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Abstract: The urgent need to replace fossil fuels has seen macroalgae advancing as a potential
feedstock for anaerobic digestion. The natural methane productivity (dry weight per hectare) of
seaweeds is greater than in many terrestrial plant systems. As part of their defence systems, seaweeds,
unlike terrestrial plants, produce a range of halogenated secondary metabolites, especially chlorinated
and brominated compounds. Some orders of brown seaweeds also accumulate iodine, up to 1.2%
of their dry weight. Fluorine remains rather unusual within the chemical structure. Halogenated
hydrocarbons have moderate to high toxicities. In addition, halogenated organic compounds
constitute a large group of environmental chemicals due to their extensive use in industry and
agriculture. In recent years, concerns over the environmental fate and release of these halogenated
organic compounds have resulted in research into their biodegradation and the evidence emerging
shows that many of these compounds are more easily degraded under strictly anaerobic conditions
compared to aerobic biodegradation. Biosorption via seaweed has become an alternative to the
existing technologies in removing these pollutants. Halogenated compounds are known inhibitors
of methane production from ruminants and humanmade anaerobic digesters. The focus of this
paper is reviewing the available information on the effects of halogenated organic compounds on
anaerobic digestion.
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1. Introduction

Seaweed-derived biogas has received much interest over the past 50 years due to the high
biomass production (2-20 times greater than terrestrial plants), with the additional global benefits
of not competing against conventional crops for land or freshwater [1,2]. Estimates indicate that the
energy potential from methane production of marine biomass is more than 100 EJ yr~!, significantly
higher than the terrestrial biomass (22 EJ yr~!) or municipal solid waste (7 EJ yr~') [3]. Besides in
Solrod (Denmark), where beach-cast seaweed is co-digested with manure, seaweeds are currently not
collected (naturally occurring seaweed, mainly Europe) or cultivated (predominantly Asia and Pacific)
solely for biofuel production. The vast majority is cultivated or naturally harvested for either human
consumption or pharmaceutical (mainly hydrocolloids) applications [4].

Marine algal biomethane production processes are currently unprofitable and unsustainable unless
considered as adjuncts to processes that aim for a circular economy, such as wastewater treatment.
Milledge et al., [4] concluded that wastewater treatment ponds are currently the most economical
approach to the production of microalgal biofuel. This may very well also apply to macroalgae
biofuels [5]. Ulva lactuca has been cultivated successfully for biomass production and bioremediation of
wastewater [6]. Another strategy would be to use parts of the seaweeds, for example, the stems which
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are treated as waste and not used for human consumption, for biofuel production [7]. Encouragingly,
Tabassum and co-workers [8] reported that the highest specific methane yield was obtained at 286 L
CH, kg VS™! from the stipe (stem) of Laminaria digitata, when comparing methane potential from
different parts (holdfast, stem, frond and bladder) of seaweeds.

Anaerobic digestion (AD) consists of a series of actions by various syntrophic groups of bacteria and
archaea that convert organic materials into methane, carbon dioxide and bacterial biomass [9]. The roles
of fungi and protozoa during AD are less clear, and such research is not abundant in the literature.
Fungi were found in thermophilic digesters and suggested to degrade complex organic compounds [10].
A high population of protozoa correlated with higher methane production, with potential roles in
different stages of AD [11].

During the four stages (Figure 1), hydrolysis, acidogenesis, acetogenesis and methanogenesis,
insoluble complex polymers comprising carbohydrates, proteins, lipids and other organics are initially
digested into simpler sugars, amino acids and fatty acids. These are further converted into volatile fatty
acids (mainly acetic acid, propionic acid, butyric acid and valeric acid); alcohols; and different kinds
of gases (CO,, Hy and NHj3), which are converted into acetate, Hy and CO; [12,13]. Methanogenesis,
the final step in the anaerobic digestion, produces methane gas via two main groups of methanogenic
archaea. The first group of methanogens, the acetoclastic methanogens, cleave acetate to generate
CO; and CHy, while the second group, the hydrogenotrophic methanogens, produce CHy from the
reduction of CO; using H; gas as the electron donor [14].

Biogas produced from seaweed typically contains 50-70% methane, 30—45% carbon dioxide,
<2% hydrogen and <3.5% hydrogen sulphide [15,16]. AD is considered a good method of choice for
biomass with high water content, such as seaweed, and though hurdles still exist, the suitability of
seaweed for AD is generally accepted [4,17,18].
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Figure 1. A simplified schematic of the processes and microorganisms involved during AD. Numbered
circles represent the stages of AD: (1) hydrolysis, (2) acidogenesis, (3) acetogenesis, (4) methanogenesis.
Examples of bacteria and archaea involved in these stages [9] are shown on the right-hand side of the
diagram. Schematic adapted from [17] Maneein et al. (2019).
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2. Inhibitors of AD by Halogenated Organic Compounds

The differences between practical and potential biogas yields are often ascribed to the presence
of inhibitors [19]. In AD, an inhibitor is a compound that will inhibit the growth of a microbe or
disrupt its metabolic activity leading to lower or no methane production, and potentially reactor
failure. As feedstocks for AD digesters are organic wastes from industry or agriculture, many common
pollutants (chemical, biological and physical impurities) are often removed or reduced. Nevertheless,
a variety of compounds, such as heavy metals, salts, ammonia, sulphides, nitrates and phenolic
compounds, are known to inhibit AD and have been reviewed elsewhere [17,20,21].

