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Abstract

Calcium Sulfate Hemihydrate (CSH) with uniform morphology and high crystallinity were successfully prepared
by a precipitation-hydrolysis method in a concentrated sulfuric acid solution containing fishbone-derived carbon.
The CSH was produced by carbonization of fishbone powder at 500 °C for 2 h, followed by sulfonation with concen-
trated sulfuric acid for 3 h. The solid mixture was washed until the pH of 2, then left at room temperature for 3
days. Physical properties of synthesized CSH were characterized using Fourier transform infrared (FTIR) spec-
troscopy, X-ray diffraction (XRD), wavelength dispersive X-ray fluorescence (WDXRF), Scanning Electron Micro-
scope (SEM), nitrogen adsorption-desorption isotherm, and melting point test. It is concluded that the CSH were
formed due to hydrolysis of fishbone-derived carbon in a moderately concentrated sulfuric acid solution of carbon-
derived fishbone and crystallization into a fibrous octa calcium phosphate (OCP) form. In this research, effect of
crystal growth time, effect of pH during the crystal growth, and effect of volume of the solution were also investi-
gated.
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1. Introduction ed by the differential growth velocity between
axial and lateral directions. CSH or bassanite or
plaster of Paris has been extensively used in
buildings, ceramics and medical industries [1].
CSH is potential reinforce materials which used

Calcium sulfate hemihydrate
(CaS04.0.5H20, or CSH) is a kind of sub-
nanoscale mineral, and its morphology is orient-

in a wide range of applications such as rubber,

. )
Corresponding Author. plastics, antifriction materials, and paper [2].
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CSH has become popular due to its special
properties, such as high aspect ratio [3,4], high
tensile strength and elastic modulus [5], ease of
surface modification [6], ease of dispersion [7],
integrated internal structure [8], and nontoxici-
ty [9].

In recent years, new technologies for prepar-
ing CSH have been extensively developed.
Wang et al. [10] prepared CSH using sulfuric
acid (H2SO4) was added dropwise to a Ca(OH)s,
the powder was added to calcium chloride
(CaClg). Fukugaichi and Matsue [11] obtained
CSH by using solid calcite (CaCOs) as a start-
ing material and mixing it with dilute sulfuric
acid (H2S04) in methanolic solution. Fu et al.
[12] prepared CSH by using CaClz solution
mixed with calcium sulfate dihydrate
(CaS04.2H20) in the reactor, the powder ob-
tained by vacuum filtration was quickly rinsed
with boiling water to remove residual CaCls,
and then with isopropanol to remove water. Xu
et al. [13] obtained CSH using the desulfuriza-
tion of gypsum that composed mainly of
CaS04.2H20 and CaCOs and then treated with
dilute H2SO4 at room temperature to convert
CaCOs to CaSOg; the latter was then heated at
110-150 °C to form CSH. Wang et al. [14,15]
prepared CSH using purified flue-gas desulfuri-
zation (FGD) gypsum as the raw material by
hydrothermal crystallization in H2SO4-H20 so-
lution, and the diameters of the CSH ranged
from 1 to 3 um, and the average aspect ratio
was higher than 200. Jiang et al. [16] synthe-
sized CSH by a two-step method, in which the
precursor was prepared in the first step, and
the CSH was produced in the second step. Most
studies have focused on technological modifica-

Figure 1. Formation of Calcium Sulfate Hemi-
hydrate (CSH).

tion or the mechanism of the preferred orienta-
tion growth that used pure grade chemicals as
the raw materials, thus it is costly. However,
little effort has been explored for wastes, like
fishbone as raw materials to produce CSH.

