjected to water extraction followed by ethanol extraction using a Soxhlet apparatus. The composition varied depending on biomass fraction and salinity. According to Cybulska et al. [76], based of dry material, Salicornia bigelovii seed spikes had the highest extractive content, between 54–67%, roughly double the amount contained in stem portions, which was 26–44%. This trend was also similar following the research of Brown et al. [78]. Salinity was found to have a significantly positive influence on extractive contents in both fractions of the Salicornia bigelovii biomass. However, salinity considerably influenced extractive contents that was determined using ethanol extraction, but had no influence on water extractives. On this account, water soluble extractives composition relies solely on biomass fraction, while ethanol extractives content was influenced by both the biomass fraction and salinity [76].





6. Conversion of Halophytes into Biogas


6.1. The AD Process of Halophytes


Anaerobic digestion of organic matter involves a sequence of conversion phases that are mediated by consortia of microorganisms that work in synergy in the absence of oxygen to degrade organic macromolecules, to produce methane and carbon dioxide, along with trace quantities of other gases such as hydrogen sulfide. In the initial hydrolysis phase, insoluble complex organic macromolecules such as carbohydrates, protein and fats are hydrolyzed into soluble monomers (sugars, fatty acids and amino acids) by extracellular enzymes excreted by hydrolytic bacteria. In the following acidogenesis stage, the soluble monomers are further broken by acidogenic bacteria into volatile fatty acids (VFA), with acetic acid being the predominant intermediate, as well as carbon dioxide and hydrogen. Other fatty acids are eventually also converted into acetic acid, hydrogen and carbon dioxide. These compounds are finally converted into methane and carbon dioxide by acetoclastic and hydrogen-utilizing methanogens, respectively [80,81]. However, the conversion of halophytic biomass into biogas depends on its composition. Therefore, it is essential to establish the chemical composition and mineral concentration of the biomass to be used in AD, as it may have an inhibitory effect on due to variation in lignin content and concentration of metals such as Na, K and Mg, which can also inhibit microbial activity [69,79]. Evidently, the AD of halophyte biomass for biogas production is deemed a profitable process from an economical and environmental perspective. There are copious amounts of benefits using halophyte biomass to produce biogas in arid saline-affected lands; for instance, no competition for land or fresh water uses in these regions and low resource costs. Although halophytes can be converted to safe energy by AD, there exist some unfavorable factors which can affect biogas production.




6.2. The Biogas Potential of Halophytes


The AD process is well-established for the conversion of agricultural residues, food waste, animal slurry and other organic waste into biogas, which can be directly used as renewable fuel for combined heat and power (CHP) generation or—as biomethane after upgrading—be injected into the natural gas grid. Generally, biogas/biomethane yields are expressed in terms of mL g−1 volatile solids (VS), which reflects the yield of biogas/biomethane per g of VS, the organic matter fraction of total solids (TS) that can be maximally degraded. Numerous biomass species and biomass residues have been evaluated and proved feasible for their biogas/biomethane production, such as, clover, cereals, maize and sunflower, though other sources are also possible. However, there is limited research on the biogas production potential of halophytic biomass. In principle, it would be an advantageous source of feedstock for biogas production in saline arid lands, as these plants are able to optimally thrive in high-salt conditions and absorb substantial quantities of salt, and thus, provide an avenue for the remediation of saline lands. In fact, salt-tolerant plants will not contend with traditional crops for land and water reserves in those regions.



Yang et al. [79] produced biogas at a yield of 358 mL g−1 of organic solids or volatile solids (VS) with aboveground biomass of Spartina alterniflora through AD (60 d, 35 °C and 1 atm). However, based on the elemental composition of Spartina alterniflora, the theoretical biogas yield was calculated at 795 mL g−1 VS. Hence, based on this theoretical value, only 45% biodegradability was achieved from the AD experiment. It was suggested that upon analysis of cations, the sustained concentrations of K+ and Mg2+ ions may have caused inhibitory effects during AD. Spartina alterniflora was also found to contain a high lignocellulosic content: 10% lignin, 30% hemicellulose and 34% cellulose on a dry basis [79,82]. Therefore, the hydrolysis of the lignocellulosic material content, which accounts for about 74% of the gross quantity, can be viewed as the rate-limiting step in the AD processes of this halophyte.



