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Abstract

The cocoa industry in Ghana is the second largest in the world, and it generates huge amounts of cocoa pod husks, which
currently represent a disposal problem as no significant use has been found for them. The husks are rich in potassium, which may
be used for alkaline hydrocolloid extraction from red seaweeds. Chemical and rheological properties of k-carrageenan from
Kappaphycus alvarezii and the Ghanaian red seaweed Hypnea musciformis extracted by KOH (benchmark) or by a cocoa pod
husk ash solution were compared. Similar extraction yields and successful modification of the seaweed hydrocolloids with 3,6-
anhydro-galactopyranose and sulfate contents of 37-38 and 16-17%, respectively, were obtained with cocoa pod husk ash and
KOH extraction. Gel strengths of the k-carrageenans were also similar: G’ at 25 °C were 5780 Pa with cocoa pod husk ash and
5930 Pa with KOH. These findings have implications for industrial waste biomass utilization and sustainable green growth

development of seaweed hydrocolloid processing in Ghana.

Keywords Potassium - Carrageenan - Hypnea - Rheology - Circular economy

1 Introduction

Ghana is the world’s second largest cocoa producer after Ivory
Coast, producing around 900,000 t of cocoa beans annually
[1]. The production of cocoa beans co-generates huge
amounts of cocoa pod husks (CPHs) as leftovers that consti-
tute more than 50% by weight of the fresh cocoa pods.
Currently, only very small amounts of the CPHs are used in
value-added applications as, e.g., alkalis for soap production,
fertilizers, and animal feed [2—4]. In practice, CPHs thus rep-
resent a disposal problem providing a large incentive for iden-
tifying sustainable use of the residues.

CPHs are rich in minerals, in particular potassium, but also
other compounds as calcium, sodium, and magnesium are
present, which could be exploited in the production of alkaline
solutions for biorefinery applications [5]. When the husks are
incinerated, the minerals are converted into their oxides, which
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then react with the carbon dioxide formed during combustion
to form carbonates. These carbonates are water soluble and
can be leached with water to create alkaline solutions [5].

Ghana has a high diversity of seaweeds, and with a growing
demand for hydrocolloids in various applications, the extraction
of hydrocolloids from Ghanaian seaweeds represents a unique
opportunity for local business development and sustainable
bioresource utilization [6]. Red seaweeds are a source of agar
and carrageenan hydrocolloids. These hydrocolloids, extracted
from red seaweeds, are already widely used commercially in
food and pharmaceutical applications due to their unique gel-
ling properties. The red seaweed species Hypnea musciformis
are available as native species in many coastal areas of Ghana
[7], and extraction yields, chemical composition, and rheolog-
ical properties of k-carrageenan extracted from H. musciformis
from Ghana are comparable with k-carrageenan from commer-
cially used Kappaphycus alvarezii [8].

Commercially, carrageenans are extracted by alkali treat-
ments [9]. The hypothesis behind the present study was that
cocoa pod husk ash (CPHA) could be used as a substitute for
potassium alkali (KOH) currently used for extraction of car-
rageenans, thereby providing a useful local utilization of this
cocoa industry residue while minimizing the use and import
dependency of chemicals in the production of hydrocolloids.
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The present study assesses the potential of CPHA for hy-
drocolloid extraction by comparing hydrocolloid extraction
yields, chemical composition, and rheological properties of
carrageenan from K. alvarezii and the Ghanaian red seaweed
specie H. musciformis.

2 Materials and methods

2.1 Chemicals, cocoa pod husks, and seaweed
samples

All chemicals were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA) unless stated otherwise. The CPHs
(from Theobroma cacao) were obtained from the Cocoa
Plantation Farm at Kwame Nkrumah University of Science
and Technology (KNUST), Kumasi, Ghana. The CPH mate-
rial was received dried and milled (particle size <2.5 mm).
The Ghanaian seaweed H. musciformis was collected at Old
Ningo, Ghana, while cultivated K. alvarezii was received in
dry form from NhaTrang Institute of Technology Research
and Application, Vietnam, and used as benchmark for extrac-
tion yields, chemical make-up, and rheological properties.

2.2 Preparation of alkali solution from CPHA

Dry matter and ash contents of the CPHs were determined at
105 and 550 °C, respectively, according to the procedures
described by the US National Renewable Energy Laboratory
(NREL) [10, 11]. Hydrogen, nitrogen, and carbon contents of
the CPHA were analyzed using a EuroVector EA3000 CHNS
analyzer. The method is based on the combustion of samples
at 980 °C and further quantification of H,O, N,, and CO, by
gas chromatography with thermal conductivity detection (GC-
TCD).