These compounds can have varying effects on different stages of AD (Figure 1). For example,
acetogenic bacteria can be dominated by sulphate-reducing bacteria at high sulphate concentrations.
Another review showed the inhibitory effects of bromochloromethane and other chlorinated aliphatic
hydrocarbons on the methanogenic population [20]. Methanogens are considered to be more sensitive
to inhibitors than the other microbial groups involved in the anaerobic digestion of contaminated
biomass [22]. In the following, the effects of halogenated organic compounds on the AD process
are reviewed.

2.1. Chlorinated Organic Inhibitors of Anaerobic Digestion

Halogenated aliphatics are organic chemicals which are widely used in many industrial processes
and persist in the environment. Of the chloro-aliphatic compounds, chloroform (CHCI3) is the
most widely used and its methanogenic toxicity is well described [23-27]. Complete inhibition of
methanogenesis was reported at concentrations ranging from 0.09 to 6 mg L~! chloroform [23,28].
Van Beelen and van Vlaardingen [24] suggested that the extreme toxicity of chloroform might be
attributed to the formation of very toxic and reactive intermediates formed during the slow anaerobic
degradation. Direct inhibition of the methanogens occurs as the halogenated aliphatic compounds
bind to intercellular proteins, blocking essential binding sites in the methanogenic pathway [20].

Substrate structure and concentration have an important influence on methanogenic inhibition.
However, for chloro-aliphatic compounds, unlike chloro-aromatics, no relationship exists between
the number of chloro-substituents and toxicity. Lian et al. [29] showed that the potential for
hexachlorocyclohexane (v, « and 3) (HCH) degradation in the AD system was restricted to axial Clatoms
of HCH, and saturated chloro-aliphatics compounds were more toxic compared to unsaturated [30].

The effects of chlorophenols (mono, dj, tri, tetra and penta-chlorophenol) on methanogenesis have
been widely studied; the indications are that penta-chlorophenol (PCP) is the most toxic chlorophenol
(50% inhibition of methane production at 8 mg L), which has been related to its hydrophobicity [31].
High hydrophobicity eases the adhesion onto the bacterial membranes, disrupts the gradient of protons
along the membranes and interferes with cellular energy transduction, decreasing the cell growth due
to the uncoupling of catabolic and anabolic cycles. Compounds of greater hydrophobicity accumulate
more efficiently in membranes, causing a larger disturbance to the membrane structure [32-35].

In addition, Uberoi and Bhattacharya [36] suggested that between the individual isomers,
the toxicities of di-chlorophenol and tri-chlorophenol to both propionate and acetate degradation were
dependent on the substitution positions of chlorine atoms on the benzene ring. However, it is also well
known that though the toxicities of chlorophenols have been investigated by many researchers, specific
toxicities of these compounds are somewhat contradictory. Conflicting results could be explained by
acclimation and the adaptive nature of some bacteria [34], and that the specific growth rates or the
physiological state under the experimental conditions determine the sensitivity [37]. The construction
of novel microbial consortia with enhanced abilities for degradation and detoxification of hazardous
pollutants are now being reported [38—40].



Fermentation 2020, 6, 85 4 of 22

2.2. Brominated Organic Inhibitors of Anaerobic Digestion

Brominated organic compounds are used as agrochemicals, pharmaceuticals and flame-retardants.
Among halogenated aliphatics, it has been suggested that brominated aliphatics, in general, are more
inhibitory to methanogens than their chlorinated analogues [41]. Bromochloromethane (BCM) reduced
methane production between 29% and 32% in BCM treated goats (1.4 1 kg™! DW and 12% BCM by
weight) with a three-fold reduction in cell count of the methanogenic archaeal population [42,43].
Brominated halogens such as 2-bromoethanesulfonic acid (BESA) have been shown to competitively
inhibit the methyl transfer reaction at the terminal reductive step during methane formation using Hj
and CO, [44]. 1 umol mL~! BESA completely inhibited methanogenesis from 14CH;CO0O~, whereas
50 pmol mL~! was required for complete inhibition of 14CO, reduction [45]. However, a study by
Bouwer and McCarty [46] found that BESA was not a potent inhibitor of methanogens. They concluded
that either previous exposure of the anaerobes to halogenated organic compounds might have conferred
resistance to BESA and/or degradation of the halogens occurred.

Environmental polybrominated diphenylethers pollutants undergo reductive debromination
in anaerobic conditions. Formation of two nonabromodiphenyl ether and six octabromodiphenyl
ether congeners proved that decabromodiphenyl ether underwent reductive debromination during
anaerobic conditions [47,48], with thermophilic conditions significantly more beneficial for degradation
than mesophilic conditions [49] and with enhancements of degradation efficiencies by addition of
halogenated electron acceptors [50,51]. Generally, AD under thermophilic (55 °C) conditions exhibits a
greater removal rate and allows a higher organic loading rate than digestion under mesophilic (35 °C)
conditions. However, biological dehalogenases are unlikely to be active at these high temperatures.
Indeed, temperature may cause important changes in the microbial cultures and their conversion rates
of substrates. A reductive dechlorination pattern of polychlorinated biphenyl (PCB) was observed to
be temperature-dependent; relatively small changes in the temperature caused changes in the rate,
extent and pathway of dechlorination, with no or restricted dechlorination at higher temperatures
(>37-60 °C) [52,53].

2.3. lodinated and Fluorinated Organic Inhibitors of Anaerobic Digestion

Little information is available on dehalogenation of iodinated and fluorinated compounds by
anaerobic microbial processes. A study by Harmeson and Dietz [54] tested the effects of iodine on
the AD of sewage and synthetic sludges. Microscopic examinations indicated that the number of
organisms in the sludge decreased as the concentration of potassium iodide (KI) increased. Additionally,
gas production decreased when KI or sodium iodide (Nal) concentrations exceeded 0.2%. After 90 h of
digestion, there was a 91% and almost 96% reduction in gas production with the addition of 2.5% and
5% iodine, respectively, compared to the blank control. This was also the case when Nal was added as
the source of iodine.