In our study, calcium sulfate hemihydrate
or bassanite (CSH; CaS04.0.5H20) have been
successfully synthesized in one-pot reaction at
room temperature using fishbone as a starting
material. Firstly, the powder of fishbone was
carbonized and then the fishbone-derived car-
bon was mixed with concentrated sulfuric acid
under stirring for 3 h. Then it was washed by
using distillate water until the pH of 2, and left
at room temperature for 3 days until CSH
grown to be harvested. This synthesis tech-
nique decomposes organic components in bones
via carbonization process, subsequently the
CSH can be formed via sulfonation process. In
this research, we also investigated the effect of
time duration, the effect of pH and the effect of
volume of solution. The CSH were character-
ized by WDXRF, FTIR, XRD, SEM, nitrogen
adsorption-desorption isotherm, and melting
point test.

2. Materials and Methods
2.1 Carbonization Process

The fish bone was collected from many food
companies around Samarinda, East Kaliman-
tan, Indonesia. The fish bones were separated
from other impurities by washing with boiling
water. The fish bone was dried on oven at 110
°C for overnight. The fish bone powder was ob-
tained by crushing, then the powder was car-
bonized in a furnace at 500 °C for 2 h to form
carbon. The fish bone-derived carbon (FBC) at
desired temperature (T) is labeled as FBCT.
For example, FBC500 is the fish bone-derived
carbon prepared via carbonization at 500 °C for
2 h.

2.2 Crystallization Process

Every gram the FBC500 was immersed in 6
mL of concentrated sulfuric acid (H2SO4; JT
Beker). The mixture was stirred at room tem-
perature for 3 h and washed with distillate wa-
ter to remove any loosely bound acid until pH
of filtrate 2. The FBC500 solution was saved at
room temperature for three days until the crys-
tal growth (Figure 1). Then, decantation and
filtration were conducted to separate carbon
and crystal. The crystal was washed until the
filtrate reached neutral pH. The crystal then
dried at 110 °C for overnight. In this research,
the effect of pH (1, 2, 3, and 4), solution volume
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(100, 300 and 600 mL), and reaction duration
(1, 3, and 6 day) were studied.

2.4 Crystals Characterizations

The crystal was characterized by WDXRF,
FTIR, XRD, SEM, nitrogen adsorption-
desorption isotherm, and melting point test.
The chemical composition from the crystal was
investigated by using 1 kW wavelength disper-
sive X-ray fluorescence (WDXRF PANalytical,
Minipal 4). Functional group in the crystal
were identified using FTIR spectrometer
(IR—-Prestige—21 Shimadzu) with a spectral res-
olution of 2 em~1, scans of 10 s, at 20 °C and
range of wavenumber from 400 to 4000 cm™1.
The XRD instrument (Phillips PANalytical
X’Pert PRO) was used to determine the crystal-
linity and phase content of the crystal with the
Cu-K. (A = 1.5406 A) radiation as the diffracted
monochromatic beam at 40 kV and 40 mA and
the pattern was scanned in the 26 ranges be-
tween 7° and 60° at a step 0.03° and step time
1 s. The surface morphology of crystal was de-
termined by using the SEM (FEI Inspect S50)
instrument with an accelerating voltage of 15
kV. A brief thermal analysis of the crystal was
done by melting point test using open capillary
tube. The surface area, pore-volume, and pore
size distribution were determined by nitrogen
adsorption-desorption isotherms that were cre-
ated from the data collected from a
Quantachrome Nova 1200e instrument.

3. Results and Discussion

The wavelength dispersive X-ray fluores-
cence (WDXRF) is used to determine the
chemical compositions of inorganic com-
pounds [17-20]. WDXRF results show that the

Table 1. Elements analysis of FBC500 and
CSH obtained using WDXRF.