Potassium, magnesium, sodium, calcium, and phosphorous
amounts in the CPHA were determined by flame atomic ab-
sorption spectroscopy (AAS) (model VGP 210, Buck
Scientific, USA) at KNUST, Ghana. The CPHA used for the
AAS was prepared by weighing 1 g of CPH and placingitin a
crucible in a muffle furnace at 550 °C. The CPHA was then
recovered by rinsing the crucible with 10 ml water and 10 ml
of acid aqueous reagent (400 mL concentrated hydrochloric
acid and 133 mL 70% nitric acid was mixed with 1.2 L dis-
tilled water and diluted to 2 L with distilled water). Ash and
liquids were placed in a 50-mL centrifuge flask, mixed and
centrifuged for 10 min at 3000 rpm, and the supernatant was
used for elemental analysis. The analysis was performed using
the method outlined by Jones et al. (1990) and Hunter et al.
(1984) [12, 13].

Based on the amount of potassium present in the CPHA, a
CPHA solution with equimolar potassium levels as the com-
mercially used 6% w/v KOH solution was prepared by adding
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167 g CPHA/L Milli-Q water. The pH of both solutions was
above 13 (6% w/v KOH pH ~ 14; CPHA pH ~ 13).

2.3 Carrageenan extraction and compositional
analysis

Carrageenans were extracted by either the traditional extrac-
tion method with KOH or with the potassium-rich CPHA
solution according to the procedure outlined by Rhein-
Knudsen et al. (2017) [8]. Seaweed (1.5 g) was mixed with
60 mL 6% w/v KOH or the CPHA solution, and reaction was
carried out at 80 °C for 3 h. The potassium solutions were
removed by washing and soaking of the seaweed overnight
in water. Extraction was done in 30 mL Milli-Q water at 99 °C
for 1.5 h. The extracted carrageenans were mixed with diato-
maceous earth (Celite, Sigma-Aldrich). Then, the slurry was
pressure filtered (filter paper, PP filter cloth, Sigma-Aldrich),
and the carrageenans in the permeate were precipitated in 80%
isopropanol, filtrated, and the carrageenans were recovered by
freeze-drying. Yields were determined by weighing. The ex-
tracted material was subjected to acid hydrolysis for determi-
nation of carbohydrate monomer composition. To avoid deg-
radation of the acid-labile anhydro-bridges, which may be
degraded into galactose or 5-hydroxy-methyl-furfural by con-
ventional hydrolysis, the reducing acid hydrolysis procedure,
described by Jol et al. (1999), was applied for determination of
3,6-anhydro-galactose contents [14]. Carbohydrate composi-
tions were determined by high-performance anion-exchange
chromatography (HPAEC-PAD) using an ICS3000 system
(Dionex) equipped with a CarboPac™ PA1 column with ac-
companying guard column. Elution was performed using
500 mM NaOH and an isocratic flow of 0.4 mL/min.
Quantification was done using 3,6-anhydro-galactose
(Dextra Laboratories Ltd., UK) and galactose as sugar stan-
dards that had been reduced by the reductive acid hydrolysis.
Sulfate contents were determined by turbidity analysis of the
HCI (0.5% by weight of carrageenan per volume in 1 M HCI,

Table 1 Elemental analysis of CPHA performed by flame atomic
absorption spectroscopy and GC analysis

Element Amount (% w/w)
K 25a+0.1

C 23a+6.4

Mg 6b+0.5

Ca 5b+3.6

Na 3b+0.0

P 2b+0.1
Undetermined ~36

The results represents % weight/weight of triplicate values (except for Na
and C that were measured in duplicates) [data given as means = SD].
Different roman lowercase letters indicate significantly different values
(p <0.05) by one-way ANOVA
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Table 2
composition [data given as means + SD]

Overview of hydrocolloid source, carrageenan extraction solution (CPHA or KOH), extraction yield, and hydrocolloid monomer®

Hydrocolloid source  Extraction solution ~ Carrageenan extraction

yield [% w/w dry material]

Hydrocolloid composition

Galactose 3,6-anhydro-galactose ~ Sulfate content
[% wiw hydrocolloid]  [% w/w hydrocolloid]  [% w/w hydrocolloid]
H. musciformis CPHA 19a+2.7 40a+1.0 38a+1.1 17a+0.7
KOH 23a+3.2 38a+1.6 37a+1.1 l6a+1.3
K. alvarezii CPHA 23a+3.3 42a+1.0 37a+1.6 17a+1.4
KOH 25a+14 39a+1.5 38a+1.6 16a+0.5

Different roman lowercase letters columnwise indicate significantly different values (p < 0.05) by one-way ANOVA

# All monosaccharides values are given as dehydrated monomers

105 °C, 3 h) hydrolyzed samples as described by Jackson and
McCandless (1978) [15].