A study assessing the mobility of iodine (from disposal facilities into the surroundings) found
little interaction between anaerobic microorganisms and iodine [55]. Nevertheless, the fate of iodine
in an anaerobic digestor warrants further investigation. Methanogens contain corrinoids which
function as methyl carriers during acetate synthesis via reductive carboxylation. Under dark reducing
conditions, iodopropane could bind to corrinoid enzymes, thereby inactivating them [56,57]. The effects
of iodopropane concentrations on H,-CO, metabolism of Methanobacterium thermoautotrophicum,
Methanobacterium formicicum and Methanosarcina barkeri were concentration-dependent in all four
species with the quantitative effect of iodopropane inhibition of methanogen metabolism being reduced
by acetate [58].

Methyl fluoride (CH3F) supplementation (1.3%) was found to be a rather specific inhibitor of
acetoclastic methanogenesis, whereas hydrogenotrophic methanogenesis was unaffected [59-61].
Fluorophenols are used as phenol analogues to investigate the transformation of phenol to
benzoate by anaerobic, phenol-degrading consortia; the pathways of five fluoronitrobenzenes
(FNBs) biotransformation were different from those of the chloronitrobenzenes under methanogenic
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conditions [62]. Similarly, 2-fluorobenzoate-utilising and 4-fluorobenzoate-utilising cultures were
specific for fluorobenzoates and did not utilise other halogenated (chloro, bromo, iodo) benzoic
acids [63]. Likewise, the aromatic compounds (0.1-0.82 mmol L™1) 2,3- or 4-iodobenzoate in addition
to 2,3- or 4-bromobenzoate but not 3- or 4-fluorobenzoate underwent reductive dehalogenation by
anaerobic lake sediments, and by fresh and acclimated sludge, to CHy and CO; indicating that the
bromo and iodo substituents seem to be more readily removed [64]. Three fluorinated surfactants
were degraded under both aerobic and anaerobic conditions. Surfactant 1 (aqueous solution of a
fluorinated surfactant) was readily degradable under both aerobic and anaerobic conditions (28 and
60 days respectively). Surfactant 2 (a nonionic fluorinated surfactant) was degraded under aerobic
but not anaerobic conditions. Surfactant 3 (an anionic fluorinated surfactant) was neither degraded
under aerobic nor anaerobic conditions. Under anaerobic conditions, surfactant 3 inhibited the
methane production rate of sludge from a digester with an ECs of 160 mg L™! [65]. Removal of
perfluorosulfonate (PFOS) and subsequently of perfluorooctanoic acid (PFOA) was observed in an
anaerobic reactor containing sludge from wastewater treatment plants. Neither of the two compounds
could be found in the reactor after 26 days of degradation. No metabolites or increases in fluoride
concentration were detected [66]. Though reports on microbially catalysed C-F cleavage reactions
exist [67,68], there are no reports on anaerobic reductive defluorination, as most studies on the
degradation of fluorinated chemicals have focused on aerobic conditions.

3. Anaerobic Dehalogenation

Microorganisms are now known to be able to remove halogens from aliphatic compounds by
the activity of enzymes known as dehalogenases [69]. Reductive dehalogenation is mainly known
to occur under anaerobic conditions and is the initial step in the anaerobic biodegradation of most
aryl halides [29]. Reductive dehalogenation reactions catalysed by anaerobic bacteria are either
co-metabolic processes or linked to respiration—a process termed dehalorespiration. Lian et al. [29]
reported the presence of Dehalococcoidia, a taxon containing organohalide-respiring bacteria, in AD
reactors responding to hexachlorocyclohexane (HCH) addition, highlighting the intrinsic potential of
the AD microbiota to deal with halogenated compounds. Indeed, Lian and co-workers [70] reported that
in continuous stirred tank reactor setups, HCH contaminated plants showed no negative influence on
methane production, suggesting HCHs as electron acceptors can be co-metabolised by microorganisms.
Concentrations of HCH higher than 150 mg L., however, caused a temporary inhibition on acetoclastic
methanogenesis [70].

Chloroform has been shown to completely inhibit the production of methane even at very
low concentrations (0.09 mg L™1!), whereas other chlorinated compounds such as perchloroethylene
did not inhibit methanogenesis [23]. The authors suggested that inhibition of methanogenesis and
dechlorination is determined by both the extent of chlorination and the molecular structure of
polychlorinated hydrocarbons. It is now well recognised that poly-halogenated substrates are more
easily dehalogenated under anaerobic conditions, consistent with a more negative free energy change
during reductive dehalogenation, and poly-chlorinated phenols have a more lipophilic nature and are
more strongly sorbed by cells [69,71]. Dehalogenases have also been shown to be isomer selective and
reductive dehalogenation to be isomer specific [72-74].

