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Abstract
As a solution for ecosystem bioremediation from the gigantic red seaweed proliferation across the Mediterranean shorelines, 
this work investigates the effective utilization of Pterocladia capillacea to produce different esteemed and viable bioproducts. 
The nutritional composition of approximately 6.88 ± 0.31%, 20.15 ± 0.2%, 42.16 ± 0.3%, and 2.51 ± 0.05% (w:w) protein, 
fiber, carbohydrate, and lipid, respectively, promotes its application in the human food and animal fodder industries. Its 
N + P2O5 + K2O, undesirable heavy metals, organic carbon, and organic matter contents of 5.48 ± 0.07%, 2.82 ± 0.15 mg/
kg, 16.11 ± 0.15%, and 27.71 ± 0.26% are all within the ranges allowed by the Egyptian standard for organic fertilizer. Its 
calorific value of 16.16 ± 0.5 MJ/kg and relatively low ash and heavy metals contents are in accordance with the international 
standards for primary solid biofuel. Its relatively high holocellulose content of 44 ± 0.5% (w/w) recommends its applicability 
in the liquid biofuels sector. Further, via a pioneering practice, a sequential, eco-friendly, and fully integrated bioprocess Pt. 
capillacea biomass is valorized into natural pigments of approximately 5.05 ± 0.05 mg/g total chlorophyll, 2.12 ± 0.05 mg/g 
carotenoids, phycobiliproteins of approximately 1.33 ± 0.05 mg/g phycocyanin, 3.07 ± 0.05 mg/g allophycocyanin, and 
0.97 ± 0.05 mg/g phycoerythrin, hydrocolloids of approximately 28.21 ± 2.5% carrageenan and 20.46 ± 1.5% agar, and finally 
cellulose of approximately 20.15 ± 1.5%. Additionally, the extracted carrageenan proved an efficient antimicrobial action 
against pathogenic microorganisms that supports its use for water densification, food packing, and wound dressing.

Keywords  Pterocladia capillacea valorization · Fully integrated biorefinery process · Value-added products · Blue 
economy

Introduction

Red seaweed is known to be commercially significant, 
accounting for about 61% of the total worldwide seaweed 
yield (Álvarez-Viñas et al. 2019). Along the Mediterranean 
coast of Egypt, particularly near Alexandria, vast arrays of 
seaweed thrive. One of the most prevalent macroalgae on the 
shore of Alexandria is Pterocladia capillacea, which is espe-
cially plentiful from spring until autumn (Khairy and El-
Shafay 2013; Hassaan et al. 2021; Al-Saeedi et al. 2023). It 
typically inhabits shallow water and rocks close to the coast 
in the Alexandria Mediterranean Sea (Ashour et al. 2020). 
For a variety of marine inhabitants, including fish, turtles, 
and prawns, the presence of macroalgae in an eco-balanced 
amount with a regular rate of growth is advantageous since 
it can give food, oxygen, and a place to reside (Wang et al. 
2020a). However, the proliferation of seaweed is seen as an 
environmental peril and a threat to the ecology (Abu Hafsa 
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et al. 2021). Globally, quicker nutrient uptake, faster growth, 
and more frequent macroalgal blooms have resulted from the 
expansion of human population, fertilizer use, animal waste 
production, and fossil fuel burning, which have surmounted 
the nitrogen and phosphorus restriction of coastal and estu-
ary waters (El Shoubaky 2013). In addition to eutrophica-
tion, herbivory loss, inadequate water reddening, and low 
tide activity, climate changes also cause macroalgal blooms 
through elevated irradiation, temperature, and seawater acid-
ification (Lyons et al. 2012). Given their capacity to absorb 
pollutants (such as trace metals), macroalgae can serve as 
markers of both pollution and eutrophication in ecological 
assessments (Gubelit 2022). Increased levels of nutrients 
and organic pollutants from aquaculture, agriculture, domes-
tic, and industrial activities mostly cause harmful macroal-
gal blooms (Joniver et al. 2021). Although they can exist in 
tropical and temperate regions, shallow coastal waters and 
fruitful estuaries are more frequently home to them (Lyons 
et al. 2014).

The negative effects of macroalgal blooms on the environ-
ment, economy, and society are numerous. Macroalgal pro-
liferation and blooms reduce light penetration, water clarity, 
and deplete oxygen. As a result, they adversely impact vari-
ous aspects such as ecology, biological composition, zooben-
thic communities, seagrass, marine biodiversity, life beneath 
the water, and the food chain (Lane-Medeiros et al. 2023). It 
increases the occurrence of biofouling and microbial influ-
enced corrosion, negatively affecting infrastructure, maritime, 
and industrial activities (Lapointe et al. 2018). Macroalgal 
blooms impede tourism, fishing, mariculture, and recreational 
activities while also detracting from the aesthetic appeal of the 
coastal zone (El-Gendy et al. 2023). Rotten macroalgal mats 
release harmful gases that negatively affect human wellbeing 
(Wang et al. 2020a). Usually, the overgrowth of the red sea-
weed Pt. capillacea obstructs fishing activities in the Alexan-
dria Mediterranean shoreline, as it gathers within fishing nets, 
thereby decreasing the fishing yield. Moreover, the blooming 
of red seaweed, would secret some toxins, and would also be 
followed by the biomass decay and degradation, which emits 
the toxic and corrosive sulfides (for example, carbon disulfide, 
hydrogen sulfide, and methyl sulfide), accumulates carbon 
dioxide, increases water acidity, depletes dissolved oxygen, 
and consequently negatively impacted the water quality and 
life underneath water (Young et al. 2022). Thus, would lead 
to the fish, bivalve, and benthic organism mortality, in addi-
tion to costly cleaning undertakings, and a decline in touristic 
activities (Lyons et al. 2014; Joniver et al. 2021). Not only that, 
but the overgrowth of red seaweed in some coastal zones has 
also been reported to negatively impacts coral reefs (Arasam-
uthu et al. 2023) and other communal occupants of the littoral 
region (Eklund et al. 2005), especially upon their death and 
decay. These negative consequences have raised a tremendous 

deal of worry and necessitated expensive programs to confis-
cate such blooms from the afflicted areas.

A lot of interest has recently been shown in the valoriza-
tion of such wasteful macroalgal biomass, especially the red 
seaweed, into various value-added products and sustainable 
biopolymers due to their numerous applications in the food, 
pharmaceutical, fertilizers, biofuels, dyes, biodegradable plas-
tics, and animal feeder sectors (Lapointe et al. 2018; Torres 
et al. 2019; Castejón et al. 2021; Guillén et al. 2022; Nallasi-
vam et al. 2022; Martins et al. 2023). Developing and imple-
menting biomass treatment strategies that enable us to recover 
as much of the useful components in the red seaweed biomass 
as is feasible is crucial from the perspective of a biorefinery. 
Such methods, as opposed to a conventional “single-com-
pound” strategy, would aid in reducing greenhouse gas (GHG) 
emissions and the buildup of waste fractions from industrial 
production. The main industrial and mature technology is the 
production of agar and carrageenan from agarophyte and car-
rageenophyte red seaweed, respectively (Baghel 2023). The 
Pt. capillacea has been published for valuable single-com-
pound production, for example, agar (Rao and Bekheet 1976; 
Freile-Pelegrín et al. 1996; Lai and Lii 1998; 2002; Fathy 
and Mohammady 2007; Mayhoob et al. 2017). Researchers 
have also used Pterocladia species as a carrageenan source 
(Sebaaly et al. 2012), while Siddhanta et al. (2013) reported 
using Pt. heteroplatos for cellulose production. Despite the 
lavishness of Pt. capillacea along the Mediterranean coast, 
to our knowledge, there is no published research explores the 
valuation of Pt. capillacea into different value-added products 
via a sequential, fully integrated eco-friendly process.

