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In general, to date, the majority of cultivated, dried biomass of Kappaphycus spp. has been used for the manufacture of reﬁned (RC) or semi-reﬁned carrageenan (SRC) on a commercial scale. However, the present study
was focused on the production of SRC using wet ﬁbrous residue left over after an agricultural bio-stimulant was
extracted from the fresh biomass of Kappaphycus alvarezii in the manner of a bioreﬁnery operation. The investigation examined the recovery ratio and quality of both bio-stimulant and SRC from the fresh biomass of K.
alvarezii farmed on the Tamil coast of India for two consecutive seasons. This study was conducted on a large,
pre-commercialization pilot-scale, i.e. 10.0 t of fresh biomass of K. alvarezii was crushed in each batch and a total
10 batches were made, each month during 2012 and 2013. The total recovery of the agricultural bio-stimulant
and SRC from 1.0 t of fresh material processed at diﬀerent seasons ranged from 19.58–23.69 dry kg (average
21.09 ± 1.35 kg) and 24.27–41.61 dry kg (average 31.75 ± 6.99 kg) respectively with a moisture content of
934.70–956.15 kg (average 947 ± 6.17 kg). The economics of conversion of fresh seaweed into agricultural biostimulant and SRC through MUZE (multi-stream, zero-eﬄuent) process was far better as compared to conversion
of dry weed into SRC alone through conventional methods, i.e. 1.0 t FS (Fresh seaweed) yielded a net proﬁt of
224.14 US$ through multi- stream processing, whereas its dry-weed equivalent produced only 118.34 US$. The
present investigation concluded that the fresh biomass of K. alvarezii can be used to co-produce agricultural biostimulants with a good eﬃcacy and provide a relatively low yield of SRC with medium gel strength.

1. Introduction
Bio-stimulants are substances, including microorganisms, which are
applied to plants, seeds, soils or other growing media in order to enhance
the ability of a plant to assimilate applied nutrients, or provide beneﬁts to
plant development and productivity [1]. According to Van Oosten et al.,
the bioeﬀector or bio-stimulant is an organic material and/or microorganism that is applied to enhance nutrient uptake, stimulate growth,
enhance stress tolerance or crop quality [2]. Bio-stimulants fall into ﬁve
major categories, i.e. microbial inoculants, humic acids, fulvic acids, protein hydrolysates and amino acids, and seaweed extracts [2]. The demand
for agricultural bio-stimulants is increasing annually due to their reported
properties such as activating plant physiology, stimulating soil microbial
function, and amending nutrients and pH in the rhizosphere. Their market
potential is projected to reach USD 2.91 Billion by 2021, with a CAGR of
10.4% from 2016 to 2021 [3]. Seaweed biomass is receiving increasing
attention from biotechnology developers in global technology centers for

⁎

their value-added products. Production of semi-reﬁned carrageenan using
conventional technology from raw dried seaweed (RDS) is common
practice in a number of areas of the world. However, more recently, Neish
introduced the concept of multi-stream, zero-eﬄuent (MUZE) technology
that commences processing using live, fresh seaweed (FS) in order to
produce not only SRC but also agricultural inputs that may be possible
from developing technology [4].
The use of bio-stimulants for agricultural purposes is becoming
widespread and seaweed products have a special niche in this category.
Seaweeds have been used for centuries, either directly or as a composted mixture, as a soil amendment in order to enhance soil fertility
and crop productivity [5,6]. Following the initial development of a
process to produce liquid extracts of seaweed in the 1950s [7], a variety
of commercial seaweed extract products are now available worldwide
for use in agriculture and horticulture [1,8].
Many of the bio-stimulant extracts currently available on the market
are manufactured from brown seaweed resources such as Ascophyllum
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pore; A.T.E. Envirotech (P) Ltd. Mumbai, India) to obtain a bio-stimulant sap and the solid residue obtained was returned to the wet ﬁbrous
residue for the production of SRC. The total recovery of the bio-stimulant (dry kg) from 1.0 t of fresh biomass was calculated based on the
total volume of the bio-stimulant liquid obtained and its total soluble
solid content (TSS). The wet ﬁbrous residue (granule size ≤ 1.0 mm)
was used for the production of SRC and its recovery per 1.0 t of FS was
calculated. A total of 10 batches were run every month from January
2012 until December 2013 and seasonal variations in the yield and
quality of both bio-stimulant sap and SRC were calculated.

nodosum [9], Ecklonia, Macrocystis, Fucus, Laminaria, Sargassum and
Turbinaria spp. [10]. But during the last decade, several authors have
studied the bio-stimulatory eﬀect of extracts from the red alga Kappaphycus alvarezii and demonstrated an increased yield and quality of a
wide range of crops [11–19]. The bio-stimulant sap from K. alvarezii is
rich in potash, along with other macro and micro nutrients and some
suggested plant growth substances, viz. auxins, cytokinins and gibberellic acids [14,20].
The varied manufacturing processes for the production of commercial seaweed extracts include the use of water, acid, or alkali as
extractants, with or without heating, or the physical disruption of
seaweed tissues using low temperature milling or high pressure, cellburst techniques [6,21]. The ﬁnal product is prepared as a liquid or a
dried powder and may be formulated with plant fertilizers (N, P and K)
and micronutrients [6]. The chemical constituents of any seaweed extract include complex polysaccharides, oligomers, fatty acids, vitamins,
phytohormone-like compounds and mineral nutrients [22].
Kappaphycus is extensively used for the industrial production of κcarrageenan [23] and recently, semi-reﬁned carrageenan (SRC) has
been used as an alternative source of carrageenan which has been
mostly applied in pet food and dairy industries where the clarity of the
product is not an important issue. Furthermore, the product is also
processed as per food safety procedures; therefore, SRC is permitted for
human consumption [24,25]. About 0.05 Mt. of carrageenan is produced annually from over 0.2 Mt. of dry K. alvarezii and its market
demand is growing at approximately 10% CAGR [26].
It is known that the chemical structure and biological activity of
seaweed extracts vary according to the raw material, the extraction
process, and the harvest season of algal material and many researchers
have showed seasonal changes in the content of plant growth regulators
in the extracts of various seaweeds [27–30]. Seasonal variation in the
yield and quality of SRC from dried K. alvarezii has been recorded in the
literature [31–33]. However, to date, there has been no study undertaken of SRC variations as manufactured from the fresh biomass of K.
alvarezii.
The present study examined variations in the recovery ratio and
quality of an agricultural bio-stimulant sap and semi-reﬁned carrageenan as co-produced from fresh biomass of K. alvarezii, as farmed in
Tamil Nadu, India and also provided an analysis of the mass balance
with respect to seasonality for the ﬁrst time.

