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Abstract
Agar has been widely used in the food, pharmaceutical and medical fieldsand has been traditionally extracted by soak-
ing the macroalgae for up to 4 h at boiling temperatures. Traditional methods are often energy intensive and therefore 
extraction technologies are currently being investigated in order to pursue more sustainable form of extraction. This 
study focused on the extraction of agar from Gelidium sesquipedale by means a combination of an acid pre-treatment 
(citric or acetic acid) followed by autoclaving at different time/temperature combinations. It was found that among all the 
conditions tested (10, 15 and 20 min) and (100, 110, and 120 °C), the best condition was (20 min, 110 °C) by means of 
a citric acid pre-treatment, reporting a yield of 31.69 ± 3.5% (g extract per g dried G. sesquipedale), and a gel strength 
of 183.78 ± 36.80 g cm−2.

Keywords  Hydrocolloid · Polysaccharide · Novel · Sustainable · Rhodophyta

Introduction

Agar is a hydrocolloid found in the cell walls of red macroal-
gae, more specifically in two genera, Gelidium and Graci-
laria (McHugh 2003), and composed of agarose and aga-
ropectin biopolymers (Zeece 2020). Agarose is formed by 
3,6-anhydro-α-L-galactopyranosyl, which has linked 3-O- 
substituted β-D-galactopyranosyl units to it by (1 → 4) links 
(BeMiller 2019). Agaropectin consists of chains that are 
formed by galactopyranosyl residues connected by C-4 and 
C-6 linkages to pyruvic acid forming an acetal with agarose, 
and a sulfated galactan (Moldoveanu 2021). The content of 
each of the biopolymers determines the gel strength, among 
other factors, such as: macroalgae species, extraction meth-
ods, or the growing conditions of the algae species (Bertasa 
et al. 2020). One of the most applied uses of agar is for food 

applications, followed by bacteriological and biotechnologi-
cal applications (Sousa et al. 2021). Thickening and gelling 
properties are the two of the main characteristics that make 
of agar a very versatile biopolymer (Stiger-Pouvreau et al. 
2016). For example, the agar is used in yogurts to achieve 
the targeted texture and avoid whey separation (Sun et al. 
2018). Low strength agar is mainly used in food applications 
such as thickener or fat replacer (Gómez-Mascaraque et al. 
2019; Gomez et al. 2020). Another application attracting 
research interest is the development of food packaging mate-
rials based on agar. Agar is biodegradable and comes from a 
renewable source, which could help avoiding the accumula-
tions of plastic-based materials (Mostafavi and Zaeim 2020). 
More applications have been reported for agar in the phar-
maceutical field, such as wound dressing material, and con-
trolled drug releasing (Rivadeneira et al. 2018). It is appar-
ent that one of the challenges in commercial applications of 
seaweed biomass is the spatial and temporal heterogeneity 
in quality and among agarophytes, and in Gelidiales in par-
ticular, where agar yield and quality of Gelidiella acerosa 
were shown to vary seasonally (Roleda et al. 1997c) and 
among different reproductive status (Ganzon-Fortes, Roleda 
(Roleda et al. 1997a).

Commercially, agar has been extracted from Gelidium spe-
cies and Gracilaria species by soaking the algae at tempera-
tures above 85 °C in order to dissolve the agar in water. In 
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the case of Gracilaria species, a pre-treatment with sodium 
hydroxide is used in order to improve the gelling properties 
by reducing the sulphate content. This pre-treatment is not 
performed for Gelidium species, as the sulphate content is 
lower than Gracilaria species and does not compromise the 
gelling properties of the agar extracts (Lomartire and Gon-
çalves 2022). This method is energy intensive as the extraction 
takes up to 4 h at high temperatures, therefore novel extraction 
methods are being tested to develop greener methods (Gomez 
et al. 2020). Among these novel extraction technologies, the 
use of higher temperatures (> 100 °C) is facilitated by increas-
ing the pressure in the extraction vessel, such extraction proto-
col has not been as widely reported. Agar was extracted from 
Gracilaria salicornia using autoclave extraction at 120 °C for 
1 h reported to produce high yield of agar (33.2 ± 0.8%) (Vuai 
and Mpatani 2019). Whereas, other studies did not show sig-
nificant improvements, reporting lower yields for the agar 
extraction from Gelidium latifolium performed at 110 °C for 
30 min (32.40 ± 0.57%), compared to hot water extraction 
at 95 °C for 6 h (34.26 ± 0.22%) with significant reduction 
in processing time (Öğretmen and Duyar 2018). Therefore, 
higher temperature extraction seems to be a promising alter-
native extraction technology that can allow extracting agar 
by using water as the solvent of extraction, while reducing 
the processing time and thus, the economic and environmen-
tal cost of the process, and disrupting the cell walls of the 
seaweed by the application of heat combined with pressure.