This work aims to collect and characterize one of the 
most abundant red seaweed, Pt. capillacea, which inhabits 
the Egyptian Mediterranean coast. For its promotion in the 
blue-economy instead of being an environmental issue, this 
work also targets exploring the primary biochemical compo-
nents of collected Pt. capillacea as well as its proximate and 
mineral composition to suggest its possible industrial applica-
tions. Moreover, the primary objective of this manuscript is to 
develop in a pioneer step a fully integrated process to sequen-
tially extract valuable natural pigments and biopolymers (car-
rageenan, agar, and cellulose). Thus, briefly, the aim is to effi-
ciently utilize the entire biomass of Pt. capillacea, maximize 
its value chain, and steer clear of the existing conventional 
industrial approach that extracts a "single compound" and 
leaves behind significant quantities of wasted, unused biomass.

Materials and methods

Seaweed collection and preparation

The red seaweed was harvested during late summer and 
early autumn 2023 from Abu-Qir Bay in Alexandria, Egypt 
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(31°18'44.5"N 30°02′40.2"E). It was easily collected manu-
ally from the submerged rocks and from fishermen, as it is 
usually collected in fishing nets during fishing activities. At 
the National Institute of Oceanography and Fisheries (NIOF), 
Alexandria Branch, Egypt, the collected red seaweed was 
examined microscopically in accordance with Iha et al. (2017) 
and Wang et al. (2020b). That has been performed using a ste-
reo microscope (Novex, model P-20, EUROMEX microscopes 
BV, Arnheim, the Netherlands) and a light microscope (Optika 
model B-192, S.r.l.Via Rigla, Ponteranica (BG), Italy).

To remove salt, undesirable sand, and other debris, the har-
vested seaweed was rinsed with tap water. They were then left 
to dry in the sun. These were then ground and sieved to create 
a homogenous 0.8–1 mm solid biomass. Ultimately, they were 
stored in sterile, sealed plastic bags until needed.

The biomass analysis of the collected red seaweed

The Soil and Water Unit (SWU), Central Lab, Faculty of Agri-
cultural, Ain Shams University, Egypt, determined the nutri-
tional composition of the harvested red seaweed using the 
methods outlined in AOAC (2000). The General Organization 
for Export and Import Control (GOEIC), Egypt, conducted the 
proximate analysis. This required the use of standard methodolo-
gies such as ASTM D5865-2019, EN15402-2011, EN15403-
2011, and EN15414-2011 to measure the calorific value, volatile 
matter, ash, and moisture contents, respectively. The quantities 
of cellulose, hemicellulose, and lignin have been measured 
using the technique as reported by Moubasher et al. (1984). The 
SWU has performed other physico- and bio-chemical analyses 
in accordance with El-Gendy et al. (2023). The organic carbon 
and matter have been determined using the Walkley and Black 
(1934) method. The electrical conductivity and pH have been 
measured using the Jackson (1973) approach. The Kjeldahl 
digestion method, as described by Chapman and Pratt (1961), 
has been used to measure the total N-content. The crude protein 
concentration has been computed by multiplying the value by 
6.25, which served as a conversion factor. Total phosphorus has 
been measured using the protocol described by Watanabe and 
Olsen (1965). The remaining minerals and heavy metals have 
been measured using the methodology described by Benton 
(2001). That has been performed using ICP-MS (inductively 
coupled plasma mass spectrometry, Spectro Ciros CCD ICP-
OES, Spectro Analytical Instruments, Kleve, Germany).

A fully integrated method for extracting 
value‑added products from the harvested red 
seaweed

The consecutive, fully integrated process used to extract various 
value-added products from the harvested red seaweed is illus-
trated in Fig. 1. Twenty-five grams of the ground algal biomass 
were soaked in 500 mL acetone:ethanol (1:1 v/v) and heated 

under reflux at 60 °C for 1 h for the extraction of hydrophobic 
and hydrophilic pigments (Sebaaly et al. 2012). Next, filtration 
via a cotton mesh cloth separated the residual biomass, and a 
rotary evaporator set at 40 °C recovered the solvent (Fig. 1). For 
the carrageenan extraction, the obtained residual biomass was 
then soaked into a 2 M NaOH solution (1:20 w/V) and heated in 
a water bath set at 70 °C for 1 h (Han et al. 2021). The mixture 
was then filtered through a cotton mesh cloth to separate the 
residual algal biomass for the subsequent agar extraction accord-
ing to a modified method reported by Ibrahim et al. (2015). The 
carrageenan was precipitated in the obtained filtrate by adding 
excess 95% ethanol (1:2 v/v filtrate/ethanol). The obtained pre-
cipitate was decanted and dried overnight at room temperature 
and then grinded to obtain the carrageenan powder. The biomass 
residue was then hydrothermally treated by soaking in distilled 
water (1:20 w/v) and then autoclaving at 121 °C and 1 bar for 
20 min (Fig. 1). The mixture was then filtered through a cot-
ton mesh cloth to separate the residual algal biomass for the 
subsequent cellulose extraction in accordance with the method 
reported by El-Gendy et al. (2023), as illustrated in Fig. 1. The 
obtained filtrate was assembled into trays and left overnight at 
− 20 °C to gel. After thawing, the gel was twice cleaned with 
20 mL distilled water, allowed to dry overnight at room tem-
perature, and then grinded to obtain the agar powder (Fig. 1). 
Results were provided in the form of mean and ± standard devia-
tion based on triple experiments.

Analysis of the extracted value‑added products

According to Ismail (2016), an ultraviolet/visible/near infrared 
(UV/Vis/NIR) double beam spectrophotometer (model V-570, 
JASCO International Co., Ltd., Tokyo, Japan) was used to 
identify the extracted mixture of pigments and anti-oxidants. 
The wavelength range of 190–800 nm was scanned for the 
distinctive absorption spectra (Haryatfrehni et al. 2015).

The extracted chlorophylls and carotenoids were calculated 
in accordance with Ismail (2016) as follows;

(1)Chloropylla(mg∕g) =

[

12.7A663 − 2.69A645

]

× V

W

(2)Total Chloropyll (mg∕g) =

[

20.2A645 + 8.02A663

]

× V

W

(3)Carotenoids (mg∕g) =
4A480 × V

W

(4)

� − Carotene(mg∕g)

=
[0.216 × A663 − 0.304 × A450 + 0.452 × A453] × V

W
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The phycobiliproteins (i.e. phycoerythrins, phycocya-
nin, and allophycocyanin) concentration was calculated 
according to Ismail and Osman (2016);

(5)Phycocyanin(mg∕g) =
A615 × 0.457A652

5.34

(6)Allophycocyanin(mg∕g) =
A652 − 0.208A615

5.09

Fig. 1   A sequential, fully integrated method for producing valued bioproducts from the collected Pterocladia capillacea 
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The other extracted value-added products were character-
ized in accordance with El-Gendy et al. (2023). Using the 
KBr disc approach, the Fourier transform infrared (FTIR, 
Perkin Elmer Spectrum One, Waltham, MA, USA) was 
used to determine the characteristic functional groups of 
value-added products. The spectra were scanned at a rate 
of 16 cm/min, achieving a scan resolution of 4 cm−1 within 
the 400–4000 cm−1 range. A high-resolution X-ray diffrac-
tometer (XRD, PANalytical XPERT PRO MPD, Lelyweg, 
EA Almelo, the Netherlands) with a Cu kα radiation source 
(ʎ = 1.5418 Å) working at 40 kV and 40 mA was used to 
determine the XRD patterns of the extracted value-added 
products. A dynamic light scattering device (DLS, ZetaSizer 
Nano Series (HT), Nano ZS, Malvern Instruments, Malvern, 
UK) was used to evaluate the average particle size. A field 
emission scanning electron microscope equipped with smart 
energy dispersive X-ray spectroscopy (FESEM-EDX, model 
Sigma 300VP Carl Zeiss, Jena, Germany) was used to study 
the granule shape of the extracted value-added products. A 
field emission scanning electron microscope with smart 
energy dispersive X-ray spectroscopy (FESEM-EDX; model 
Sigma 300VP; Carl Zeiss, Jena, Germany) was applied to 
examine the granular morphology. Furthermore, the thermal 
characteristics of the value-added products were examined 
under nitrogen conditions using Q600 SDT simultane-
ous differential scanning calorimetry-thermal gravimetric 
analysis (DSC–TGA) and the TA instrument Discovery 
DSC250 (New Castle, DE, USA) to produce their DSC 
data, respectively. Utilizing TA Instruments Trios software 
(V5.2.2.47561, New Castle, DE, USA), the acquired ther-
mograms were analyzed. The gelatinization enthalpy (ΔH 
J/g) was then computed by dividing the integrated peak area 
by the weight of the value-added product slurry (5 mg) and 
the heating temperature rate (5 °C/min).