Similarly, Chen et al. [82] investigated the biogas yield of Spartina alterniflora, sampled from the same region as Yang et al. [79], but in a later season under varying organic loadings of the batch reactors. Biogas yields of 290 and 299 mL g−1 VS were achieved at an initial loading of 4%VS and 6%VS, respectively, while the yield decreased to 253 mL g−1 VS at a loading of 8% VS. The lower biogas yields of Spartina alterniflora compared to 358 mL g−1 VS found by Yang et al. [79] are presumably due to the maturity of the halophyte plant with a lower content of easily degradable organic matter.



The assessment of biogas potential from AD of wild or cultivated halophytes plants were investigated by Akinshina et al. [75] in a series of batch-test and continuous mode experiments. The highest biogas yields from the investigated halophyte plants were from Suaeda paradoxa (Bunge) Bunge, Atriplex saggitata (Borkh) and Karelinia caspia (Pall.), with values of 277–398 mL g−1 DM, 291–366 mL g−1 DM and 257–358 mL g−1 DM, respectively, under mesophilic conditions. These species contained, on a dry matter basis, about 736 mg g−1 VS, 765 mg g−1 VS and 795 mg g−1 VS, respectively, which were the highest organic fractions observed, and also contained the least amounts of mineral ions accumulated in their biomass. It was anticipated within this study that the halophyte with the highest biomass yield, Salicornia europaea agg., will exhibit the highest biogas yield, but in reality, it demonstrated the lowest biogas yield. High sodium and sulfate content present in the halophyte species investigated caused drawbacks in the production of biogas. Likewise, according to Akinshina et al. [71], the variation in the anaerobic degradation of halophytic biomasses are related to variations in the concentration of nutrients and some chemical compounds that are deemed inhibitory for AD. Furthermore, the differences in anaerobic decomposition can also relate to the variation in lignin content and due to its recalcitrant nature, which is considered to be non-degradable in anaerobic conditions [71,83].



The biogas and methane potential of different halophyte species grown under hydroponic conditions using different concentrations of NaCl and artificial seawater were also investigated under AD [73,74]. The halophyte, Tripolium pannonicum, achieved the highest specific biogas yield grown under non-saline conditions of 476 mL g−1 VS, whereas the highest specific methane yield was obtained from plants grown under 15 g L−1 and 22.5 g L−1 sea salt of 309 mL g−1 VS and 313 mL g−1 VS. Tripolium pannonicum obtained higher specific biogas and methane yield grown with 30 g L−1, with an average of 554 mL g−1 VS and 347 mL g−1 VS, respectively [73]. Similarly, Chenopodium quinoa was cultivated with varying concentrations of NaCl and evaluated for specific biogas and methane yield on a fresh biomass and dry material basis. Based on fresh biomass, the highest specific biogas and methane yield was achieved with plants grown at 20 g L−1 NaCl with 470 mL g−1 VS and 305 mL g−1 VS, respectively. Likewise, based on dry matter, cultivation with 20 g L−1 NaCl obtained both the highest specific biogas yield of 459 mL g−1 VS and methane yield of 289 mL g−1 VS [74]. The biogas yields from this halophytic species are higher in comparison with many other conventional crops, which show the favorability of using of this halophyte species for biogas production. For instance, Scarlat et al. [84] reported an average specific methane yield of 250–450 mL g−1 VS from maize silage, 200–250 mL g−1 VS from straw, 300–450 mL g−1 VS grass and 230–380 mL g−1 VS from sugar beet. In the same direction, Amon et al. [85] reported an average specific methane yield of 398 mL g−1 VS from maize, 140–343 mL g−1 VS from wheat, 128–392 mL g−1 VS from different grasslands and 428–454 mL g−1 VS from sunflowers in the first harvest. In essence, based on specific biogas/methane yields in conjunction with desirable cellulose/hemicellulose and low lignin content, halophytic biomass is an optimal candidate for energy exploitation (Figure 3).




6.3. Inhibiting Effects of Halophytes on the AD Process


The efficiency of the AD process is steered by many pivotal parameters. Hence, it is essential to provide suitable conditions for anaerobes. Growth and activity of anaerobe microorganisms is considerably affected by parameters such as pH value, absence of oxygen, constant temperature, C/N ratio, ammonia, macro- and micronutrients and toxic compounds [81]. Particularly, the acid-producing bacteria and methanogens in the anaerobic digestion pathway vary significantly with respect to nutritional requirements, growth kinetics, physiology and sensitivity to environmental conditions. Inability to preserve the balance amongst these two groups of anaerobic microorganisms is the principal source of instability in reactors [89]. An array of inorganic and organic substances has been reported to be inhibitory or toxic in the process of AD. A substance could be deemed toxic when it creates an unfavorable shift in the population of microorganisms or inhibition of the growth of the microorganism. This is usually identified by a reduction of the steady-state rate of CH4 yield and organic acid accumulation [89].