The main objective of this study was to assess the agar 
extraction yield from Gelidium sesquipedale using higher 
temperature at pressure, compared to a traditional agar 
extraction method. Additionally, two acid pre-treatments 
(acetic acid and citric acid) were compared. Acid pre-
treatments were suggested in order to overcome the yield 
loss after applying the traditional alkaline pre-treatments, 
which was resulted successful as the yield obtained for 
acetic acid pre-treatment extraction was 29.8 ± 2.41% 
compared to 28.09 ± 2.55% for alkali pre-treatment extrac-
tion (Roleda et al. 1997b). Citric acid was also tested as it 
was expected that its cross-linking nature would enhance 
the extraction of agar (Uranga Gama et al. 2020). In order 
to select the most adequate process and to determine the 
impact of the extraction on the final agar extracts, these 
were characterized by using FT-IR, gel strength, molecu-
lar weight analysis, thermogravimetric analysis, and sugar 
quantification by HPLC.

Materials and methods

Raw seaweed material

Dried Gelidium sesquipedale (1000 g) was obtained from 
Hispanagar (Burgos, Spain). Gelidium sesquipedale was 

collected from the south of Europe’s Atlantic coast (Spain, 
Portugal, and France) during the summer months and left 
drying in the sun. The raw material was washed with tap 
water until no sand was found in the washing water. The raw 
material was then placed in aluminium trays in an oven at 
60 °C overnight to dry until constant weight. The seaweed 
was milled (Laboratory Mill 3610, Perten Instruments, Ire-
land) and selected for a particle size between 0.7 – 1 mm 
by using a mechanical sieve (VWR Haver & Boecker, Ger-
many) set for amplitude: 3.0 mm, time: 2 min, and interval: 
5 s.

Chemicals

HCl 37% (CAS-No: 7647–01-0, Acros Organics, Germany). 
Distilled water was supplied by a MilliQ Direct 8 (France). 
Citric acid monohydrate ACS reagent ≥ 99.0% (CAS-No: 
5949–29-1, Sigma-Aldrich, Japan). Acetic acid glacial, 
ReagentPlus®, ≥ 99% (CAS No: 64–19-7, Sigma-Aldrich, 
Ireland). Commercial Agar QSol® Soft 150 (Hispanagar, 
Spain). D-( +)-Glucose (CAS-No: 50–99-7, Sigma, France). 
D-( +)-Galactose (CAS-No:59–23-4, Sigma, Italy).

Agar extraction

A sample (15 g) of milled G. sesquipedale was soaked in 
450 mL of 0.5% (v/v) acetic acid, or 0.5% (w/v) citric acid 
for one hour at room temperature using a stirrer at 400 rpm 
(VOS 40 digital, VWR, USA). The mixture was then filtered 
using a muslin cloth and the seaweed was washed with tap 
water and rinsed with 1 L of distilled water until approxi-
mately pH = 5 was reached. The samples were soaked in 
450 mL distilled water in a glass bottle to apply an auto-
clave treatment (Autoclave 4,002,424, JP SELECTA, SA, 
Barcelona, Spain). The autoclave treatment was carried out 
at three different temperatures (100, 110, and 120 °C) for 
10, 15, and 20 min at a pressure of 1 atm. The control was 
performed by means of placing a round bottom flask into an 
oil bath and attached to a reflux condenser without acid pre-
treatment (4 h, 95 °C). The following steps were the same 
as for both control and treated samples. Autoclaved samples 
were filtered in hot condition to avoid agar gelation with a 
muslin cloth. Filtred extract was cooled at room temperature 
followed by freezing overnight at -80 °C and freeze-dried 
in an industrial scale freeze-dryer (− 25 °C/30 °C, approxi-
mately 0 mbar) in an FD 80 model (Cuddon Engineering, 
New Zealand) to obtain a final solids agar crude extract. 
These extractions were performed in duplicates.

Determination of crude agar yield of extraction

The crude agar yield of extraction was calculated by using 
the formula in Eq. 1.
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(1)
Crude agar yield of extraction %

(

w

w

)

=
Weight of freeze − dried agar (g)

Weight of initial raw G.sesquipedale (g)
× 100

Fourier Transform InfraRed (FT‑IR)

The algal extracts were analysed using Nicolet iS5 (Thermo 
Scientific, USA) Fourier transform mid-infrared spectrom-
eter equipped with diamond crystal attenuated total reflec-
tance (ATR) accessory (iD7 ATR, Thermo Scientific, USA). 
Single beam reflectance spectra (R) were collected over the 
wavenumber range 550—4000 cm−1 with a resolution of 
4 cm−1; then were converted and recorded as absorbance 
spectra (log(1/R)). For each measurement, 64 scans were 
carried out and the average spectrum was extracted from the 
spectra of 64 scans. The average spectrum was calculated 
based on duplicate measurements for each sample.