Antimicrobial activity of extract carrageenan

The antimicrobial activity of the extracted Pt. capillacea 
carrageenan was also evaluated against some pathogenic 
bacteria and yeast using the standard disk diffusion proto-
col as reported by Ismail and Amer (2020). Tryptone glu-
cose yeast agar (TGY-agar) plates were employed (Nassar 
et al. 2022) and 5 mm disk supplemented with 5 mg/L car-
rageenan was used. The tested Gram negative bacteria were 
Pseudomonas putida ATCC 10145 and Escherichia coli 
ATCC 23282, while the Gram positive ones were Staphy-
lococcus aureus ATCC 35556 and Bacillus subtilis ATCC 
6633, the tested yeast was Candida albicans IMRU 3669, 

(7)

Phycoerythrin(mg∕g)

=
A562 − (2.41phycocyanin) − (0.849allophycocyanin)

9.62

and the tested fungal strain was Aspergillus niger ATCC 
16404. Standard antimicrobial agents were employed as 
positive controls, with streptomycin (50 µg/mL) as an anti-
bacterial and metronidazole (100 µg/mL) as an anti-yeast 
and anti-fungal. All plates were incubated at 30°C, those 
inoculated with bacteria and yeast for 48 h, while those 
inoculated with fungi for 7 days.

The activity index of the extracted carrageenan was com-
puted depending on the size of the inhibitory zone (mm), 
using the following equation (El-Gendy et al. 2023):

To establish the significance difference between the 
acquired data, a Tukey-test was done using SPSS software 
version 13.0 (Informer Technologies, Inc., Los Angeles, 
CA, USA), with p values greater than 0.05 considered non-
significant at the 95% confidence level.

To ensure reproducibility, each analysis was carried out 
three times, and the mean data were presented as average 
mean values ± standard deviation (StD), with a 95% confi-
dence level.

Results and discussion

An examination of the morphology of the harvested 
red seaweed

The visual (Fig. 2) and stereomicroscopic (Supplementary 
Fig. 1) examination of the collected red seaweed bore a 
striking resemblance to Pterocladia capillacea, a member 
of the phylum Rhodophyta, class Florideophyceae, order 
Gelidiales, and family Pterocladiaceae. It frequently grows 
on rocks in the shallow subtidal and lower intertidal zones. 
Pt. pyramidale is its other popular name. The visual observa-
tion of Pt. capillacea habit (Fig. 2) aligns with that reported 
by Ismail and Osman (2016), Ismail et al. (2020), and Abou 
Gabal et al. (2021). Ibrahim et al. (2015) and Rashad and 
El-Chaghaby (2020) have reported that the most prevalent 
agarophyte growing around the shoreline of Alexandria, 
especially in Abu-Qir, is the Rhodophyta Pt. capillacea. 
Shams El-Dinet al. (2015) have also reported the abundance 
of Pt. capillacea in the Mediterranean Alexandria shoreline.

The visual observation (Fig. 2) reveals a dark reddish-
purple to reddish-wine colored plant that bears a strik-
ing resemblance to feathers. Its fronds are flat and carti-
laginous. Its thallus can reach a height of approximately 
10 cm, and its distichous branching is regular (Fig. 2b). 
Figure 2 shows distal portions of the primary axis and 
lateral branches grow into terete axes that curve downward 

(8)

Activity index =
Carrageenan inhibition zone (mm)

Standard antibiotic inhibition zone (mm)
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and reconnect with the substrate substratum, making sec-
ondary prostrate axes. The main axis is cylindrical below 
and flattened above and the order of branching reaches up 
to four orders. The thalli sometimes look like a Christmas 
tree (Fig. 2b), and sometimes its outline is clearly pyram-
idal or triangular in shape (Fig. 2e). Boo et al. (2010) 
reported a similar observation. The variation in thallus 
morphology, between being regularly pinnate, with numer-
ous, short and closely packed lateral branches (Fig. 2a, 
b) and irregular branching (Fig. 2) has been previously 
reported by Bottalico et al. (2008) and related that to the 
age of the seaweed. It is pinnate or bipinnate (Fig. 2b–e), 
but naked at the base (Fig. 2a). It has oppositely tapering 
branches (Fig. 2a). From a rhizoidal base, loose tufts of 
fronds emerge (Fig. 2c). The holdfast, which harbors peg-
like haptera on its stolons (arrows in Fig. 2a, b) was also 
observed by Wang et al. (2020b). The different degree in 
branch development concerning the fronds with and with-
out a main apex (Fig. 2) coincides with what is reported 
by Scrosati (2002). Different cross-sections of Pt. cap-
illacea have also been microscopically examined. The 
microscopic examination at different magnification powers 
(Supplementary Figs. 1–3) matched well with what have 
been previously reported by Boo et al. (2010), Iha et al. 
(2017), Patarra et al. (2020), and Wang et al. (2020b). 
The stereo-microscopic examination (Supplementary 
Figs. 1–3) proved the presence of the three reproductive 
types; tetrasporophytes, beside the female and male game-
tophytes. A similar observation was reported by Wang 
et al. (2020b).

The biomass analysis of the collected Pterocladia 
capillacea

Seaweed have varying nutritional contents based on their 
species, habitats, age, surrounding conditions, harvest-
ing season, and geographic location (Wu et al. 2014; Doh 
et al. 2020). However, the results of nutritional analysis 
of the collected Pt. capillacea of 6.89 ± 0.31, 20.15 ± 0.2, 
42.16 ± 0.3, 2.51 ± 0.05, and 17.4 ± 0.5% (w/w) protein, 
fiber, carbohydrate, lipid, and ash, respectively (Table 1) 
are found to match well with those reported for red seaweed 
(Øverland et al. 2019). This also aligns with the nutritional 
analysis of Pt. capillacea that Khairy and El-Shafay (2013) 
collected from Abu-Qir Bay. The lipid, carbohydrates, 
proteins, ash, and fiber content in red seaweed can range 
between 0–3%, 4.3–77%, 2–50%, 2–39%, and 5.7–64.7%, 
respectively (Gamero-Vega et al. 2020; Zhou et al. 2022; 
Baghel 2023). It was found that the ash content was about 
17.4 ± 0.5% (w/w, Table 1). This is higher than what was 
found in a study of Pt. capillacea collected from the Medi-
terranean coast of Alexandria, Egypt, in 2022, which was 
15.78% (w:w) (Shoaib et al. 2022). The tabulated relatively 
high concentrations of carbohydrates and protein in Pt. cap-
illacea biomass (Table 1) have also been reported for red 
seaweed collected from Alexandria shorelines (Rashad and 
El-Chaghaby 2020). The abundance of the carbohydrate 
content in Pt. capillacea biomass (Table 1) has been pre-
viously reported by Wu et al. (2014). The lipid content of 
approximately 2.51 ± 0.05 wt% (w/w, Table 1) is in accord-
ance with that reported by Wassef et al. (2013) and Ashour 
et al. (2020). It is worth to mention that the fiber content of 
the collected Pt. capillacea was higher than that of the green 

Fig. 2   Pterocladia capillacea
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Ulva fasciata that we have previously collected from Alex-
andria shorelines (El-Gendy et al. 2023), which recorded 
9.9% (w/w). However, the carbohydrate and lipid contents 
were comparable, which recorded approximately 44.85% 
and 3.27% in green U. fasciata, respectively (El-Gendy et al. 
2023). That encouraged on working on both of the collected 
red Pt. capillacea and green U. fasciata to study their poten-
tiality on animal feed industry.