The dehalogenases make use of fundamentally different strategies with a common mechanism to
cleave carbon-halogen bonds. The reductive dehalogenation mechanism consists of the carbon-halogen
bond being cleaved catalysed by the dehalogenases replacing the halogen by hydrogen (hydrogenolysis).
An active-site carboxylate group attacks the substrate C atom bound to the halogen atom to form
an ester intermediate and a halide ion with subsequent hydrolysis of the intermediate. During
dihaloelimination (vicinal reduction), two halogens from adjacent carbon atoms are removed, and an
additional bond between the carbon atoms is created. Other dehalogenation reactions exist and are
described elsewhere [69].
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Hydrogenolysis can transform alkyl or aryl halides, whereas vicinal reduction can transform
only alkyl halides. Both processes require an electron donor. In a one-step reaction, the transfer of
electrons and one proton is carried out by Hj, or dehalogenation might occur in a two-step reduction
by an electron donor (reduced organic substrate) and with proton abstraction from the solvent [69].
Methanogens are hydrogenotrophs, and methane production is mainly produced by the conversion of
CO; and H; into CHy4; however, acetoclastic methanogenesis where CH3COOH is converted into CHy
and CO; is another possible pathway. If Hj is diverted from hydrogenotrophic methanogens to the
dehalogenation processes, methane production could be adversely affected. However, even though
methane production consumes a large amount of Hj, Yang and McCarty [75] reported that it does not
compete for dechlorination as the threshold of hydrogen required for dechlorination is very low.

On halogenated degradations, most studies have focused on chlorinated compounds. Information
on iodinated and brominated compounds is mainly a result of studies including these as analogues to
the chlorinated compounds. Further, little literature exists on the biodegradation of naturally occurring
brominated compounds and even less for iodinated or fluorinated. Though many studies have
examined the relation between dechlorinating bacteria and methanogens, the exact mechanisms by
which methanogens affect dechlorinating communities are still somewhat unclear [76], and even more so
for communities metabolising brominated and iodinated compounds, albeit possibly being carried out
by the same bacterial groups. For example, anaerobic dehalogenation by a strain of Desulfomonile tiedjei
(obligate anaerobe) was shown to dehalogenate 3-chlorobenzoate, 3-bromobenzoate and 3-iodobenzoate,
all producing benzoate though at different rates with 3-iodobenzoate more readily degraded of the
three analogues [72]. In contrast, several strains of Anaeromyxobacter dehalogenans can dehalogenate a
number of ortho-halogenated phenols including 2-chloro-and 2-bromophenol (by oxidising acetate)
but neither 2-fluoro-and 2-iodophenols [77]. However, in another study, 2-chlorophenol but not
2-bromophenol was dehalogenated by Desulfovibrio dechloracetivorans also using acetate as the electron
donor [78]. Though data are somewhat sparse, Allard and Neilson [71] concluded that pathways of
degradation and transformation of organoiodine, organochlorine and organobromine are broadly
similar, with the degradation of organoiodine and organobromine compounds generally proceeding
more easily compared to their chlorinated and fluorinated analogues [71,79].

4. Halogenated Compounds in Macroalgae and Their Effect on AD

Hundreds of secondary halogenated metabolites have been isolated from macroalgae; many
of them have been shown to possess strong antimicrobial properties, and they can inhibit a wide
range of microorganisms, including Escherichia coli, Pseudomonas aeruginosa and Staphylococcus spp.
strains [80,81]. Though one might expect that the broad antimicrobial activity might extend to anaerobes,
this remains to be determined. Halogens are incorporated into various components of macroalgae, such
as into peptides, polyketides, indoles, terpenes, acetogenins, phenols, volatile hydrocarbons and fatty
acids [82,83]. Macroalgal metabolites are either iodinated, chlorinated or brominated, with fluorinated
metabolites being rare [82]. Brominated and chlorinated secondary metabolites are predominant in red
(90%) and green (7%) macroalgae, while iodinated secondary metabolites are more dominant in brown
macroalgae [82]. Chlorinated and brominated secondary metabolites make up less than 1% of the
secondary metabolites in brown macroalgae [82]. The formation of halogenated metabolites is catalysed
by haloperoxidases (bromoperoxidases, chloroperoxidases and iodoperoxidases) via oxidation of
halides in the presence of hydrogen peroxide [84]. Haloperoxidases, and iodo- and bromoperoxidases,
have been isolated from red and brown seaweeds (many vanadium dependent enzymes) [85-88].
However, biohalogenation is a complex process and might not only be mediated by conventional
haloperoxidases. Mechanisms have been reviewed in [71].

Halogenation of macroalgal components is associated with cell wall strengthening and chemical
defence mechanisms as halogenated metabolites were discovered with antibacterial, antifungal
and antioxidant properties [82,89,90]. The antimicrobial properties of halogenated compounds
in macroalgae may have inhibitive effects on the microbial community in anaerobic digesters.
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Methanogenesis was indicated to be inhibited by halogenated aliphatics [91], which can be produced
by macroalgae [92]. Saccharina latissima can produce a total of 205 mg of aliphatic organobromine and
organochlorine per kg of seaweed [92].

Macroalgae not only accumulate but also emit concentrated bromomethanes and are well
recognised as a globally significant source of organic bromine to the atmosphere [93-95]. Evolution
rates of bromoform, dibromomethane and dibromochloromethane correlate with the bromoperoxidase
activities in the algae, and with the bromomethanes released in the air during the growth phase of the
algae (winter and early spring) corresponding to the high bromoperoxidase activity in the algae [95].
Release of CHCl3 and CH3l has also been reported [96]. The inhibitory potential of these aliphatic
halogenated compounds on AD is yet to be explored. The following section discusses halogenated
compounds discovered in seaweed and their potential inhibitory effects on AD (where data exist).

4.1. lodinated Compounds

Iodine is essential for many biotas, including humans, where iodinated tyrosine plays a vital role
in thyroid function. Compared to terrestrial plants where iodine content is <1 mg kg~!, many marine
species are rich in iodine. In brown seaweed, iodine content can be up to 1.2% (dry weight) and almost
5% in young macroalgae [97]. Laminaria japonica has been used in China for centuries as a dietary
iodine supplement [98]. Only small amounts of seaweeds in a portion of food are needed for it to
become a “good source” of iodine and to allow its associated health benefits to be noted on packaging
under EU (1924/2006) Approved Health Claims regulations. However, the risks of excess iodine intake
from dietary sources such as seaweeds are starting to emerge [99,100].

