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ARTICLE INFO ABSTRACT

Keywords: Agar, a polysaccharide abundant in red macroalgae, has been extensively used in the fields of food, chemical and

Agar biomedical industries due to its unique physicochemical properties. However, current understanding of its

Macroalgae production potential and application in carbon capture and sequestration remains fragmented. This review

Sustainable production . . . . .

Carbon capture comprfehen51\{ely.complles. and z.ina.lyzes th.e agar content in red macroalgae (43 species .from 29. stqdles),

Carbon sequestration revealing a wide interspecific variation ranging from as low as 3.5% to up to 62.3% of dry weight, which is also
significantly influenced by different extraction methods. Notably, alkali treatment commonly reduces agar re-
covery compared with traditional water extraction. Global biomass trends of Gracilaria and Gelidium, two key
agar—production genera, are further analyzed noting a distinct shift in their supply mode from wild harvest to
aquaculture, particularly for Gracilaria. Based on suitable area for seaweed cultivation worldwide, the agar
production could reach 61.25 x 10° t yr™ L. Due to its structural complexity and bacterial metabolic constraints,
agar exhibits the potential to sequester CO, in the oceans, with a theoretical carbon sequestration of 19.29x 10°
t yr L. The latest agar-based green technology in CO, capture and current research challenges is also reviewed.
Finally, a model of agar's sustainable utilization in carbon capture and sequestration is proposed, integrating
high-value biomedicine and large-volume carbon sequestration. By synthesizing production dynamics and green
technologies, this study provides novel insights into unlocking agar's potential as a sustainable biopolymer for
blue bioeconomy and carbon-neutral initiatives.

1. Introduction

Agar is a complex hydrophilic polysaccharide predominantly
extracted from the cell walls of red macroalgae (Rhodophyta), particu-
larly species of Gracilaria and Gelidium [1]. Agar has a documented
history of human use dating back to 1658, when it was extracted from
the agarophyte seaweed Gracilaria for culinary purposes. Originating in
the Far East, its cultivation and application later expanded to other
agarophyte-producing nations [2]. After Japan pioneered numerous
novel uses for agar, the material gained attention in Europe and was
introduced there in 1859 [3]. Agarose, the principal functional
component accounting for 58-97% of agar (Table 1), is a linear un-
branched polysaccharide composed of repeating disaccharide units of
f-D-galactopyranose and 3,6-anhydro—-a-L-galactopyranose, linked by
a—(1 - 3) and p—(1 — 4) glycosidic bonds [4]. Within red macroalgal
cells, agar/agarose serves critical physiological roles: it forms a rigid

structural network that maintains cell turgor pressure and structural
integrity, enabling algae to withstand mechanical stress and osmotic
fluctuations in marine environments; additionally, it functions as a
storage polysaccharide to reserve energy and carbon, and participates in
cell signaling pathways regulating growth and stress responses [5,6].

The unique physicochemical and biological properties of agar,
including excellent gelling ability, thermal stability, biocompatibility,
biodegradability, and non-toxicity, have endowed it with widespread
applications across multiple industries [7]. In the food industry, it is
widely used as a gelling agent, thickener, and stabilizer in products such
as jellies, dairy desserts, and canned foods [8]. In the biomedical and
pharmaceutical fields, agarose is a key material for preparing cell cul-
ture media, drug delivery carriers, and biosensors, owing to its ability to
mimic the extracellular matrix and support cell proliferation [9]. In the
chemical industry, it serves as a template for nanomaterial synthesis and
a coagulant in wastewater treatment [10].
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Table 1
Overview of agar content, gel strengthen, extraction method, composition and molecular weight (MW) in different red seaweed species. Slash means data unavailable, and % DW means % algal dry weight.
Species Location Extraction method Agar yield (% DW) Agarose 3,6-Anhydrogalactose Gel strength (g cm™2) Sulfate (%DW) Reference
(% agar) (% agar)
Agarophyton Burgos, Spain Hot water 26.0 £ 1.1 82 2.1 £0.014 [19]
chilensis
Agarophyton Burgos, Spain NaOH 6.8 £ 0.7 77 0.4 + 0.007 [19]
chilensis
Gelidiella acerosa San Juan de los Hot water 21 561 [99]
Cayos, Venezuela
Gelidiella acerosa Bolinao, Pangasinan, Hot water 24.0 + 3.2 33+13 [100]
Philippines
Gelidiella acerosa Bolinao, Pangasinan, NaOH 12.7 £ 2.5 189 + 26 [100]
Philippines
Gelidiella acerosa Oahu, USA Hot water 37.21 38.34 493 1.64 [101]
Gelidium Agaete, Mexico Autoclaved 17.3 £ 0.7-31.7 £ 0.7 532 + 17-840 + 74 [102]
canariensis
Gelidium Bocabarranco, Autoclaved 17.8 £ 0.9-29.0 + 1.0 527 + 34-846 + 27 [102]
canariensis Mexico
Gelidium corneum  Burgos, Spain Hot water 109 £ 0.3 97 3.2 £0.02 [19]
Gelidium corneum  Burgos, Spain NaOH 3.5+0.3 94 0.3 £ 0.05 [19]
Gelidium Isla de Magarita, Autoclaved 31.7 35.8 1030.0 2.4 [103]
floridanum Venezuela
Gelidium pluma Hawaii Island Hot water 36.30 35.45 930 4.10 [101]
Gelidium pusillum Kauai, USA Hot water 27.78 36.99 554 1.41 [101]
Gelidium rex Pupuya, Chile Hot water 15.7-36.0 29.0-36.9 460-590 2.2-4.2 [104]
Gelidium rex Pupuya, Chile NaOH 39.7-45.4 750-890 0.5-1.6 [104]
Gelidium Punta Prieta, Mexico Na,CO3 17.5 + 0.0-44.2 + 0.2 515 + 6-665 + 13 2.12 + 0.03-2.74 + 0.04 [105]
robustum
Gelidium Playa Bordones, Autoclaved 33.0 38.1 380.0 2.6 [103]
serrulatum Venezuela
Gelidium Trinidad Autoclaved 40.8 34.7 385.0 2.8 [103]
serrulatum
Gracilaria Oahu, USA NaOH/ Ca(OH), 14.75 17 16.17 [101]
abbottiana
Gracilaria San Luis, Batangas, Native 17.2 + 0.9 28.5 + 0.24 161 + 4 417 + 0.26 [106]
arcuata Philippines
Gracilaria San Luis, Batangas, NaOH 18.8 + 3.1 30.6 + 0.65 278 + 2 3.79 + 0.23 [106]
arcuata Philippines
Gracilaria Dzilam de Bravo, Hot water 36.3 + 1.0 33.3+0.6 760 + 100 3.0+ 0.1 [107]
blodgettii Mexico
Gracilaria Dzilam de Bravo, 3%NaOH 26.1 +£ 0.7 37.7 £ 0.6 582 + 66 3.5+0.3 [107]
blodgettii Mexico
Gracilaria Dzilam de Bravo, 5%NaOH 24.5 + 0.9 41.3 + 3.6 490 + 25 3.4+ 0.2 [107]
blodgettii Mexico
Gracilaria Dzilam de Bravo, 7%NaOH 23.5 + 0.4 33.1 £ 0.6 557 + 183 3.4+ 0.2 [107]
blodgettii Mexico
Gracilaria Thau lagoon, France Autoclaved 34.8 + 0.28 1.70 22.2 + 3.6 [108]
bursa-pastoris
Gracilaria Thau lagoon, France Autoclaved 36.5-38.3 22.4 +0.7-41.3 + 1.2 [109]
bursa-pastoris
Gracilaria Thau lagoon, France Autoclaved 27.63 + 4.87 0.76 £ 0.11 101.78 + 65.28 1.87 £ 0.13 [110]
bursa-pastoris
Gracilaria Oahu, USA NaOH/ Ca(OH), 31.94 37.87 181 9.54 [101]
bursapastoris
Gracilaria Hawaii Island, USA NaOH/ Ca(OH)y 31.07 29.19 295 4.32 [101]

canaliculata
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Table 1 (continued)

Species Location Extraction method Agar yield (% DW) Agarose 3,6-Anhydrogalactose Gel strength (g cm™2) Sulfate (%DW) Reference
(% agar) (% agar)

Gracilaria Sian Ka'an, Mexico Hot water 39.3 £ 0.6 38.3+0.8 46 + 0 53+0.3 [107]
cervicornis

Gracilaria Sian Ka'an, Mexico 3%NaOH 24.4 +£ 2.7 36.9 + 0.2 46 + 0 57 +£0.1 [107]1
cervicornis

Gracilaria Sian Ka'an, Mexico 5%NaOH 25.4 +1.1 37.7 +1.4 46 + 0 5.5+ 0.1 [107]
cervicornis

Gracilaria Sian Ka'an, Mexico 7%NaOH 25.7 + 0.9 39.7 £1.2 46 + 0 5.6 + 0.1 [107]
cervicornis

Gracilaria Buzios beach, Brazil Autoclaved 10.9 +£1.1-20.5 + 0.3 [111]
cervicornis

Gracilaria changii Morib, Malaysia Autoclaved 10.9 +£ 1.2-25.1 £ 5.5 293.7 + 57.7-562.5 + 60.4 [112]

Gracilaria changii ~ Morib, Malaysia Autoclaved 22.56 + 0.59 360.33 + 22.46 [113]

Gracilaria changii Batu Besar, Malaysia Autoclaved 20.5 283.51 [113]

Gracilaria changii Teluk Pelanduk, Autoclaved 18.77 + 0.93 205.85 [113]

Malaysia

Gracilaria Oahu, USA NaOH/ Ca(OH), 47.42 34.49 53 11.79 [101]
coronopifolia

Gracilaria cliftonii Perth, Australia Hot water 38.2 +1.3-62.3 +£ 0.7 109 + 2-246.7 + 28.0 4.8 +0.9-8.2 + 0.9 [114]