Gel strength

Gel strength measurements of the agar extracts were car-
ried out based on a penetration tests. For this purpose 1.5% 
(w/w) solutions of agar in distilled water prepared and 
heated at 90 °C until all the soluble compounds were dis-
solved and then transferred to a bloom jar and kept in the 
a fridge at 4 °C overnight. The next day, the samples were 
left to reach room temperature before the analysis. A texture 
analyser (Stable Micro Systems model – TA.HD plus C, UK) 
equipped with a radiused cylinder probe (P/0.5 R, 1.27 cm 
diameter) was operated at a penetration rate of 1 mm s−1 to 
a depth of 5 mm on the formed gel as performed by (Li et al. 
2021). Each sample was measured in duplicate.

Molecular weight

Average molecular weight was estimated by High Perfor-
mance Size Exclusion Chromatography and a Refractive 
Index detector (HPSEC—RID) as described by Gómez-
Mascaraque et al. (2019). An Agilent 1200 Series HPLC 
separations equipment and an Agilent 1200 refractive index 
detector (Agilent, USA) controlled by Agilent ChemStation 
software with a pre-column (OHpak SB-G 6B, 8 × 50 mm) 
and a Shodex OHpak SB-804 HQ with 6% cross-linked 
HPLC carbohydrate column with 8 × 300 mm (length x 
I.D.) (Shodex, Japan) were used for the separation. Extracts 
were dissolved in the mobile phase that consisted of 0.05 M 
Na2SO4/0.01 M EDTA adjusted to pH 7, at a concentration 
of 1 mg mL−1 and filtered through 0.8 μm pore syringe fil-
ters before injection. The injection volume was 20 μL with a 
flow rate of 0.5 mL min−1. P-82 pullulan standards (Merck, 
Ireland) were used for calibration.

Thermogravimetric analysis

The study of the thermal stability of the alginate extracts 
were performed by TGA using a TGA/DSC 3+ STAR​e Sys-
tem. Approximately 10 to 12 mg of each sample (0.1 mg 
resolution) were placed in an aluminium pan and heated 
from 30 to 600 °C at a rate of 10 °C min−1 under nitrogen 
atmosphere with a nitrogen flow of 20 mL min−1 (Martínez-
Sanz et al. 2021). The reference sample was an empty alu-
minium pan with lid. The mass loss sections expressed in 
percentages, and the temperature ranges were calculated at 
the end of each step (inflection point) by using the horizontal 
segment tool in the STAR​e software.

Sugar analysis

The galactose, glucose and xylose contents in the agar 
extracts were quantified by means of Ultra High Perfor-
mance Liquid Chromatography with a Refractive Index 
detector (UHPLC-RI) with a BioRad Aminex HPX-87P 
column. The conditions used for the analysis were 10 µL of 
injection volume, 0.6 mL min−1 flow rate for 20 min, and 
80 °C column temperature. RI detector temperature was set 
at 50 °C. Standards of galactose and glucose were used for 
calibration. In order to prepare the extracts for this analysis, 
25 mg of each sample were mixed with 250 µL of 72% (w/w) 
sulphuric acid contained in 10 mL glass tubes. Then the 
samples were placed in a water bath at 30 °C for 1 h, mixing 
the samples every 10 min. After 1 h, the samples were added 
7 mL of distilled water and placed in an autoclave at 121 °C 
for 1 h. Once the samples reached room temperature, these 
were neutralized by adding calcium carbonate. The samples 
were then filtered through a 0.2 µm filter and placed in vials 
(Van Wychen and Laurens 2016).

Statistical analysis

All extractions were carried out in duplicates, as well as 
the characterisation analysis. Average values and standard 
deviation are reported. Differences in the mean were carried 
out using Analysis of Variance (ANOVA) using Minitab (V 
17) Statistical Package. Means were considered as signifi-
cant at 95% confidence level (p ≤ 0.05). Means were grouped 
by using Tukey test (Post Hoc test). A 3-factors General Lin-
ear Model followed by a Tukey test was also performed to 
evaluate the differences among the three main factors: acid 
pre-treatment, time, and extraction temperatures.
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Results

Agar yield of extraction

Figure 1 shows the crude agar extraction yields for the 
different protocols. According to the 3-factors GLM 
(General Linear Model), all citric acid pre-treatments 
reported statistically higher yields compared to the 
analogous acetic acid pre-treatments probably due to 

the cross-linking nature of this acid (Uranga Gama et al. 
2020). Two trends are identified for both pre-treatments, 
i.e., the higher temperatures and longer times of auto-
clave treatment led, in all cases, to significant higher 
yields of extraction. According to the 3-factors GLM, 
(20 min, 120 °C) and (15 min, 120 °C) treatments were 
statistically higher than the rest of the treatments for both 
acids. A significant interaction was seen for time × acid, 
and for time × temperature, time × temperature × acid, 
meaning that the three factors affected significantly the 
yields of extraction (Table 1).