2.2. Production and analysis of SRC from wet ﬁbrous residue and whole
dry-weed
Production of SRC using the wet ﬁbrous residue as a raw material is
described in the schematic diagram as shown in Fig. 1. The wet ﬁbrous
residue was cooked in 8.0% aqueous KOH solution (1:2 ratio) in a
jacketed stainless steel tank (SS-316, 7KL capacity) at 70 °C ± 2 °C for
90 min. With mild agitation of 24 rpm [34,35]. The cooked material
was separated using a vibrating screen (1500 mm dia, 200 mm height
with 20 mesh screens, 20 ASTM 850 μm) and washed with water to
remove any excess KOH; it was dried in a tunnel drier at 60 ± 2 °C for
8.0 h (Reny Marketing, Coimbature, India) followed by vibratory ﬂuidized bed drier at 80 ± 2 °C for 2.0 h (Teak Craft, Capacity 200 kg hr−1
with 36 HP motor, Coimbature, India). The dried SRC granular material
was ground in a microniser (Septu India (P) Ltd. Haryana, India) and
sieved through an 80 mesh (80 A.S.T.M, 180 μm) in order to obtain SRC
samples for further testing [Shanmugam Personal communication]. The
size of an individual SRC batch was 2000 ± 20 kg and a total 30 batches were run during each season (10 batches per month) and their
average values presented. SRC from whole, dry-weed of K. alvarezii was
manufactured as per the method described by Shanmugam et al. [35]
for the comparison of data with SRC prepared from wet ﬁbrous residue.
The raw material was stuﬀed into perforated basket and pre-washed
with water for 30 min and cooked with 8% KOH at 80 ± 2 °C for 2 h.
The cooked material was then washed with water to remove excess
KOH, chopped into 2–5 mm particles and sun-dried followed by ﬂuidized bed drier. The dried SRC chips were ground and sieved through
an 80 mesh sieve (180 A.S.T.M) to obtain SRC samples for further
testing. A total of 10 batches (batch size of 1000 ± 10 kg) were run in
the present investigation and their average values reported.
A moisture-free SRC sample was prepared at 85 ± 2 °C for 16.0 h
and incinerated in a muﬄe furnace at 550 °C for 4 h; the ash content
was determined gravimetrically [36]. The ester sulfate content was
estimated by hydrolyzing the sample followed by precipitation of sulfate as BaSO4 [36] and calculated using the following equation:

2. Materials and methods
The commercial farming of K. alvarezii has been conducted in Tamil
Nadu since 2001 [26] and AquAgri Processing (P) Ltd., a seaweedbased industry in India has been co-producing SRC and bio-stimulant
sap from fresh biomass by adopting a patented technology [34]. Fresh
K. alvarezii (45–50 d under cultivation) was procured monthly from
2012 to 2013 from Mandapam (9.28°; N 79.12°E) and used for the coproduction of bio-stimulant sap and SRC. The prevailing seasons in
Tamil Nadu are winter (Jan–Mar), summer (Apr–Jun), pre-monsoon
(Jul–Sep) and monsoon (Oct–Dec). The harvested, fresh biomass was
transported in a closed truck and generally it took 2–3 h from harvested
point to processing unit.

%sulfate = (W2/W1) × 100 × 0.4116,
where W1 = initial weight of the SRC sample and W2 weight of ash
as BaSO4.
The acid insoluble matter of SRC was determined by treating the
sample with 0.1% sulfuric acid as described by Mehta et al. [25].
Viscosity was measured at 1.5% in distilled water at 75 °C, 30 rpm and
spindle no.62 using a Brookﬁeld LVDV-II + pro. KCl modiﬁed gel
strength (KGS) was determined at 1.5% of SRC in 0.2% KCl solution
using a Brookﬁeld Texture Analyzer (Model CT3 4500) and the native
water gel strength (WGS) was measured in same way using distilled
water without KCl [31,35]. The 3,6-anhydrogalactose content of the
SRC samples was estimated by an improved, phenol-resorcinol method
using fructose as the standard [37]. The microbial load of the SRC
samples was measured by inoculating 0.1 ml of 1% SRC solution into
nutrient media (i.e. SS agar for Salmonella and Shigella, EMB for E. coli
and SDA for yeast and mould) incubated for 48 h and the colony
forming units (CFU) per gram of SRC were counted [38]. The FT-IR
spectra of the SRC samples were analyzed in KBr pellets using a PerkinElmer Spectrophotometer GX.

2.1. Pulverization of the fresh biomass and separation of the bio-stimulant
sap from the wet ﬁbrous residue
10.0 ± 0.01 t of fresh K. alvarezii was quickly washed with fresh
water to remove dirt and sand particles and was homogenized in a
pulveriser (Fruit Juicer, Kalinga Engineer Ltd.; Capacity 2 t hr−1,
600 mm diameter hopper, ﬁtted with 40HP motor, Osissa, India) into a
slurry, which was then passed through a D-canter (Pennwalt P3400
Model Super D-canter Centrifuge, Pennwalt Ltd. Mumbai, India) to
separate the liquid from a wet ﬁbrous residue. The liquid portion was
then double ﬁltered (Sand ﬁlter followed by ceramic ﬁlter 0.02 mm
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Fig. 1. Production ﬂow chart of SRC from wet ﬁbrous residue obtained after extraction of bio-stimulant sap from K. alvarezii.

using a digital pH meter (Model: Eutech Instrument). An elemental
analysis was performed by ﬂame photometer and atomic absorption
spectroscopy. The plant growth regulators (PGRs) such as auxins, gibberellins, and cytokinins were extracted from the bio-stimulant sap
using diethyl ether, ethyl acetate, and n-butanol respectively and
standard samples were prepared as follow: 4.4 mg of IAA in 2 ml of
MeOH, 1 mg of kinetin in 10 ml of MeOH/H2O (9:1 v/v), 1 mg of trans-