Gracilaria cliftonii ~ Perth, Australia NaOH 11.2 £ 0.7-19.8 + 1.1 131.2 + 5.1-235.7 + 4.1 2.2+ 0.2-3.1 £0.2 [114]

Gracilaria Gulf of Mannar, India ~ Autoclaved 16 + 0.77 100 + 6.19 6.8 + 0.23 [115]
corticata

Gracilaria Gulf of Mannar, India 3%NaOH 14 + 0.81 100 + 8.06 6.0 + 0.15 [115]
corticata

Gracilaria Gulf of Mannar, India 4% NaOH 13 +£0.77 100 + 8.85 5.6 +0.17 [115]
corticata

Gracilaria Gulf of Mannar, India 6% NaOH 12 +0.85 100 +7.72 4.7 + 0.08 [115]
corticata

Gracilaria Gulf of Mannar, India 8% NaOH 11 +£0.72 110 + 6.29 4.2 + 0.08 [115]
corticata

Gracilaria Gulf of Mannar, India 10% NaOH 10 + 0.85 110 +£7.93 4.2 + 0.08 [115]
corticata

Gracilaria Gulf of Mannar, India 15% NaOH 9.5+ 0.5 110 + 8.94 4.2 +0.07 [115]
corticata

Gracilaria crassa Gulf of Mannar, India Autoclaved 23 + 0.86 250 + 15.20 3.2 +£0.15 [115]

Gracilaria crassa Gulf of Mannar, India 3% NaOH 22 4+ 0.73 330 £+ 12.65 2.9 £+ 0.23 [115]

Gracilaria crassa Gulf of Mannar, India 4% NaOH 21 +0.93 420 +17.12 2.4 +0.15 [115]

Gracilaria crassa Gulf of Mannar, India 6% NaOH 18 +0.75 640 + 16.68 2.0 + 0.08 [115]

Gracilaria crassa Gulf of Mannar, India 8% NaOH 16 + 0.86 800 + 15.40 1.8 +£ 0.08 [115]

Gracilaria crassa Gulf of Mannar, India 10% NaOH 15 + 0.80 800 + 15.43 1.6 + 0.07 [115]

Gracilaria crassa Gulf of Mannar, India 15% NaOH 12 +0.84 800 + 16.12 1.5 +0.04 [115]

Gracilaria Sian Ka'an, Mexico Hot water 299 + 238 349+ 0.8 178 + 25 4.2+ 0.3 [107]
crassissima

Gracilaria Sian Ka'an, Mexico 3%NaOH 18.4 + 0.4 37.1+ 2.4 1176 + 33 1.3 £ 0.0 [1071
crassissima

Gracilaria Sian Ka'an, Mexico 5%NaOH 15.4 + 0.5 43.7 £ 3.2 1313 + 29 1.3+ 0.3 [107]
crassissima

Gracilaria Sian Ka'an, Mexico 7%NaOH 13.0 £ 2.1 419+ 2.4 1392 + 54 1.2+0.2 [107]
crassissima

Gracilaria debilis West Coast of India Autoclaved 14.8 £ 0.5 28.7 £ 1.0 490 + 25 0.76 + 0.08 [116]

Gracilaria debilis West Coast of India NaOH 13.1+0.5 33.1+1.0 650 + 25 0.21 £+ 0.06 [116]

Gracilaria dura Thau lagoon, France Autoclaved 33.5 + 0.50 0.71 318 + 49 [108]

Gracilaria dura Thau lagoon, France Autoclaved 34 +1.00 0.73 £+ 0.05 455 + 97.85 1.02 + 0.03 [117]

Gracilaria edulis Morib, Malaysia Autoclaved 28.37 £ 0.12 166.66 + 8.62 [113]

Gracilaria edulis Batu Besar, Malaysia Autoclaved 23.11 78.05 [113]
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Table 1 (continued)

Species Location Extraction method Agar yield (% DW) Agarose 3,6-Anhydrogalactose Gel strength (g cm™2) Sulfate (%DW) Reference
(% agar) (% agar)
Gracilaria edulis Teluk Pelanduk, Autoclaved 19.88 + 0.65 93.15 +11.31 [113]
Malaysia
Gracilaria edulis Gulf of Mannar, India Autoclaved 25 + 0.76 100 + 7.30 5.4 + 0.23 [115]
Gracilaria edulis Gulf of Mannar, India 3% NaOH 23 +0.89 135 +7.71 3.6 +0.15 [115]
Gracilaria edulis Gulf of Mannar, India 4% NaOH 20 4+ 0.86 220 + 8.50 2.7 £ 0.16 [115]
Gracilaria edulis Gulf of Mannar, India 6% NaOH 18 +0.83 340 + 8.56 2.1 +0.07 [115]
Gracilaria edulis Gulf of Mannar, India 8% NaOH 16 + 0.87 490 + 8.16 1.4 +£0.07 [115]
Gracilaria edulis Gulf of Mannar, India 10% NaOH 13 +£0.73 490 + 7.72 1.3 +£0.08 [115]
Gracilaria edulis Gulf of Mannar, India 15% NaOH 11 +£0.77 490 + 8.34 1.3 £0.08 [115]
Gracilaria edulis Ban Ang-Sila, Hot water 10.90 + 0.92 37.03 +2.83 197.08 + 72.87 7.54 +0.18 [118]
Thailand
Gracilaria edulis Ban Ang-Sila, 5% NaOH 34.34 + 1.74 43.06 + 0.41 239.95 + 28.35 4.92 + 0.07 [118]
Thailand
Gracilaria Hawaii Island NaOH/ Ca(OH)y 30.91 35.80 168 2.55 [101]
epihippisora
Gracilaria fisheri Samut Songkhram Hot water 13.33 +1.78 35.19 + 0.00 145.61 + 34.55 4.56 + 0.14 [118]
Research Station,
Thailand
Gracilaria fisheri Samut Songkhram 5% NaOH 39.55 + 7.59 38.88 +1.88 228.27 + 48.18 2.80 + 0.04 [118]
Research Station,
Thailand
Gracilaria Gulf of Mannar, India Autoclaved 22 4+ 0.80 100 + 8.56 5.7 £ 0.15 [115]
foliifera
Gracilaria Gulf of Mannar, India 3% NaOH 20 + 0.85 100 + 8.06 5.2 + 0.08 [115]
foliifera
Gracilaria Gulf of Mannar, India 4% NaOH 18 +0.83 100 + 8.34 4.6 + 0.15 [115]
foliifera
Gracilaria Gulf of Mannar, India 6% NaOH 16 + 0.77 120 + 8.56 4.1 £+ 0.08 [115]
foliifera
Gracilaria Gulf of Mannar, India 8% NaOH 15+ 0.73 135 +7.63 3.8 +0.08 [115]
foliifera
Gracilaria Gulf of Mannar, India 10% NaOH 14 + 0.79 135 + 7.74 3.7 £ 0.07 [115]
foliifera
Gracilaria Gulf of Mannar, India 15% NaOH 12 +£0.76 135 + 8.00 3.7 + 0.06 [115]
foliifera
Gracilaria gracilis Sea of Japan, Russia Hot water 43.1+1.6 277 + 10 [119]
Gracilaria gracilis Sea of Japan, Russia NaOH/NaBH,4 25.3 + 0.7 405 + 20 [119]
Gracilaria gracilis Thau lagoon, France Autoclaved 30.0 + 0.45 0.71 630 + 15 [108]
Gracilaria gracilis Luderitz, Namibia NaOH 17.08 859 + 139.5 [21]
Gracilaria gracilis Patagonic coast, Hot water 26.7 42 437 6.8 [23]
Argentina
Gracilaria gracilis ~ Tosa Bay, Japan NaOH/H,SO4 8.2-17.1 210 + 5-859 + 160 [21]
Gracilaria gracilis Gangzirri Lagoon, Italy 13.2 57.5 880 [120]
Gracilaria gracilis Thau lagoon, France Autoclaved 25.75 + 4.38 0.71 + 0.04 543.26 + 236.29 1.34 +0.17 [110]
Gracilaria San Juan de los Hot water 27 12 [99]
mammillaris Cayos, Venezuela
Gracilaria West Coast, India Autoclaved 9.5+ 0.3 32.70 <100 4.5+ 0.12 [121]
millardetii
Gracilaria West Coast, India NaOH 9.0+ 0.3 40.90 <100 4.8 +0.14 [121]
millardetii
Gracilaria Morib, Malaysia Autoclaved 13.63 + 0.86 270.50 + 23.66 [113]
salicornia
Gracilaria Batu Besar, Malaysia Autoclaved 13.94 215.98 [113]
salicornia

(continued on next page)
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Table 1 (continued)