FT‑IR

In order to identify the chemical bonds found in the agar 
structure and the presence of impurities present in the dif-
ferent samples a FT-IR analysis was performed. The spec-
tra of the samples and the commercial sample were col-
lected from 400 to 4000 cm−1 for the citric acid pre-treated 
samples (Fig. 2a), and for the acetic acid pre-treated sam-
ples (Fig. 2b). The main chemical bonds found in agar, as 
found in all the samples, are the following:

•	 S = O bond present in D-galactose as two peaks at 
1042 and 1065 cm−1, of which only the second one 
is seen, and in sulphonamide (found in proteins) as a 
weak intensity peak at 1373 cm−1 (Li et al. 2021). The 

Fig. 1   Crude agar yields (w/w, %) (n = 2) of extraction following the 
acetic acid, the citric acid and the control extraction protocols. Tukey 
test applied for acetic acid protocol and control are identified with 

lowercase letters, and Tukey test applied for citric acid protocol and 
control are identified with capital letters

Table 1   Statistical significance of individual factors and interactions 
when analysing yield response, p ≤ 0.05 is considered significant

Factor p value

Time  < 0.001
Temperature  < 0.001
Acid  < 0.001
Time × Temperature 0.872
Time × Acid 0.007
Temperature × Acid  < 0.001
Time × Temperature × Acid 0.598
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1065 cm−1 peak becomes more evident in the samples 
seen as a “shoulder” compared to the commercial sam-
ple, where it was not seen.

•	 C-H bond present in the β-1,3-linked galactopyranose 
and in the 3,6-anhydro-galactose residue at 891 cm−1 
and 930 cm−1, respectively.

•	 C-O and C–C bonds present in the pyranose ring are 
seen as a strong peak at 1041 cm−1 and a medium inten-
sity peak at 1152 cm−1 (Pereira et al. 2003).

•	 N–H bond found in proteins and that in this case repre-
sent an impurity is seen as a strong peak at 1629 cm−1 
(Rasheed et al. 2019).

•	 O–H bond as a broad peak between 3060 and 
3560 cm−1 usually associated to the moisture content 
(Guerrero et al. 2014).

Gel strength

Gel strength tests were performed following a penetra-
tion test for the different agar extracts for both acid 
pre-treatments (Fig. 3). The 3-factor GLM showed that 
citric acid pre-treatment led to significantly higher gel 
strength extracts compared to acetic acid pre-treatment. 
Table 2 shows the effect of extraction time, tempera-
ture and acid pre-treatment on gel strength. Gel strength 
was observed to increase with increase in extraction 
time. Additionally, 120 and 110  °C treatments were 
significantly higher compared to 100  °C. A signifi-
cant interaction was seen for temperature × acid, and 
for time × temperature × acid. The highest gel strength 
was reported for citric acid pre-treated (20 min, 110 °C) 

Fig. 2   FT-IR spectra of citric acid and acetic acid pre-treated agar extracts (arrows identify the different peaks aforementioned)
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being 183.78 ± 36.80 g cm−2, and the lowest gel strength 
was reported for acetic acid pre-treated (10 min, 120 °C) 
being 6.06 ± 1.30 g cm−2. All of the samples reported a 
higher gel strength compared to the control sample (4 h, 
95 °C) 13.92 ± 3.35 g cm−2, but lower than the commer-
cial sample 1104.3 ± 113.93 g cm−2.

Molecular weight

Size exclusion chromatography was used to analyse the 
molecular weight of the different agar extracts (Table 3). 
Only citric acid samples reported a statistically higher 
molecular weight value than the commercial sample. No 

significant differences were found among the different 
treatments. A seen in Table 4, changes on temperature and 
acid led to significant differences. A significant interac-
tion was seen only for time × temperature × acid.

Fig. 3   Gel strength values (g cm−2) (n = 2) of agar extracted after citric or acetic acid pre-treatment. Capital letters denote differences between 
control and acetic acid pre-treatment. Lowercase letters identify differences between control and citric acid pre-treatment

Table 2   Statistical significance of individual factors and interactions 
when analysing gel strength as response, p ≤ 0.05 is considered sig-
nificant

Factor p value

Time 0.002
Temperature  < 0.001
Acid  < 0.001
Time × Temperature 0.217
Time × Acid 0.059
Temperature × Acid 0.004
Time × Temperature × Acid 0.006

Table 3   Molecular weight (kDa) ± SD (n = 2, *n = 1) for the different 
agar extracts

One-way ANOVA: All the means that do not share letter are statis-
tically different (p ≤ 0.05) by Tukey Test. Citric acid and acetic acid 
samples treated independently as two separate groups

Sample Molecular weight (kDa)