The tabulated concentrations of Cd, Cu, Fe, and Zn 
(Table 2) are comparable to those reported for Pt. capil-
lacea collected from Abu-Qir Bay (Mohamed and Khaled 
2005). The abundance of the macronutrient Ca and the 
micronutrient Fe in Pt. capillacea (Table 2) has been pre-
viously published by Wassef et al. (2013), Khairy and El-
Sheikh (2015), and Mohy El-Din and El-Ahwany (2016). 
The tabulated high concentration of Co and Ni in Pt. capil-
lacea (Table 2) has also been previously reported by Mohy 
El-Din and El-Ahwany (2016). The abundance of Ca and 
Mg in red seaweed collected from Alexandria shorelines 
has been previously reported by Rashad and El-Chaghaby 
(2020). The predominance of Ca and K macronutrients, 
with the sequential abundance of Ca > Mg > P and low con-
centrations of undesirable As and Hg heavy metals, have 
been previously reported for Pterocladia collected from the 
Lebanon shoreline (Sebaaly et al. 2012). The Pb concentra-
tion 0.001 ± 0.0012 mg/g reported in Table 2 is comparable 
to that reported by Mohy El-Din and El-Ahwany (2016). 
The order of the micronutrients in Table 2 (Fe > Zn > Cu) 
matches what was found in red seaweed collected from 
the shores of Alexandria (Rashad and El-Chaghaby 2020). 
According to Álvarez-Viñas et  al. (2019), seaweed are 
characterized by the presence of considerably high concen-
trations of macronutrients (K, Ca, and Mg), and the most 
abundant micronutrient is Fe, followed by Zn and Cu. It is 
worth mentioning that the Pb, As, and Cd concentrations 
in the collected Pt. capillacea biomass (Table 2) are below 
the maximum permitted amount set by the World Health 

Organization (WHO) in food and medicinal products, which 
are 10, 1.0, and 0.3 mg/kg, respectively (Syaharuddin 2019). 
Furthermore, the concentrations of As, Cd, Pd, and Hg 
listed in Table 2, are within the international limits estab-
lished by the European Union, China, Hong Kong, Taiwan, 
France, and Germany for seaweeds or seaweed-based prod-
ucts intended for human intake and animal fodder, which 
are ≤ 40, 3, 10, and 0.5 mg/kg, respectively (Guo et al. 2023).

The pH of the Pt. capillacea biomass is 7.45 ± 0.05, the 
total amount of N + P2O5 + K2O is 5.48 ± 0.07%, and the 
amounts of organic matter and carbon are 27.71 ± 0.26% and 
16.11 ± 0.15%, respectively (Table 3). As shown in Tables 2 
and 3, the Pt. capillacea biomass has the right amount of 
minerals and chemicals to meet the Egyptian standard for 
solid organic fertilizer (8079/2017) and the African organic 
fertilizer standard ARSO (1490/2018), which would rec-
ommend its applicability in organic fertilizer industry (El-
Gendy et al. 2023).

The tabulated cellulose content of 19 ± 0.5 (Table 1) is 
comparable to that reported by Abu Hafsa et al. (2021). Nal-
lasivam et al. (2022) stated that red seaweed still has basic 
lignin-making processes that are found in land plants. This is 
probably because they share a common ancestor before they 
split off into their own evolutionary trees. That might explain 
the relatively high content of lignin 7 ± 0.5 listed in Table 1. 
The carbohydrate content of the collected Pt. capillacea of 
approximately 42.16 ± 0.3% (w/w) (Table 1) is within the 
recommendable amount for bioethanol production from sea-
weed, which ranges between 40 and 77% (Offei et al. 2018). 
Furthermore, the recorded cellulose content (Table 1) falls 
within the recommended range of 10 to 15% for seaweeds 
used in biofuel production (Winarni et al. 2022).

Based on the proximate analysis performed, the bio-
mass of Pt. capillacea (Table 1) has a calorific value of 
16.16 ± 0.5 MJ/kg. It is within the reported values for red 
seaweed, which ranged between 4.44 and 14.15  MJ/kg 
(Gamero-Vega et al. 2020). This is comparable to solid 

Table 1   Pterocladia capillacea biomass analysis

The nutritional makeup

Dry matter Protein Fiber Carbohydrate Lipid Ash
wt% (w/w)

89.11±0.3 6.89±0.31 20.15±0.2 42.16±0.3 2.51±0.05 17.4±0.5

The proximate analysis
Moisture Volatile Fixed Ash Calorific value

wt% (w/w) MJ/kg
10.89±0.3 69.5±0.5 2.2±0.5 17.4±0.5 16.16±0.5

The biochemical analysis
Hemicellulose Cellulose Lignin

wt% (w/w)
25±0.5 19±0.5 7±0.5

Value-added products yields

Natural pigments  mg/g Hydrocolloids wt% (w/w) Other biopolymer wt% 
(w/w)

Chlorophyll Carotenoids Phycocyanin Allophycocyanin phycoerythrin Carrageenan Agar Cellulose
5.05±0.05 2.12±0.05 1.33±0.05 3.07±0.05 0.97±0.05 28.21±2.5 20.46±1.5 20.15±1.5
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biofuel derived from lignocellulosic material (Al-Sadek 
et al. 2021). It is also comparable with those reported for the 
green Ulva fasciata and brown Sargassum latifolium, which 
recorded 15.19 MJ/kg (El-Gendy et al. 2023) and 14.82 MJ/
kg (El-Gendy et al. 2024), respectively and recommended to 
be used as solid biofuel discs. Moreover, both the tabulated 
contents of detrimental ash and heavy metals (Tables 1 and 
2) are low and within the acceptable ranks set by the Inter-
national Organization for Standardization (ISO 17225–1, 
2014) for solid biofuels.

A sequential extraction process for valorization 
of Pterocladia capillace biomass into numerous 
valued compounds

Natural pigments

The actone:methanol extraction yielded approximately 
2.95 ± 0.5 (wt% w/w) natural pigments. Figure 3 shows 
the UV/Vis spectrum of Pt. capillacea extract. It shows 
that carotenoids, chlorophyll (a), and the red coloring pig-
ments phycoerythrin and phycocyanin are the main com-
ponents. That recorded 3.49 ± 0.05 mg/g chlorophyll(a), 
1.18 ± 0.05 mg/g β-carotene, 1.33 ± 0.05 mg/g phycocya-
nin, 3.07 ± 0.05 mg/g allophycocyanin, 0.97 ± 0.05 mg/g 
phycoerythrin, 5.05 ± 0.05  mg/g total chlorophyll, and 
2.12 ± 0.05 mg/g carotenoids (Table 1). The carotenoids/
chlorphyll (a) ratio recorded approximately 0.607 ± 0.05. It 
is slightly higher than that recorded for Pt. capillacea col-
lected by Ismail and Osman (2016), which ranged between 
0.426 and 0.459 within summer and autumn, respectively. 
The red seaweed is known for the predominance of chlo-
rophyll (a) over the chlorophyll (b), where the carotenoids 
and chlorophyll (a) usually range between 0.2–1.8 and 
0.35–9.8 mg/g, respectively (Álvarez-Viñas et al. 2019). 
Lutein and β-carotene are reported in red seaweed (Álvarez-
Viñas et al. 2019; Cherry et al. 2019; Freitas et al. 2022; 
Carpena et al. 2023). Álvarez-Viñas et al. (2019) reported 
that generally, the phycocyanin and phycoerythrin contents 
in red sewed can range between 0.02–10 and 0.8–7 mg/g, 
respectively.

The concentrations of phycobiliproteins (phycoeryth-
rins, phycocyanin, and allophycocyanin) recorded in 
this study are comparable to those reported by Ismail 
and Osman (2016). Phycobiliproteins can range between 
less than 1 mg/g up to as high as 125 mg/g in red sea-
weed (Álvarez-Viñas et al. 2019). According to Haryat-
frehni et al. (2015), Rhodophyta red seaweed are the main 
sources of the valuable water-soluble, light-harvesting pro-
tein and antioxidant phycoerythrin. El-Sayed and Ismail 
(2022) reported that the red color of red seaweed distin-
guishes it due to the predominance of phycoerythrin and 
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phycocyanin. The mineral and β-carotene contents differ 
in seaweed according to seasons, acquaintance with waves, 
geographical dispersion, physiological changes, and 
environmental conditions (Khairy and El-Sheikh 2015). 
However, the abundance of β-carotene in Pt. capillacea 
has been previously published by Khairy and El-Sheikh 
(2015). Pt. capillacea has been reported to contain chlo-
rophyll as well as phycoerythrin, an accessory photosyn-
thetic pigment (Al-Saeedi et al. 2023). Freitas et al. (2022) 
reported that Rhodophyta red seaweed is valuable source 
of phycobiliproteins (i.e., phycoerythrins, phycocyanin, 
and allophycocyanin), carotenes (i.e., carotenoids and 
xanthophylls), and chlorophyll a.