The application of the AD process to saline biomass will broaden the industrial use of halophytes for biofuel production. The AD of halophytic biomass has many challenges that demands attention before the integration of this process can be valorized in the halophyte industry. One unambiguous challenge encountered in the AD of halophytic biomass is the associated high salinity within the cells and tissues of the biomass.



The effects of salinity on AD are clearly established [89,90,91]; it is indicated that for sodium, which is considered the main inhibiting element of the light earth metals, with a concentration ranging between 3.5–5.5 g L−1, AD can moderately inhibit methanogen microorganisms. McCarty [91] later investigated this inhibitory concentration of sodium and suggested an increase to 8.0 g L−1 Na can cause a strong inhibitory effect on the methanogenic bacteria at mesophilic conditions. In light of their findings [92], the light earth metals are required in very minimal concentrations for the metabolism in bacterial cells, and on the other hand, above optimal concentrations, they can be severely toxic to methanogenic bacteria. Many researchers studied the effects of the cations Na+, K+, Ca2+, Mg2+ and NH4 [92,93]. These early research findings indicated the monovalent cations were more toxic or the same in toxicity to divalent cations based on molarity. Furthermore, according to their results, the inhibition on biogas production due to sodium concentration depends of the antagonistic/synergistic effects between elements. Consequently, it is essential to establish the elemental content of the halophytic substrates and to analyze its effect on biogas/biomethane yield. According to several studies, increasing sodium concentration may have caused a decrease in specific biogas and biomethane yields [69,73,74,94]. Nevertheless, it is uncertain whether or not this is solely due to the sodium concentration levels in the anaerobic reactor or an accumulation of other metal elements or organic compounds. It has been highlighted by many researchers that a higher concentration of sodium causes a dehydration of microbial cells or, to a greater extent, death, due to the increase in osmotic pressure, which would further bring about inhibition and even failure during the processes of AD [89,95,96,97]. In consideration of the aforementioned facts, it is paramount to study the effects of high concentration of salts on biogas/biomethane production during AD.



6.3.1. Optimization of AD Microorganism Composition


As previously mentioned, the AD process encompasses a sequence of phases, in particular, hydrolysis, acidogenesis, acetogenesis and methanogenesis. Notably, these different phases within this codependent conversion pathway are executed by the presence and activity of an intricate consortia of microbial bacteria facilitating to an efficient degradation of organic material. The bacterial activity that led the first three phases converts organic material into VFAs and further digested into acetate, H2 and CO2. The fourth phase is performed by the archaeal community, which utilizes the products from the acidogenic stage to produce CH4 [97]. The overall conversion of organic material into methane demands a synergistic activity amongst the microbial community.



Acid- and methane-forming bacteria vary considerably with respect to their nutritional requirements, rate of growth kinetics, physiology and responsiveness to environmental plasticity. Thus, the inability to sustain a degree of equilibrium between both bacterial communities is the main source of anaerobic reactor instability [89]. More specifically, according to the findings of Ward et al. [96], the methanogenic microorganisms are significantly influenced by the variations in environmental conditions in comparison to the acidogenesis and hydrolysis phases of AD. For this reason, it is crucial to completely fathom the behavioral characteristics of the microorganisms to primarily improve the efficiency of the processes involved in anaerobic degradation.



Halophytic biomass contains high amounts of minerals due to the physiological adaptation mechanisms by accumulating salt within their cells and tissues to optimally develop under high saline conditions. At high concentrations, these minerals can affect the behavioral activity of the microbial bacteria in the AD process; nevertheless, low mineral salt content is necessary for microbial growth and reproduction. It is essential, in the case of AD technologies, to create a process that can effectively operate at high salt concentration. Halophilic and/or halotolerant anaerobic microorganisms are basic to achieve this. On that account, it is integral to explore the behavior of the bacteria and archaea associated with the biogas/biomethane production from halophytic biomass at different concentrations of salinity.