Species Location Extraction method Agar yield (% DW) Agarose 3,6-Anhydrogalactose Gel strength (g cm™2) Sulfate (%DW) Reference
(% agar) (% agar)
Gracilaria Chwaka Bay, Autoclaved 13.7 +£1.0-28.1 +£ 0.3 19.4 + 3.0-44.0 + 3.3 215 + 15-275 + 8 0.8 + 0.77-2.55 + 0.3 [122]
salicornia Tanzania
Gracilaria Chwaka Bay, NaOH 10.4 £1.0-22.3 +£ 3.2 23.3 £3.2-42.6 + 3.0 100 £ 1-241 £ 8 0.52 £ 0.5-1.81 + 1.01 [122]
salicornia Tanzania
Gracilaria Opyster Bay, Tanzania Autoclaved 16.3 + 0.2-30.2 + 1.6 16.3 +1.5-37.4 + 0.4 127 +17-240 + 15 1.7 + 0.45-2.8 + 0.83 [122]
salicornia
Gracilaria Opyster Bay, Tanzania NaOH 7.0 +£2.2-26.1 £ 2.1 175 +1.3-342+1 107 £17-162 £ 12 0.9 + 0.78-2.33 + 0.6 [122]
salicornia
Gracilaria West Coast, India Autoclaved 15.2 +£ 0.5 23.8+1.0 350 + 25 3.37 £0.12 [116]
salicornia
Gracilaria West Coast, India NaOH 13.2+ 0.5 28.1 £ 1.0 510 +£ 25 0.45 £+ 0.06 [116]
salicornia
Gracilaria sp. Shimonoseki Sea, Hot water 39.42 £ 0.71 38.11 + 2.84 202.31 +£7.39 3.75 £+ 0.06 [118]
Japan
Gracilaria sp. Shimonoseki Sea, 5% NaOH 31.30 £ 1.79 52.55 + 7.24 334.50 + 14.1 0.40 £+ 0.04 [118]
Japan
Gracilaria Nha Trang, Vietnam Hot water 27.9 +0.3 130 £ 5 [119]
tenuistipitata
Gracilaria Nha Trang, Vietnam NaOH/NaBHy4 15.8 £ 0.1 295 + 45 [119]
tenuistipitata
Gracilaria Lake of Songkhla, Hot water 171+ 1.6 25.1+1.7 97 +7 4.3+ 0.1 [123]
tenuistipitata Thailand
Gracilaria Lake of Songkhla, 3% NaOH 26.1 £ 1.5 45.2 + 0.7 419 + 30 2.0 +0.2 [123]
tenuistipitata Thailand
Gracilaria Lake of Songkhla, 5% NaOH 25.3+1.3 53.2+0.7 481 + 31 1.6 £0.1 [123]
tenuistipitata Thailand
Gracilaria Lake of Songkhla, 7% NaOH 24.6 + 0.9 45.6 + 2.3 451 + 24 1.7 £0.1 [123]
tenuistipitata Thailand
Gracilaria Lake of Songkhla, 3% KOH 24.2 +1.2 31.7 +£1.0 406 + 31 2.5+ 0.2 [123]
tenuistipitata Thailand
Gracilaria Lake of Songkhla, 5% KOH 25.2 +£ 5.0 32.7 + 1.0 432 +6 22+0.3 [123]
tenuistipitata Thailand
Gracilaria Lake of Songkhla, 7% KOH 23.6 + 1.6 33.0+1.7 445 + 17 2.3+0.1 [123]
tenuistipitata Thailand
Gracilaria Layog, Sorsogon, Hot water 329+24 34.0 £0.14 304 + 23 3.90 £ 0.21 [106]
tenuistipitata Philippines
Gracilaria Layog, Sorsogon, NaOH 15.7 £ 2.8 42.1 +0.37 606 + 42 3.34 £ 0.08 [106]
tenuistipitata Philippines
Gracilaria textorii West Coast, India Autoclaved 10.3 + 0.3 44.70 <100 2.1 £+ 0.09 [121]
Gracilaria textorii West Coast, India NaOH 8.8+ 0.3 31.60 <100 2.3+0.11 [121]
Gracilaria Ria de Aveiro, 6%NaOH+ 3.5 h 24.7 £ 1.7 43.4 + 0.7 636 + 149 2.00 £ 0.02 [124]
vermiculophylla ~ Portugal pretreatment+1.5 h
Extraction
Gracilaria Ria de Aveiro, 6%NaOH+ 3.5 h 29.4 +£ 0.9 42.5+ 0.9 614 + 59 1.86 + 0.02 [124]
vermiculophylla ~ Portugal pretreatment+2 h
Extraction
Gracilaria Ria de Aveiro, 6%NaOH+ 3.5 h 24.5 £ 0.5 43.1+1.0 412 + 41 1.89 + 0.10 [124]
vermiculophylla ~ Portugal pretreatment+2.5 h
Extraction
Gracilaria Ria de Aveiro, 6%NaOH+ 3.5 h 26.5+1.3 44.2 £ 0.8 394 + 84 1.92 + 0.25 [124]
vermiculophylla ~ Portugal pretreatment+3 h
Extraction
Gracilariopsis Cam Ranh, Vietnam Hot water 29.5 + 0.4 130 £ 7 [119]
bailiniae

(continued on next page)
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Table 1 (continued)

Reference

Sulfate (%DW)

Gel strength (g cm™2)

3,6-Anhydrogalactose

(% agar)

Agarose

Agar yield (% DW)

Extraction method

Location

Species

(% agar)

[119]

305+1

13.7 £ 0.8

Cam Ranh, Vietnam NaOH/NaBH,4

Gracilariopsis

bailiniae
Gracilariopsis

[19]

2.1 +0.003

71

25.6 + 4.1

Hot water

Burgos, Spain

longissima
Gracilariopsis

[19]

0.2 + 0.007

75

3.9+0.3

NaOH

Burgos, Spain

longissima
Hydropuntia

[111]

29.2 + 3.1-41.0 + 2.6

Autoclaved

Maracajau beach,

Brazil

cornea
Laurencia flexilis

Laurencia flexilis

Pterocladia

[125]
[125]

[101]

1.9+0.2
22+0.1

3.18

200 + 5
175 + 24

314 £1.2
29.5+1.5

37.72

25.7 £ 0.5

Hot water
NaOH

Currimao, Philippines
Currimao, Philippines

Oahu, USA

19.3 + 0.4

41.19

1174

Hot water

caerulescens
Pterocladia

[103]

3.7

735.3

33.9

321

Autoclaved

Playa Bordones,

Venezuela

capillacea
Pterocladia

[101]

3.06

1137

37.50

44.03

Hot water

Hawaii Island, USA

capillacea

International Journal of Biological Macromolecules 367 (2026) 152532

While these traditional and industrial applications have driven agar
research for decades, the escalating urgency of global climate change
has recently redirected attention toward the previously overlooked CO,
capture function of this biopolymer (Fig. 1). Traditional industrial CO2
capture technologies, including chemical absorption, physical adsorp-
tion, and membrane separation, currently dominate large-scale carbon
control. However, these approaches suffer from high energy consump-
tion, high costs, solvent degradation, and equipment corrosion, limiting
their sustainability and large-scale deployment. There is therefore an
urgent demand for greener, more cost-effective, and eco-friendly bio-
logical alternatives [11,12]. From the perspective of the global carbon
cycle, red macroalgae, as important primary producers in marine eco-
systems, contribute significantly to biological CO; capture by fixing at-
mospheric COy through photosynthesis; agar, as a major
carbon-containing component of red algae, plays a vital role in carbon
sequestration, storing fixed carbon in marine environments over long
periods and thus regulating the global carbon balance [13]. This bio-
logical CO5 capture process mediated by agar-rich red macroalgae offers
a green and sustainable pathway for CCUS, complementing traditional
industrial capture technologies. Recent research has focused on the
potential of agar in carbon capture, which has emerged as a promising
sustainable strategy to mitigate global climate change and advance
carbon-neutral initiatives [14-16]. Furthermore, global climate change
(e.g., ocean warming and acidification, marine heatwaves) is exerting
profound impacts on the growth and physiology of red macroalgae,
thereby potentially affecting agar content, structure, and functionality
[17,18]. These climate-induced changes may further disrupt the carbon
sequestration capacity of agar/agarose and its ecological roles in marine
ecosystems, with far-reaching implications for the global carbon cycle
and CCUS potential. Despite this rising interest, the ecological functions
of agar, including its production, carbon sequestration potential, CO5
capture technologies and sustainable utilization, remain critically frag-
mented in the literature.

Given the above context, this review defines its scope and objective
as an integrated synthesis across five interconnected domains. (1) To
summarize the distribution patterns of agar in red macroalgae is
analyzed. (2) To analyze the production trends of agar by red macro-
algae, emphasizing how global change variables (temperature, COo,
nutrient availability) influence agar yield and quality. (3) To assess the
ecological roles of agar in marine carbon sequestration, specifically
highlighting the currently fragmented knowledge on its degradation
pathways and carbon sequestration potential. (4) To summarize recent
advances in agar-based green technology in CO; capture. (5) To propose
a comprehensive and sustainable utilization strategy for agar that in-
tegrates high-value product development, CO5 capture, bioenergy re-
covery, and ecological carbon sequestration. By integrating these five
perspectives, this review can unlock the potential of agar as a sustain-
able biopolymer for the blue bioeconomy and carbon-neutral goals,
while also identifying priority research directions to fill the identified
ecological knowledge gaps.

2. Production of agar
2.1. Agar content in red macroalgae

Agar content exhibits considerable variability, spanning from 3.5 to
62.3% (Table 1). This variation is largely species—specific. Specifically,
Gracilaria cliftonii displays the highest agar content (62.3%), whereas
Gelidium corneum shows the lowest (3.5%). Furthermore, extraction
methodologies significantly impact the final yield. Alkali treatment
typically reduces agar recovery. For example, when compared to hot
water extraction (26.0%), alkali treatment decreased the agar yield of
Agarophyton chilensis to 6.8% [19]. Similarly, the agar yield of Gelidium
corneum dropped from 10.9% (hot water) to 3.5% following alkali
processing [19]. Despite this yield reduction, alkali pretreatment yields
agar of superior quality—it is readily water—soluble and leaves minimal
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insoluble residue [20]. Seasonal fluctuations also influence agar content.
For instance, Gracilaria gracilis exhibits its lowest agar content (8.2%) in
April and peak content (17.1%) in June [21]. This pattern is likely
attributed to the associated increase in ambient temperature, which rose
from 17 °C in April to 23 °C in June.