Carrageenan

The collected Pt. capillacea yielded approximately 
28.21 ± 2.5% (w/w) carrageenan (Table 1). That is roughly 
twice the amount extracted from Pterocladia collected from 
the Lebanon seashore (Sebaaly et al. 2012). The carrageenan 
yield is reported to differ with environmental conditions, red 
seaweed species, harvesting season, and extraction proce-
dure (Al-Nahdi et al. 2019). However, studies have reported 
a range of 22 to 71% in red seaweed (Øverland et al. 2019).

The bimodal particles size distribution of carrageenan 
(Fig. 4a) reveals the predominance of 413 nm particles 
over the 0.53 μm ones, with a total average particles size 
of 773.9 nm, a polydispersity index (PDI) value of 0.611, 
and a zeta potential of − 28.8 mV. The FESEM (Fig. 4d) 
confirms the existence of aggregates, as suggested by the 
DLS analysis.

Table 3   The physicochemical 
inspection of the collected 
Pterocladia capillacea 
biomass in comparison with 
the Egyptian organic fertilizer 
standard

Parameter Pt. capillacea Egyptian organic fertilizer 
standard (8079/2017)

African organic 
fertilizer stand-
ard
ARSO 
(1490/2018)

Electrical conductivity dS/m 10.33 ± 0.03 6–10 Max 5
Total dissolve solids (mg/L) 6611.2 ± 19.2 3840–6400 –
Organic C % 16.11 ± 0.15 Min 15 Min 12
Organic matter % 27.71 ± 0.26 Min 18 Min 7
Moisture content % 9.91 ± 0.3 Max 70 10–35
Total nitrogen % 1.10 ± 0.05 Min 0.28 Min 1
P2O5% 0.77 ± 0.01 Min 0.8 –
K2O % 3.61 ± 0.01 Min 0.8 –
N + P2O5 + K2O % 5.48 ± 0.07 Min 4 Min 5
C/N 14.65 ± 0.2 18–22:1  ≤ 20:1
pH 7.45 ± 0.05 6–8 6.6–7.5

Fig. 3   UV/Vis spectra of 
acetone:methanol (1:1) extract 
of Pterocladia capillacea 
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Figure 4b shows an FTIR spectrum that matches the one 
shown by Ismail and Amer (2020) for carrageenan taken 
from the red seaweed Pt. capillacea and Corallina offici-
nalis. It is possible, according to Sebaaly et al. (2012), to 
interpret the broad peak located at 3424 cm−1 as the result 
of O–H stretching vibration. The small peaks at 2933 and 

2845 cm−1 can be attributed to the C–H, O–CH3 stretching 
vibrations, respectively (Ismail and Amer 2020). The peaks 
around 1600 and 1433 cm−1 can be attributed to the uronic 
acid C = O groups’ symmetric and asymmetric vibrations. 
The sulfate groups’S = O and C–O–S stretching is indicated 
by the FTIR bands at 1151 and 877 cm−1, respectively. The 

Fig. 4   The DLS and zeta potential (a), FTIR (b), XRD (c), FESEM (d), TGA (e), and DSC (f) of the extracted carrageenan
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characteristic peaks of red seaweed’ agarocolloids appear 
around 766  cm−1 (Ismail and Amer 2020). The band at 
1068 cm−1 corresponds to the galactan skeleton of ƙ–car-
rageenan (Al-Nahdi et al. 2019). The band at 933 cm–1 in 
the spectra can be attributed to 3,6–anhydrogalactose bridge, 
which is prevalent in Ɩ–and ƙ–carrageenan but not in λ–car-
rageenan (Wahlström et al. 2018). The absence of peaks at 
1214 and 805 cm−1 would indicate that the extracted carra-
geenan does not match with the Ɩ–carrageenan (Abdul Ghani 
et al. 2019) and matched more with ƙ–carrageenan (Han 
et al. 2021; Rudke et al. 2024).

The XRD pattern (Fig. 4c) depicts the wide character-
istic peak of carrageenan around 2θ (22°) and another less 
shoulder hump around 2θ (32°). That coincides with the 
semi-crystalline ƙ–carrageenan polysaccharide with an 
elevated amorphous nature (Kulal and Badalamoole 2020; 
Perumal and Selvin 2020; Li et al. 2024). The other sharp 
peaks around 2θ (29° and 42°) appeared in the XRD pattern 
(Fig. 4c) might be according to Serra et al. (2023) attrib-
uted to the presence of impurities. The FESEM micrograph 
(Fig. 4d) reveals amorphous and irregular-shaped micro-
sized granules. Dewi et al. (2015) reported a similar obser-
vation for Kappaphycus alvarezii carrageenan.

The TGA thermograph (Fig. 4e) is well matched to that 
illustrated for carrageenan extracted from the red seaweed 
Porphyra umbilicalis Kützing (Wahlström et  al. 2018). 
The first degradation phase with weight loss of approxi-
mately 1.42% occurred between 35 and 100 °C, and may be 
ascribed to the moisture loss. The second sharp degradation 
phase occurred with an approximate weight loss of 20.28% 
between 180 and 450 °C, which peaked at approximately 
247 °C and may be related to the disintegration of the car-
bohydrate backbone and emission of sulfur dioxide (Jumaah 
et al. 2015). The third degradation phase of the decomposi-
tion of the carrageenan’s network structure occurred between 
470 and 600 °C, proceeded slowly, peaked at approximately 
530 °C, and represented a weight loss of approximately 
25.57%. The recorded low total weight loss of approximately 
25.57% would according to Kulal and Badalamoole (2020), 
indicate the thermal stability of the extracted ƙ–carrageenan. 
The DSC thermograph (Fig. 4f) with the exothermic peak 
at 239.57 °C, representing the carrageenan degradation, 
matches well that reported by Elnashar and Yassin (2009) 
for pure ƙ–carrageenan.

The antimicrobial activity of  the  extracted carra-
geenan  Table  4 tabulates the antimicrobial activity of 
the extracted Pt. capillacea carrageenan against various 
pathogenic microorganisms, besides its activity index rela-
tive to standard microbial agents. It is found to express an 
efficient antimicrobial activity against a wide array of dif-
ferent pathogenic microorganisms with a high statistically 
significant difference between the computed activity indices 
(p < 0.0001). The antimicrobial activity of carrageenan is 
reported to differ with the algal species extracted from and 
the pathogenic microorganisms (Ismail and Amer 2020). 
In this study, the extracted carrageenan was more effective 
against yeast strains than bacteria (Table 4), with a statisti-
cally higher activity index (p < 0.0001). Wang et al. (2012) 
reported a similar observation. Moreover, the relatively 
high antifungal and antibacterial activities of carrageenan 
against A. niger and the Gram + ve B. subtilis and S. aureus 
have been previously reported by Ismail and Amer (2020). 
The extracted carrageenan expressed a statistically higher 
biocide activity against fungi relative to the other studied 
pathogenic microorganisms (p < 0.0001). The superiority of 
carrageenan as an antifungal agent has also been reported 
by Soares et  al. (2016) and attributed that to the possible 
occurrence of alterations in chitin and β-glucan fungal 
cell wall contents. The efficient antimicrobial activity of 
k-carrageenan polyanions against the Gram + ve S. aureus 
and C. albican has been previously reported by Souza et al. 
(2018). That was attributed to the decrease of chitin and 
β-glucan in C. albican cell wall. Moreover, the Gram + ve 
bacteria are known to have a high content of mucopeptide 
and peptidoglycan lipids, which would enhance the electro-
static interaction with the negatively charged sulfate groups 
in carrageenan (Javadiyan et  al. 2022). Also, glycoprotein 
receptors on the surface of the carrageenan would recog-
nize and bind to charged compounds on the bacterial cell 
surface, cytoplasmic membrane, and DNA. This would 
increase the permeability of the cytoplasmic membrane, 
cause cells to break down, proteins to leak out, and DNA 
structure to become less stable, which would slow down 
transcription and translation (Ismail and Amer 2020). The 
low antibacterial effect against the Gram –ve E. coli with a 
high statistical difference relative to the other studied patho-
genic microorganisms (p < 0.0001) might be related to the 
occurrence of repulsion between the negatively charged sul-