2.3. Analysis of bio-stimulant sap and studies of its eﬃcacy on the
germination of maize seeds
The total soluble solid content (TSS) of the bio-stimulant sap was
measured by a gravimetric method [14], i.e. a known volume of biostimulant sap was dried in oven at 80 ± 2 °C for 4 h or till constant
weight was maintained and determined its TSS % and its pH measured

Control
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0.5 %
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Fig. 2. Eﬀect of bio-stimulant sap manufactured from the fresh biomass of K. alvarezii on the germination of maize seeds.
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Fig. 3. a. Monthly variation in recovery of bio-stimulant sap and SRC (semi-reﬁned carrageenan) obtained from 1.0 t fresh biomass of K. alvarezii farmed on the Tamil
Nadu coast of India during Jan–Dec 2012 (means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability level)
b. Monthly variation in recovery of bio-stimulant sap and SRC (semi-reﬁned carrageenan) obtained from 1.0 t fresh biomass of K. alvarezii farmed on the Tamil Nadu
coast of India during Jan–Dec 2013. (means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability level).

variables such as percentage germination [(PG = (number of germinated
seeds/ number of total seeds per treatment after 48 h × 100], germination
energy [(GE % = (number of germinated seeds/ number of total seeds per
treatment after 48 h × 100) and seedling vigor index [SVI = (seedling
length (mm) × germination percentage] [39].

zeatin in 10 ml of MeOH/H2O (9:1 v/v), and 1.7 mg of GA3 in 2 ml of
MeOH. Standards were put on to TCL plates with corresponding extracts of bio-stimulant sap and quantiﬁcation assay was done using
HPLC technique as described by Prasad et al. [20].
Experiments were conducted using certiﬁed maize seeds (Zea mays)
obtained from Tamil Nadu Agricultural University (TNAU), Coimbatore,
India. Experimental units were arranged in a randomized, complete block
design and four groups of 150 certiﬁed seeds were tested for germination
studies per each treatment (Fig. 2). The seeds were soaked in diﬀerent
concentrations of bio-stimulant sap, i.e. 0.3, 0.5% and 0.7% for 1 h and
placed in a plastic cup (100 g capacity) ﬁlled with sterile coco-peat and
germinated in a chamber providing 12 h photoperiod and a diurnal temperature range of 32/27 °C with the seeds being watered every 12 h.
Germination was considered to have occurred once the radicle protruded > 2 mm. Germination was observed daily over 6 days and

2.4. Statistical analysis
Data are presented as means ± SD of at least nine independent
measurements. A one-way analysis of variance (ANOVA, SYSTAT version 7) was used to determine the eﬀect of season on the recovery of
SRC and the bio-stimulant sap and quality parameters. A Tukey's HSD
test was applied for post-hoc comparison studies and data were considered statistically signiﬁcant when P < 0.05.
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and 3.52–3.53% respectively (Figs. 3a,b & 4a,b,). Therefore, the total dry
bio-stimulant recoverable (kg) from 1.0 t FS on a seasonal basis were
within the range of 22.66–23.69 kg (winter), 19.58–20.54 kg (summer),
19.67–20.96 kg (pre-monsoon) and 20.28–21.36 kg (monsoon) i.e. the
winter-monsoon samples yielded 20.97% more bio-stimulant sap than the
summer-pre-monsoon samples. The average wet ﬁbrous residue obtained
was 360–375, 450–485, 445–463 kg 1.0 t−1 FS in winter, summer, premonsoon and monsoon months respectively. There was a SRC recovery of
24.94–26.60 (winter), 37.80–41.61 (summer), 36.27–38.61 (pre-monsoon) and 24.27–24.30 kg (monsoon) 1.0 t−1 FS. Thus, the overall yield of
SRC ranged between 6.65 and 8.58%. The recovery of bio-stimulant was
signiﬁcantly (F = 64.22; p = 0.0004) higher in samples from the winter
and monsoon months, than those from the summer and pre-monsoon
months and the reverse trend was evident in the recovery of SRC, i.e.
higher recovery of SRC from samples taken during the summer and premonsoon periods, than other two seasons (F = 196.09; p = 0.0001).
Therefore, the recovery of bio-stimulant and SRC together from fresh K.
alvarezii (under 45–50 d cultivation) harvested from diﬀerent season was
only 45–60 kg from 1.0 t of fresh biomass with the remaining 940–955 kg
being moisture (Table 1).

a

b

3.2. Quality of the bio-stimulant sap and its eﬃcacy
The physico-chemical properties and PGR content of the bio-stimulant sap are given Table 2. The TSS % of the bio-stimulant manufactured from summer and pre-monsoon samples were nominally
higher than those from the winter and monsoon samples. However,
these were not statistically signiﬁcant. The pH of the liquids produced
over the diﬀerent seasons ranged between 6.50 ± 0.05–7.20 ± 0.10
without signiﬁcant diﬀerences across those seasons. Similarly, no variation in the speciﬁc gravity of the liquid was determined; it was
1.03 ± 0.002. The total organic matter content of the bio-stimulant
sap produced in the winter, summer, pre-monsoon and the monsoon
months of 2012 and 2013 ranged between 0.65 ± 0.04 to
0.81 ± 0.05%, i.e. no signiﬁcant variation in the content for entire
study period of two years. The total ash content was marginally higher
in the summer and pre-monsoon samples (3.36–3.70%) than the other
two seasons (2.72–3.4%) and it was positively correlated to the TSS
content of the bio-stimulant sap (p = 0.003).
Amongst the primary nutrients, potassium was a major constituent
of all the samples tested, it was marginally higher in the summer - premonsoon seasons (1.62 ± 0.05–1.70 ± 0.10%) than those from the
winter - monsoon period (1.46 ± 0.11–1.55 ± 0.08%). This was positively correlated to the TSS of the bio-stimulant sap and the same
trend was observed with the nitrogen (180 ± 22–265 ± 28 ppm) and
phosphorous contents (14 ± 2–38 ± 3 ppm) during the four seasons,
over the two years studied. Calcium levels were reported as:

Fig. 4. a. Seasonal variation in recovery of bio-stimulant sap and SRC (semireﬁned carrageenan) obtained from 1.0 t fresh biomass of K. alvarezii farmed on
the Tamil Nadu coast of India during diﬀerent seasons of 2012
b. Seasonal variation in recovery of SRC (semi-reﬁned carrageenan) and biostimulant sap obtained from 1.0 t fresh biomass of K. alvarezii farmed on the
Tamil Nadu coast of India during diﬀerent seasons of 2013.