In seaweed, iodine occurs as inorganic, I” and 103 and as organic iodine; the proportions,
bioavailabilities and toxicities of the chemical species widely differ depending on the seaweed species
but also the area of origin, age and condition of the plant [101,102]. However, the total iodine content
is usually only investigated and reported for marine algae in the literature (Table 1). Most iodine is
water-soluble (I” and IO37) and can be completely removed after leaching thrice [101]. Non-water
soluble iodine is mainly bound to different proteins, cellulosic materials, fucoidan, alginic acid and
polyphenols [103,104]. Hou et al. [101] reported that the major portion of iodine in seaweed is iodide
(I") accounting for 60% of total soluble iodine and more than 94% of inorganic iodine, while the content
of 103 is low. 51% of total organic iodine compounds in Laminaria japonica were determined to be
iodo-amino acids (mainly 3,5-diiodotyrosine); 49% of iodo-amino acids existed in free state amino
acids and another 2% in the combined state [105].

Dominguez-Gonzalez et al. [106] estimated the in vitro bioavailability of iodine from different
commercialised seaweeds and reported that iodine is available after gastrointestinal digestion
for absorption (bioaccessibility: 49-82%), kombu (brown algae) being the seaweed with the
highest bioaccessibility.

Table 1. Jodine content in marine algae.

Total Iodine Content Water-Soluble

Species (ugg) Todine (%) Reference
Laminaria japonica 88 [107]
Laminaria ]aponzig; ;crl;[llozz ns,i;ﬁ I;; jikia jiui&orme, 85-89 [108]
Laminaria japonica 363 mg L 99 [101]
Laminaria japonica 2110 [109]
Laminaria japonica 2660 [110]

Codium fragile, Ulva pertusa, Monostroma nitidum,
Gracilatia corzfervoides, Sargassum Kjellmanianum, 0.052-18.70 mg L™! 1641 [101]
Dictyoptetis divaricata
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Table 1. Cont.

Total Iodine Content Water-Soluble

Species (ugg) Todine (%) Reference
Porphyra spp. and Palmaria spp. (red macroalgae) 35-128 [111]
Undurifz pir‘mutiﬁda, Himanthalia elongate and 63-7088 [111]

Laminaria ochroleuca (brown macroalgae)

Ulva rigida 66-137 [111]
Laminaria hyperborea and Laminaria digitata 150-1200 [112]
Saccharina latissima 2630 + 1610 [113]
Sargassum polycystum and Sargassum muticum 6.1-7.7 [114]

Although the effect of iodine on AD is not fully known, Sheppard and Hawkins [115] demonstrated
that anaerobes seem to be more sensitive to iodine than aerobes; in agar plates with a broad spectrum
of cultures, severe toxicity of iodine to microorganisms did not occur under aerobic conditions at
concentrations <2000 mg I L~!. However, toxic effects were evident under anaerobic conditions with
significantly fewer anaerobes in bog groundwater (110-980 mg I L™!). Aqueous iodine is generally
unstable and exists in a complex equilibrium with several species of iodine (I7, I, I37, I5 7, Is2, HOI, OI,
HI, O™, 10, and H,OI"), with molecular (I;) and HOI being primarily responsible for the biological
action [116]. Iodine rapidly penetrates the cell membrane of microorganisms and attacks the key amino
acids, such as methionine and cystine, fatty acids and nucleotides leading to cell death [117].

The biomethane potential of seaweeds has been demonstrated in various works [17]. For example,
Chynoweth [118] reported biomethane yields between 260 and 280 L kg™! vs. for AD of macrophyte
biomass from the Laminaria genera. The biomethane yield for Saccharina latissima was 342 L kg™
vs. [119], which is ~81% of the theoretical yield even though this seaweed can accumulate up to 2.6 mg
I g~! seaweed. Other seaweeds found to accumulate less iodine, such as S. muticum (Table 1), produced
methane yields as low as 17% of the theoretical yield [120]. The reason for lower experimental methane
yields compared to theoretical yields observed in most studies is likely due to the presence of other AD
organic inhibitors [4,17].

As most iodine is water-soluble, it is easily removed by a washing pre-treatment before AD.
Mixed-effects of washing seaweed on methane production have been found for different species [17]
with washed and cut L. digitata also found to have higher methane yields compared to unwashed and
cut, and hot water washing (40 °C) of L. digitata increased vs. content by up to 31%, due to the removal
of ash and nitrogenous compounds, compared to cold water washed (15 °C) and unwashed samples.
The lower ash to vs. ratio for hot water washing, proposed to contribute to higher methane yields,
do not seem to correlate with the changes in methane content for other washing experiments [121].

4.2. Brominated Compounds

Washed brown seaweed investigated by [92] contained up to 360 mg organobromine
kg™! seaweed, the majority being aromatic compounds. The degree of bromination appears
to be a factor influencing the potency of brominated compounds as antimicrobials [122].
The exudation of antifungal halogenated metabolites, such as bromophycolides, were found on
specific areas of the macroalgal surfaces of Callophycus serratus [123]. Bromophenols isolated
from Rhodomela confervoides (bis (2,3-dibromo-4,5-dihydroxybenzyl) ether) and Polysiphonia morrowii
(3-bromo-4,5-dihydroxybenzaldehyde) also showed antibacterial and antiviral properties [122,124].
It is likely that these compounds also identified in the brown seaweed, Leathesia nana, could also
elicit these antimicrobial responses [81,125]. L. digitata was indicated to release hypobromous acid
that prevented biofouling by interfering with bacterial communication [126], in a similar manner to
brominated furanones from red macroalgae [127].