0.5% (w/v) citric acid 0.5% (w/v) 
acetic acid

(10 min,100 °C) 20 ± 0.8a 25 ± 14a

(10 min,110 °C) 18 ± 0.4a 13 ± 2a

(10 min,120 °C) 21 ± 0.3a 38 ± 38a

(15 min,100 °C) 19 ± 2a 23 ± 14a

(15 min,110 °C) 19 ± 0.9a 31 ± 2a

(15 min,120 °C) 20 ± 1a 8 ± 1a

(20 min,100 °C) 21 ± 0.03a 8 ± 0.2a

(20 min,110 °C) 21 ± 0.2a 10 ± 2a

(20 min,120 °C) 20 ± 0.2a 22 ± 20a

Control 18*a 18*a

Commercial sample 9 ± 0.1b 9 ± 0.1a
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Thermogravimetric analysis

ThermoGravimetric Analysis (TGA) was performed to 
assess the thermal stability and the ash content (%) of the 
different agar extracts. The mass losses corresponding to 
each onset temperature (°C) were also identified. Further-
more, Derivative ThermoGravimetric Analysis (DTG) was 
used to confirm the inflection point in each TGA curve by 
the appearance of peaks on the DTG plot. In the follow-
ing Tables 5a and b, the onset temperatures and the mass 

losses can be seen. The first mass loss corresponds to the 
water loss by evaporation (T2) (T1 refers to the starting 
temperature of the TGA, that is 31 °C), the second mass 
loss corresponds to the degradation of agar (T3), and the 
third mass loss represents the mass loss until only inor-
ganic material (ash) is left.

Sugar analysis

Galactose, glucose and xylose were quantified in the 
extracts (Table 6) and xylose was not detected. Accord-
ing to the 3-factors GLM, no significant differences were 
found between the citric acid and the acetic acid pre-
treated samples, or among treatments. None of the factors, 
nor their interactions were significant (p > 0.05). It can 
be concluded that all treatments were as efficient for the 
galactose and glucose extraction. The one-way ANOVA 
analysis showed that all treatments extracted a similar 
quantity of galactose and glucose. Other study reported 
a galactose content in the range of 2.5 to 6.1% for agar 
extracts extracted from G. sesquipedale by means of dif-
ferent novel technologies, which are higher than the results 

Table 4   Statistical significance of individual factors and interactions 
when analysing molecular weight as response

Factor p value

Time 0.018
Temperature 0.002
Acid  < 0.001
Time × Temperature 0.477
Time × Acid 0.176
Temperature × Acid 0.028
Time × Temperature × Acid 0.006

Table 5   a) and b). Thermal decomposition of the different agar extracts obtained a) solvent: citric acid, and b) solvent: acetic acid (n = 2)

Sample T2 (°C) T3 (°C) 1st mass loss (%) 2nd mass loss (%) 3rd mass loss (%) Ash content (%)

(10 min, 100 °C) 101.24 ± 20.83 a 248.13 ± 12.20 a 11.14 ± 1.18 a,b 4.46 ± 0.93 a 51.70 ± 4.94a 48.30 ± 4.94 a

(10 min, 110 °C) 114.86 ± 11.11 a 254.44 ± 1.40 a 12.21 ± 0.50 a,b 5.01 ± 0.52 a 58.12 ± 0.64a 41.88 ± 0.64 a

(10 min, 120 °C) 112.29 ± 4.99 a 248.89 ± 4.54 a 11.27 ± 1.24 a,b 4.17 ± 1.30 a 55.09 ± 4.79a 44.91 ± 4.79 a

(15 min, 100 °C) 113.95 ± 4.39 a 248.62 ± 5.47 a 13.02 ± 2.32 a,b 5.23 ± 1.49 a 60.30 ± 14.5a 39.70 ± 14.49 a

(15 min, 110 °C) 114.61 ± 12.95 a 247.25 ± 0.93 a 11.63 ± 0.13 a,b 4.44 ± 0.11 a 53.03 ± 6.41a 46.97 ± 6.41 a

(15 min, 120 °C) 120.07 ± 3.27 a 245.99 ± 6.35 a 12.15 ± 0.97 a,b 4.14 ± 0.97 a 53.50 ± 0.80a 46.50 ± 0.80 a

(20 min, 100 °C) 119.62 ± 31.49 a 254.57 ± 2.44 a 11.09 ± 2.26 b 3.55 ± 1.69 a 53.35 ± 6.21a 46.65 ± 6.21 a

(20 min, 110 °C) 114.94 ± 3.85 a 243.47 ± 7.16 a 12.87 ± 1.23 a,b 6.60 ± 6.01 a 58.99 ± 2.23a 41.01 ± 2.23 a

(20 min, 120 °C) 121.99 ± 8.51 a 249.14 ± 4.04 a 12.09 ± 2.15 a,b 2.86 ± 1.19 a 55.50 ± 2.80a 44.50 ± 2.80 a