2.2. Agar gel strength

The gel strength of agar ranges from 12 g cm ™2 to 1392 g cm ™2, with
the lowest value obtained from Gracilaria mammillaris and the highest
from Gracilaria crassissima (Table 1). Beyond interspecies differences,
extraction methodologies also exert a significant influence on agar gel
strength. For example, native agar extracted from Gracilaria manilaensis

exhibited a very low gel strength (< 60 g cm™2), whereas this value
increased to 454 g cm ™2 following alkali pretreatment of the thalli [22].
Alkali-modified agar is obtained by subjecting red algae to an alkali
pretreatment step prior to extraction. This process converts gal-
actose-6-sulfate (L6S) groups into 3,6-anhydrogalactose, thereby
enhancing the gel strength of the polymer [23]. Meanwhile, alkali pre-
treatment can also reduce sulfate content in agar (Table 1). For instance,
alkali pretreatment resulted in the decrease of sulfate content in agar
extracted from Agarophyton chilensis from 2.1 + 0.014% to 0.4 +
0.007% [19].
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2.3. Global agar production patterns

Agar production largely depends on the biomass of red macroalgae
that contain high agar content, e.g., Gracilaria and Gelidium species.
Here the production of Gracilaria and Gelidium seaweeds from both wild
capture and aquaculture was analyzed.

Chile dominated global Gracilaria capture production (Fig. 2A). From
1950 to 1970, capture volumes remained low (< 1 x 10° t), but surged
sharply in the middle 1980s (peaking at 113 x 10° t). Volumes fluctu-
ated thereafter but remained elevated through 2020; contributions from
“Others” were negligible across the period. Gracilaria aquaculture pro-
duction (Fig. 2B) was negligible globally until the 1990s, after which
China emerged as the primary producer: its output grew exponentially
from 442 x 10° t (2003) to 6108 x 10° t (2021). “Others” contributed
modestly but were dwarfed by China's expansion. The proportion of
Gracilaria from aquaculture (Fig. 2C) remained <10% before 1985, then
rose rapidly to >50% (i.e., aquaculture exceeded capture) by 2003,
reflecting China's dominance in cultivated production (consistent with
Fig. 2B).

Gelidium capture production (Fig. 2D) involved multiple regions:
Taiwan (China) had low, stable volumes pre-1970; Chile and Spain
expanded modestly in the 1980s-1990s. All regions' capture volumes
show a declined trend toward 2020. Gelidium aquaculture (Fig. 2E) was
minimal until the 1990s: North Korea had small, transient production in
the 1990s, which was then replaced with China after 2002.

The proportion of Gelidium from aquaculture (Fig. 2F) remained near
0% before 1990, then increased intermittently (peaking at 65% in 2006)
and rose sharply again after 2010, aligned with China's aquaculture
expansion (Fig. 2E).
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2.4. Agar production in future

Anthropogenic activities have driven continuous increases in atmo-
spheric CO,, leading to ocean acidification and warming [24]. These
environmental changes significantly affect algal physiology, community
structure, and ecological functions [25,26]. Concurrently, the sustained
discharge of nitrogen and phosphorus from terrestrial sources and
aquaculture operations has caused widespread coastal eutrophication
[27,28], triggering increased algal blooms and ecosystem regime shifts
[29].

Agar production depends fundamentally on two parameters: the agar
content within seaweed thalli and the total biomass of agar—containing
red macroalgae. Despite the persistent anthropogenic pressures of
eutrophication, ocean warming, and acidification, their direct impacts
on agar content remain poorly understood due to limited empirical data.
Current understanding relies largely on surrogate indicators such as
carbohydrate content.

Ocean warming or acidification individually increased carbohydrate
content in Gracilaria lemaneiformis, with combined treatments producing
further enhancement, whereas elevated nitrogen availability showed no
significant effect [30]. By contrast, carbohydrate content in Gracilaria
manilaensis exhibited seasonal variation, reaching higher levels in winter
(39.56 + 0.26%) than in summer (35.30 + 0.34%) [31]. Similar results
were found in Gelidium crinale that commonly had higher agar content in
winter and in summer [32]. This discrepancy likely stems from differ-
ences in experimental temperatures: Liu et al. [30] applied a 4 °C in-
crease from 20 to 24 °C for G. lemaneiformis, whereas field temperatures
ranged from 25.0 °C (winter) to 30.5 °C (summer) for Gracilaria man-
ilaensis [31] and 18.0 °C (winter) to 29.3 °C (summer) for Gelidium cri-
nale. These findings suggest that carbohydrate content in Gracilaria
follows a unimodal pattern, initially increasing and subsequently
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decreasing with rising temperature. In terms of eutrophication, carbo-
hydrate content in G. manilaensis declined under eutrophic conditions
(N/P concentrations increased from 50/5 pmol/L to 500/50 pmol/L)
compared to control treatments (10/1 pmol/L) [33], presumably due to
enhanced protein synthesis under elevated nitrogen availability. On the
other hand, agar content of Gelidium crinale s increased initially and then
declined, with the tipping point at 500 pmol/L nitrogen [32]. Collec-
tively, while ocean warming and acidification may enhance carbohy-
drate accumulation, eutrophication appears unfavorable for
carbohydrate storage in G. manilaensis.

While global environmental changes may alter agar content, shifts in
Gracilaria productivity and biomass can also substantially influence agar
production. Ocean acidification alone did not affect the growth rate of
G. lemaneiformis; however, warming (from 20 to 24 °C) significantly
enhanced growth, particularly under concurrent elevated CO, levels
(700 ppm), indicating synergistic effects of ocean acidification and
warming [34]. Conversely, growth rates declined when temperatures
exceeded 25 °C, with complete growth cessation at 30 °C and negative
growth at 35 °C [35], suggesting that the thermal threshold for
G. lemaneiformis lies near 30 °C. Regarding eutrophication effects,
G. lemaneiformis exhibited increased growth rates when N/P concen-
trations rose from 50/3.13 pmol/L to 400/25 pmol/L; however, growth
declined significantly when N/P concentrations exceeded 400/25 pmol/
L. [36] Collectively, these findings suggest that G. lemaneiformis pro-
ductivity will likely increase under future environmental conditions
(warming, acidification, and moderate eutrophication), except in trop-
ical regions where temperatures approach the species' upper thermal
limit. Combined with observed trends in carbohydrate content, carbo-
hydrate productivity in G. lemaneiformis will likely increase in future
ocean scenarios, suggesting an enhanced supply of agar. However, given
the reliance on surrogate indicators and the aforementioned limitations
of extrapolation, future projections of agar production remain subject to
considerable uncertainty and require direct measurements of agar con-
tent for validation. Specifically, total carbohydrates comprise a broad
mixture of soluble sugars, starch, cellulose, and other cell wall poly-
saccharides, and do not perfectly represent agar concentration. Changes
in total carbohydrate content therefore cannot be simply equated with
changes in agar yield, as the relative proportion of agar within total
carbohydrates can shift significantly under environmental stressors.
Furthermore, the regulatory mechanisms underlying agar biosynthesis
differ from those governing general carbohydrate metabolism, meaning
environmental effects on bulk carbohydrates may not reflect true effects
on agar.

3. Carbon sequestration of agar
3.1. Degradation of agar

Agar, a complex galactan from red algal cell walls, can be degraded
by marine bacteria, e.g., Alteromonas marina, Vibrio alginolyticus, Zobellia
galactanivorans, Saccharophagus degradans 2-40 [37,38]. These bacteria
secrete extracellular agarases to break down the agar polymer through a
coordinated enzymatic cascade, primarily involving three key pathways
and carbohydrate-active enzymes (CAZymes) encoded in poly-
saccharide utilization loci (PULs) [37,39]: (1) p-agarolytic pathway
(dominant): f-agarases (EC 3.2.1.81) from glycoside hydrolase (GH)
families 16, 50, 86, and 118 cleave the p—(1,4) glycosidic linkages be-
tween D-galactose (G) and 3,6-anhydro-L-galactose (LA) in agarose.
This produces neoagaro-oligosaccharides (e.g., neoagarobiose, neo-
agarotetraose, neoagarooctaose).  Subsequent  hydrolysis by
a-neoagarobiose hydrolases (GH117) breaks these oligosaccharides into
monomers (G and LA) for bacterial metabolism. (2) o-agarolytic
pathway: a—agarases (EC 3.2.1.158, GH96) target the a—(1,3) linkages of
neoagarose moieties, generating agarotetraose and agarohexaose.
Further degradation of these intermediates requires uncharacterized
hydrolases (e.g., agarotetraose hydrolase), which remain a research gap.
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(3) p—porphyranolytic pathway: f—porphyranases (GH16) hydrolyze the
p—(1,4) linkages in porphyran (a sulfated agar variant with G-L6S
repeating units), producing neoporphyrobiose (L6S-G). Additional en-
zymes (e.g., a—neoporphyrobiose hydrolase, arylsulfatases) are needed
to remove sulfate groups and convert intermediates into G and L6S/LA
[37,39].