3. Results
3.1. The recovery ratio and mass balance with respect to seasonality
The average volume of bio-stimulant sap obtained from the winter,
summer, pre-monsoon and monsoon samples corresponded to: 575–585,
438–495, 465–510 and 576–605 kg 1.0 t−1 FS with an average total soluble solid content (TSS %) content of 3.94–4.05, 4.47–4.15, 4.23–4.11

Table 1
Recovery ratio of agricultural bio-stimulant and semi-reﬁned carrageenan co-manufactured from 1.0 t of fresh biomass of K. alvarezii (SD ± ; n = 30).
Seasons

Bio-stimulant

Semi-reﬁned carrageenan (SRC)
Wet ﬁbrous residue per
1.0 t of fresh biomass (kg)

SRC
yield (%)

Total SRC per 1.0 t of fresh
biomass
(dry kg)

1.83a
2.11a
2.70
2.55ab

360
485
463
365

±
±
±
±

24.48
27.34
26.40
29.05

7.39
8.58
8.34
6.65

±
±
±
±

0.42
0.56
0.60
0.72

26.60
41.61
38.61
24.27

±
±
±
±

2.10
2.88b
0.3.00c
1.85c

2.15a
1.72a
1.68
1.74ab

375
450
445
360

±
±
±
±

20.26
27.45
28.84
31.80

6.65
8.40
8.15
6.75

±
±
±
±

0.48
0.62
0.78
0.68

24.94
37.80
36.27
24.30

±
±
±
±

2.22
3.17b
2.69c
2.18c

Bio-stimulant liquid per
1.0 t of fresh biomass (kg)

Total solid content of
bio-stimulant (%)

Total bio-stimulant recoverable
per 1.0 t of fresh biomass
(dry kg)

2012
Winter
Summer
Pre-monsoon
Monsoon

575
438
465
576

±
±
±
±

34.5
21.9
28.3
38.0

3.94
4.47
4.23
3.52

±
±
±
±

0.23
0.26
0.19
0.20

22.66
19.58
19.67
20.28

±
±
±
±

2013
Winter
Summer
Pre-monsoon
Monsoon

585
495
510
605

±
±
±
±

41.5
28.1
39.7
47.7

4.05
4.15
4.11
3.53

±
±
±
±

0.21
0.32
0.25
0.27

23.69
20.54
20.96
21.36

±
±
±
±

Means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability level.
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Table 2
Physico-chemical and PGR (Plant Growth Regulators) content of bio-stimulant manufactured from fresh K. alvarezii farmed in diﬀerent seasons of 2012 and 2013
(SD ± ; n = 9).
Physico-chemical parameters
and PGRs

Total organic matter
(g 100 g−1)
pH (1% solution)
Total soluble solid (g 100 g−1)
Total ash (g 100 g−1)
Speciﬁc gravity (g cm−3)
Primary nutrients
Nitrogen (N) (g 100 g−1)
Phosphorous (P) (g 100 g−1)
Potassium (K) (g 100 g−1)
Secondary nutrients
Calcium (Ca) (mg kg−1)
Magnesium (Mg) (mg kg−1)
Sulphur (S) (mg kg−1)
Plant growth regulators (PGRs)
Auxins (mg kg−1)
Cytokinins (mg kg−1)
Gibberellins (mg kg−1)

2012

2013

Winter

Summer

Pre-monsoon

Monsoon

Winter

Summer

Pre-monsoon

Monsoon

0.70 ± 0.04

0.77 ± 0.05

0.80 ± 0.04

0.65 ± 0.04

0.61 ± 0.03

0.68 ± 0.05

0.75 ± 0.06

0.81 ± 0.05

6.81
3.94
3.24
1.03

6.78
4.47
3.70
1.03

7.20
4.23
3.43
1.03

6.68
3.52
2.87
1.03

6.88
4.05
3.44
1.03

6.80 ± 0.03
4.15 ± 0.32a
3.47 ± 0.21
1.0 ± 0.003

6.91
4.11
3.36
1.03

6.50
3.53
2.72
1.03

±
±
±
±

0.02
0.23
0.19
0.002

±
±
±
±

0.08
0.26a
0.15
0.003

±
±
±
±

0.10
0.19b
0.13
0.003

±
±
±
±

0.11
0.20b
0.12
0.001

±
±
±
±

0.05
0.21
0.16
0.002

±
±
±
±

0.05
0.25b
0.15
0.002

±
±
±
±

0.05
0.27
0.22
0.003

185 ± 45
14 ± 2.0
1.46 ± 0.11

225 ± 22
27 ± 4.50
1.69 ± 0.08a

252 ± 40
35 ± 2.20
1.70 ± 0.10b

180 ± 22
14 ± 5.10
1.50 ± 0.08

208 ± 33
26 ± 1.90
1.55 ± 0.08

258 ± 37
38 ± 3.00
1.67 ± 0.07a

265 ± 28
32 ± 1.1
1.62 ± 0.05b

204 ± 14
21 ± 3.20
1.54 ± 0.09

266 ± 45
340 ± 65
212 ± 20

412 ± 82
330 ± 18
265 ± 23

320 ± 55
152 ± 12
145 ± 15

157 ± 37
370 ± 36
222 ± 11

210 ± 34
315 ± 63
95 ± 21

380 ± 65
320 ± 23
137 ± 24

227 ± 88
255 ± 38
330 ± 63

190 ± 44
280 ± 32
105 ± 14

55.05 ± 13.00a 31.0 ± 4.33a
35.90 ± 4.00
60.25 ± 10.80ab 68.20 ± 9.50a 30.18 ± 6.50a 25.25 ± 8.50
70.20 ± 16.20ab
28.99 ± 15.90b 22.03 ± 11.50b 20.50 ± 16.20 45.65 ± 8.80bc
35.80 ± 5.80b 19.40 ± 4.50b 14.34 ± 3.70
55.50 ± 5.80bc
123.8 ± 16.45c 105.0 ± 12.50c 90.90 ± 5.50
110.28 ± 21.50ac 140.70 ± 7.50c 52.44 ± 8.00c 62.00 ± 7.50aa 135.00 ± 17.00ac

Means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability level.