Control 115.85 ± 3.01 a 238.20 ± 0.37 a 7.93 ± 0.08 b 3.12 ± 1.13 a 63.52 ± 1.48a 54.57 ± 1.04 a

Commercial 143.91 ± 4.11 a 296.88 ± 48.76 a 17.53 ± 2.79 a 1.44 ± 0.63 a 45.43 ± 1.04 a 36.48 ± 1.48 a

Sample T2 (°C) T3 (°C) 1st mass loss (%) 2nd mass loss (%) 3rd mass loss (%) Ash content (%)

(10 min, 100 °C) 111.59 ± 4.78 b 254.35 ± 4.74 a 8.56 ± 0.39 b 3.48 ± 0.06 a 49.80 ± 4.12 b,c 50.20 ± 4.12 b,c

(10 min, 110 °C) 114.74 ± 4.73 b 255.01 ± 1.90 a 10.19 ± 1.48 b 2.64 ± 1.54 a 47.00 ± 0.56 b,c 53.00 ± 0.56 b,c

(10 min, 120 °C) 121.00 ± 1.61 a,b 248.92 ± 1.65 a 10.64 ± 0.34 b 2.70 ± 0.58 a 49.81 ± 2.45 b,c 50.19 ± 2.45 b,c

(15 min, 100 °C) 113.61 ± 1.34 b 251.79 ± 1.90 a 9.70 ± 0.48 b 3.82 ± 0.70 a 50.13 ± 0.84 b,c 49.87 ± 0.84 b,c

(15 min, 110 °C) 114.40 ± 9.77 b 253.61 ± 0.14 a 9.95 ± 1.49 b 4.44 ± 4.47 a 55.67 ± 3.79 a,b 44.33 ± 3.79 a,b

(15 min, 120 °C) 113.04 ± 12.86 b 236.52 ± 15.88 a 10.44 ± 0.06 b 4.97 ± 3.79 a 56.13 ± 2.04 a,b 43.87 ± 2.04 a,b

(20 min, 100 °C) 115.21 ± 8.76 a,b 253.98 ± 2.02 a 11.28 ± 0.17 b 4.91 ± 0.25 a 50.20 ± 0.77 b,c 49.80 ± 0.77 b,c

(20 min, 110 °C) 122.50 ± 4.07 a,b 252.87 ± 1.03 a 11.92 ± 1.04 b 3.68 ± 0.14 a 50.70 ± 5.12 b,c 49.30 ± 5.12 b,c

(20 min, 120 °C) 123.41 ± 12.54a,b 255.70 ± 1.54 a 11.32 ± 1.06 b 1.99 ± 1.14 a 51.13 ± 0.84 b,c 48.87 ± 0.84 b,c

Control 115.85 ± 3.01 a,b 238.2 ± 0.37 a 7.93 ± 0.08 b 3.12 ± 1.13 a 63.52 ± 1.48 c 54.57 ± 1.04 c

Commercial 143.91 ± 4.11 a 296.88 ± 48.76 a 17.53 ± 2.79 a 1.44 ± 0.63 a 45.43 ± 1.04 a 36.48 ± 1.48 a
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shown on Table 6, with the exception of the (10 min, 
100 °C) (Martínez-Sanz et al. 2021).

Discussion

Agar yield of extraction

Agar yields obtained for extraction conditions employed in 
this study (20 min, 120 °C), (20 min, 110 °C), and (15 min, 
120 °C) corroborated with other reported studies where agar 
was extracted from G. salicornia by using an autoclave for 
1 h without acid pre-treatment (30.7 ± 0.6%) for the 115 °C 
treatment, and 33.2 ± 0.8% for 120 °C treatment (Vuai and 
Mpatani 2019). Other study reported 32.40 ± 0.57% for the 
autoclave agar extraction from Gelidium latifolium at 110 °C 
for 30 min, similar to the yield reported in this study for 
the (20 min, 110 °C), which is 31.69 ± 3.5% (Öğretmen and 
Duyar 2018). The statistically lowest yields were reported 
for the 100 °C treatments. This finding can be explained as 
the higher temperatures led to more cell-wall degradation 
and a higher solubilisation of agar into the distilled water 
(i.e., solvent of extraction). Additionally, longer extraction 
times also contributed to a larger cell-wall degradation. 
Comparing control to the different treatments it was seen 
that the control extraction achieved statistically the same 
yields as the treatments that reported the higher yields. Some 
studies have reported higher yields at higher temperatures 
for the extraction of agar from G. sesquipedale; one study 
by employing of a combination of SWE (subcritical water 
extraction) and SWE-MEF (subcritical water extraction 
with modified electric fields) ranging from 20.10 ± 0.20% 
to 34.40 ± 0.90% (Pereira et  al. 2003). Similar to the 
yields reported in our study for the treatments at 120 °C 