Agar degradation is biochemically challenging due to its structural
complexity and bacterial metabolic constraints, supported by the
following evidence: (1) Structural barriers: Agar's hybrid structure
(alternating G-LA and G-L6S units) and modifications (sulfate, methyl
groups) require specialized enzymes for each unique linkage. For
example, sulfate groups on L6S block CAZyme binding, necessitating
sulfatases for efficient degradation. Methylated residues further demand
energy—consuming demethylases (e.g., P450 monooxygenases) before
hydrolysis [40]. (2) Enzymatic specificity and redundancy: Bacteria
require a minimum number of CAZymes proportional to agar's structural
complexity (R? = 0.89). Specialist bacteria (e.g., Zobellia galactanivor-
ans) encode up to 9 agar/porphyran-specific enzymes, while generalist
marine bacteria often lack complete PULs for agar degradation [39]. (3)
Nutrient and energy constraints: Expressing and secreting multiple
CAZymes consumes nitrogen and energy, limiting degradation effi-
ciency in nutrient-poor marine environments. Immobilization of
agar-degrading bacteria (e.g., via sodium alginate—calcium chloride)
further reduces accessibility between enzymes and substrates, inhibiting
degradation. (4) Persistence in the ocean: Agar—derived glycans have a
residence time of 1-3 years in surface waters, with some fractions per-
sisting for millennia. This persistence confirms that bacterial degrada-
tion cannot keep pace with agar synthesis in many marine ecosystems
[41]. Notably, agar degradation by bacteria is severely environment-
dependent. For instance, the oligosaccharide yield from agar degrada-
tion by Flammeovirga pacifica WPAGAL increased from 1.05 to 1.27 g/L
when the N:P ratio in the medium was raised from 3:1 to 5:1, and then
decreased to 1.19 g/L as the N:P ratio further increased to 7:1. Mean-
while, the oligosaccharide yield rose from 1.06 to 1.52 g/L with the
temperature increasing from 30 to 37 °C, but declined from 1.56 to 1.31
g/L when the medium pH was enhanced from 7.0 to 8.5 [42].

3.2. Carbon sequestration potential by agar

As mentioned above, the degradation of agar in the ocean is a
complex, enzyme-dependent process. Its resistance to degradation arises
from its structural complexity, the substrate specificity of carbohydrate-
active enzymes (CAZymes), and various environmental constraints,
making agar a promising candidate for ocean carbon sequestration.

In 2023, the biomass of wild and cultivated Gracilaria was 442.78 x
10% and 7021.57 x 10> t (fresh weight), respectively. Assuming agar
accounts for 40% of cellular dry weight (Table 1) and fresh to dry weight
ratio is 10 [43], Gracilaria was estimated to produce 298.57 x 10°% t of
agar. Similarly, wild Gelidium had a biomass of 1.03 x 10° t (fresh
weight). With agar comprising 30% of cellular dry weight (Table 1) and
fresh to dry weight ratio is 10 [43], Gelidium was estimated to yield 0.03
x 10° t of agar. In total, Gracilaria and Gelidium combined could produce
298.60 x 10% t of agar annually, equivalent to 94.03 x 10° t of
sequestered carbon, assuming that carbon content of agar is 47% and the
transformation rate of agar to refractory carbon is 67% [17].

Furthermore, the global area suitable for seaweed cultivation is
approximately 48 million km? [44]. If this entire area were used for
Gracilaria cultivation, with a productivity of 3.19 kg m 2 yr'! [28], the
annual agar production could reach 61.25 x 10° t, corresponding to
19.29 x 10° t of sequestered carbon. Notably, agar serves not only as a
structural component of algal cell walls but can also be released into
seawater as dissolved organic carbon (DOC). When DOC contributions
are included, the total carbon sequestration via agar would be even
higher. Meanwhile, it is worth noting that this estimation carries a
certain degree of uncertainty, which arises mainly from two aspects.
First, the productivity of Gracilaria may vary considerably under



Y. Yang et al.

different marine environmental conditions (e.g., temperature, salinity,
nutrients, and light), leading to fluctuations in agar production. Second,
the transformation rate from agar to refractory carbon (67%) used in this
calculation was derived from an average ratio of dissolved organic
matter, owing to the lack of species-specific conversion data for agar.
Further studies based on long-term in situ observations and agar-specific
carbon preservation experiments are needed to constrain these param-
eters more precisely.

4. Agar-based technology for CO; capture
4.1. CO2 Capture technologies

Under the severe situation of global climate change, CO», as the most
prominent greenhouse gas, its excessive emission-induced greenhouse
effect has triggered a series of environmental issues such as glacier
melting, sea-level rise, and frequent extreme weather events, seriously
threatening human survival and sustainable development [26,45].
Therefore, Carbon Capture and Storage (CCS) technology, as well as the
Carbon Capture, Utilization, and Storage (CCUS) technology developed
on this basis, have become key means to mitigate the greenhouse effect
and achieve global carbon emission reduction goals, attracting extensive
attention from the global scientific and industrial communities.

Currently, CO, capture technologies mainly include chemical ab-
sorption, physical adsorption, membrane separation, etc. [46] Chemical
absorption utilizes chemical solvents to react with CO, for selective
absorption, featuring high capture efficiency and large absorption ca-
pacity. However, it faces problems such as high solvent regeneration
energy consumption, severe equipment corrosion, and easy solvent
degradation, leading to high operating costs [47]. Physical adsorption
achieves CO, adsorption under specific conditions based on physical
interactions (e.g., van der Waals forces) between adsorbents and CO,
molecules. This method boasts fast adsorption rate and regenerable
adsorbents but suffers from limited adsorption capacity and strict re-
quirements on adsorption conditions [48]. Membrane separation sepa-
rates CO, from mixed gases using the selective permeability of special
membrane materials, offering advantages like simple operation, low
energy consumption, and compact equipment. Nevertheless, factors
such as membrane performance, stability, and cost restrict its large-
—scale application [46]. These mainstream technologies encounter bot-
tlenecks of high energy consumption, high cost, and low efficiency in
practical applications, failing to meet the demands of large-scale in-
dustrial CO4 capture. Thus, the development of novel, efficient, and
low—cost CO, capture materials and technologies is imminent.

4.2. Physicochemical properties of agar for COz capture

Agar is a natural polysaccharide extracted from red algae (e.g.,
Gelidium and Gracilaria), primarily composed of agarose (accounting for
approximately 70% of the total mass) and agaropectin—with agarose
serving as the core component determining its fundamental properties
[20]. Agarose forms a linear molecular skeleton via the alternate linkage
of D-galactose and 3,6-anhydro-L-galactose through a-1,3 and $-1,4
glycosidic bonds, while agaropectin features a similar backbone modi-
fied with substituted groups such as sulfate (-OSO3), pyruvate, and
acetylated hydroxyl groups (-OCOCHj3), rendering agar's chemical
structure complex and diverse [49]. Overall, agar molecular chains are
rich in highly polar and chemically active functional groups including
hydroxyl (-OH) and sulfate (-OSO3), along with ether bonds, which lay
the structural foundation for its unique physicochemical properties and
interaction with CO5 molecules [15,50].

Agar exhibits a host of excellent physicochemical and biological
properties derived from its special molecular and supramolecular
structure. Driven by tight intermolecular hydrogen bonds, it forms a
highly cross-linked network structure and displays a reversible ther-
mogelation property: it dissolves in water to form a homogeneous
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solution when heated above 85-95 °C (due to hydrogen bond breakage)
and reassembles into a stable three-dimensional porous network gel
when cooled below —40 °C, with the gel possessing a melting point
around 85 °C and good thermal stability [50-52]. Upon cooling, agarose
chains form anti-symmetric double helices, which then aggregate into
suprafibers via exterior hydroxyl groups, creating a three-dimensional
continuous network [53].This porous structure is characterized by
uniformly distributed pores of varying sizes, which, together with the
high specific surface area brought by the cross-linked structure, pro-
vides abundant channels and surface space for gas molecule diffusion
and adsorption; its relatively low density further reduces the overall
mass of the material and modulates gas diffusion performance during
adsorption [15]. In addition, agar shows good chemical stability,
resisting degradation and unwanted chemical reactions under common
acid-base conditions (pH 4-10) and temperature ranges (40-85 °C), and
maintains structural and performance stability [5]. It also has excellent
biocompatibility, being non-toxic to organisms and non-immunogenic,
which has underpinned its wide application in biomedicine, food and
other fields [54].

The structural characteristics of agar endow it with significant
research value and application potential for the development of novel
CO4 capture materials. The abundant hydroxyl and sulfate groups on its
molecular chains act as key active sites for COy adsorption: hydroxyl
groups can form weak hydrogen bonds with CO, molecules, a mecha-
nism supported by density functional theory studies showing that polar
functional groups such as hydroxyl and carboxyl improve carbon surface
polarity and facilitate COz adsorption through hydrogen bond formation
[55].Meanwhile, sulfate groups engage in electrostatic interactions or
chemical reactions with CO,, thereby achieving effective CO, capture
[15,50]. On this basis, high-performance CO, capture materials can be
prepared via agar modification or compounding with other materials.
For instance, the prepared Li4SiO4 pellets with agar showed higher CO2
sorption capacities (>0.330 g COy/g sorbent) than the corresponding
sorbent powder and excellent cyclic durability [15].Calcined carbide
slag pellets containing 15 wt% corncob powder (CCS-15cp) had the
largest specific surface area of 15.610 m2/g., 44% higher than that of
calcined carbide slag powder without agar or corncob (CCS-p); after 15
cyclic captures, the CO; capture capacity of CCS-15cp was 0.336 gCO2/g
sorbent, 20% higher than CCS-p [16] which provides new ideas and
technical approaches for breaking through the bottlenecks of existing
CO;, capture technologies.

4.3. Interaction mechanisms with COz molecules

The overall adsorption process follows a sequential event chain, as
illustrated below: (1) Approach phase: CO5 molecules in the gas phase
diffuse toward the agar surface, driven by concentration gradients and
initial van der Waals attraction; (2) Orientation and polarization: Due to
the dipole moment of COy (asymmetric O=C=O0 structure), molecules
gradually align under the influence of local electrostatic fields generated
by negatively charged sulfate groups (-OSO3) on agar chains; (3)
Hydrogen bond formation: Polar hydroxyl groups (-OH) on agar interact
with the oxygen atoms of CO,, forming multiple weak hydrogen bonds.
Although each bond is weak, the abundant hydroxyl groups collectively
create a strong binding effect; (4) Electrostatic attraction: The negative
charges of sulfate groups electrostatically attract the positively polarized
end of CO;, dipoles, enhancing adsorption selectivity and anchoring CO,
molecules more firmly; (5) Multi-layer accumulation and saturation: As
the surface sites become occupied, additional CO, molecules are held by
van der Waals forces and further hydrogen bonding in outer layers until
equilibrium is reached.