(18.57 ± 1.10%) and pre-monsoon months (17.65 ± 0.95%) (F = 34.79;
p = 0.0036) and it was positively correlated to ash content (r = 0.912;
p = 0.0033) and negatively correlated (r = −0.766; p = 0.001) to the content of 3,6-AG (winter-monsoon 27.38 ± 0.17–29.01 ± 0.39%; summer
and pre-monsoon 31.55 ± 0.81–32.54 ± 0.68%). Signiﬁcant diﬀerences in
the native water gel strength (WGS) and the KCl modiﬁed gel strength (KGS)
of SRC samples were found higher (F = 70.14; p = 0.0003) in the summer
and pre-monsoon months' samples (i.e. WGS 265.72–284.22 g cm−2; KGS
495.24–625.55 g cm−2) rather than the winter and monsoon seasons (i.e.
WGS 174.66–218.85 g cm−2; KGS 315.20–365.40 g cm−2). The viscosity
readings of the SRC were 105.60–155.20 cP (winter), 85.54–143.18 cP
(summer), 90.32–135.72 cP (pre-monsoon) and 127.24–135.90 cP (monsoon) for both years studied (Table 4). In the IR spectra, absorbance at
1235–1267 cm−1 correlated to ester sulfate and absorbance at
1047–1077 cm−1 was assigned to glycosidic linkages, the presence of 3,6
anhydrogalactose was identiﬁed from the absorbance occurring between the
926–930 cm−1 bands and those at 844–848 cm−1 were assigned to galactose-4-sulfate [30]. Very strong, strong and medium indicated the relative
intensities in the IR spectrum (Table 5). The total plate counts of the SRC
samples were 2500 and yeast and moulds were < 100 (25 g), no pathogenic
microbes such as Shigella, Salmonella and E. coli were found. The yield of SRC
produced from dry K. alvarezii over diﬀerent seasons by the conventional
process was 29.5–36.36% with WGS of 280–455 g cm−2 and KGS of
610–1010 g cm−2 and viscosity ranged between 35 and 67 cP (Table 6). The
economic evaluation of MUZE processing of fresh seaweed for making agricultural bio-stimulant and SRC versus processing of dry weed through conventional methods to produce only SRC was calculated, i.e. 1.0 t FS yielded a
net proﬁt of $ 224.14USD through multi- stream processing, whereas its dryweed equivalent produced only $ 118.34USD (Table 7).

210–266 ppm (winter), 380–412 ppm (summer), 227–320 ppm (premonsoon) and 157–190 ppm (monsoon); similarly, magnesium levels
were 315–340 ppm (winter), 320–330 ppm (summer), 152–255 ppm
(pre-monsoon) and 280–370 ppm (monsoon). (Table 2). The auxin
content of the samples from the winter and monsoon months were
55.05 ± 13–70.20 ± 16 ppm which were higher than (F = 104.73;
p = 0.0001) samples from the summer and pre-monsoon months
(25.25 ± 8.5–45.90 ± 4.0 ppm) and same trend was observed in the
case of cytokinin (F = 23.07; p = 0.0013) and gibberellic acids
(F = 21.20; p = 0.0017) also.
Treatment at 0.5% and 0.7% gave > 90% of germination at 48 h reading
whereas 0.3% treatment and control reached highest germination (> 90%)
at 60 h reading. Since treatment at 0.5 & 0.7% reached > 90% GP at 48 h,
and it was considered for calculating eﬃcacy studies. The percentage of
germination (PG) observed after 48 h is given in Table 3 and all treatments
were signiﬁcant (P < 0.05) over the control seeds. Seeds treated with 0.5%
ranged between 92.17 ± 3.00–96.85 ± 3.44% and at 0.7% it was
89.17 ± 3.42–92.70 ± 4.14% whereas it was 70.33 ± 5.51–77.33
± 2.24% in seeds treated with 0.3% bio-stimulant with 55.67
± 6.0–67.33 ± 7.24% in the control seeds. The GE with treatments of 0.5
and 0.7% were 69.17 ± 1.91–72.67 ± 3.94% and 66.83 ± 2.23–71.55
± 2.19% respectively and it was 55.17 ± 3.33–58.17 ± 4.88% for the
0.3% treatment and in the control, it was 41.83 ± 4.41–46.00 ± 2.71%.
The seed vigor index (SVI) of the control seeds was between 10,768.69 and
13,132.35 and highest readings were reported in seeds treated with 0.5%
(19,741.32 to 21,500.70) followed by 0.7% (i.e. 18,198.18 to 20,179.80) and
0.3% (13,985.00 to 16,457.45). The PG, GE and SVI were observed to be
signiﬁcantly higher in those seeds treated with 0.5 and 0.7% (P < 0.05) and
the results showed that only the concentration of the bio-stimulant sap inﬂuenced the germination, regardless of the season of its production.

4. Discussion
3.3. Quality of SRC
The inter-annual variations of the yield and quality of both products
were statistically insigniﬁcant (p = 0.18), therefore, the values of 2012
and 2013 were pooled for discussion. Bio-stimulant, SRC and the
moisture content of the fresh K. alvarezii were distributed in a 2.16:
3.28: 94.56 ratio and recovery of both SRC and the bio-stimulant (dry
kg) together per ton of fresh biomass was 59.79, 57.75, 48.96 and
45.14 kg with a moisture content of 940.14, 842.25, 951.04 and
954.86 kg from the summer, pre-monsoon, winter and monsoon months
respectively. Therefore, 54.15% more SRC was obtained from the

The quality of the SRC produced from the wet ﬁbrous residue after extraction of the sap intended for applications as a bio-stimulant is given in
Table 3. The moisture content of the SRC ranged between
4.45 ± 0.37–11.21 ± 0.75% and pH was 9.1–9.8. The KCl salt level in all
SRC samples tested was between 1.12 and 1.97% and the ash content was
21.76–26.13%. The average sulfate content of the SRC was signiﬁcantly
higher in samples from the winter (21.43 ± 0.56%) and monsoon
months (22.50 ± 0.63%), as compared with those from the summer
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678.99
1734.55aa
1674.90d
1426.93dc

