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Seaweed has high growth rate, low land usage, high CO, absorption and no competition for food
resources. Therefore, the use of lignin-free seaweed as a raw material is arising as a third generation
biomass for bioethanol production. Various pretreatment techniques have been introduced to enhance
the overall hydrolysis yield, and can be categorized into physical, chemical, biological, enzymatic or
a combination. Thermal acid hydrolysis pretreatment is one of the most popular methods to attain
high sugar yields from seaweed biomass for economic reasons. At thermal acid hydrolysis conditions,
the 3,6-anhydro-galactose (AHG) from biomass could be converted to 5-hydroxymethylfurfural (HMF),
which might inhibit the cell growth and decrease ethanol production. AHG is prone to decomposition
into HMF, due to its acid-labile character, and subsequently into weak acids such as levulinic acid
and formic acid. These inhibitors can retard yeast growth and reduce ethanol productivity during
fermentation. Thus, the carbohydrates in seaweed require effective treatment methods to obtain a high
concentration of monosaccharides and a low concentration of inhibitor HMF for ethanol fermentation.
The efficiency of bioethanol production from the seaweed biomass hydrolysate is assessed by separate
hydrolysis and fermentation (SHF). To improve the efficiency of the ethanol fermentation of mixed
monosaccharides, the adaptation of yeast to high concentration of sugar could make simultaneous uti-
lization of mixed monosaccharides for the production of ethanol from seaweed.
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Table 1. Composition of typical seaweeds
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Species Seaweed - — -
Crude protein Crude lipid  Crude ash  Carbohydrate =~ Main carbohydrate
Red Gelidium amansii 18.3 0.03 74 74.4 Cellulose, Xylan,

seaweed Hypnea charoides 18.4 15 22.8 57.3 Mannan, Agar,

Carpopeltis cornea 234 0.4 15.6 60.7 Carrageenan
Brown Saccharina Japonica 10.6 1.6 21.8 66.0 Cellulose, Alginate,
seaweed Undaria pinnatifida 23.8 3.5 29.5 43.2 Fucoidan, Laminaran,

Hijikia fusiforme 9.8 12 415 47.5 Mannitol
Green Enteromorpha'h'atestinalis 31.6 18 292 374 Cellulose, Mannose,
seaweed Cauler;('m lentillifera 21.7 12 41.6 355 Xylan, Starch

Capsosiphon  Fulvescens 30.4 0.6 329 36.1

Table 2. Pretreatment conditions for macroalgae and various terrestrial biomass
Enzyme T (°C) Time (min) H2S0, Reference

Mixed wood (10% birch and 90% maple) 230 012 117 w/w %) [29]
Wheat straw and aspen wood 140 60 0.50 (v/v) [7]
Olive tree-biomass 170-210 0.2-14 (w/w %) [10]
Corn stover 180-200 1 0.03-0.06 g acid/g dry biomass [10]
Rye straw and Bermuda grass 121 90 1.5 w/w %) [25]
Macroalgae (Sargassum spp.) 115 86-90 3.36-4.15 (w/v) [3]
Kappaphycus alvarezii 140 5 1.0 w/v %) [24]
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Fig. 1. HPLC profile of HMF (A) and 2,5-bis-hydroxymethylfur-
an (B) during bioethanol fermentation using P. stipitis
KCTC 7228. [21]. The HMF peak was detected in sea-
weed hydrolysate at 282 nm (A, 0 hr of fermentation).
No HMF peak was detected at 282 nm after fermenta-
tion; however, 2,5-bis-hydroxymethylfuran was detected
at 222 nm (B, 60 hr of fermentation).
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Table 3. Properties of enzymatic saccharification from seaweeds [14]

Enzymes

Properties

Novoprime B 959 Cellulase

Viscozyme L

Termamyl 120 L Alpha-amylase
AMG 300 L Glucoamylase
Viscoferm

Ultraflo Max
Viscoflow MG
Mannaway 4.0 T
Pectinex Ultra SP-L
Citrozye Ultra L
Celluclast 1.5 L
Celic CTec2

Mannanase

Pectinase, hemicellulase
Pectinase (polygalacturonase)
Cellulase

Cellulase, xylanase

Multi-enzyme complex (cellulase, arabanase, beta-glucanase, hemicellulose and xylanase)

Beta-glucanase (endo-1,3 (4)-), cellulase, xylanase (endo-1,4-)
Xylanase (endo-1,4-), beta-glucanase (endo-1,3 (4)-)
Beta-glucanase (endo-1,3 (4)-), cellulase, alpha-amylase, xylanase
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Fig. 2. Structural information about polysaccharides abundant in seaweed biomass [28].
Table 4. Yeast species and fermentation conditions of various seaweeds
. . Temp Incubation Ethanol
Microorganisms ¢0) pH Seaweed (macroalgae) time (h) /1) Reference
Saccharomyces cerevisiae 30 4.0 Gelidium amansii, Saccharina japonica, 72-132 10-19 [5]
-6.0 Undaria pinnatifida, Gracilaria verrucosa [9]
Pichia stipitis 30 4.0 Gelidium amansii, Gracilaria verrucosa 72 16-21 [6]
-6.0
Pichia angophorae 30 4.0 Saccharina japonica, Undaria pinnatifida 132 8-12 [13]
-6.0 3]
S. cerevisiae, K. marxianus 30 40 Kappaphycus alvarezii 72 11-16 [19]
C. lusitaniae -6.0
Candida tropicalis 30 4.0 Gelidium amansii 72 16-20 [22]
-6.0
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