Multiple interaction mechanisms exist between agar and CO, mole-
cules, which synergistically contribute to agar's certain adsorption ca-
pacity for COx.

Hydrogen bonding is one important interaction mode. The numerous
hydroxyl groups (-OH) on Agar molecular chains are highly polar, with
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hydrogen atoms carrying partial positive charges, while oxygen atoms in
CO2 molecules carry partial negative charges. When Agar comes into
contact with CO5 molecules, hydrogen atoms in hydroxyl groups can
form hydrogen bonds with oxygen atoms in CO2 molecules [56,57].
Although individual hydrogen bonds are relatively weak, the cumula-
tive effect of a large number of hydroxyl groups in Agar enhances the
binding force between Agar and CO, thereby promoting the CO,
adsorption process.

Van der Waals forces also constitute a key component of the in-
teractions between Agar and CO [55]. Van der Waals forces, including
dispersion forces, induction forces, and orientation forces, are universal
weak intermolecular interactions. Agar and CO, molecules attract each
other through van der Waals forces, allowing CO, molecules to approach
and be adsorbed on the Agar surface [58]. Thanks to Agar's high specific
surface area and special network structure, the scope of van der Waals
forces is expanded, enabling more CO5 molecules to interact with mol-
ecules on the Agar surface and further increasing the CO, adsorption
capacity [55].

Electrostatic interaction also plays a critical role in the interactions
between Agar and CO; [59]. Sulfate groups (-OSO3) on Agar molecules
carry negative charges, while CO, molecules, although electrically
neutral overall, possess a certain dipole moment due to their asymmetric
molecular structure, resulting in partial positive charges at one end and
partial negative charges at the other [60]. The negative charges of sul-
fate groups on Agar molecules generate electrostatic attraction with the
dipole moment of CO3 molecules. This electrostatic interaction endows
Agar with high adsorption selectivity for CO5 molecules, enabling it to
preferentially adsorb CO2 while exhibiting low adsorption capacity for
other non-polar or weakly polar gas molecules, thereby improving the
CO4, capture efficiency in mixed gases [59].

Agar forms specific adsorption with CO; molecules through
hydrogen bonding, van der Waals forces, and electrostatic interactions.
These interaction mechanisms highlight agar's unique advantages in the
field of CO, capture, laying a theoretical foundation for the further
development of high—efficiency CO2 capture materials based on Agar.

4.4. Application as adsorbents in physical/chemical adsorption methods

4.4.1. Pressure swing adsorption (PSA) and temperature swing adsorption
(TSA) modification

Pressure Swing Adsorption (PSA) and Temperature Swing Adsorp-
tion (TSA) are commonly used industrial gas separation and purification
technologies, widely applied in CO; capture. However, traditional ad-
sorbents such as silica gel and molecular sieves have limitations in terms
of adsorption capacity, selectivity, and cyclic stability [61]. As a natural
polysaccharide material with unique structure and properties, Agar
provides a new approach to improve the performance of traditional
adsorbents.

Compounding agar with traditional adsorbents like silica gel and
molecular sieves is an effective method to prepare high-performance
adsorbent materials. During compounding, Agar can combine with
traditional adsorbents through physical or chemical interactions to form
porous composite adsorbents with unique structures and properties.
Agar exhibits good hydrophilicity due to a large number of polar groups
such as hydroxyl groups (-OH) in its molecular structure, which can
form hydrogen bonds with water molecules. When compounded with
traditional adsorbents, its hydrophilicity can adjust the surface polarity
of the adsorbent, making the surface more conducive to interactions
with COy molecules. Meanwhile, Agar's porous structure can provide
additional adsorption sites for CO, molecules, optimizing CO, adsorp-
tion kinetics and thus improving adsorption rate and capacity.

In practical application scenarios of low-concentration CO; capture
(10%-15%), researchers prepared agar-molecular sieve composite ma-
terials and conducted comparative experiments with single molecular
sieves. The results showed that the adsorption capacity of the
agar-molecular sieve composite increased by 12%-17% compared with
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the single molecular sieve [16]. This is because the addition of agar not
only increases the specific surface area of the adsorbent but also en-
hances the adsorption capacity for CO, molecules through its hydro-
philicity and polar groups. In multiple adsorption-desorption cycle
experiments, among the four preparation methods the sorbent pellets
prepared with agar as binder and silicone mold as hydrophobic material
showed exhibiting the highest total capture capacity of 7.70 g CO2/g
during 15 cyclic captures, indicating its efficient and stable cyclic CO5
capture [62]. This is mainly attributed to agar's three—dimensional
network structure, which can effectively inhibit the agglomeration and
sintering of molecular sieve particles, maintain the structural stability of
the adsorbent, and thus improve the cyclic performance.

4.4.2. Application as membrane materials in membrane separation methods

Membrane separation is an efficient and energy-saving CO, capture
technology, and the performance of membrane materials is crucial for
determining the membrane separation effect. As a natural polymer
material with good film—forming properties and a unique molecular
structure, agar can be blended with polymer materials such as poly-
amide and polysulfone, or loaded with inorganic fillers such as silica and
carbon nanotubes to prepare organic-inorganic hybrid membranes,
which has become an important research direction to improve mem-
brane performance [63]. Quantitatively, blending natural poly-
saccharides (e.g., chitosan with agar) has been shown to increase the
short-term tensile strength of the resulting film from 7.86H/mm? to
over 33H/mm? after 28 days of storage, demonstrating a significant
mechanical enhancement [63]. In the case of inorganic filler loading, the
addition of 0.3 wt% nano-silica to a konjac glucomannan/carrageenan
blend film reduced the oxygen transmission rate (OTR) to 0.016
g~m’2-d’1 and the carbon dioxide transmission rate (CDTR) to 0.153
g-m~2.d1, while increasing the tensile strength to 69.11 MPa [64].
These quantitative values illustrate the potential of blending and filler
incorporation to improve membrane barrier and mechanical properties.

When agar is blended with polymer materials such as polyamide and
polysulfone, agar molecules can be uniformly dispersed in the polymer
matrix to form an interpenetrating network structure. This inter-
penetrating polymer network (IPN) is stabilized by multiple intermo-
lecular interactions, primarily hydrogen bonding between the abundant
hydroxyl groups (-OH) of agar and the polar functional groups (e.g.,
amide ~-CONH- in polyamide or ether —O— in polysulfone) of the
synthetic polymer [63]. Evidence for such hydrogen bond formation can
be found in FTIR spectra, where the broad O—H stretching band shifts
from approximately 3330 cm™! to lower wavenumbers (e.g., 3348
em™) upon blending, indicating strong intermolecular hydrogen
bonding [64,65]. Additionally, the compatibility between agar and
polyamide/polysulfone can be further enhanced by the presence of
sulfate groups (-OSOs ") on agar, which may participate in electrostatic
or dipole—dipole interactions with the polymer matrix [63]. Polar groups
such as hydroxyl groups in agar molecules can form hydrogen bonds or
other interactions with polymer molecules, enhancing compatibility
between the two and making the structure of the hybrid membrane more
stable [63]. Agar's molecular sieving effect enables selective filtration of
gas molecules. The pore size and shape on its molecular chains have a
certain regularity, allowing it to screen gas molecules based on their size
and shape, only permitting gas molecules of specific sizes to pass
through. Polar groups in Agar molecules have a strong affinity for CO,
molecules, enabling specific interactions with COy molecules and
further improving the selective adsorption and transport capacity for
CO, [66].

When loading inorganic fillers such as silica and carbon/metal
nanoparticles, these inorganic fillers can be uniformly dispersed in the
agar-based membrane material to form an organic-inorganic composite
structure [65]. Mechanistically, the enhanced performance arises from:
(i) the formation of hydrogen bonds between the surface hydroxyl
groups of the inorganic filler (e.g., silanol -Si-OH on nano-silica) and the
hydroxyl/carboxyl groups of agar, which promotes uniform dispersion
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and prevents particle agglomeration [64,65]; (ii) the disruption of reg-
ular polymer chain packing by well-dispersed nanoparticles, creating
additional free volume and facilitating gas diffusion [64]; and (iii) the
intrinsic barrier properties of the filler, which can selectively hinder the
permeation of larger gas molecules while allowing smaller molecules
like CO, to pass [64]. Quantitatively, the incorporation of 0.3 wt% nano-
silica into a polysaccharide blend film reduced the water vapor perme-
ability (WVTR) from 806.4 gm 2d~! to 644.4 gm 2d~!, and
decreased the OTR by approximately 59% compared to the unfilled film
[64]. Similarly, the tensile strength increased from 50.63 MPa to 69.11
MPa, demonstrating a clear reinforcement effect [64]. Silica has high
chemical stability and mechanical strength, which can enhance the
stability and mechanical properties of the hybrid membrane [64]. Car-
bon/metal nanoparticles possess excellent electrical conductivity and
mechanical properties, which can improve the mass transfer perfor-
mance and mechanical properties of the hybrid membrane [65]. By
optimizing the type, content, and dispersion method of inorganic fillers,
the pore size distribution and surface properties of the hybrid membrane
can be effectively regulated. Studies have shown that the pore size dis-
tribution of agar-based hybrid membranes prepared through rational
design can be controlled between 0.3 and 0.5 nm. This pore size dis-
tribution is conducive to the selective passage of CO5 molecules while
effectively blocking other gas molecules such as Nz, thereby improving
the CO2/Nj3 separation factor [67-69].

