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INTRODUCTION

Potassium sulfate (K2SO4) is an industrially important
substance which is used as a major component in fertilizers,
potassium alum, potassium carbonate, glass, chemical agents,
veterinary compositions and other products. Conventional
methods of producing potassium sulfate include extraction and
separation of potassium sulfate from salt lake brines, fractional
crystallization of natural sulfate ore, or the reaction of potassium
chloride with langbeinite ore, schoenite, or sodium sulfate. It
can also be produced by converting sulfuric acid to potassium
salt through the Hargreaves process, which involves treatment
of potassium chloride with sulfuric acid, or with sulfur dioxide,
air and water [1]. The current world supply of K2SO4 is produced
mainly from potassium chloride (KCl) by means of the energy-
intensive Mannheim process. In this process, potassium chloride
reacts with sulfuric acid to form potassium bisulfate and hydrogen
chloride. The final product, potassium sulfate, is formed at
high temperatures of about 600-700 °C [2]. Potassium sulfate
can also be obtained by acidulation of KCl at low temperatures,
under which conditions, potassium hydrosulfate is formed
[3-5]. Methods of making potassium sulfate are also disclosed
in a number of patent documents where potassium sulfate is
manufactured via the treatment of a sulfate ion-containing
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substance such as (NH4)2SO4 with a potassium ion-containing
substance typically KCl [6,7]. Sulfates can also be obtained
from cement mill dust, langbeinite, or from muriate, while
potassium can be derived from potash salt produced from wood
ashes or alunite [8]. Another method describes the mineral
slurry mixture of kainite, potassium chloride and water to obtain
a potassium sulfate via a solid-liquid separation [9]. The reaction
of phosphogypsum and KCl at 0.1-0.2 MPa in the presence of
a catalyst also afforded potassium sulfate after washing with
NH3 [10]. The treatment of Na2SO4 or mirabilite with KCl in
the presence of NaCl-containing mother liquor also produced
potassium sulfate [11]. A metathesis process described aeration
of a solution containing potassium and sulfate ions with NH3

at low-temperature to afford potassium sulfate precipitate [12].
Potassium sulfate is also manufactured by the reaction of H2SO4

with KCl [13], in the presence of Cu2+-containing compound
[14] or MgO [15]. Another process involves purification of
bittern by removal of Ca2+ and Mg2+ ions to form a sodium
sulfate, which upon treatment with KCl yields the potassium
sulfate [16].

Potassium sulfate crystals can also be produced through
recovery from sugar wastes or industrial wastewater [17]. Re-
covery of potassium from steel factory sintering ash followed
by treatment with ammonium sulfate also produces potassium
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sulfate [18]. Potassium sulfate is also produced by converting
particulate metal halides to corresponding sulfates using a
fluidizing gas of sulfur dioxide, water vapour and air [19].
Several devices for the manufacture of potassium sulfate have
been described such as the specialized reaction furnace [20]
or the mixing-spraying reactor for continuous process [21].
Generally, the manufacturing of potassium sulfate is a tedious
process requiring the use of specialized equipment, or the use
of strong acids. Most of the processes generate much waste
while some methods require the use of minerals that must be
mined from the earth. A simple, robust and renewable process is
highly desirable. Herein, a novel method of producing potassium
sulfate is reported from the carrageenan, a renewable source.

Carrageenan is a natural polysaccharide extracted from
red seaweeds. It contains sulfate groups in the polysaccharide
chain. The three main commercial classes of carrageenan are
κ-carrageenan (contains one sulfate group per disaccharide),
ι-carrageenan (contains two sulfate groups per disaccharide)
and λ-carrageenan (contains three sulfate groups per disaccha-
ride). Of particular interest is the κ-carrageenan because of its
ion specificity where potassium ions specifically bind to the
helical structure of κ-carrageenan promoting helix formation
and gelation. As a result, κ-carrageenan forms strong, rigid
gels in the presence of potassium ions making it useful in com-
mercial applications as thickeners, gelling agents and stabilizers
in processed foods due to their excellent gelling and physical
functional properties [22]. In the process of extracting κ-carra-
geenan, potassium ion plays a prominent role. To enhance the
gelation behaviour, κ-carrageenan is extracted from Eucheuma
cottonii by potassium hydroxide treatment, which is an impor-
tant and well-known reaction of carrageenans [23,24]. Commer-
cially, it is produced as a white refined powder where the carra-
geenan is first dissolved and filtered to remove cell wall debris
followed by precipitation from the clear solution by potassium
chloride [25]. Predominantly, commercial κ-carrageenan contains
potassium 10.2%, calcium 2.7% and sodium 0.7% ions [26].