Certain compounds, such as the fungicide 2,4,6-tribromophenol, found in red macroalgae
(Delisea fimbriata), were also found in green (Ulva lactuca) and brown macroalgae (Eisenia bicyclis
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and Ecklonia kurome) [93,128,129]. The inhibitory effects of bromophenols on anaerobic digestion
have been less explored compared to chlorophenols. The degradation of phenols by a methanogenic
consortium was revealed to be slower and more difficult with the substitution of halogenated
compounds in phenol groups [130]. Nevertheless, anaerobic microorganisms could overcome initial
inhibition by 2, 4-dibromophenol and this inhibition could be eliminated when microbes were
pre-incubated with the bromophenol [131]. Similarly, anaerobic microorganisms could adapt to highly
toxic chlorophenols and subsequently degrade these compounds [132]. The difficulty in degrading
halogenated phenols, however, increases with an increase in the concentration and diversity of the
types of phenols present [133]. This highlights the importance of adaption to halogenated compounds
by the microorganisms in anaerobic digesters.

The antimethanogenic properties of halogenated metabolites with antimicrobial properties were
discovered in red seaweed. The release of bromoform and dibromoacetic acid macroalgal surfaces
of the red macroalgae Asparagopsis armata, were associated with antibacterial properties against
epiphytic bacteria [80]. The concentration of bromoform produced by Asparagopsis taxiformis (1.72 mg
of bromoform per gram dry weight) was sufficient to cause antimicrobial effects against anaerobic
microorganisms, namely, the archaea population in ruminal fluid [134]. It is, therefore, likely that the
archaeal population in an anaerobic digester will also be inhibited.

The ability of algae to reduce microbial methanogenesis has recently received favourable
press, and there has been considerable research and commercial interest in the use of brominated
compounds, and bromoform (tribromomethane) in particular, on reducing methane emissions from
ruminants [134-136]. Livestock dietary inclusion (0.5% to 2%) of algal biomass from the red macroalgae
Asparagopsis sp. have been shown to reduce up to 99% CHy, attributed to the CH, inhibitor bromoform,
thereby reducing greenhouse gas emissions (GHG), in which, CHj is the most significant single
source of GHG emissions and 25 times more potent than CO, [137-139]. The effects of other
brominated metabolites with antimicrobial properties on anaerobic microorganisms will need to be
investigated. The use of seaweeds on the management of methanogenesis in ruminants has recently
been extensively reviewed by McCauley et al. [139]. The review highlighted that the inhibition
concentration, characteristics, adverse effects of halogenated compounds and their application still
require investigation due to their inconsistent efficacy. Nevertheless, the results suggest that the
use of seaweed as a feedstock for AD could be limited by the availability of anti-methanogenic and
antimicrobial properties of halogenated metabolites in seaweed.

Further studies are needed to confirm the inhibitory effects on the highly adaptable anaerobic
consortium of microorganisms during AD over a longer period. Bromoform, with concentrations as
low as 1 uM, was shown to inhibit methanogenesis in the first 24 h [134]. The longest assay period
of the halogenated halocarbons in ruminal fluid was 72 h. Low initial methane production has been
correlated with low overall methane potential [140].

4.3. Chlorinated Compounds

Total chloride contents measured in seaweeds are generally higher than bromide content.
The inorganic chloride content was found to be highest in brown seaweed (13.5% DW in Himanthalia
elongata) compared to the red algae (3.4% in Gigartina pistillata) [141]. In contrast, the highest inorganic
bromide content was 0.03% in Bifurcaria bifurcata and Mastocarpus stellatus [141]. The total aliphatic
and aromatic chloride content (630 mg kg~! DW) was found to be higher than the total aliphatic and
aromatic bromide content (295 mg kg~! DW) in the brown seaweed, S. latissima [92]. The total chloride
content can reach up to 238 g kg~! DW in Codium tomentosum, a green macroalga [142]. The chloride
content of seaweeds was suggested to be dependent on the salinity of seawater and the depth at which
the seaweed grows [141].
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Despite the higher chloride content, halogenated compounds which are exclusively chlorinated
with antimicrobial activity are less reported in the literature compared to brominated compounds.
An acyclic chlorinated monoterpene isolated from the red macroalgae, Portieria hornemannii, showed
antifungal activity against Penicillium oxalixum at 0.1 pg compared to Miconazole at 0.8 pg [143].
Another exclusively chlorinated compound was a chlorinated C;5 acetogenin which showed potent
antibacterial activity against some Staphylococcus aureus strains [129].

Chlorinated compounds reported showing antimicrobial activity are often also brominated.
This includes a range of compounds isolated from the red macroalgae genus, Laurencia spp., such as
puertitols and pannosanol, with antibacterial activity; 9-deoxyelatol, with antibacterial and antifungal
properties [144]; elatol and obtusol, with antiprotozoal activity [145]. Other red macroalgal genera
such as Plocamium, Ochtodes and Beckerella can also produce compounds with some of these properties.
Hence, there is potential for the disruption of the microbial community within AD by these halogenated
compounds produced by macroalgae.