2.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (ATR-FTIR) was per-
formed on a Nicolet iS50 FTIR spectrometer (Thermo Fischer
Scientific Inc., USA) with an ATR module. The % transmit-
tance was recorded from 2000 to 400 cm ', 32 scans with
4 cm™' resolution [8].

2.5 Oscillatory rheology

Oscillatory rheology was performed principally as described
previously [8]. Briefly, 1.5% w/v carrageenan was dissolved
in Milli-Q water at 80 °C and a 2% w/v KCl solution was added
to reach a final concentration of 1% w/v KCI. Following KCI
addition, the samples were heated for an additional 20 min. 3
mL solutions were used for analysis. The rheological properties
were assessed by small-angle oscillatory rheological measure-
ments on a HAAKE MARS rotational rheometer (Thermo
Scientific Inc., Germany) equipped with a serrated parallel-
plate (Reologica Instruments, AB) having a diameter of
650 mm and with a gap of 1.0 mm. Temperature sweeps were
conducted at 0.1 Hz during gelation by in situ cooling (80—
20 °C) and heating (20-80 °C) at a rate of 1 °C/min. The
parallel-plate was covered with silicone oil to avoid sample
dehydration. The storage modulus (G'), the loss modulus (G
"), and the thermal hysteresis behavior of the gels were deter-
mined as a function of temperature [8]. Tan(d) was calculated as
tan(d) = G"/G' [16].

2.6 Statistics

GC analysis, flame atomic absorption spectroscopy, carra-
geenan extractions, carbohydrate monomer compositions,
and sulfate contents were performed in triplicates (except the
flame atomic absorption spectroscopy for Na and GC analysis
of C which was done in duplicate) and the data are presented

as means =+ standard deviation (SD). Analyses of variances
(ANOVAs) were used to determine significant differences
with the Tukey-Kramer test from pooled standard deviations
(JMP 13 Statistical Software, SAS). Values of p < 0.05 were
considered statistically significant.

3 Results and discussion
3.1 Cocoa pod husk ash composition

The dry matter content of CPH was 91 = 1.6% by weight and
ash content was 11 +1.0%. GC analysis of the ash revealed
incomplete combustion of carbon, still accounting for around
23% of the mass (Table 1). No hydrogen and nitrogen were
detected. Flame atomic absorption spectroscopy of the CPHA
confirmed high amounts of potassium, 25% w/w, and lower
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Fig. 1 FTIR analysis of carrageenans from a H. musciformis (CPHA), b
H. musciformis (KOH), ¢ K. alvarezii (CPHA), d K. alvarezii (KOH)
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@ G' H. musciformis CPHA
@ G" H. musciformis CPHA
B G' H. musciformis KOH
B G" H. musciformis KOH
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Fig. 2 Storage modulus, G’ [Pa] (blue) and loss modulus, G” [Pa] (red)
measured during cooling and re-heating at a rate of 1 °C/min for: 1.5%
carrageenan extracted from H. musciformis with CPHA (circles) and
KOH (squares) with 1% added KCl

amounts of Na, Ca, Mg, and P (each below 6% w/w) (Table 1).
Several values (all by weight) have been reported for potassi-
um contents, either in the form of ions or oxides: 43.5% K*
was reported by Simpson et al. (1985), 25.6% K,0O was found
by Yaw et al. (2015), and 37.4% K,O was determined by
Amoanyi (2012) [17-19]. Variations in mineral contents could
be a result of different factors such as soil and cultivation
conditions for the cocoa plants as well as harvest time and
location. Undetermined components could include silica, alu-
minum, and/or sulfur [18].