ranging from 22.58 ± 0.82% (acetic acid pre-treatment) to 
33.53 ± 0.47% (citric acid pre-treatment). Other study by 
means of hydrothermal treatment, seeing that longer and 
higher temperature treatments lead to higher yields ranging 
from 10.8 ± 1.5% to 67.2 ± 2.0% (Gomes-Dias et al. 2022). 
The authors also highlight at a temperature of 190 °C agar 
degradation into smaller sugars is expected so higher yields 
are not necessarily due to a higher agar concentration in the 
extracts (Gomes-Dias et al. 2022). It can be concluded that 
the (20 min, 120 °C) and (15 min, 120 °C) treatments can 
effectively be a time saving alternative to control extraction 
in terms of agar yields of extraction.

FT‑IR

The FT-IR spectra show that all the treatments for both acid 
pre-treatments have a very similar profile regardless the 
extraction conditions. Likewise, when the spectral profile is 
compared to the spectrum of the commercial agar sample, no 
main differences were observed. The main peaks associated 
to the chemical bonds found in agar were also found in the 
extracts. An additional peak at 1742 cm−1 was found only 
for the samples, which was reported to be associated to the 
non-cellulosic carbohydrates, or hemicelluloses (Seca et al. 
2000; Sun et al. 2005).

Gel strength

Studies have reported higher gel strength compared to our 
study. Vuai and Mpatani (2019) reported 159.0 ± 2.5 g cm−2, 
for agar extracted from G. salicornia at 120 °C for 1 h treat-
ment and pre-treated in 0.5% acetic acid, by using an auto-
clave compared to our values below 100 g cm−2 for acetic 
acid pre-treated samples. This difference could be due to the 

Table 6   Galactose and glucose quantification of the different agar extracts (%, w/w sample) ± SD (n = 2, *n = 1)

One-way ANOVA: All the means that do not share letter are statistically different (p ≤ 0.05), Tukey Post-hoc test. Citric acid and acetic acid sam-
ples treated independently as two separate groups. Commercial sample was not available for this analysis.

Sample 0.5% (w/v) citric acid 0.5% (w/v) acetic acid

Galactose (%, w/w sample) Glucose (%, w/w sample) Galactose (%, w/w 
sample)

Glucose (%, w/w sample)

(10 min, 100 °C) 27.84 ± 2.61 a 2.46 ± 0.58 a 22.33 ± 0.87 a 3.77 *a

(10 min, 110 °C) 28.71 ± 0.29 a 1.36 ± 0.00 a 20.01 *a 2.90 *a,b

(10 min, 120 °C) 31.61 ± 2.32 a 1.131 ± 0.87 a 30.16 ± 5.80 a 2.03 ± 0.87 a,b

(15 min, 100 °C) 31.9* a 1.16* a 31.32 ± 0.29 a 1.74 ± 0.58 a,b

(15 min, 110 °C) 27.55 ± 2.32 a 0.52 ± 0.87 a 33.64 ± 0.29 a 0.93 ± 0.06 b

(15 min, 120 °C) 30.74 ± 5.13 a 0.46 ± 0.58 a 29.87 ± 2.90 a 1.02 ± 0.29 b

(20 min, 100 °C) 32.77 ± 3.48 a 0.69 ± 0.08 a 35.67 ± 0.15 a 0.93 ± 0.03 b

(20 min, 110 °C) 27.26 ± 6.24 a 1.01 ± 0.29 a 28.13 ± 8.70 a 1.45 ± 0.58 b

(20 min, 120 °C) 25.23 ± 13.63 a 0.87 ± 0.58 a 29.29 ± 5.80a 0.87 ± 0.29 b

Control 27.26 ± 0.003 a 1.74 ± 0.003 a 27.26 ± 0.01 a 1.74 ± 0.01 a,b
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longer extraction time used by these authors that allowed 
extracting more agar, resulting therefore in a higher gel 
strength. We found no sulphate groups, which can be the 
reason for a lower gel strength compared to the commer-
cial sample (Wang et al. 2017). Pereira et al. (2003) also 
reported notably higher gel strengths in the range of 748 
to 885 g cm−2, and an opposite trend in the results com-
pared to our study, reporting lower gel strengths as tempera-
tures increased from 95 to 140 °C. Nevertheless, Gomes-
Dias et al. (2022) reported unusually lower gel strengths 
compared to the rest of their treatments, i.e., 20 g cm−2 for 
hydrothermal extracted agar at 110 °C for 5 min of extrac-
tion similar to the gel strength of our acetic acid pre-treated 
samples with less than 50 g cm−2.