The inhibitory properties of these compounds on AD are lacking in the literature. However,
their potential inhibitory effects on AD may be inferred from studies that compare the inhibitory
potential of the compounds to antibiotics. For example, fractionated compounds containing
0.09% chlorobenzene from A. taxiformis showed antimicrobial properties comparable to those of
doxycycline [146], an antibiotic that can inhibit acetogenic bacteria during AD [147]. The potential
inhibitory effects of the compounds isolated from A. taxiformis on AD, therefore, warrant
further investigation.

Furthermore, compounds isolated from macroalgae show antimicrobial properties against some
genera of bacteria also present in AD (Figure 1). These include a range of compounds (examples
in Table 2) from Laurencia spp. and Rhodomela confervoides such as allolaurinterol acetate and bis
(2,3-dibromo-4,5-dihydroxybenzyl) ether (a bromophenol also found in L. nana) which have inhibitory
effects on Pseudomonas spp., E. coli and Staphylococcus spp. [124,148]. Elucidating the antibacterial
activity of the halogenated compounds against these microorganisms under anaerobic conditions may,
therefore, implicate the macroalgae’s potential as a novel feedstock for biogas production.
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Table 2. Antibacterial activities of compounds isolated from macroalgae.

11 of 22

Macroalgae Compound Antibacterial Activity References
Tetracyclic brominated diterpenes
Coronopifoliol i i icillin-Resi
Sphaerococcus coronopifolius P Epidemic Methicillin-Resistant [149,150]
Bromotetrasphaerol Staphylococcus aureus (EMRSA-16)
Ioniols I
Peyssonnelia sp. Peyssonoic acids A P. bacteriolytica [151]
Laurencia mariannensis, L. majuscula, C15 acetogenin, (12E)-lembyne-A, halogenated Alcaligenes aquamarines, Azomonas agilis, [152]
L. nidific, L. intermedia sesquiterpene Erwinia amylovora, Escherichia coli
Alteromonas sp., Streptococcus sp.,
L. nidific, L. intermedia, L. okamurai Isolaurinterol Staphylococcus sp., Enterococcus faecium, [152,153]
Enterococcus faecalis
L. majuscula, L. nidific, L. intermedia (6R,9R,10S)-10-bromo-9-hydroxy-chamigra-2,7(14)-diene Azobacter beijerinckii [154]
e . . . S. aureus, M. smegmatis, Streptococcus sp.,
L. pacifica, L. rpponicd, .L' okanmurai, Laurinterol Staphylococcus sp., Enterococcus faecium, [153,154]
L. johnstonii )
Enterococcus faecalis
Chrondria oppositiclada Chondriol S. aureus, M. smegmatis [154]
L. okamurai Allolaurinterol acetate E. coli, S. aureus [148]
L. filiformis Pre-pacifenol S. aureus, M. smegmatis [152]
filiforminol B. subtilis [155]
L. obtuse, L. filiformis Allolaurinterol Mycobacteritim tbfberculosts, B. megaterium, [153,156]
Enterococcus faecium, Staphylococcus aureus
Rhodomela confervoides bis (2,3-dibromo-4,5-dihydroxybenzyl) ether Pseudomonas aeruginosa, 5. epidermidis, [124]

S. aureus
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4.4. Fluorinated Compounds

Unlike naturally occurring organobromine, and to a lesser extent organoiodine metabolites,
produced mostly by marine biota, naturally occurring organo-fluorines are structurally limited and
confined to higher plants [71]. Additionally, organofluorines exist only in the monovalent state whereas
other halogens may exist at oxidation levels up to 7. El-Said and El-Sikaily [157] reported fluoride
concentration in seaweed species of different classes from 40.97 to 177.88 mg g~! in red algae (Jania
rubens, Gracilaria compressa, Gracilaria verrucosa, Pterocladia capillacea and Hypnea musciformis), from
82.03 to 128.23 mg g~! in green algae (Ulva lactuca, Codium tomentosum and Enteromorpha intestinalis)
and from 144.74 to 166.66 mg g~! in brown algae (Colpomenia sinuosa and Sargassum linifolium). These
values were all higher than previously reported concentrations by Masoud et al. [158] who reported a
fluoride concentration ranging between 19.17 and 53.70 mg g~ in five different macroalgae (Codium
bursa, Ulva lactuca, Amphiroa sp., Asparagoposis sp. and Sargassum sp.). Though all harvested from
similar geographical locations, seasonal, environmental, physiological and species variation will affect
the reported ranges.

The C-F bond is one of the strongest and hard to break. The order of C-Halogen bond strength
is C-F > C-Cl > C-Br > C-I. In addition, fluorine has the highest electronegativity of all elements,
conversely, polarisability increases in the order F < Cl < Br < I; fluorine atoms exhibit very low
polarisability because their electrons are tightly held, unlike iodine atoms which are easily polarised.
Additionally, fluorine is the strongest known oxidising agent and iodine the least reactive halogen,
though still reactive enough to form compounds with most element [159]. The strong C-F bond
and higher electronegativity of fluorine could make organofluorines more persistent compared to
structurally similar chloro, -bromo and iodinated compounds.

Organo-halogenated compounds are moderate to extremely hydrophobic which in many cells
causes toxicological consequences as the permeability barrier of biological membranes are highly
hydrophobic, allowing the organohalogens to diffuse through and readily be taken up by any cells.
This reduced water solubility, however, could cause increased bioavailability to cells during anaerobic
degradation. Degradation and effect on AD remain to be determined.