Several approaches were established to enhance the performance of AD at high salt conditions, for instance, the use of osmoprotectants [98], halotolerant bacteria [99] and an extended time for halophobic inocula to adjust to saline condition [100]. According to the findings of Yerkes [95] and Zhang et al. [101], when treating raw materials with a high salt content, inoculum acclimatization is more effective over a relatively long period of time. Wang et al. [97] suggested that increasing the concentration of NaCl from 0 to 20 g L−1 did not adversely affect the hydrolytic and acidogenic activity of bacteria, but rather promoted it, while on the other hand, the methanogenic activity of the archaeal community, in methanogenesis, was strongly inhibited. Additionally, it was stated that a significant shift in bacterial community was observed between 20 g L−1 and 0 g L−1 NaCl, in that a variety of halotolerant bacteria was able to acclimatize to the saline conditions. The experiments of Mottet et al. [102] showed similar methane production efficiencies between inoculum from a WTP (non-saline conditions) and halophilic inoculum from saline sediments tested to 35 g L−1 salinity. However, at higher salinity methanogenesis was significantly reduced. The findings reported by Ward et al. [103] indicate that testing to develop inoculum influenced the methanogens into an acclimatization period, where, as a result, they became more tolerant to saline environments and perhaps favor increased saline conditions. These findings were in alignment with those of Omil et al. [104], Feijoo et al. [105] and Lefebvre et al. [106], who disclosed that the potential for the methanogenic group to acclimatize in order to tolerate higher saline conditions is dependent on the bacterial community. Buxy et al. [107] and Turcios et al. [73] also validated these results; they were able to achieve higher gas production under saline conditions after operating the test one more time.



The performance and kinetics of biogas/biomethane production in AD affected by salt content was studied by different researchers [73,74,94] by utilizing the modified Gompertz equation model to statistically describe the growth of the microbial community by fitting the cumulative biogas/biomethane production at a specified digestion time, the ultimate biogas/biomethane production, the maximum biogas/biomethane production rate per day, the lag phase period or minimum time needed to produce biogas/biomethane and the exponential phase. According to Zhang et al. [94], with increasing sodium concentration, the ultimate methane production and maximum methane production rate were slightly increased from 0.49–4.42 g L−1 Na and then decreased progressively from 4.42–24.08 g L−1 Na concentration, as well as gradual increase in lag phase period up to 16.22 g L−1 Na content. Thus, this implies that the methane production kinetics is considerably affected by sodium content. This is dissimilar to the findings of Turcios et al. [73,74], who reported no notable difference between the kinetic biogas yield rates of salt-optimized inoculum with added salt of 6.3 g L−1 NaCl. This is similar to the results reported by Mottet et al. [102], whose findings suggested that optimized inoculum could effectively convert saline substate into biomethane at 4.6 g L−1 Na content. This may be due to the increase in salt-acclimatized microbes that evolved adaptation mechanisms and tolerance to saline environments. Conclusively, the potential for AD microbial communities to acclimatize to environmental variations through progressive optimization in composition and metabolism to environmental changes could propose a favorable approach to improve bacterial metabolism and optimize the microbial community to operate at higher saline concentrations in the AD process. It is with great anticipation that this halotolerant AD bacterial community has the potential to be further advanced and be a significant factor in narrowing the gap in the nutrient cycle related to the production of halophytic biomass-based biofuel production technologies.




6.3.2. Co-Digestion of Halophytes


The method of choice to overcome adverse properties of certain biomass feedstocks for AD, i.e., C/N ratio, pH, moisture content, the concentration of nutrients, trace metals and toxic compounds, is to co-digest different biomass feedstocks with synergistic characteristics [82,96,108,109]. The C/N ratio is one of the most important process parameters for AD, which can be adjusted through co-digestion of different feedstocks to an optimum range between 10–30 [85]. Low C/N ratios of biomass leads to a relatively high release of ammonia during decomposition, which will eventually inhibit methanogenic archaea, leading to a decrease in methane production and an accumulation of VFAs within the anaerobic reactor. On the other hand, a high C/N ratio can cause nitrogen deficiency in the whole anaerobic microbial consortium, thus decreasing the methane production potential [74,96,110]. Many studies indicate that low C/N ratios were overcome through co-fermentation of microalgae with other waste streams or biomass, such as pig manure, cow manure, corn stalks, municipal wastewater solids and lipid-rich fats, oils and grease, though other sources are also possible. The utilization of two substrates in co-digestion showed a significant increase in methane yield and a more balanced C/N and VFA/alkalinity ratios compared to mono-substrate digestion. For example, Mshandete et al. [111] investigated the co-fermentation of fish waste and sisal pulp and stated that an anaerobic co-digestion of 67% sisal pulp and 33% fish waste showed an increase in methane yield of 59–94% in comparison to mono-substrate digestion.