4 Carrageenan extraction and characteristics
4.1 Extraction yield and composition

Carrageenans were extracted from the two red seaweeds
H. musciformis and K. alvarezii by either the alkaline solution

Fig. 3 tan(d) for H. musciformis

produced from the CPHA or a 6% w/v KOH solution.
Extraction yields were highest for K. alvarezii, 23 and 25%
by weight of dry material by using CPHA and KOH, respec-
tively, while extraction yields for H. musciformis were 19% by
weight of dry material with the use of CPHA and 23% by
weight of dry material using KOH (Table 2). No profound
difference was observed on the extraction yields with the
two different extraction techniques.

As expected, the extracted material mainly consisted of
galactose, 3,6-anhydro-galactose, and sulfate, the main com-
ponents of carrageenan (Table 2). The hydrocolloid composi-
tions agree with our previously reported results [8].
Comparing the 3,6-anhydro-galactose and sulfate contents
of the carrageenans extracted by either CPHA or KOH indi-
cated a successful modification of the carrageenan precursors,
as no significant difference was observed between the two
constituents when comparing the two extraction solutions
used (Table 2). The presence of 3,6-anhydro-galactose allows
the carrageenan chains to undergo conformational changes, in
turn enabling the formation of «-helices, which are crucial for
gel formation [20]. Carrageenans are heterogeneous polysac-
charides composed of different dimers that define the different
carrageenans, €.g., K-carrageenan is composed of dimers of D-
galactopyranose 4-sulfate and 3,6-anhydro-galactopyranose
and may contain dimers from the precursor p-carrageenan,
built of D-galactopyranose 4-sulfate, and D-galactopyranose
6-sulfate (and no 3,6 anhydro galactosyl residues) [21].
During the biosynthesis of carrageenans in the red seaweeds,
the conversion of precursors is catalyzed by sulfurylase en-
zymes [22]. In industrial processing (i.c., the carrageenan ex-
traction process), as [1-carrageenan dimers are present within
the k-carrageenan chains, the cyclization reaction is catalyzed
by OH . Hence, an alkali solution, usually KOH, is used to
affect the conversion of galactopyranose into anhydro-
galactopyranose and thus enhance the gelation properties of
the final carrageenan product. The OH ionizes the C-3 OH
on the sulfate galactosyl residue. The ionized form is then able

100
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. . [ L P9y
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Table 3 Overview of gel

Gel strength at 25 °C
[Pa] (G’ at 25 °C)

Tea [°C1(G'>G") T [°C](G'>G")

strengths, gelling temperatures Hydrocolloid source Extrqction
(Tgep), and melting temperatures solution
(T ety determined by oscillatory
theology for 1.5% carrageenan H. musciformis CPHA
with 1% added KCl1 KOH
K. alvarezii CPHA
KOH

5779b +224 36 58
5929a,b+312 37 60
6584a+353 36 57
5783b+7 35 56

Gel strengths at 25 °C were determined as the averages of the three values closest to 25 °C + SD. Different roman
lowercase letters indicate significantly different values (p < 0.05) by one-way ANOVA

to perform a nucleophilic displacement of the sulfate ester at
position 6 thereby creating the anhydro-bridge. Potassium is
usually used for extraction of k-carrageenan as potassium
helps increase the gel strength of the final product as it binds
to the negatively sulfates thereby stabilizing the junction
zones between the carrageenan helices without hindering
cross-linking of the chains during gel formation [23, 24].
The data obtained affirm that the CPHA alkali solution is able
to induce this modification as well (Table 2).

4.2 Fourier transform infrared spectroscopy

The FTIR spectra from 1800 to 600 cm ™' of the carrageenans
extracted from H. musciformis and K. alvarezii with the two
different alkaline solutions shown in Fig. 1 exemplify that
both extractions produced k-carrageenan moieties. The spec-
tra show the main features of carrageenan: the moderately
strong band at approximately 845 cm ™', which is assigned to
C—0-S03 on C, of the D-galactopyranose 4-sulfate unit [25,
26]. The occurrence of a strong band at approximately
930 cm ' indicates the presence of 3,6-anhydro-p-
galactopyranose and is assigned as C—O bonds [27]. A small
intensity band is observed for the KOH-extracted carrageenan
from H. musciformis at 867 cm™ ', corresponding to the C—O—
SO; on Cg¢ of galactopyranose from the p-carrageenan

Fig. 4 Storage modulus, G’ [Pa],

precursor, indicating incomplete modification. No clear bands
were observed at 815-820 cm ™' (also corresponding to the C—
0-S0; on Cq4 of galactopyranose from the pi-carrageenan pre-
cursor) and at 867 cm ™' for the CPHA-extracted carrageenans
[25]. The data corroborate the applicability of CPHA in the
extraction and production of k-carrageenan, as the results
show that proper modification was achieved with the use of
CPHA during the extraction.