11,767.85
14,342.25
20,987.88
18,198.18

±
±
±
±

1059.11
1147.38aa
931.86ab
1182.88a

10,733.80
14,749.80
21,306.88
18,638.54

±
±
±
±

966.04
1297.98aa
779.83bc
827.55b

12,711.05
14,185.28
21,500.70
18,447.30

±
±
±
±

1525.33
1702.23aa
1419.05ac
1217.52c

11,182.60
14,954.85
20,293.30
20,179.80

±
±
±
±

1266.99
1645.03aa
1126.28dc
1083.66d

summer - pre-monsoon months rather than those from the winter monsoon months. Yield of wet ﬁbrous residue from samples of summer
and pre-monsoon was higher than other two seasons, and this was reﬂected in higher yield of SRC in those seasons. However, the reverse
was true for the recovery of bio-stimulant sap, i.e. winter - monsoon
months yielded 20.97% more recovery than the summer and premonsoon seasons (Fig. 3a & b).
Bio-stimulants derived from seaweed raw materials have been used
in agriculture as an innovative solution to address the challenges of
sustainable agriculture, in order to assist nutrient uptake and improve
crop yield, quality and provide a level of tolerance to abiotic stresses.
However, it is important to understand the seasonal diﬀerences in the
content and properties of such active compounds. It is known that the
chemical structure and biological activity of seaweed extracts vary
according to the harvest season of algal material [40,41]. In the present
investigation, it was observed that the PGRs tested were found to be
signiﬁcantly higher in the winter-monsoon period which corresponded
to the most active growth period of K. alvarezii and it is in agreement
with previous reports [27,42–45]. Featonby-Smith and Van Staden [27]
determined the seasonal variation of cytokinin content in the stipes of
Ecklonia maxima in South Africa and found the highest values were
recorded in winter (Apr - Jun) and summer (Nov - Dec) and that the
lowest were found in the late summer to autumn period (Jan - Mar).
Polyamines (PAs) are known to increase within terrestrial plant tissue
mainly due to stress [42,43] and during the active growth period
[44,45]. Papenfus et al. [29] reported that the level of PAs within E.
maxima increased during the winter when stress occurred due to water
temperature. Blunden et al., however, reported that there was no clear
indication of any seasonal variation in the betaine yields of Ascophyllum
nodosum [28] and Stirk and Staden observed that cytokinin-like compounds decreased during the period of active growth for E. maxima
[21].
The germination results showed no signiﬁcant variation amongst
the samples of the four seasons studied (Table 3). Several studies have
examined the applications of seaweed extracts on seed germination of
various species such as tomato [46], green gram [47] and wheat [30].
Increased germination percentage at low concentrations of seaweed
extract could be due to the presence of growth-promoting substances
such as indole acetic acid, indole-3-butyric acid, gibberellins, cytokinins, micronutrients, vitamins and amino acids [30]. The present results
are similar to those obtained by Mercer et al. [48] where maize grown
at 10 °C germinated signiﬁcantly faster when it had been pre-treated
with a range of commercial seaweed extracts, as compared with water
and dry controls. Karthikeyan and Shanmugam [14,15] reported that
seedlings of banana and sugar cane pre-treated with extract of fresh K.
alvarezii signiﬁcantly improved the crop yield and quality.
In general, only RDS are used for producing SRC by adapting the
conventional method which requires the cooking of pre-washed, dried
seaweed biomass in an aqueous, alkaline solution in a perforated
basket. In the present investigation, the wet ﬁbrous residue which remains after extraction of a bio-stimulant sap was used as the starting
raw material for production of SRC. The method employed was different from the conventional system, i.e. pre-wash, cooking and post
washes which were made in a closed circulation system (Fig. 1).
In conventional extraction systems, the yield of SRC is reported to vary
depending on the extraction method, the morphotype of the species and
age of the raw material, thus quantitative and qualitative comparisons of
methods and the eﬃciency of carrageenan production are diﬃcult
[31,33]. In the present study, with a wet ﬁbrous residue being used as the
starting raw material for extraction, the yield of SRC varied from
6.65 ± 0.48–8.58 ± 0.56% over the entire study period of two years.
However, the yields of SRC, from dry K. alvarezii, using conventional
methods have been reported as: 32.2–39.0% in Sri Lanka [35],
29.89–32.55% in India [36], 17.1–56.31% [49] and 45% [31] in Indonesia, 31–43% [50] and 41.16% [51] in Brazil, 34.5–45.30% in
Vietnam, 54.5% in the Philippines [31] and 30.3–40.7% in Mexico [52].

Means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability level.

±
±
±
±
12,127.50
14,377.37
19,741.32
18,718.44
1563.43
1613.26aa
1323.73c
552.02ac
±
±
±
±
13,132.35
14,967.78
19,917.79
18,693.81
1137.18
1117.74aa
734.63b
1097.62bc
±
±
±
±
10,768.69
16,457.45
20,492.12
19,972.24
1309.64
2066.20aa
188.41a
1103.44ab
±
±
±
±

43.67
58.17
71.67
68.50
2.71
5.13
1.91a
3.09ab
Germination energy
Control
46.00 ±
0.3%
55.67 ±
0.5%
70.50 ±
0.7%
68.00 ±

Seedling vigor index
Control
11,526.18
0.3%
13,985.00
0.5%
20,028.32
0.7%
18,837.16

4.11
3.07
2.13dc
3.14d
±
±
±
±
42.38
57.71
71.14
70.01
1.97
3.33
4.12ac
3.26c
±
±
±
±
44.41
55.17
69.99
70.23
2.69
5.00
3.60bc
2.19b
±
±
±
±
42.88
56.70
70.12
71.55
3.80
6.05
2.22ab
3.11a
±
±
±
±
45.08
56.33
72.40
67.32
4.41
2.69
1.91d
2.23dc
±
±
±
±
41.83
56.33
69.17
66.83
2.51
3.04
3.94c
2.36ac
±
±
±
±
43.17
53.00
72.67
71.33
1.97
4.88
2.03b
0.87bc

±
±
±
±
62.75
73.50
92.17
89.17
7.24
5.51
2.37c
3.82ac
±
±
±
±
55.67
77.33
94.00
91.17
Germination percentage (%)
Control
61.83 ± 7.31
0.3%
74.30 ± 8.23
0.5%
93.67 ± 3.20 a
0.7%
90.33 ± 4.94ab

±
±
±
±

6.00
2.24
1.44b
3.46bc

67.33
70.33
94.00
90.83

Monsoon
Pre-monsoon
Summer

±
±
±
±

±
±
±
±
59.80
75.15
93.30
90.90
6.15
6.00
3.44ac
4.14c
±
±
±
±
66.55
73.12
96.85
92.70
±
±
±
±
57.40
75.64
95.12
92.27
6.51
7.77
4.32ab
4.82a
±
±
±
±
63.61
73.55
94.54
90.09

Winter
Winter

5.91
4.33
3.0d
3.42dc

2013
2012

Table 3
Eﬀect of bio-stimulant produced from K. alvarezii farmed in diﬀerent seasons of 2012 and 2013 on the germination of maize (SD ± ; n = 9).