Some research has been performed on halophyte biomass used as mono substrate, but little on co-substrates, and this may vary the C/N ratio. For example, the research by Ward et al. [96] and Turcios et al. [74] showed a C/N ratio of less than 10 for mono-substrate AD of halophilic microalgae and halophyte Chenopodium quinoa, respectively. Low C/N ratios of biomass can lead to a relatively high release of ammonia during decomposition, as explained above. Many studies indicate that low C/N ratios were overcome by co-fermentation of microalgae with other waste streams or biomass, such as cow manure, corn stalks, wastewater sludge and lipid-rich waste such as fats, oils and grease. The utilization of two substrates in co-digestion showed a significant increase in methane yield and a more balanced C/N and VFA/alkalinity ratios compared to mono-substrate digestion. However, there is still limited research on the anaerobic co-digestion of halophytic biomass with biodegradable materials to enhance biogas/biomethane production. As previously mentioned, halophytes are able to accumulate high salt contents in their tissues without affecting drastically their biomass production, but they are capable of decreasing the rate of digestion of biomass substrate to produce biofuel by hindering the enzymatic degradation of lignocellulose and accelerating the corrosion of reactor components [112]. One approach to overcome such undesirable consequences is co-digestion with biodegradable substrates that act as energy supplies. Chen et al. [82] investigated the co-digestion of the halophyte Spartina alterniflora with varying co-digestion ratios of cow manure at an organic loading of 7% VS. With the addition of cow manure, the C/N ratio dropped from 21.82 to 14.19, of which the optimum range is between 10–30 [85], and co-digestion improved the biodegradation of Spartina alterniflora, with lower VFAs concentrations and higher methane yields of 7 to 44%. Yang et al. [113] also investigated the lignocellulosic structural changes of Spartina alterniflora after anaerobic co-digestion with potato, and reported that co-digestion had more favorable effects on improving the hemicellulose degradation in comparison to mono-substrate digestion. Oh et al. [98] suggested that the addition of osmoprotectants, glycine betaine, offers an effective alternative for co-digestion to minimize the toxic/inhibitory effects caused by high salinity. Ultimately, AD of halophytes can be significantly improved by adjusting the co-digestion ratio of halophytic biomass with other biomass or waste streams under varying salinity concentrations to an optimum with high biogas/biomethane yields and process stability. Thereby, co-digestion of halophytes, together with other biomass, can offer a solution to the unfavorable conditions in mono-substrate digestion, and halophytes can become a welcome feedstock to boost biogas production in existing large scale biogas plants.






7. Full-Scale Application of Biogas Production from Halophytes


For more than 20 years, anaerobic digestion has become a mature full-scale technology for the treatment of agricultural residues and livestock waste, energy crops and municipal and industrial organic waste and wastewaters. Depending on feedstock availability and economic frameworks, full-scale application of AD can be very versatile, from high-tech large-scale centralized plants to farm-scale plants and low-tech plants on a household scale. Depending on the feedstock characteristics, full-scale technology can generally be distinguished into three different systems:




	
CSTR (continuous stirred tank reactor) systems for the treatment of slurries, such as manure or sewage sludge, with an optional admixing of other solid organic substrates;



	
Dry AD systems for mono digestion of solid biomass or organic waste, such as OFMSW (organic fraction of municipal solid waste), with a total solids (TS) content of more than 15%;



	
High-rate reactor systems of the UASB (up-flow anaerobic sludge bed) or EGSB (expanded granular sludge bed) type for the anaerobic treatment of wastewater.








Accordingly, biogas production from halophytes can be applied in full scale with different sizes and different technology levels using AD technology suited for the treatment of solid biomass, i.e., CSTR systems for co-digestion of halophyte material together with other liquid biomass or as mono digestion in dry AD systems [114,115,116].