Table 4   The antimicrobial activity of the extracted carrageenan and activity index relative to standard antibiotic

Tested microorganism
Compound ID

B. subtilis
ATCC 6633

S. aureus
ATCC 35556

E. coli
ATCC 23282

P. putida
ATCC 10145

C. albicans
IMRU 3669

A. niger
ATCC 16404

Carrageenan 27 ± 0.51 28 ± 0.60 14 ± 0.30 29 ± 0.50 30 ± 0.55 35 ± 0.80
Reference antibiotic 35 ± 0.7 35 ± 0.7 22 ± 0.44 33 ± 0.66 26 ± 0.52 22 ± 0.44
Activity index 0.77 ± 0.08 0.8 ± 0.01 0.64 ± 0.02 0.88 ± 0.01 1.15 ± 0.01 1.59 ± 0.01
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fate groups in the carrageenan molecule and the negatively 
charged bacterial cell wall (Amorim et al. 2012). It might 
also be attributed to the extra shelter given by the high con-
tent of phospholipids and lipopolysaccharides in the outer 
cell membrane (Jasem et al. 2023). Moreover, Pradhan and 
Ki (2023) reported the antimicrobial activity of the carra-
geenan molecule might be attributed to its binding to the 
DNA limiting, its transcription and translation. 

Agar

The collected Pt. capillacea yielded approximately 
20.46 ± 1.5% (w/w) agar (Table 1). That matches well with 
agar yields extracted from Pt. capillacea that was collected 
from the Egyptian Alexandria beach (Rao and Bekheet 
1976). It is also comparable to yielded agar from Pt. cap-
illacea collected from Abu-Qir Bay during August and 
September (Fathy and Mohammady 2007). It is within the 
range reported for Spanish Pt. capillacea, which yielded 
from 15 to 29.8% agar depending on the harvesting season 
(Freile-Pelegrín et al. 1996). The obtained agar yield in this 
study aligns with the reported range for Syrian Pt. capil-
lacea, which ranges from 11% to 35.46% agar based on the 
applied extraction time (Mayhoob et al. 2017). Agar yield 
from worldwide Pt. capillacea varies between 5 and 34%, 
depending on the geographical distribution, ecological and 
environmental conditions, algal species, growth and harvest-
ing seasons, and extraction techniques (Patarra et al. 2020).

The DLS analysis (Fig. 5a) indicates agar with an average 
granular size of about 601.6 nm, a PDI value of 0.261, and 
a zeta potential of − 34.2 mV.

The FTIR spectrum (Fig. 5b) matches well with that of 
agar extracted from the red seaweed Gracilaria tikvahiae 
(Rocha et al. 2019) and Gracilaria species (Vuai 2022). The 
peaks at 3392 cm−1 and 3288 cm−1 are related to the O–H 
and N–H stretching (Ibrahim et al. 2015). The peaks around 
2940 cm−1 and 2874 cm−1 correspond to the C–H, O–CH3 
stretching vibrations, respectively (Xiao et al. 2021). The 
most distinctive bands were found in the 850–1456 cm−1 
range, which is according to Belattmania et al. (2021) com-
monly identified as agarocolloid. The peak at 1382 cm−1 
can be assigned to the ester sulfate (Aguiar et al. 2023). 
The small peaks appear between 1274 and 1224 cm−1 are 
attributed to the sulfate groups of α-L-galactose 6-sul-
fate. The peaks appear between 1124 and 1112 cm−1 are 
associated to the agar galactan skeleton (Xiao et al. 2021). 
The characteristic agar bands of 3,6-anhydro-galactose 
bridges appear at 1068 and 929 cm−1 (Rocha et al. 2019). 
The band at 1633 cm−1 can be attributed to the stretching 
of the conjugated peptide bond formed by NH and C = O 
groups (Ibrahim et al. 2015), while the peak at 600 cm−1 is 
related to the N–H out of plan vibration (Chaudhary et al. 
2020). That might indicate the presence of protein and/or 

incomplete removal of pigments (Xiao et al. 2021). The peak 
that appears at 850 cm−1 might be attributed to the presence 
of sulfate groups (Rocha et al. 2019). The galactose ring’s 
skeleton bending is responsible for the peaks at 760 and 
787 cm−1 (Rocha et al. 2019; Vuai 2022).

The XRD pattern of the extracted agar (Fig. 5c) depicts a 
diffused wide peak around 2θ (20°), a shoulder at 2θ (13.9°), 
and another smaller wide peak at 2θ (19°). This could poten-
tially represent an amorphous agar with a somewhat ordered 
structure, as suggested by Martínez-Sanz et al. (2019). That 
organized structure could be because of the double-helical 
shape made by the intermolecular hydrogen bonding (Zhang 
et al. 2019). The FESEM micrograph (Fig. 5d) reveals amor-
phous spherical and cuboidal-shaped micro-sized granules.

The TGA of the extracted agar (Fig. 5e) matches well 
with that of the agar extracted from the red seaweed Graci-
laria tikvahiae (Rocha et al. 2019). The thermograph depicts 
two main regions of weight loss. The first occurs around 
100 °C, with a weight loss of approximately 14.39% and 
may be attributed to the moisture loss. The main weight loss 
starts from approximately 190 °C and peaked at approxi-
mately 285 °C. Martínez-Sanz et al. (2019) reported a simi-
lar observation for Gelidium sesquipedale agar, which is 
according to Ding et al. (2020) attributed to the carbohydrate 
decomposition. The observed continual weight loss until 
the occurrence of almost complete decomposition within 
650 °C (Fig. 5e) has also been reported by Oprea (2010) and 
Maleki et al. (2019). The endothermic peaks that appeared 
at 164.18 °C and 225.25 °C in the agar DSC graph (Fig. 5f) 
might be, according to Pino-Ramos et al. (2021), attributed 
to the agaropectin and agarose decomposition, respectively.

Cellulose

The collected Pt. capillacea yielded approximately 
20.15 ± 1.5% (w/w) cellulose (Table 1). Researchers report 
that the cellulose content in red seaweed ranges from 0.9 
to 8.7% (w/w), with Pterocladia heteroplatos having the 
highest recorded content (Siddhanta et al. 2013). However, 
Siller-Sánchez et al. (2019) reported that the cellulose con-
tent in red seaweed ranges from 13 to 19% (w/w), whereas 
Baghel et al. (2021) reported a range of 0.85 to 18% (w/w). 
However, Doh et al. (2020) reported that the cellulosic 
nanocrystals in red seaweed range from 13.3 to 17.4% (w/w).

The DLS analysis proves the bimodal particles size dis-
tribution of the extracted Pt. capillacea cellulose (Fig. 6a), 
which indicates the presence of some aggregates. It also 
shows that 89.53  nm particles are more common than 
787.1 nm particles. The average particle size is 90 nm, the 
PDI value is 0.509, and the zeta potential is − 30.5 mV. 
According to Naduparambath et al. (2018), a stable suspen-
sion of nano-crystalline cellulose occurs when its zeta poten-
tial falls below -30 mV or rises above + 30 mV.
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The broad peak at 3414  cm−1 and the sharp peak at 
1647 cm−1 in the FTIR spectrum (Fig. 6b) are related to the 
O–H stretching and bending vibrations, respectively of cel-
lulose (Doh et al. 2020). The peaks at 2914 and 1440 cm−1 
are attributed to the cellulosic –CH2 symmetric and asym-
metric stretching vibration, respectively (Wahlström et al. 
2020; El-Gendy et al. 2023; 2024). The peak at 1062 cm−1 

is attributed to the CH2–O–CH2 stretching vibrations of the 
pyranose ring. The cellulosic polysaccharides can be con-
firmed by the existence of the distinguishing weak FTIR-
vibrational band of the β-glycosidic bond at 899  cm−1 
(Muthukumar and Chidambaram 2022). The broadening of 
the major peak at 3414 cm−1 is gesturing the occurrence of 
numerous numbers of hydrogen bonding (El Achaby et al. 