Practical test results indicate that the agar-based membrane incor-
porating NayCOs3 (300% agar) and glycerol (30% agar) showed consid-
erable CO, absorption capacity amounting to 92% of the theoretical
maximum with simultaneous absorption of water vapor [66]. This
demonstrates the significant advantages of agar-based hybrid mem-
branes in CO; capture, which can greatly improve the selectivity for COy
while ensuring a certain CO, permeability, providing a more promising
membrane material option for the practical application of membrane
separation in CO capture.

4.5. Research challenges

4.5.1. Large-scale production and cost control

The supply of seaweed raw materials is limited by seasons and re-
gions, which also brings challenges to the large-scale production of
agar. Seaweed grown in different seasons has differences in agar content
and quality (Table 1). Seaweed varieties and growth environments in
different regions also lead to differences in the quality and performance
of agar. This makes it difficult to ensure stable raw material supply and
consistent quality during large-scale agar production. The extraction
process of agar is relatively complex. Extracting agar from red macro-
algae usually involves multiple steps such as cleaning, soaking, alkali
treatment, acid neutralization, filtration, and drying [20]. During alkali
treatment, precise control of alkali concentration and treatment time is
required to remove impurities from red algae and extract high—quality
agar, which places high requirements on process operations. In the
drying stage, different drying methods and conditions can significantly
affect the quality and performance of agar. For example, traditional hot
air drying may cause partial structural damage to agar, affecting its
performance, while freeze-drying can better preserve agar's structure
and performance but is costly [56,70].

Currently, the material cost of agar is relatively high, about 9 USD/
kg, while traditional adsorbents such as monoethanolamine only cost
about 5 USD/kg [71]. The high cost puts agar-based capture materials at
a disadvantage in market competition, limiting their large—scale pro-
motion and application. To reduce costs, it is necessary to develop more
efficient extraction processes to improve the extraction rate and quality
of agar, while finding stable raw material supply channels to reduce the
impact of seasonal and regional factors.

4.5.2. Adaptability to complex flue gas environments
In actual industrial emission sources such as coal-fired power plants
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and cement plants, the flue gas composition is complex. In addition to
CO», it also contains acidic gases such as SO5 and NOx, as well as a large
amount of water vapor [72]. These components can significantly affect
the performance of Agar-based capture materials.

Acidic gases such as SO5 and NOx tend to compete for adsorption
sites with sulfate groups in Agar molecules. Sulfate groups in Agar
molecules are originally important active sites for interacting with COq,
but when acidic gases such as SO5 and NOx are present in the flue gas,
they will preferentially bind to sulfate groups, occupying adsorption
sites, thereby reducing the CO. adsorption capacity of agar [73,74].
More critically, under humid flue gas conditions, these acidic gases
dissolve in water vapor to form corrosive inorganic acids (e.g., H2SOs,
H2SO4, HNOg3). The resulting acidic environment initiates multiple
structural degradation mechanisms in agar: (i) acid-catalyzed hydroly-
sis of the glycosidic linkages (especially the p-1,4 linkages between D-
galactose and 3,6-anhydro-1-galactopyranose) in the agarose backbone,
leading to chain scission and a reduction in molecular weight [75]; (ii)
desulfation of the sulfate ester groups at the C6 position of L-galactose
units, which eliminates the primary CO»-binding sites and simulta-
neously disrupts the polymer's charge distribution [76]; (iii) for NOx
species, nitration or oxidative side reactions may occur, inducing
crosslinking or further chain degradation [77]. These degradation pro-
cesses progressively weaken the mechanical integrity and long-term
stability of agar—based membranes, manifesting as decreased CO; cap-
ture efficiency, increased material brittleness, and accelerated perfor-
mance loss over time.

The swelling property of agar in high-humidity environments may
also affect membrane structure stability. Agar has a certain degree of
hydrophilicity. In high-humidity environments, agar molecules will
absorb water and swell [78]. The swelling behavior of agar-based ma-
terials is highly dependent on their purity and modification state. For
native agar, the gel typically exhibits limited water retention capacity
(swelling ratio < 440%); in contrast, a hydrophobic modification
strategy, such as esterification with glutaric anhydride, introduces a
hydrophilic carboxyl group and a loose porous structure, providing
more binding sites for water adsorption, and significantly enhances the
swelling ratio to 1700% [78]. For agar-based membrane materials,
swelling may lead to increased pore size and changed pore structure,
thereby affecting the selectivity and separation performance of the
membrane [79]. To improve the adaptability of agar-based capture
materials in complex flue gas environments, it is necessary to modify the
materials to enhance their anti-interference ability, or develop pre-
treatment technologies to remove harmful components in the flue gas
and reduce their impact on the capture materials.

4.5.3. Regeneration performance optimization

Currently, the regeneration of agar-based capture materials mainly
adopts high-temperature desorption, where adsorbed CO5 is desorbed
from the material surface by increasing the temperature [55,80,81].
However, during high-temperature desorption, the chemical structure
of agar is prone to degradation. Glycosidic bonds in agar molecules may
break at high temperatures, leading to molecular chain degradation,
thereby damaging the structure and performance of the material.
Studies have shown that when the desorption temperature exceeds
120 °C, the chemical structure of agar begins to degrade significantly
[82,83]. After multiple high-temperature desorption cycles, the
adsorption capacity of the material will decrease sharply, reducing the
service life and economy of the material [62].

To solve this problem, it is necessary to develop low-temperature
regeneration processes such as microwave-assisted desorption. Micro-
waves have unique thermal and non-thermal effects, which can quickly
and uniformly heat the material to promote CO» desorption. During
microwave-assisted desorption, the thermal effect of microwaves can
increase the temperature of the material, enabling CO, molecules to
obtain sufficient energy to desorb from the adsorption sites [84]. The
non-thermal effect can change the electron cloud distribution on the
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material surface, weaken the interactions between CO, and the material,
and further promote the desorption process [85,86].

Beyond microwave-assisted strategies, solar-driven photothermal
desorption represents another promising green, low-energy regenera-
tion alternative that is highly compatible with agar-based materials. Guo
et al. [87] demonstrated that biomass-derived porous carbons with
enhanced ultramicroporosity can achieve efficient CO5 adsorption and
low-energy regeneration under simulated solar irradiation (1 sun),
reaching 71 °C within 6 min and a regeneration efficiency of 75%
without external heating. This approach avoids high-temperature
degradation and reduces reliance on external energy inputs, making it
complementary to microwave-assisted desorption for protecting ther-
mally sensitive biopolymers like agar. Notably, Guo et al. [87] empha-
sized that precisely engineered ultramicropores (< 0.7 nm) are critical
for enhancing CO5 uptake and facilitating mild desorption. This
conclusion strongly supports the core direction of constructing hierar-
chical and multiscale pore structures within agar matrices: optimizing
microporosity and ultramicroporosity can simultaneously improve COy
diffusion, adsorption capacity, and low-temperature regenerability. By
combining agar's biocompatible skeleton with controlled porosity
inspired by biomass carbon design, solar-assisted desorption can be
effectively implemented without breaking glycosidic bonds, enabling
durable, low-energy CO, capture cycles.

Currently, low-temperature regeneration processes, such as micro-
wave-assisted desorption, are still in the laboratory stage. Further
research is needed to explore the influence of factors such as microwave
parameters and material properties on desorption efficiency, optimize
process conditions, improve regeneration efficiency and cyclic stability
of the material, and provide a more reliable regeneration method for the
practical application of agar-based capture materials.

5. Sustainable utilization of agar in carbon capture and
sequestration

Currently, the direct use of agar for capturing and sequestering CO5
from ambient air or industrial flue gas remains economically unfeasible.
This economic barrier is primarily attributed to the relatively high
production cost of agar and the currently low global carbon pricing,
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which fails to offset the expenses associated with agar-based CO- cap-
ture systems. Compared to current commercial adsorbents (e.g., mono-
—ethanol-amine) with CO5 capture cost of 55.8 $/tonne, the cost of agar-
based CO; capture is estimated to be 90-110 USD/t CO2 [88-91]. Recent
progress in carbon—pricing optimization frameworks further highlights
this challenge. Dai et al. [92] demonstrated that a systematic pri-
cing-integrated optimization model is essential to balance economic
returns and environmental benefits for carbon capture utilization and
storage (CCUS) systems, particularly in overcoming cost-profit mis-
matches under low carbon prices. Their work provides a critical meth-
odological precedent for quantifying economic barriers and designing
viable market-ready pathways, which is highly relevant to advancing
agar-based CO5 capture from lab scale to industrial application. Agar
possesses diverse biological functions, excellent biocompatibility, and a
wide range of industrial applications, making it a promising biomass
resource for sustainable development. To address the economic chal-
lenges and maximize the value of agar, a comprehensive and sustainable
utilization strategy that integrates high-value product development,
CO;, capture, bioenergy recovery, and ecological carbon sequestration is
proposed (Fig. 3).

Specifically, the strategy involves the fractionated utilization of agar
to balance economic benefits and environmental goals. A significant
portion of agar can be allocated to the food and biomedical industries,
which typically offer high market value and stable demand. For
instance, food-grade agar, widely used as a gelling agent, thickener, and
stabilizer in dairy products, jellies, and meat products, has a market
price ranging from 100 to 1000 €/kg, while high—purity bio-
medical-grade agar (purity >95%)—employed in cell culture media,
drug delivery systems, and 3D cell scaffolds—commands a premium
price of over 10,000 €/kg [93,94]. The remaining portion of agar, which
may not meet the high purity requirements for food or biomedical ap-
plications, can be processed into high-performance CO5 capture
materials.