Co-digestion of halophytes in CSTR systems has the advantage of direct dilution of the salt concentration through the addition of the liquid waste, thereby reducing inhibition effects, but this requires the availability of at least twice the amount of liquid organic waste streams in the proximity of the plant to reduce the TS concentration of the feed mixture to max 15% to enable mixing and pumping.



Mono digestion, on the other hand, can be directly applied on-site, where the halophyte biomass or plant residues are produced, reducing the need of transportation of other biomass feedstocks. However, in this case, measures must be taken to reduce the salt concentration prior to feeding to the biogas reactor to avoid inhibiting effects in the AD process. This could be implemented by combining percolation of the biomass for dissolving the salt in the percolate and subsequent salt removal from the percolate before its recirculation on the biomass. This requires advanced separation techniques, for example membrane filtration and a subsequent treatment of the salt effluent [117].



Process efficiency wise, higher specific methane yields were generally achieved for co-digestion of solid organic waste in wet digestion systems at organic loading rates (OLR) below 6 kg-VS m−3 d−1, while dry mono-digestion systems showed to be favorable at higher OLR [117]. Consequently, the decision of co-digestion vs. mono-digestion for large-scale applications rather depends on the availability of liquid biomass streams in the proximity of the biogas plant treating halophyte biomass. Simply speaking, co-digestion of halophytes is the first choice if other biomass is available; otherwise, mono digestion can be applied, but this needs the integration of solid/liquid separation and desalination processes.




8. The Biogas Process as Part of a Biorefinery for Conversion of Halophyte Biomass


In case that mono-digestion of the halophyte plant is the process of choice, then a biorefinery approach with extracting high-value compounds of the halophytes first and converting the residues into other valuable products would give the highest economic benefit and exploit the full value of halophyte plants. In this case, anaerobic digestion is the most suitable option to convert the residual streams of non-converted sugars, proteins and lipids into biogas/biomethane for final energy recovery, while recovering the nutrients in the digestate to be used as fertilizer. Here, anaerobic digestion is the tailored process, since the residual streams have a high moisture content and the different residual organic compounds can be converted in a single process.



These benefits have been shown earlier when implementing AD as the final stage of biorefinery systems, e.g., of cellulosic ethanol biorefineries, green biorefineries or biodiesel biorefineries [118,119,120]. The biorefinery approach for the conversion of halophyte biomass with AD implemented as the conversion of the residual organic matter would, on the other hand, imply the advantage that the salt concentration in the residual stream would be lowered compared to the original plant material through the different up-stream extraction processes applied. Consequently, the integration of AD in a biorefinery concept for halophyte conversion would give the highest overall valorization of the halophytes and would make the AD process most feasible for the treatment of halophyte biomass.



Figure 4 summarizes the different factors influencing the AD of halophyte biomass.




9. Conclusions


Halophytes have great potential to serve as cultivated crop in saline areas where conventional crops cannot grow. Anaerobic digestion of halophyte plants or their residues is, hereby, a versatile process to exploit the energetic value of the plant as biomethane and recovering nutrients in the digestate for fertilizer use. However, optimization of the AD process and integration of additional processes may be necessary, since the plant material contains considerable amounts of salt that can affect the digestion process. Co-digestion with other biomass feedstocks and the use of salt-tolerant anaerobic microorganisms are, hereby, the first choice to overcome the adverse effect of salinity. In addition, to exploit the full value of halophyte plants, anaerobic digestion can be an integrated process of biorefining of the plant material after extracting valuable compounds such as oils, essential fatty acids and several secondary metabolites. Hereby, the value of halophyte plants could switch from a phytoremediator of saline soils only, to a valuable crop for production of food, food ingredients and fuel. From a process point of view, the up-stream extraction processes in the biorefinery approach would leave the residues at lower salt concentration that can be directly used for biogas production.
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Figure 1. Halophyte plants grown under controlled conditions in hydroponic cultures, (a) Chenopodium quinoa, (b) Tripolium pannonicum, (c) Salicornia europaea and (d) Crithmum maritimum. Source: Own pictures, Ariel Turcios. 
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Figure 2. Biofiltration using a constructed wetland and subsequent biogas production system. 
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Figure 3. Biogas production using different plant biomass cultivated under different conditions. Corn: green corn stover [86]; Maize: green maize for ensiling [86]; Salicornia: fresh biomass of Salicornia europaea cultivated in hydroponics with 10 g L−1 NaCl [87]; Tripolium 1: fresh biomass of Tripolium pannonicum cultivated in hydroponics with 30 g L−1 NaCl [73]; Quinoa: fresh biomass of Chenopodium quinoa cultivated in hydroponics with 20 g L−1 NaCl [74]; Quinoa stover: stover of Chenopodium quinoa cultivated with 20 g L−1 NaCl [74]; Tripolium 2: fresh biomass of Tripolium pannonicum cultivated in hydroponics with 5 mg L−1 sulfadimidine [88]. 
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Figure 4. Factors affecting the anaerobic digestion (AD) of halophyte biomass. CSTR, continuous stirred tank reactor. 
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Table 1. Salt-tolerant plant species, origin and uses.
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	Species
	Family
	Origin
	Uses
	Reported Salt Tolerance to NaCl (mM)
	Reference