Element (wt%) FBC500 CSH
Mg 0.4 0.10
P 16.8 0.34
S - 23.00
K 0.02 -
Ca 49.5 43.70
Cr 0.23 -
\Y% - 0.21
In 1.1 -
La 0.8 -
Ge - 1.00
Mo - 9.70
Sm 31 21.00

fish bone-derived carbon 500 (FBC500) con-
tains calcium (Ca), magnesium (Mg), phospho-
rus (P), and potassium (K) [17]. The fish bone-
derived carbon consists of valuable elements
which can be used as biomedical product, like
calcium sulfate hemihydrate (CSH). The CSH
consists of major elements, such as calcium
(Ca), sulfur (S), samarium (Sm), and molyb-
denum (Mo). The inorganic phase of these sam-
ples is composed of minor constituents, includ-
ing magnesium (Mg), phosphorus (P), vanadi-
um (V), and germanium (Ge). The complete list
of elements and compounds is presented in Ta-
ble 1. Moreover, based on WDXRF results and
calculation, the Ca/P ratio of the crystal was
128.5, which indicate that this high Ca/P ratio
may lead to the transformation of crystal struc-
ture to other phase (tri-calcium phosphate)
[21,22].

FTIR spectra of (a) FBC500 and (b) CSH are
shown in Figure 2. The spectra of FBC(500)
show absorption bands around 2500—3600 cm™!
are corresponded to the stretching of hydroxyl
(O—H) group of organic compounds in the
FBC500. The presence of carbonate ion (CO352-)
and phosphate 1on (PO43-) groups could prove
that the presence of hydroxyapatite (HA) in the
sample [23-28]. The carbonate ion (CO3s2-) was
confirmed by the bands at 1272 and 1108 cm!
which correlated with the C-O stretching. The
phosphate ion (PO43-) groups, which correlated
with the P-O stretching asymmetric absorp-
tion bands around 1150-1000 cm-!, is known
as the characteristics of bands for HA. The
bending vibration of PO43~ was observed by
bands located at 510—-620 cm~1. The bands at
874 cm™1, was assigned to the acidic phosphate
group (HPO42) [29]. FTIR spectra of CSH show
the absorption band at 3613, 3559, and 1626

Transmittance (%)

I T |
4000 3000 2000 1000
Wavenumber (cm'1)

Figure 2. FTIR spectra of (a) FBC500 and (b)
CSH.
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cm-! associated with crystal water molecule
combined on (CaSO4) [30-32]. The characteris-
tic bands of CaSO4 can be investigated by the
bands at 1272 cm-! can be assigned to Ca2* and
the band at 1108, 1006, 673, and 618 cm-!can
be assigned to SO42- stretching. [33].

Powder diffraction pattern and crystallinity
of (a) FBC500 and (b) CSH were shown in Fig-
ure 3. In Figure 3(a), the HA crystallinity
(JCPDS-PDF 74-0565) of FBC500 was shown
by the diffraction peaks at 20 angles of 25.8,
32.0, 39.7, 46.8, 49.4, and 53°. The diffraction
peaks in Figure 2(a) are probably due to there
is carbon impurity that mixed with HA crystal.
The XRD pattern (Figure 3(b)) verified the for-
mation of CSH (JCPDS card No. 14-0453) can
be assigned by the characteristic peaks at
20 angles of 14.7, 25.7, 29.8, 31.9, and 49.4°

Intensity (a.u)

@)

T T T T T T T T T T 1
10 20 30
26 ()

Figure 3. XRD pattern of (a) FBC500 and (b)
CSH.

and are parallel to the preferred direction of
growth [34,35]. Average crystallite size (7) of
CSH (Figure 3(b)) is also calculated, which is
based on Debye-Scherrer’s equation [36]:

KA
pcosb

where, T is the average of crystal size, K = con-
stant dependent on crystallite shape, 0.8 < K <
1.1; K = 0.94 for FWHM of spherical crystals
with cubic symmetry; A is the wavelength of
monochromatic radiation (0.15406 nm), S is de-
fined as the full width of peak from the intensi-
ty distribution pattern measured at half of the
maximum intensity value (FWHM = 0.189;
0.189; 0.199; 0.278; 0.219) on the range 20 = 20
to 60 scale in radians and 0 is the Bragg angle
of the peak in degrees. The average crystal size
of CSH was estimated to be 41.87 nm, which
suggest that the CSH - derived the carbon from
fish bone was nanocrystalline in nature.