To further enhance the sustainability and circularity of the strategy,
waste agar generated from various industrial processes should be
collected and recycled for bioenergy production. Such waste includes
discarded agar from biomedical experiments, chemical synthesis, spent
agar culture media, and deactivated agar—based CO, capture materials.
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Fig. 3. Agar production and integrated application in carbon capture, utilization and storage. The numbers represent the corresponding proportions compared to
NPP [44]. BECCGS: bioenergy combined with carbon capture and geological storage; NPP: net primary production; POC: particulate organic carbon; DOC: dissolved

organic carbon.
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As a natural carbohydrate-rich biomass, agar can be efficiently con-
verted into biomethane through anaerobic digestion, a biological pro-
cess mediated by facultative anaerobes and obligate methanogens that
break down organic matter in the absence of oxygen [95]. This process
yields biogas composed of 50%-80% methane, 20%-50% CO,, and trace
amounts of other gases, which can be purified to obtain high-purity
biomethane for power generation [96,97]. Notably, the CO, emitted
from biomethane-powered plants can be captured, compressed, trans-
ported, and permanently stored in geological reservoirs—such as saline
aquifers, depleted oil and gas reservoirs, and deep coal seams—thereby
integrating bioenergy production with carbon capture and offshore
storage (BECCS) to achieve near-zero carbon emissions [93].

In addition to the artificial CO, storage pathway mentioned above,
the ecological carbon sequestration potential of agar—derived from wild
and cultivated red macroalgae biomass should not be overlooked. Dur-
ing the growth and natural decay of red macroalgae (the primary source
of agar), significant amounts of particulate organic carbon (POC) and
dissolved organic carbon (DOC) are released into the aquatic environ-
ment, contributing substantially to long-term CO; sequestration [17]. A
key advantage of agar in this context is its inherent resistance to mi-
crobial degradation, which is attributed to its unique chemical structure
and the protective effect of its polysaccharide matrix. This resistance
enables agar to be transformed into more refractory organic compounds,
reducing its decomposition rate and extending the carbon sequestration
period. Furthermore, the transport of POC from coastal waters to the
deep ocean via ocean currents and sedimentation processes further
minimizes carbon remineralization by isolating organic carbon from the
atmosphere and surface water, thereby enhancing the overall efficiency
of carbon sequestration [44].

In summary, the integrated utilization strategy of agar derived from
red macroalgae achieves a synergistic balance between economic
development and environmental protection. On one hand, it generates
high-value products for the food and biomedical industries, creating
substantial economic benefits to offset the costs of CO, capture and
sequestration. On the other hand, it realizes multi-pathway CO> miti-
gation through agar-based capture materials, bioenergy recovery with
carbon storage, and ecological sequestration via macroalgal carbon
export. This strategy not only maximizes the utilization value of agar but
also provides essential ecological services, including mitigating global
climate change and alleviating coastal eutrophication, thereby offering a
promising solution for sustainable development in the context of carbon
neutrality (Fig. 3).

6. Conclusions and future study
6.1. Conclusions

The rationale of this review is that agar—a polysaccharide from red
macroalgae—holds significant but underexplored potential for carbon
capture and sequestration, due to its wide interspecific variability in
content and properties, its natural resistance to microbial degradation in
marine environments, and its versatile physicochemical characteristics
for green technology development. As mentioned in Introduction sec-
tion, we established a sequential set of five objectives, with the following
outcomes:

(1) This article systematically synthesizes the distribution patterns of
agar in red macroalgae and critically examines the factors regu-
lating its content—from species—specific variations to extraction
methodologies. Quantitatively, agar content exhibits a wide
interspecific variation, ranging from as low as 3.5% of dry weight
in Gelidium corneum to as high as 62.3% in Gracilaria cliftonii, with
agarose accounting for 58-97% of the extracted agar. Gel
strength, a key quality indicator for CO, capture applications,
varies from 12 g-cm’2 (Gracilaria mammillaris) to 1392 g-cnf2
(Gracilaria crassissima). These quantitative benchmarks provide a
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rational basis for species selection according to specific industrial
or environmental objectives.

It further analyzes global agar production trends over the past
three decades and evaluates its future potential. Global Gracilaria
aquaculture has expanded dramatically, reaching over 8000 x
10° t fresh weight by 2020, dominated by China, while Gelidium
aquaculture remains comparatively limited (peak near 5 x 10° t).
Based on global suitable seaweed cultivation areas (approxi-
mately 48 million km?), theoretical annual agar production could
reach 61.25 x 10° t, corresponding to 27.56 x 10° t of seques-
tered carbon—highlighting the substantial but largely untapped
carbon sequestration capacity of agar.

Diverging from conventional studies that emphasize agar's
biomedical and food industry applications, this work integrates
its ecological significance into the research framework. Specif-
ically, agar's role in oceanic carbon sequestration is elucidated,
highlighting its function as a recalcitrant carbon reservoir due to
its resistance to microbial degradation. The structural complexity
of agar (alternating G-LA and G-L6S units, sulfate and methyl
modifications) necessitates specialized CAZyme suites; its resi-
dence time of 1-3 years in surface waters confirms that bacterial
degradation cannot keep pace with agar synthesis, making it a
promising marine carbon sink.

(4) Additionally, agar-based green technologies for carbon capture
and sequestration are comprehensively reviewed. Notably, an
agar-NapCOs composite membrane achieves COy absorption
reaching 92% of the theoretical maximum, while agar-based
hybrid membranes with rationally designed pore sizes (0.3-0.5
nm) exhibit enhanced COy/N; selectivity. However, current
challenges—including raw material supply variability (seasonal
and regional fluctuations in agar content and gel strength), high
production cost (~9 USD/kg vs. ~5 USD/kg for monoethanol-
amine), and degradation of agar structure during high-
temperature regeneration (>120 °C)—must be addressed.
Finally, a sustainable agar utilization framework is proposed,
distinguishing extraction strategies based on purity grades:
high—purity agar for food and biomedical applications (purity
>95%, price >10,000 €/kg), and low-purity agar for the pro-
duction of CO, capture materials, with the captured CO, subse-
quently sequestered in geological reservoirs. This model
establishes a circular “biorefinery-ecosequestration” system that
bridges agar's biotechnological potential with global carbon
neutrality objectives—a conceptual advance addressing both
ecological imperatives and planetary sustainability.

(2)

3

-

(5)

In summary, this review sequentially transforms the fundamental
understanding of agar's species-specific properties, production dy-
namics, and ecological persistence into actionable engineering strategies
and a sustainable utilization framework, thereby providing a rational
pathway for deploying agar as a functional biopolymer in carbon cap-
ture and sequestration.

6.2. Research needs in future

Based on identified research gap, the research needs in future are as
follows:

(1) Resilience to environmental changes. Establishing large-scale
seaweed planting bases is the foundation of industrial produc-
tion. Gracilaria and Gelidium are vulnerable to thermal stress,
limiting their growth in hot seasons and areas. Increasing marine
heatwave can also lead to their death [98]. Therefore, breeding
including genetic engineering tools (CRISPR-Cas9) must be
developed to enhance resilience of Gracilaria and Gelidium to
thermal stress and ensure stable production. In addition, research
is necessary to investigate how environmental conditions,
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including temperature, light intensity, and nutrient availability,
influence agar's content and composition.

Optimizing extraction Processes. Developing green extraction
and purification processes such as enzymatic extraction and
membrane separation can reduce production costs and environ-
mental pollution, with the goal of reducing the cost of agar to
below 100 yuan/kg, enhancing market competitiveness.
Molecular design and functional modification. This is a key di-
rection to enhance the CO4 capture performance of agar-based
materials. Two effective chemical modification methods will be
focused on: sulfation and amination. Sulfation uses reagents such
as concentrated sulfuric acid to react with hydroxyl groups in
agar molecules, introducing sulfate groups that form strong
electrostatic interactions with COg, thereby improving adsorp-
tion capacity. Amination introduces amino groups into agar
molecules, which react with CO5 to form stable carbamates,
significantly enhancing adsorption selectivity and stability. In
addition, dispersing TiO, GO and other nanoparticles in the agar
matrix to construct multi-scale pore structures is also a promising
direction, which can optimize gas diffusion paths and increase
adsorption sites.

Coupling with emerging technologies. Combining agar-based
materials with electrochemical reduction, photocatalysis and
other emerging technologies to develop multifunctional inte-
grated materials is an important development trend. In electro-
chemical reduction, agar acts as an electrode carrier to cooperate
with metal catalysts, promoting CO5 reduction into CO, methanol
and other useful chemicals. In photocatalysis, agar—based com-
posite materials loaded with TiO5, ZnO and other semiconductor
materials can convert CO, into valuable products under light
irradiation, realizing the integrated process of CO2 capture and
conversion.

Conducting life cycle assessment: Cooperating with power and
chemical enterprises to carry out 10,000-ton scale demonstration
projects, applying agar-based capture materials to flue gas and
industrial waste gas treatment systems, and comprehensively
monitoring their capture efficiency, stability and other key in-
dicators in actual operating environments. A comprehensive life
cycle assessment (LCA) will be conducted with clearly defined
system boundaries covering the entire value chain from “cradle to
grave”: including (i) raw material extraction and agar production
(cultivation/harvesting of seaweed, agar extraction and purifi-
cation), (ii) material preparation (fabrication of agar-based
membranes or sorbents), (iii) transport and installation at the
capture site, (iv) operation phase (CO; capture, regeneration, and
any pretreatment of flue gas), and (v) end-of-life management
(disposal, recycling, or biodegradation). The functional unit for
the LCA will be defined as “capturing 1 tonne of CO; from real
flue gas under the specific operating conditions of the demon-
stration project” (e.g., a given flue gas composition, temperature,
and pressure). This functional unit enables fair comparison with
alternative CO5 capture technologies. On this basis, establishing a
comprehensive technical and economic model to optimize pro-
cess parameters and reduce costs, aiming to lower the CO» cap-
ture cost to below 50 US dollars/ton, laying a solid foundation for
the industrialization of agar-based capture materials.

(2

—

3

-

(C))

(5)
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