	Acrostichum aureum
	Polypodiaceae
	Pantropical
	Ornamental, medicinal
	170
	Kapler [6]; Sun et al. [10]



	Althaea officinalis
	Malvaceae
	Mediterranean, invasive in other regions
	Medicinal, phytoremediator, ornamental
	200
	Kapler [6]; Rezaie et al. [11]



	Ammophila arenaria
	Poaceae
	Europe and western Asia, uncertain in many places, invasive
	Fodder, biomass, groundcover
	~250
	Kapler [6]; CABI [12]



	Atriplex hortensis
	Amaranthaceae
	Cosmopolitan, uncertain in many places
	Food, fodder, spice, biofuel
	>250
	Wilson et al. [13]; Hasanuzzaman et al. [14]; Kapler [6]



	Atriplex lentiformis
	Amaranthaceae
	Southwestern USA and northern Mexico
	Food
	500
	O’Leary et al. [15]; Hasanuzzaman et al. [14]



	Batis maritima
	Bataceae
	America
	Eaten raw, cooked, or pickled
	500
	O’Leary et al. [15], Hasanuzzaman et al. [14]



	Bruguiera gymnorrhiza
	Rhizophoraceae
	Australasia, Oceania, East Africa, Madagascar
	Fuel, charcoal, construction, medicinal, food, fodder
	500
	Kapler [6]; Zhu et al. [16]



	Carpobrotus spp.
	Aizoaceae
	South Africa, south Australian coast and coastal Chile
	Groundcover, medicinal
	>300
	Varone et al. [17]



	Chenopodium quinoa
	Amaranthaceae
	Andean highlands
	Cooking, baking, animal feed, green fodder and pellet, modified food products such as cereals, pasta and cookies, industrial use of starch, protein and saponin
	400
	Adolf et al. [18]



	Cochlearia danica
	Brassicaceae
	Atlantic Europe, now invasive along motorways in Eurasia
	Food, spice
	200
	Kapler [6]; Nawaz et al. [19]



	Cochlearia officinalis
	Brassicaceae
	Europe
	Fresh salads
	100
	de Vos [20], Hasanuzzaman et al. [14]



	Crambe maritima
	Brassicaceae
	Europe from the north Atlantic through the Mediterranean to Asia and around the Black Sea
	Fresh salads
	>100 
	de Vos et al. [21], Hasanuzzaman et al. [14]



	Crithmum maritimum
	Apiaceae
	Atlantic Europe, Mediterranean regions
	Ornamental, food, edible oil, fodder, biofuel Fresh and pickled as spice and for salads
	150 
	Kapler [6]; Ben-Hamed et al. [22], Hamed et al. [22]; Ben Amor et al. [23]; Hasanuzzaman et al. [14]



	Derris heterophylla
	Fabaceae
	Pantropical
	Medicinal, natural insecticide and fish poison for fishing and biomanipulation
	220
	Kapler [6]



	Diplotaxis tenuifolia
	Brassicaceae
	Europe, western Asia and northern Africa
	Mixed salads, medicinal
	~150
	de Vos [20]; Hasanuzzaman et al. [14]



	Eugeisonia insignis
	Arecaceae
	Sarawac’ endemic
	Food, fodder
	
	Kapler [6]



	Glaux maritima
	Primulaceae
	Native to Old and New World
	Medicinal
	300
	Kapler [6]; Rozema [24]



	Inula crithmoides
	Asteraceae
	Europe, Africa and Asia
	Salads, pickled in vinegar
	>400
	Tardío et al. [25]; Zurayk and Baalbaki [26]; Hasanuzzaman et al. [14]