Molecular weight

In our study only citric acid treatments reported statistically 
significant higher molecular weight than the commercial 
sample. This finding can be explained as the citric acid is 
less acidic than the acetic acid, and therefore, it led to a 
lesser decomposition. Nevertheless, all of the sample val-
ues and control reported are lower than the ones reported 
in other studies. Gomes-Dias et al. (2022), performed a 
subcritical extraction of agar from G. sesquipedale report-
ing values of 165 ± 11 kDa for a 130 °C and 15 min treat-
ment, and 183 ± 14 kDa for a control extraction performed 
for 3 h at 95 °C by means of a hot water bath. Others have 
reported values of 1112 kDa for a hot water bath extracted 
agar for 2 h at 95 °C, and 781 kDa for agar extracted by hot 
water bath and pre-treated with 2.5 M sodium hydroxide 
(Martínez-Sanz et al. 2019a). These low molecular weights 
are correlated to the low gel strength values reported ear-
lier. No impact was found for the 120 °C temperature, as it 
would have been expected according to literature (Gomez 
et  al. 2020). Gel strength is affected by the molecular 
weight, as well as by the concentration of 3,6- anhydro-α-L-
galactopyranosyl found in the extracts (Martínez-Sanz et al. 
2021). Due to this, it can be explained that the commercial 
sample had a higher gel strength despite of having a statisti-
cally similar molecular weight compared the samples.

Thermogravimetric analysis

As reported by Ouyang et al. (2018) and as seen in Table 2a 
and b, the first onset temperature occurred at about 100 °C, 
and the second onset temperature takes place in a range 
between 250 – 300 °C, which supports the evidence found in 
other characterization techniques that agar was found in the 
extracts. No significant differences were found among the 
different extraction conditions for citric acid samples, only 
for the first mass loss, which corresponds to the water loss, 
between the commercial sample and the control sample. In 

the case of acetic acid pre-treated samples, significant dif-
ferences were found for T2, having the treatments (10 min, 
100 °C), (15 min, 100 °C), (10 min, 110 °C), (15 min, 
110 °C) a lower T1 than the commercial sample due to a 
higher presence of intermolecular bonds than of intramo-
lecular bonds, and therefore, less energy as heat is required 
to break these bonds and free the water. According to the 3rd 
mass loss (%), (15 min, 110 °C) and (15 min, 120 °C) treat-
ments had statistically the same mass loss as the commercial 
sample. The same was found for the ash content (%). The 
highest ash content (%) was given by the control sample, 
where no acid pre-treatment was used. This can be because 
the longer extraction time, 4 h, could have led to the extrac-
tion of carbonaceous co-products.

Sugar analysis

It has been reported that temperatures of 120 °C could 
decompose heat-sensitive polysaccharides, and therefore 
lead to a lower content in the samples (Gomez et al. 2020). 
A similar galactose content was found for our samples 
and the food packaging films developed with agar extracts 
from G. sesquipedale obtained by hot water extraction 
(31.96 ± 4.77%), and higher than the hot water extraction 
combined with ultrasound (22.78 ± 1.71%). The glucose 
content of the (10 min, 100 °C) citric acid pre-treated sample 
was similar to the hot water treated samples, pre-treated with 
sodium hydroxide, applying or not applying ultrasound treat-
ment (2.56 ± 0.09%, and 2.50 ± 0.84%) (Martínez-Sanz et al. 
2019b). It seems that the galactose content was not impacted 
by the autoclave extraction, whereas the glucose content was 
decreased considerably compared to this other study.

Conclusions

Different combinations of time (10, 15 and 20 min) and 
temperature (100, 110, and 120 °C) were tested to extract 
agar from G. sesquipedale, applying two different acid 
pre-treatments (citric acid and acetic acid). The set of 
parameters and acid pre-treatment that reported the high-
est yield were (20 min, 120 °C) after a citric acid pre-
treatment, 33.53 ± 0.47%. Nevertheless, the citric acid 
pre-treatment followed by a milder extraction conditions 
(20 min, 110 °C), which reported a 31.69 ± 3.5% yield, 
had a higher gel strength 183.78 ± 36.80 g cm−2 compared 
to 110.03 ± 30.51 g  cm−2 of the highest yield. It can be 
concluded that the temperature of 120 °C had a negative 
impact on gel strength; nevertheless, it did not affect the 
molecular weight or the sugar content. No significant dif-
ferences were found in terms of molecular weight (20 ± 0.2 
and 21 ± 0.2 kDa, respectively), TGA profile, ash content 
(41.01 ± 2.23 and 36.48 ± 1.48%), glucose (0.87 ± 0.58% and 
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1.02 ± 0.29%, mg mg−1 sample) and galactose (25.23 ± 13.63 
and 30.74 ± 5.22%, mg mg-1 sample) content between these 
two treatments. Considering functionality, chemical proper-
ties and functionality, it can be concluded that the (20 min, 
110 °C) citric acid pre-treatment was the best treatment to 
extract agar from G. sesquipedale.
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