SEM images of (a) FBC500 (magnification
of 5000x), (b) CSH (magnification of 100x), and
(¢) CSH (magnification of 5000%) are displayed
in Figure 4. In Figure 4(a), an overview of
FBC500 particles appear in clumps with irreg-
ular shape [28]. Under the same magnification
as Figure 4(a), Figure 4(c) CSH particles exhib-
its in cuboid shape. To zoom out under magni-
fication of 100x for an overview, Figure 4(b) de-
picts that the CSH particles in the form of a
long block needle-shaped single crystal with a
flat-cracked surface. CSH is the a-hemihydrate
comprises well-formed transparent idiomorphic
crystals with sharp crystal edges. The morphol-
ogy of the CSH synthesized from fishbone-
derived carbon was in line with that or report-
ed from previous work [38,39].

1)

Figure 4. SEM Image of (a) FBC500 (magnification of 5000x%), (b) CSH (magnification of 100X), and (c)
CSH (magnification of 5000x).
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Based on Figure 5, thermal analyses of the
crystal by DTA-TGA reveal that the crystals
undergo one-stage decomposition from around
110 °C to 160 °C. At this temperature, about
40% reduction is observed, which is predicted
due to the loss of water molecules, resulting in
the anhydrate form of the sample. This anhy-
drate compound remains stable up to 500 °C.

Mechanism for CSH formation is proposed
in this study: H2SO4 solution was used to dis-
solve the calcium embedded in the carbon from
fish bone. The CSH molecules are dissolved and
released from the carbon from fish bone. The
presence of H* ions supplied from H2SO4 will
prohibit the fast aggregation of CSH molecules.
The fast aggregation will cause agglomeration
and amorphous phase tend to be formed. With

100 T T T 0
TGA
DTA
90 - - -50
— 80 - F-100 o
g 2
<
R =
= 70 -150 O
60 - -200
50 . . T r -250
0 100 200 300 400 500

Temperature (°C)

Figure 5. TGA and DTA curves of CSH.

(@

200 —

—@— Adsorption-desorption

N
1 « ! Kneearea
-

100 —

Quantity Adsorbed (cm3/g STP)

0 +———T1— , — .
0 02 04 0.6 08 !

Relative pressure(p/p’)

the appropriate concentration of H*, CSH will
re-organize themselves into crystal seeds, fol-
lowed by nucleation, which eventually it start-
ed to grow slowly into bigger crystalline CSH.

Surface area, pore volume, and pore size of
FBC500 and CSH were analyzed with nitrogen
adsorption-desorption isotherm mechanism.
The surface area, pore volume and mean pore
size are presented in Table 2. The mean pore
size of both samples are more than 2 nm and
less than 50 nm, which indicate a uniform mes-
opores were yielded. The evident of mesopores
in FBC500 and CSH can be seen from knee ar-
ea in the physisorption isotherms (Figure 6).

3.1 The Effect of pH

The effect of pH on CSH crystal growth can
be observed from the XRD pattern in Figure 7.
The CSH crystal grew well at pH 1 and 2 after
the sulfonation process, which shown by the
characteristic peaks at 20 angles of 14.7, 25.7,
29.8, 31.9, and 49.4° which correspond to the
CSH crystal. In Figure 7 (a and b), the charac-
teristic peaks at 20 angles of 14.7, 25.7, 29.8,
31.9, and 49.4° were absence, which indicates
that the CSH crystal does not yielded in pH 3
and 4 after the sulfonation process.

3.2 The Effect of Solution Volume

The effect of the total volume of the solution
with pH 2 on CSH crystal growth can be stud-
ied based on the XRD pattern in Figure 8. The
total volume of solution after the sulfonation

(b)
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N
v ! Kneearea
-

)
S
|

Quantity Adsorbed (cm?/g STP)
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1
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0 0.2 0.4 0.6 0.8 1.0

Relative pressure(p/p’)

Figure 6. The physisorption isotherms of (a) FBC500 and (b) CSH.