	Ipomoea pes-caprae
	Convolvulaceae
	Pantropical
	Medicinal, fodder, green manure
	300
	Kapler [6]; Zhang et al. [27]



	Limbarda crithmoides
	Asteraceae
	Mediterranean, Black Sea, Atlantic Europe
	Food, fodder
	450
	Kapler [6]; Al-Hassan et al. [28]



	Mesembryanthemum crystallinum
	Aizoaceae
	North Africa, south-western Africa, western Asia and southern Europe, invasive in the New World and Australia
	Ornamental, food, fodder
	400
	Kapler [6]; Hasanuzzaman et al. [14]; Agarie et al. [29]; Herppich et al. [30]



	Nypa fruticans
	Arecaceae
	Australasia, Oceania
	Construction and fiber material, source of edible salt and sugar
	>200
	Kapler [6]; Theerawitaya et al. [31]



	Oncosperma tigillarium
	Arecaceae
	Australasia
	Prized wood, food, construction (traditional spears)
	>200
	Kapler [6]



	Pandanus tectorius, P. odoratissimus
	Pandanaceae
	Australasia, Oceania
	Food, fodder, fiber, medicinal, perfume
	>200
	Kapler [6]



	Pennisetum clandestinum (syn. Sporobolus virginicus)
	Poaceae
	Pantropical
	Fodder, biomass, groundcover
	>200
	Kapler [6]; Muscolo et al. [32]



	Phoenix paludosa
	Arecaceae
	Australasia, Oceania
	Food, fodder
	>200
	Kapler [6]



	Plantago coronopus
	Plantaginaceae
	Europe, northern Africa, central and west Asia
	Salad, greens
	250
	Koyro [32]; Hasanuzzaman et al. [14]



	Portulaca oleracea
	Portulacaceae
	Native in the Old and Australasia, uncertain in the New World
	Food, fodder
	<140 mM
	Simopoulos [33]; Yazici et al. [34]; Hasanuzzaman et al. [14]; Kapler [6]



	Rhizophora mucronata
	Rhizophoraceae
	Australasia, Oceania, East Africa, Madagascar
	Construction, especially for aquaculture, food, fodder, fuel, medicine
	>500
	Kapler [6]; Kodikara et al. [35]



	Salicornia europaea agg. and Sarcocornia spp.
	Amaranthaceae
	S. europaea native to the Old World, many species cosmopolitan
	Probiotic, fodder, biofuel, phytoremediation, ornamental
	500
	O’Leary et al. [15]; Ventura et al. [36]; Hasanuzzaman et al. [14]; Kapler [6]



	Salsola kali
	Amaranthaceae
	Europe along the shores of Baltic Sea, North Sea and the Atlantic Ocean
	Production of sodium carbonate, forage
	>200
	Reimann & Breckle [37]



	Sesuvium portulacastrum
	Aizoaceae
	Pantropical
	Food, fodder
	400
	Kapler [6]; Messeddi et al. [38]



	Sonneratia alba
	Sonneratiaceae
	Australasia, Oceania, East Africa
	Food, fodder, fuel, roots used as buoys
	>500
	Kapler [6]



	Spinifex spp.
	Poaceae
	Australasia, Oceania
	Groundcover
	
	Kapler [6]



	Tetragonia tetragonioides
	Aizoaceae
	Argentina, Australia, Chile, Japan and New Zealand.
	Frozen like spinach
	174 
	Wilson et al. [13]; Słupski et al. [39]; Hasanuzzaman et al. [14]



	Tetragonolobus & Lotus
	Fabaceae
	Native in the Old World, invasive in the New World
	Fodder, phytoremediation
	
	Kapler [6]



	Triglochin maritima
	Juncaginaceae
	Cosmopolitan, uncertain in many places
	Food, fodder, biofuel
	>250
	Kapler [6]; Boestfleisch & Papenbrock [40]



	Tripolium pannonicum (syn. Aster tripolium)
	Asteraceae
	Eurasia and North Africa, mostly Pannon biogeographic region and Atlantic shores
	Ornamental, food, fodder
	300
	Koyro et al. [41]; Hasanuzzaman et al. [14]; Kapler [6]



	Xylocarpus granatum
	Meliaceae
	Pantropical
	Medicinal, seed oils used to make candle, soap, amadou
	~400
	Allen et al. [42]; Kapler [6]
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