4.3 Rheological properties

Oscillatory rheological measurements were performed to as-
sess and compare the rheological properties of the carra-
geenans extracted from H. musciformis and K. alvarezii by
CPHA and KOH, respectively. Carrageenan with 1% w/v
KCI added (1.5% w/v) was used for analysis, and the storage
modulus, G’ [Pa], and loss modulus, G” [Pa], were measured
over a temperature range from 80 to 20 °C. Evaluation of
reversible gelling properties was done by re-heating back to
80 °C. The gelling profile from 20 to 70 °C of the carra-
geenans extracted from H. musciformis are shown in Fig. 2.
Initially, G’ is observed to be lower than G” for both carra-
geenans, indicating a liquid-like state. As gel formation initi-
ates and progresses, both G' and G” increase until the gel-
point (Tge)) is reached and G’ exceeds G". Figure 3 shows

. . 8000
measured from 95 to 20 °C at a H. musciformis carrageenan (CPHA)
rate of 1 °C/min for carrageenan H. musciformis carrageenan (KOH) 7000
; AAA
with 1% KCI from ) A K. alvarezii carrageenan (CPHA)
H. musciformis (extracted with ® K. alvarezii carrageenan (KOH) (] ‘ A 6000
CPHA and KOH) and K. alvarezii : 8 oo A0S 0000
(extracted with CPHA and KOH) 5000
A —_
&
4000 —
o A ©
3000
o
2000
o A
A 1000
[ ] A KA
i : 0
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Temperature [°C]
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tan(d) as a function of temperature for the H. musciformis
carrageenans extracted by either CPHA or KOH from 80 to
20 °C. Tan(d) is defined as G"/G' and illustrates the liquid and
solid behavior of gels, where tan(d) > 1 (G" > G’) signifies
liquid behavior and tan(d) < 1 (G” < G’) implies solid behav-
ior. When tan(d) = 1, the storage modulus and loss modulus
are the same indicating a transition point [16]. The data show
that tan(d) is above 1 at high temperatures until transition
occurs around 40 °C; below 40 °C tan(d) decreases steeply
to very low values below 1, and then stabilizes to tan(d) values
0.01-01 from 30 to 20 °C (Fig. 3). For the carrageenan ex-
tracted from H. musciformis, Ty is estimated to be 36 °C
when extracted with CPHA and 37 °C when extracted with
KOH (Figs. 2 and 3 and Table 3). Once the gel is formed, G’
and G" become constant (Fig. 2). When re-heating the gels, it
is observed that G’ exceeds G” until cross-linking of the car-
rageenan chains is destroyed and both values decrease. When
the gels are fully melted (T,,q), G' again has a value lower
than G”. Gelling and melting temperatures for the carra-
geenans are summarized in Table 3. The gelling profile for
the carrageenans extracted from K. alvarezii followed the
same trend (results not shown) although the G’ values were
a bit higher (Fig. 4).

As also seen in Fig. 4, gel formation for the CPHA-
extracted carrageenans appears to occur within a longer tem-
perature span than the carrageenans extracted with KOH. This
behavior can be explained by the fact that the CPHA solution
contains other divalent cations (Table 1) that may bind to the
carrageenan chains. Binding of these components might result
in a more heterogeneous way of packing the chains during gel
formation. The ions do not seem to inhibit gel formation
though, as the gel strengths, estimated as G' at 25 °C, do reach
and even exceed (K. alvarezii) the ones from the carrageenans
extracted by the traditional method (Fig. 4 and Table 3).

5 Conclusion

In this work, we evaluated whether CPHA could be used as
substitute for KOH for carrageenan extraction due to the high
potassium level in the ash. The results affirmed that similar
extraction yields and hydrocolloid compositions were obtain-
ed with CPHA as with classical KOH extraction.
Compositional analysis confirmed successful modification of
the carrageenans as 3,6-anhydro-galactopyranose, and sulfate
contents were the same with CHPA and KOH extraction.
Evaluation of rheological properties indicated excellent gel
strengths, estimated as G’ [Pa] at 25 °C, on 5779 and
5929 Pa, respectively. The findings have promising implica-
tions for using cocoa pod husk waste for developing extrac-
tion of carrageenan seaweed hydrocolloids on circular econo-
my principles.

@ Springer
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