EXPERIMENTAL

In a typical hydrothermal carbonization process, κ-carra-
geenan (1.0 g, ACROS Organics) is dispersed in water (12

mL) and transferred in a Teflon-lined stainless-steel autoclave.
The autoclave is then sealed and heated in an oven (180 °C)
for 12 h to obtain a heterogeneous mixture composed of the
insoluble black hydrochar and water-soluble substances. The
solid hydrochar was separated from the liquid by centrifugation
and filtration followed by rotary evaporation of the supernatant
liquid to obtain a brown residue. The residue was washed with
absolute ethanol to obtain white precipitate of potassium sulfate
precipitates (10-15% yield).

RESULTS AND DISCUSSION

SEM-EDX data (Fig. 1) indicates that the precipitated salt
contains 31.9% potassium, 21.8% sulfur and 39% oxygen as
the major components indicating the formation of potassium
salt with sulfate. XRD analysis (Fig. 2A) confirmed the forma-
tion of potassium sulfate and it exists in the form K3H(SO4)2

in agreement with the XRD data (Fig. 2B) reported by Mientka
et al. [27]. The result also agrees with the rough estimate in
the % elemental composition using EDX data. Raman spectro-
scopy (Fig. 3A) further confirms the identity of the potassium
salt as K3H(SO4)2 which agrees well with the Raman spectrum
of the single crystal of K3H(SO4)2 (Fig. 3B) as reported by
Barashkov et al. [28]. The characterization data confirms the
identity of the potassium salt as K3H(SO4)2 [28].

κ-Carrageenan forms aqueous gel in the presence of
certain salts such as Li+, Na+, K+, Mg2+, Ca2+ and Sr2+. In
commercial κ-carrageenan, this gelling property is attributed
to the presence of potassium ions, which acts as an ionic cross-
linker between the sulfate groups of the double helices allowing
them to aggregate and form 3D networks of helices. Potassium
ions is inherently present in the natural κ-carrageenan and
the amounts further increase through alkali extraction using
aqueous KOH [29] and in the refining process using KCl
precipitation [25]. During hydrothermal reaction, heating the
vessel results to a build-up of pressure inside the vessel. The
autogenous pressure formed inside the vessel dehydrates carra-
geenan forming the water-insoluble, high-carbon-containing
product called the hydrochar. In addition, the negatively
charged sulfate moieties found in main chain of carrageenan,
which is neutralized by K+ counter ions, are released in the
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Fig. 1. SEM (A) and EDX Spectra (B) of potassium sulfate from carrageenan
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form of water-soluble potassium sulfate extracted through
ethanol precipitation.

The facile production of potassium sulfate from carra-
geenan can explain the observed plant growth promoting effects
of carrageenan. Carrageenan powder has been added as a compo-
nent in the formulation of commercial fertilizers apparently
as gelling agent for water retention [30]. Carrageenan is also
included as one of the components in a fertilizer formulation,
which is produced by fermenting the mixture. The plant-growth
promoting effect was attributed to the presence of yeast or lactic
acid bacteria [31]. The use of a γ-irradiated carrageenan as
plant growth promoter [32] by foliar spraying has been shown
to increase the production of rice to 20% more. The effect was
attributed to the degradation of carrageenan into smaller mole-
cular weight polymer that promotes easy absorption of nutrients.
In another study, the same authors [33] described that carrageenan
irradiated at an absorbed dose of 30 kGy afforded smaller
carrageenan molecular weight of 6762 Da and fractionation
of the irradiated carrageenan with 1 kDa showed better plant
growth promoting activities on pechay in soil upon foliar
spraying. The role of carrageenan is believed to be due to the

ability of low molecular weight carrageenan to promote easy
absorption of nutrients. These plant growth-promoting effects
of carrageenan may after all be attributed to the facile produc-
tion of potassium sulfate, which is an established fertilizer
component and a known plant growth promoter along with
nitrogen and potassium.

Conclusion

In conclusion, carrageenan subjected to hydrothermal carbo-
nization afforded potassium sulfate along with the hydrochar.
SEM-EDX, XRD and Raman spectroscopy confirms the identity
of potassium sulfate in the form of K3H(SO4)2. This novel method
of producing potassium sulfate from carrageenan is a simple
and robust technique that utilizes a renewable starting material,
which could find usefulness in agriculture and industries.
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Fig. 2. XRD (A) spectra of potassium sulfate from carrageenan and X-ray diffraction (B) spectra of K2SO4 ( ) and K3H(SO4)2 ( ) (reprinted
with permission from Mientka et al. [27])
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Fig. 3. Raman spectrum (A) of the K3H(SO4)2 powder from carrageenan and Raman spectrum (B) of the K3H(SO4)2 single crystal at T = 92
K (reprinted with permission from Barashkov et al. [28])
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