Fig. 5   The DLS and zeta potential (a), FTIR (b), XRD (c), FESEM (d), TGA (e), and DSC (f) of the extracted agar
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2018b, a; Varma et al. 2022). The lack of vibrational bands 
in the range of 1700–1740 cm−1 (Fig. 6b), which correspond 
to the acetyl or uronic ester groups, would indicate the purity 
of cellulose from hemicellulose (Jmel et al. 2016). Moreo-
ver, the absence of peaks of the sulfate groups at 1112–1151, 
1274–1224, and 850–877 cm−1 and the characteristic peaks 
of red seaweed’ agarocolloids at 766 and 930 cm−1, would 
assure the purity of cellulose from carrageenan and agar. 

However, the presence of the two weak peaks at 1440 and 
1550 cm−1 would be attributed to the aromatic ring’s C = C 
of lignin (Lakshmi et al. 2017; El Achaby et al. 2018b, a).

The XRD pattern of the extracted Pt. capillacea cellu-
lose (Fig. 6c) aligns with that of cellulose I (card number 
00–056-1717), which has a chemical formula of (C6H10O5). 
According to Siddhanta et al. (2009), cellulose I is rec-
ognized as the natural and dominant crystalline structure 

Fig. 6   The DLS and zeta potential (a), FTIR (b), XRD (c), FESEM (d), TGA (e), and DSC (f) of the extracted cellulose
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of cellulose found in seaweed. The 200-plane diffraction, 
which is an indicator of the cellulose crystallinity, appears 
at 22.72o (Fig. 6c). The broadness of peak at (2θ) 16.07o 
(Fig. 6c) might indicate the merging of the crystallographic 
planes 1 ̅10 and 110 and is known to refer to the amorphous 
phase. A similar observation has been published for cel-
lulose extracted from agar-industry red seaweed residues 
(López-Simeon et al. 2012). The peak at 34.87° (Fig. 6c) 
corresponds to the crystallographic plane 004. The XRD 
pattern matches well with the crystalline cellulose extracted 
from the red seaweed Gelidium elegance (Lee et al. 2008) 
and the micro-crystalline cellulose extracted from the red 
seaweed Eucheuma cottonii (Han et al. 2022), Gracilaria 
verucosa, and Eucheuma cottonii (Nissa et al. 2023).

The crystallinity index (CrI%) was computed in accord-
ance with Doh et al. (2020).

where I200 is the peak intensity of diffraction from the 200 
lattice plane at (2θ) 22.72°, and Iamrophous is the trough 
intensity assigned to the amorphous section at (2θ) 16.07° 
(Fig. 6c). This analysis revealed that the extracted crystal-
line cellulose had a CrI% of approximately 78.60%. It is 
comparable to that of microcrystalline cellulose reported 
by Han et al. (2022). The elevated occurrence of inter- and 
intra-molecular H-bonding and the cellulosic-fibril structure 
could potentially explain the elevated CrI% (Bhutiya et al. 
2020; Doh et al. 2020). The crystallinity index of cellulose 
extracted from seaweeds and other natural sources is com-
monly expected to range between 41.4 and 71.5% (Hai et al. 
2015; Doh et al. 2020).

The FESEM micrograph (Fig.  6d) reveals cellulosic 
nanofibers. The micrograph demonstrates a layered and 
densely cross-linked web-like structure (blue arrows, 
Fig.  6d) composed of numerous filaments, or fibrous 
helixes (yellow arrows, Fig. 6d). Similar observation has 
been reported for cellulose extracted from the red seaweed 
Porphyra umbilicalis Kützing (Wahlström et  al. 2018), 
Eucheuma cottonii and Gracilaria verucosa (Nissa et al. 
2023), and some other edible seaweed (Muthukumar and 
Chidambaram 2023).

The TGA/DTG thermograph (Fig. 6e) reveals a first 
weight loss occurrence between 25 and 125 °C, representing 
the moisture loss. The main decomposition occurred within 
the temperature range of 200 to 400 °C, with split peaks at 
280 and 350 °C. Cellulosic glycosidic linkages, hydroxyl 
and methyl hydroxyl groups, and possible propanoid side 
chain degradation are responsible for the main decomposi-
tion region (Dorez et al. 2014; Bhutiya et al. 2020; Varma 
et al. 2022). However, the small shouldered peaks at 527 and 
675 °C would indicate the presence of traces of lignin, as 

(9)CrI% =

(

I200 − Iamorphous

I200

)

× 100

these peaks are related to the condensation and rearrange-
ments of lignin-aromatic construction (Dorez et al. 2014). 
That confirms the FTIR interpretation (Fig. 6b). The DSC 
thermograph (Fig. 6f) shows an exothermic peak with a peak 
temperature Tp at 289.68 °C and enthalpy ΔH of 39.11 J/g, 
proving the thermal stability of the extracted cellulose (El-
Gendy et al. 2023). That is the same temperature that was 
previously reported for red seaweed cellulose to break down 
(Hai et al. 2015), which was because it had a high crystallin-
ity index. The main endothermic peak at Tp122.72 °C with 
an enthalpy change ΔH 89.40 J/g (Fig. 6f) would be, accord-
ing to Cichosz and Masek (2019), due to the evaporation of 
trapped water and the breakage of hydrogen bonding in the 
cellulosic construction.

The acquired valued products and their 
proposed potential uses

In 2019, the global seaweed market was valued at US$ 
11.8 billion and is projected to attain US$ 22.13 billion by 
2024, reflecting an annual growth rate of around 8.9% (Sul-
tana et al. 2023). Red seaweed constitutes 61% of global 
seaweed production (Álvarez-Viñas et al. 2019), and it is 
anticipated to rise due to the economic significance of its 
hydrocolloid food ingredients, namely carrageenan and 
agar (Pessarrodona et al. 2024). This study promotes the 
promising market potentially of red seaweed Pt. capillacea. 
The nutritional and mineral composition of the collected 
Pt. capillacea (Table 1 and 2) recommends its safe practice 
in the food, pharmaceutical, and animal fodder industries. 
The Pt. capillacea elevated concentrations of Ca, Fe, and 
K (Table 2), would suggest its application as a food sup-
plement. According to Sebaaly et al. (2012), when used as 
a food supplement, Pterocladia’s elevated concentrations 
of Ca and K can aid in bone formation and reduce high 
blood pressure. It can also aid in overcoming the human Fe 
deficiency, provided that the daily allowance for Fe intake 
is limited to 10 mg (Sebaaly et al. 2012). In addition, its 
Zn content (Table 2) is beneficial because it is an essen-
tial cofactor for certain enzymes (Sebaaly et al. 2012). Pt. 
capillacea has been reported as an efficient supplement to 
enrich balady bread organoleptic characteristics (Yousef 
et al. 2015). Øverland et al. (2019) reported the possibil-
ity of using dried and milled red seaweed as animal feed. 
The European seabass (Dicentrarchus labrax) fry has been 
reported to benefit nutritionally from the addition of Pt. cap-
illacea to their formulated meals (Wassef et al. 2013). Pt. 
capillacea has been reported as nutritive supplements for 
Nile tilapia fingerlings (Khalafalla and El-Hais 2015) and 
rabbits (Abu Hafsa et al. 2021).

The collected Pt. capillacea in this study may provide 
humans with beneficial components such as protein, fat, 
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carbohydrates, and carotenoids. Mohy El-Din and El-
Ahwany (2016) reported that pigments such as carotenoids 
and chlorophylls may be the source of the marine seaweed's 
antioxidant activity. Furthermore, the phycoerythrin that Pt. 
capillacea contains is beneficial; according to Ismail and 
Osman (2016), phycoerythrin is the most commonly used 
phycobiliprotein in immunology, cell biology, cosmetics, 
food, fluorescent probes, and pharmaceutical applications. 
According to Khairy and El-Sheikh (2015), antioxidants, 
particularly carotenoids, help to counteract the damage free 
radicals cause, which is associated with aging. It has been 
reported that natural β-carotene is ten times easier for the 
body to absorb than synthetic β-carotene. Consequently, 
eating a diet high in carotenoids, especially β-carotene, can 
decrease the chance of developing cancer (Khairy and El-
Sheikh 2015).