Summer

7.19
6.60
3.44bs
3.46b

Pre-monsoon

Monsoon

6.33
6.03
4.29dc
4.43 d
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Table 4
Quality of SRC manufactured from wet ﬁbrous residue of K. alvarezii after extraction of biostimulant sap (SD ± ; n = 30).
Parameters

Moisture (%)
pH (1% soln.)
KCl (%)
Sulfate (%)
3,6AG (%)
Total ash (%)
Acid insoluble ash (%)
Native water gel strength
(g cm−2)
KCl modiﬁed gel strength
(g cm−2)
Viscosity (cP)
Total plate count (TPC)
Yeast and Moulds
Salmonella & Shigella
Escherichia coli

2012

2013

Winter

Summer

Pre-monsoon

Monsoon

Winter

Summer

Pre-monsoon

Monsoon

4.45 ± 0.37
9.7 ± 0.21
1.29 ± 0.58
21.43 ± 0.56
28.19 ± 0.45
22.82 ± 1.37
1.88 ± 0.16
185.15 ± 17.7

7.86 ± 0.48
9.8 ± 0.12
1.45 ± 0.53
18.57 ± 1.10
32.41 ± 0.60
21.76 ± 1.10
1.56 ± 0.16
284.22 ± 23.5a

8.81 ± 0.70
9.8 ± 0.15
1.12 ± 0.32
17.65 ± 0.95
31.55 ± 0.81
22.45 ± 0.76
1.70 ± 0.20
276.70 ± 25.0b

10.04 ± 0.96
9.5 ± 0.20
1.97 ± 0.40
22.50 ± 0.63
27.70 ± 0.66
26.13 ± 0.96
1.66 ± 0.22
174.66 ± 25.8

6.5 ± 0.57
9.6 ± 0.22
1.21 ± 0.37
21.95 ± 0.48
29.01 ± 0.39
24.90 ± 1.50
1.82 ± 0.12
218.85 ± 20.5

8.50 ± 0.86
9.5 ± 0.27
1.32 ± 0.44
19.61 ± 1.27
32.18 ± 0.97
22.67 ± 0.88
1.74 ± 0.23
265.72 ± 18.8bc

7.56 ± 0.68
9.1 ± 0.12
1.25 ± 0.29
20.45 ± 0.85
32.54 ± 0.68
22.81 ± 0.54
1.11 ± 0.12
270.86 ± 18.5ac

11.21 ± 0.75
9.7 ± 0.17
1.40 ± 0.51
22.44 ± 0.47
27.38 ± 0.17
25.74 ± 1.22
1.90 ± 0.15
188.35 ± 20.0

320.52 ± 25.5 510.32 ± 27.4b 495.24 ± 18.7c

365.40 ± 27.4 315.2 ± 22.4

625.55 ± 33.0cm3 590.50 ± 32.1dc 350.05 ± 27.3

105.60 ± 8.5
< 2500
< 100
Negative
Negative

127.24 ± 5.5
< 2500
< 100
Negative
Negative

143.18 ± 7.0
< 2500
< 100
Negative
Negative

85.54 ± 6.0
< 2500
< 100
Negative
Negative

90.32 ± 6.4
< 2500
< 100
Negative
Negative

155.20 ± 4.8
< 2500
< 100
Negative
Negative

135.72 ± 5.7
< 2500
< 100
Negative
Negative

135.90 ± 5.8
< 2500
< 100
Negative
Negative

Means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability level.
Table 5
Wave numbers in FT-IR spectra of SRC manufactured from wet ﬁbrous residue after extraction of bio-stimulant sap from K. alvarezii farmed in diﬀerent seasons of
2012 and 2013.
Functional groups

Ester sulfate
Glycosidic linkage
3,6-anhydro-D-galactose
D-galactose-4-sulphate

Wave numbers (SRC produced in 2012)

Wave numbers (SRC produced in 2013)

Winter

Summer

Pre-monsoon

Monsoon

Winter

Summer

Pre-monsoon

Monsoon

1267 vs
1074 vs
929 s
846 m

1235 vs
1047 vs
927 s
847 m

1258 vs
1050 vs
930 s
848 m

1250 vs
1076 vs
930 s
848 m

1261 vs
1065 vs
928 s
845 m

1258 vs
1060 vs
926 s
846 m

1259 vs
1077 vs
928 s
844 m

1237 vs
1058 vs
928 s
844 m

Note: vs = very strong; s = strong; m = medium.
Table 6
Quality of SRC manufactured from dry K. alvarezii (whole weed) by conventional method (SD ± ; n = 30)⁎.
Parameters

SRC yield (%)
Moisture (%)
pH (1% soln.)
Sulfate (%)
Total ash (%)
Acid insoluble ash (%)
Native water gel strength
(g cm−2)
KCl modiﬁed gel strength
(g cm−2)
Viscosity (cP)
Total plate count (TPC)
Yeast and moulds
Salmonella & Shigella
Escherichia coli

2012

2013

Winter

Summer

Pre-monsoon

Monsoon

Winter

Summer

Pre-monsoon

Monsoon

29.65 ± 2.10
7.7 ± 0.55
9.8 ± 0.18
18.80 ± 1.36
23.85 ± 1.40
0.54 ± 0.11
330.55 ± 22.0

36.36 ± 1.80
7.6 ± 0.25
10.2 ± 0.15
17.44 ± 1.23
22.08 ± 1.55
0.70 ± 0.05
410.25 ± 35.0a

35.10 ± 2.12
7.65 ± 0.31
10.1 ± 0.18
18.0 ± 1.95
23.60 ± 1.10
0.72 ± 0.06
375.00 ± 18.5b

31.75 ± 0.96
8.5 ± 0.96
9.9 ± 0.33
20.81 ± 0.86
24.65 ± 1.33
1.20 ± 0.44
360.05 ± 25.2