Table 2. Physical properties of the samples.

Samples BET surface area (m2/g) Pore Volume (cm3/g) Mean pore size (nm)
FBC500 90.8 0.237 5.2
CSH 11.3 0.043 7.5
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process at pH 2 is related to the amount of sul-
fate ions (SO42-) as the main component of cal-
cium sulfate hemihydrate. In Figure 8(a), a to-
tal volume of 100 mL is insufficient to support
the CSH crystal growth, which is shown by the
absence of the characteristic peaks at 20 angles
of 14.7, 25.7, 29.8, 31.9, and 49.4°. On the oth-
er hand, total volumes of solution of 300 and
600 mL (Figure 8(b and c)) is sufficient to sup-
port the growth of CSH crystal, which is sup-
ported by the presence of the characteristic
peaks at 20 angles of 14.7, 25.7, 29.8, 31.9, and
49.4° appear. Hence, it can be concluded the
more volume used, the higher the number of
sulfate ions presence, which eventually lead to
higher possibility of CSH to be crystallized.

(d)

(©)

Intensity (a.u)

(b)

(a)

20 (°)

Figure 7. XRD pattern of CSH due to the effect
of pH for (a) 4, (b) 3, (c) 2 and (d) 1.

Intensity (a.u)

U (b)

(2)

26 (°)
Figure 8 XRD pattern of CSH due to the effect

of volume solution for (a) 100 mL (b) 300 mL
and (b) 600 mL.

3.3 The Effect of Duration Time of Crystal
Growth

The effect of the time of the CSH crystal
growth can be observed from the XRD pattern
in Figure 9. In Figure 9(a), the characteristic
peaks at 20 angles of 14.7, 25.7, 29.8, 31.9, and
49.4° that indicate the CSH crystal were ab-
sence when the solution was stand only for 1
day. After three days of crystal growth, the
CSH crystals were observed.

4. Conclusions

In this study, colorless calcium sulfate hem-
ihydrate (CSH) was successfully obtained by
one pot reaction. The CSH crystal was fabricat-
ed from fishbone by carbonization and sulfona-
tion process. The organic components in fish-
bones were decomposed via carbonization pro-
cess and the CSH was formed via sulfonation
process. The WDXRF analysis reveals that a
higher Ca/P ratio prompts a transformation in
crystal structure, transitioning it into tri-
calcium phosphate. The FTIR spectra of
FBC500 corroborate the presence of HA in the
sample. A comparison between the FTIR spec-
tra of FBC500 and CSH highlights a notewor-
thy distinction: CSH exhibits an absorption
band corresponding to crystal water, whereas
FBC500 solely displays an absorption band for
hydroxyl groups. This divergence suggests that
FBC500 contains a higher concentration of or-
ganic compounds compared to CSH. FBC500's
crystallinity wasn't distinct because carbon im-
purity mixed with HA crystal, whereas CSH
was subjected to testing that yielded high crys-
tallinity results. From the SEM images, it be-
comes evident that FBC500 particles assume
an irregular shape, contrasting with the well-

Intensity (a.u)

(2)

30 40 50 60
26 ()

Figure 9. XRD pattern of CSH due to the effect
of time for (a) 1 day (b) 3 day and (c) 6 day.
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defined form of CSH particles — characterized
by elongated, block needle-shaped single crys-
tals and a flat-cracked surface. Thermal analy-
sis proves that CSH can stable up to 500 °C.
Following the sulfonation process, CSH crystals
exhibit robust growth at pH levels of 1 and 2.
Notably, a total solution volume of 300 and 600
mL respectively fosters the growth of CSH
crystals effectively. However, it is important to
note that the observation of CSH crystals re-
quires a span of three days for their growth to
manifest.
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