It is also advised to use the collected Pt. capillacea as 
an environmentally friendly organic fertilizer, minimizing 
the agricultural chemical footprint due to its specified min-
eral composition (Table 2) and chemical contents (Table 3), 
which match well with the Egyptian organic fertilizer stand-
ards (El-Gendy et al. 2023; 2024). The aqueous extract of 
Pt. capillacea has been reported to enhance the growth and 
yield, besides the minerals, chlorophyll a,b, and antioxidants 
constituents of Jew’s Mallow (Ashour et al. 2020).

The relatively high carbohydrate and holocellulose (cel-
lulose and hemicellulose) contents listed in Table 1, recom-
mend the applicability of Pt. capillacea in liquid biofuels 
(biobutanol and bioethanol) production (Soliman et al. 2018; 
del Río et al., 2020; Osman et al. 2020; El-Gendy et al. 
2024). Moreover, the calorific value of the dried biomass of 
Pt. capillacea with its relatively low ash and heavy metals 
contents (Table 1 and 2) recommend its usage as a primary 
solid biofuel (El-Gendy et al. 2023; 2024).

The hydrocolloid carrageenan is considered a sulfated 
galactan and reported to have a wide application in the food 
industry as a water-holding, gelling, and thickening agent 
(Ismail and Amer 2020). According to Siller-Sánchez et al. 
(2019), the food industry uses 70 to 80% of the globally pro-
duced seaweed carrageenan, with the remainder finding its 
way into pharmaceuticals, textiles, and cosmetics. Beaumont 
et al. (2021) have reported numerous biomedical uses for 
carrageenan hydrogels. The most common reasons for per-
sistent wound contamination are P. aeruginosa and S. aureus 
(Ulagesan et al. 2023). S. aureus is a widespread infection 
that spreads through consumption of polluted food or drink 
(Pierre et al. 2011). The recorded antimicrobial activity of 
Pt. capillacea carrageenan (Table 4) would recommend its 
applicability in water densification from pathogenic microor-
ganisms, in addition to the manufacturing of food packaging 
materials and wound dressing.

The hydrocolloid agar is a lined galactan polysaccharide 
made up of lengthy agaropectin and agraose chains. It is more 

commercially valuable than carrageenan (Álvarez-Viñas et al. 
2019). It has wide applications in human and animal food, as 
well as several medical, pharmaceutical, cosmetics, biological, 
and industrial uses for its exceptional gelling and thickening 
(Patarra et al. 2020). It has been reported that the quality of 
Pterocladia agar collected from the Egyptian Mediterranean 
coast is worldwide superior to other red seaweed's extracted 
agar (Rao and Bekheet 1976; Ibrahim et al. 2015).

Cellulose is a water-insoluble polysaccharide with wide 
applications in the food, paper, animal feed, textiles, phar-
maceutical, healthcare, biodegradable plastics, and biofuel 
industries (Siddhanta et al. 2013; Doh et al. 2020; Machado 
et  al. 2024). The nano-cellulosic fibril structure of the 
extracted Pt. capillacea cellulose (Fig. 6d) is considered 
advantageous as it would have wide industrial applications 
where increased surface area is required (Muthukumar and 
Chidambaram 2023). The computed crystallinity index of 
the extracted cellulose enhances its applicability as a rein-
forcing agent in composites (El Achaby et al. 2018b, a; Nissa 
et al. 2023). The observed thermal stability of the extracted 
Pt. capillacea cellulose would also promote its applicabil-
ity in biocomposites and packaging (El-Gendy et al. 2023; 
2024). It is worth mentioning that the cellulose yield after 
the sequential extraction of pigments and hydrocolloids (car-
rageenan and agar) in this study is exceeding the estimated 
average cellulose content (6.31%) in the seaweed waste 
biomass disposed of worldwide phycocolloid manufactur-
ing (Baghel et al. 2021). It also falls within the reported 
recommended range for seaweed biofuel production, which 
is between 10 and 15% (Winarni et al. 2022).

Veeragurunathan et al. (2019) reported that the retail 
price of agar was approximately 18 US$/kg, compared to 
10.4 and 12 US$/kg for carrageenan and alginate, respec-
tively. Johnston et al. (2023) reported that the global mer-
chandized prices for agar and carrageenan were 18 and 
10.5 US$/kg, respectively. Rudke et al. (2024) report that 
the price of red seaweed carrageenan; ranges from 5.50 to 
9.00 US$/kg, contingent on its purity. Baghel et al. (2021) 
reported that the current worldwide nano-cellulose market 
is anticipated to be worth US$ 297 million and will rise to 
US$ 783 million by 2025, with a compound yearly develop-
ment rate of 21.3%. Moreover, by the year 2018, the assessed 
worldwide micro-cellulose market was US$ 885.1 million, 
which reached US$ 1,241.4 million by the year 2023, with 
a compound yearly development rate of 7% (Baghel et al. 
2021).

Conclusion

This work proposes an eco-friendly and simple sequen-
tial fully integrated scheme for generating a variety of 
valuable bioproducts with varied conceivable commercial 
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applications from the abundant, immensely flourished, 
and easily harvestable Mediterranean red seaweed Ptero-
cladia capillacea. That bioprocess valorizes the whole Pt. 
capillacea biomass into 3.49 ± 0.05 mg/g chlorophyll(a), 
1.18 ± 0.05 mg/g β-carotene, 5.05 ± 0.05 mg/g total chlo-
rophyll, 2.12 ± 0.05  mg/g carotenoids, phycobilipro-
teins of approximately 1.33 ± 0.05  mg/g phycocyanin, 
3.07 ± 0.05 mg/g allophycocyanin, and 0.97 ± 0.05 mg/g 
phycoerythrin, hydrocolloids of approximately 28.21 ± 2.5% 
carrageenan and 20.46 ± 1.5% agar, and finally cellulose of 
approximately 20.15 ± 1.5%.

The Egyptian Mediterranean coastline, Pt. capillacea 
applied in this study, also proved to be an excellent source 
of lipids, proteins, fibers, and inorganic minerals, as well as 
carbohydrates. This study also suggests that Pt. capillacea 
biomass is a viable feedstock for the production of various 
biopolymers, biocide, organic fertilizer, animal feed, and 
solid and liquid biofuels.

This approach is highly strategic and deliberate, as it does 
not require fresh water, land, pesticides, or fertilizer; it only 
requires carbon dioxide, sunlight, and seawater for growth. 
Therefore, it will reduce carbon and water footprints while 
also avoiding competition with food crops on agricultural 
lands, thereby mitigating the negative aspects of the green 
economy. Additionally, it will open up new markets and 
enhance the application of green chemistry with its twelve 
main principles.

In conclusion, the proposed zero-waste biomass residue 
process has the potential to enhance resource efficiency by 
converting as much biomass as possible, curb the prolif-
eration of offensive algal biomass along Egypt’s Mediter-
ranean Sea coastline, and alleviate the detrimental impacts 
of harmful algal blooms on tourism, ecosystems, and eco-
nomic growth. The commonly available red seaweed found 
throughout the Egyptian Mediterranean Sea shorelines, 
Pterocladia capillacea, instead of being a wasted biomass, 
can act as a wealthy resource for energy, food, animal fod-
der, medical, pharmaceutical, cosmetics, textiles, paper, 
and many other industrial sectors. That would open huge 
applications of Pt. capillacea in carbon dioxide capturing, 
sequestration, and utilization in producing various valued 
and sustainable bioproducts and biofuels, which conse-
quently would help in the climate changes mitigation and 
preserving the globe temperature rise to less than 2 °C by the 
end of this century. However, further research is necessary 
to determine the feasibility and profitability of the proposed 
blue-based practice. This can be achieved by studying the 
potential for scaling up, exploring cost-effective harvesting 
techniques, optimizing the bio-product extraction process, 
and conducting life cycle assessments to quantify environ-
mental benefits. This is due to several factors that will influ-
ence it, including the biomass feedstock’s sustainability, 
plentiful availability, gathering period, and expenses, in 

addition to its processing, and finally the product’s com-
mercialization and compatibility with other existing low-
carbon footprint sectors.
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