5. Bioremediation as Part of Refining Macroalgae for Biofuel Production and Its Challenges

The presence of halogen organic compounds has been confirmed in municipal and industrial
wastewater. Chlorinated hydrocarbons are frequently cited as important contributors to the inhibition
of AD, and aliphatic organochlorides include many of the most toxic and environmentally persistent
pollutants [160]. In addition, though biodegradable, chlorophenols which are widely used in pesticides,
herbicides, antiseptics and fungicides, are highly persistent in aquatic environments and listed as a
priority pollutant by the U.S. Environmental Protection Agency [161]. Almost 50% of all compounds
on the priority pollutant list under the clean water act, are chlorinated.

Seaweeds are to this date not cultivated solely for energy purposes due to the high costs of
harvesting, concentrating and drying. AD of algal biomass could theoretically reduce costs associated
with drying wet biomass before processing. Currently, the vast majority of seaweed is cultivated or
naturally harvested for either human consumption or pharmaceutical (hydrocolloids) applications but
none for the sole purpose of energy [162].

If macroalgae are to be harvested or cultivated for biofuel production, an economic approach to
the production could involve bioremediation. Biosorption via seaweed has become an alternative to
the existing technologies in effectively removing these pollutants from wastewater as the majority of
macroalgae grow submerged in water and can take up dissolved nutrients across their entire surface area
which make them ideal for extraction of nutrients from nutrient-rich wastewaters [163]. For example,
the green seaweed Ulva is presently successfully used in several bioremediation processes [6,164,165]
and has been shown to grow on seawater and effluent from a sewage treatment plant [166] or
on reject/drainage wastewater from dewatered sludge [6]. One of the main restrictive factors of
growing marine species on wastewater effluents is low salinity. However, Tsagkamilis [166] suggested
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cultivation on a mixture using a ratio of 60% sewage effluent to 40% seawater to overcome this issue.
Additionally, the authors suggested that Ulva lactuca has high survivability in low salinity waters.

A by-product of the anaerobic digestion process is a nutrient-rich digestate which can be used
as a fertiliser for agriculture and thus decrease the use of energy-intensive mineral fertilisers [167].
For example, Han et al., [168] grew microalgae in iodine-rich groundwater (2.0 mg iodide L™1).
The algae were stabilised in an anaerobic environment. Of the initial algae iodine concentration
(0.35 + 0.05 mg g~! VS),0.19 + 0.01 mg g~! VS remained in the solid phase in the anaerobic environment.
The authors concluded that the stabilised material had potential to be used as an iodine-rich fertiliser
but also noted that the iodine content of the stabilised material was five times higher than what has
been reported to be an effective I-fertilisation dose [168]. Biomass for AD and the resulting digestate as
part of a bioremediation process must, therefore, be carefully characterised prior to use.

Piringer and Bhattacharya [169] examined the fate of PCP in anaerobic acidogenic systems.
Extraction of PCP in serum bottles showed sorption to biomass was the dominant mechanism for PCP
removal in acidogenic cultures. The authors concluded that, contrary to expectations, the usefulness
of anaerobic acidogenic cultures for degradation of PCP could not be substantiated [169]. As the
effectiveness of the AD digestion process and therefore biogas production is limited by pollutants
inhibiting the microorganisms, in particular, the methanogens. Acclimation can develop the ability
or capacity of the microbes to degrade pollutants faster. Acclimation of an anaerobic sludge to
continuous exposure of a toxicant was reported to be dependent on the nature of the toxicant [170].
Acclimation to PCP over 6 months improved the ability of the methanogens to remove chlorine from
ortho, meta and para positions whereas the unacclimated methanogens only degraded PCP from the
ortho position [171]. Acclimation was found to increase the PCP threshold level of the methanogens
from 200 pg L1 to 600 ug L1 [172]. Likewise, Boucquey et al. [173] developed a microbial consortium
acclimated to a mixture of about 30 chlorinated aliphatics in a fixed-film stationary-bed bioreactor.
They observed a complete disappearance of hexachloroethane and its lower homologues, penta,
tetra and trichloroethane, present in the toxic mixture. Additionally, octachlorocyclopentene, carbon
tetrachloride, trichloroethylene, tetrachloroethylene and hexachloro-1,3-butadiene also completely
disappeared, demonstrating the possibility of concurrent degradation of highly toxic chlorinated
compounds [173]. The ICs concentration for chloroform was also reported to increase up to 50 mg L1
in acclimated methanogenic consortia [174].

6. Conclusions

The shift towards a bio-based economy has put the focus on the development of a seaweed-based
biofuel industry. AD is a well-established technology which generates biogas from the degradation of
organic matter through a cascade of bacterial and archaeal metabolic pathways. It is also the preferred
method for the generation of biofuel from biomass with a high-water content, such as seaweed.
Seaweed biomass production as part of bioremediation of wastewater could be one way forward for
economic seaweed cultivation for biofuel.

Although microorganisms can remove halogens from aliphatic compounds by the activity of
dehalogenases, many halogenated compounds are nevertheless reported as strong inhibitors of
methanogenesis, and microorganisms have limited catabolic pathways for the complete mineralisation
of these compounds. This, of course, has received much positive attention from scientists taking
advantage of seaweed’s ability to inhibit the ruminal methanogenic population of livestock, thereby
reducing CH, greenhouse gasses. However, to achieve higher rates and better yields during AD
of halogenated organic compounds, it is necessary to gather more information on the organisms
involved and to learn more about their nutritional requirements and metabolic pathways. In addition,
the ability of microorganisms to adapt to inhibitory substances, using their inducible enzyme system
to produce dehalogenases, has been proven to improve the waste treatment efficiency and methane
yields significantly.
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Overall, a sustainable route to biofuel production using macroalgae as the AD feedstock may

be possible when the biosorption ability of seaweed is combined with the use of anaerobic microbial
processes in the removal and recovery of halogenated toxic pollutants.
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