32.60 ± 2.66
8.5 ± 1.60
10.0 ± 0.30
17.50 ± 0.77
24.12 ± 1.48
0.65 ± 0.10
280.25 ± 43.0

35.18 ± 1.15
6.4 ± 0.58
9.7 ± 0.70
16.90 ± 1.14
21.60 ± 1.15
0.75 ± 0.33
455.25 ± 28.5ac

36.05 ± 2.22
6.76 ± 0.77
10.0 ± 0.12
16.05 ± 1.60
23.05 ± 1.11
1.0 ± 0.12
420.20 ± 20.0bc

33.13 ± 1.54
8.0 ± 1.50
9.9 ± 0.16
19.25 ± 0.78
26.75 ± 1.19
0.66 ± 0.7
315.50 ± 33.20

685.42 ± 4.2

950.52 ± 38.5b 1010.65 ± 25.2c 750.25 ± 30aa

630.00 ± 15.0 980.25 ± 45.5cm3 915.20 ± 33.2dc 610.5 ± 22.0

48.25 ± 5.5
< 2500
< 100
Negative
Negative

37.50 ± 5.0
< 2500
< 100
Negative
Negative

55.00 ± 11.0
< 2500
< 100
Negative
Negative

35.50 ± 4.5
< 2500
< 100
Negative
Negative

63.25 ± 7.0
< 2500
< 100
Negative
Negative

38.25 ± 6.5
< 2500
< 100
Negative
Negative

42.20 ± 6.0
< 2500
< 100
Negative
Negative

87.70 ± 8.0
< 2500
< 100
Negative
Negative

⁎
Data from SRC production log sheet of AquAgri (P) Ltd. during 2012–13. Means followed by same letter (or no letter) are not signiﬁcant at the 0.05 propability
level.

503–1105 g cm−2) [33], in Indonesia (KGS 1022–1140 g cm−2), in
Philippines (KGS 1005–1224 g cm−2) [31] and in Brazil (WGS
688–926 g cm−2) [50] but the yield of SRC produced from dry K. alvarezii harvested from diﬀerent seasons through the conventional process in this present study was 29.5–36.36%, with a high gel strength
(WGS of 280–455 g cm−2 and KGS of 610–1010 g cm−2); these readings
were much comparable to literature reports [31,33,35,50]. Thus, lower
yields and deterioration in quality were observed only in the SRC derived from the wet ﬁbrous residue obtained after extraction of the biostimulant sap from K. alvarezii.

The KCl modiﬁed gel strength (KGS) and native water gel strengths
(WGS) of SRC obtained from the samples of summer (KGS
510–625 g cm−2 and WGS 265–284 g cm−2) and pre-monsoon months
(KGS 495–590 g cm−2 and WGS 270–276 g cm−2) were signiﬁcantly
higher (p = 0.003) than samples from winter (KGS 315–320 g cm−2
and WGS 185–218 g cm−2) and monsoon (KGS 350–365 g cm−2 and
WGS 174–188 g cm−2). However, these readings were much lower than
SRC obtained from RDS of the same species farmed in Sri Lanka (KGS
600–1050 g cm−2 and WGS 245–770 g cm−2) [35], in Vietnam
(KGS 1190–1712 g cm−2 and WGS 245–557 g cm−2) [31], (WGS
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Table 7
Economic valuation of multi-stream processing of fresh-weed Vs its equivalent dry-weed of K. alvarezii.
Investment and return

Multi stream process of fresh weed
Recovery of bio-stimulant (A)

Investment
Cost of 1 t FW or its equivalent dry-weed (US$)
Freight cost of raw material from farming site to processing unit (US$)
Process cost of bio-stimulant sap at 0.1 US$ l−1
Process cost of SRC from wet residue at 0.74 USD kg−1 (26.25 ∗ 0.74)
Process cost of SRC from dry-weed at 0.37 US$ kg−1 (33.5 ∗ 0.37)
Preservative cost for 575 l of bio-stimulant sap
Cost of packaging material and label for 575 l of bio-stimulant sap
Total conversion cost for 1 t of fresh or its equivalent dry-weed (US$)
Total investment (A + B) & C (US$)
Return
Recovery of total bio-stimulant sap from 1.0 t of fresh weed (l)
Total SRC recovered from 1 t of fresh or its equivalent dry-weed (dry kg)
Total sale value of ﬁnished goods (US$)
Total sale value (US$)
Net return through processing of 1 t fresh weed or its equivalent dry-weed (US$)

Conventional process of dry-weed (C)

Recovery of SRC (B)

56.82
45.45
57.5

56.82
4.55
19.42
21.29

17.42
15.25
192.44
211.86

19.42

82.66
82.66

26.25
131.25

33.50
201
201.0
118.34

575
304.75
418
206.14

The viscosity of the SRC prepared from wet ﬁbrous residue in the
present study was in the range of 85–155 cP which compared to that of
35–87 cP for SRC obtained from the dry-weed process. Though the
viscosity of the former was much higher than other reported values, the
range of the latter was similar to that of SRC from K. alvarezii farmed
elsewhere, i.e. Ohno et al. [31] reported viscosity ranging from 16 to
97 cP and Hung et al. [33] recorded 83–128 cP for carrageenan
samples from the same species farmed in Vietnam and 27–72 cP in Sri
Lanka [35]. The absorbencies at 1267–1235 cm−1 (ester sulfate),
1047–1077 cm−1 (for glycosidic linkage, C-O-C), 926–930 cm−1 (3,6
anhydrogalactose) and 844–848 cm−1 (galactose-4-sulfate) in the IR
spectra showed that the SRC produced was kappa carrageenan [36] and
showed no seasonal variations in the absorbencies in its IR spectra.
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5. Conclusion
Authors contributions
Fresh biomass of K. alvarezii yielded 2.0–2.3% bio-stimulant and
2.4–4.0% SRC with a 94–96% moisture. The economics of conversion of
fresh seaweed into agricultural bio-stimulant and SRC through the
MUZE process was better than the conversion of dry weed into SRC
alone through the conventional method i.e. 1.0 t FS yielded a net proﬁt
of $ 224.14USD through the multi-stream process, whereas the dryweed equivalent was $ 118.34USD when processed by the conventional. The present investigation supported the practice that fresh K.
alvarezii can be used as a raw material to co-produce an eﬀective
agricultural bio-stimulant as well as provide SRC with medium gel
strength.
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