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-crystallite gypsum and bassanite
from waste Pila globosa shells: crystallographic
characterization

Md. Sahadat Hossain a and Samina Ahmed *ab

For the first time, in this work, waste Pila globosa shells have been used to synthesize two industrially

valuable materials, gypsum and bassanite. In the first stage, gypsum was synthesized using a wet

chemical precipitation method. Subsequently, bassanite was produced by the heat treatment of gypsum

at a certain temperature (200 �C), which was chosen after TGA and DSC analysis. The synthesized

gypsum and bassanite phases were confirmed by XRD with the assistance of FTIR spectroscopy. Various

crystallographic parameters of gypsum and bassanite were investigated, such as the crystallite size (a

number of models were employed along with the Scherrer equation), crystallinity index, lattice

parameters, unit cell volume, dislocation density, relative intensity, preference growth, specific surface

area, microstrain (models were also engaged), and residual stress using the XRD-sin2 J technique.
Introduction

Gypsum (CaSO4$2H2O) is an important mineral that forms
rocks and is present throughout the surface of the earth.1

Naturally occurring gypsum is found in different regions of the
world containing various percentages of water of crystallization.
Outside the earth's surface, gypsum has been found as a key
water-holding compound on Mars.2 Recently, calcium sulphate-
based compounds (gypsum, bassanite, etc.) have found exten-
sive use in various elds. As the world population is increasing
day by day, the demand for food is also rising in a similar
fashion. However, the amount of land has more or less
remained the same. To meet the rising food demand, plants
must be supplied with adequate nutrients. Thus, nutrients are
supplied externally in addition to the nutrients in the soil.
Gypsums are a source of calcium and sulphate that are essential
nutrients for the appropriate growth and development of plants
by increasing the seed oil and protein content through the
formation of sulphur-containing amino acids and via the
synthesis of chlorophyll and vitamins.3 The other applications
of gypsum are agriculture waste material-based gypsum walls,
which are used as building blocks or wall partitions, and in
some cases, ber-reinforced gypsum composites are also used.4

The various applications of gypsums are as a source of raw
material for cement retarders,5 in arsenic mitigation by forming
gypsum,6 CO2 removal by the carbonation process,7 in
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biominerals and biomaterials,8 in the removal of cadmium by
solidication,9 etc.

Hemihydrate or bassanite is widely known as plaster of Paris
(as it was extensively mined from Montmartre in the Paris
district) due to its use in the previous century. Nowadays, nearly
100 million kilograms of bassanite (CaSO4$0.5H2O) are
produced to meet the global requirement, which are produced
from the gypsum phase.10 The predominant applications of
plaster of Paris or bassanite in the medical eld are as a bone
graing substitute and in bone defect lling,10,11 bioactive and
resorbable bone treatment,12 heritage conservation, dental
prosthetics, and drug delivery.13 Other applications include
water-soluble templates for inorganic oxide synthesis,14 stucco
marble (a composite of bassanite, animal glue and pigments),
and decorative plasterwork.15

Fluid-triggered earthquakes can be predicted by similar
types of reactions as the dehydration process of gypsum to
bassanite. The temperature and vapour pressure greatly inu-
ence the reaction kinetics of dehydration.10 Thus, the study of
this material is gaining importance.

These versatile applications of such materials require a vari-
ation in their characteristics, which mainly depend on the
structure or more precisely the particle conguration or orien-
tation. The study or exploration of crystallographic parameters
such as crystallite size, crystallinity index, lattice parameters,
unit cell volume, dislocation density, relative intensity, prefer-
ence growth, specic surface area, microstrain, and residual
stress, will enhance the applicability of such materials.

In this study, gypsum and bassanite were synthesized from
waste Pila globosa shells and their crystallographic character-
ization were explored.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thermal analysis (TG and DTG) of the raw sample (gypsum).
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Materials and methods
Materials

Pila globosa shells (snail shells) were gathered from a local eld
near Mirzapur, Tangail. Aer separating them carefully with
subsequent drying in sunlight, the shells were stored for further
use. The dried shells were characterized using XRF (X-ray uo-
rescence) and the data reveal that the shells contained 97%
calcium and 0.95% sodium with other negligible metals.
Sulfuric acid was procured from E-Merck Germany through S. F.
Scientic limited.

Gypsum and bassanite synthesis

The dried snail shells were ground nely using a high-speed ball
mill. From the powder of the shells, a 100 mL 1 M suspension
was prepared, and sulfuric acid was diluted to 1 M and taken to
100 mL. Equal volumes of each (100 mL shell suspension and
100 mL acid) were mixed thoroughly by slow-dropping the acid
from a burette. Aer completion of the mixing, the solution was
openly stirred for 24 hours at room temperature (25 �C) and
60% relative humidity. This resulted in the formation of
gypsum precipitate, which aer ltering, was dried at 70 �C for
24 hours. The dried gypsum was stored in an air-tight sample
bottle. A similar procedure was employed to synthesize bas-
sanite from Pila globosa shells up to the nal drying procedure.
In the nal stage, the precipitate was heated at 200 �C for 1 hour
to obtain bassanite. The synthetic procedures of gypsum and
bassanite from Pila globosa shells are illustrated in eqn (1)–(3).

Pila globosa + H2O / CaCO3 suspension (1)

CaCO3 suspension + H2SO4 / CaSO4$2H2O (gypsum) (2)

CaSO4$2H2O (gypsum) + Heating /

CaSO4$0.5H2O (bassanite) (3)

Thermogravimetric analysis

Thermogravimetric (TG) analysis and differential scanning
calorimetry (DSC) were performed to observe the thermal
behavior of the synthesized sample, and these were executed
using a simultaneous thermal analysis machine (NETZSCH STA
449F5 STA449F5B-0167-M). The investigating temperature was
from 30 to 900 �C with a heating rate of 30 �C per minute. The
experiment was performed with an alumina sample holder, and
the reference maintained an inert atmosphere by purging
nitrogen gas.

X-ray diffraction analysis

Phase analysis of the synthesized products was performed on
a Rigaku Smart Lab XRD instrument. The documented pattern's
2q range was from 5� to 80� with xing steps of 0.01�. Before
analyzing the samples, the machine was calibrated with a stan-
dard silicon reference. For X-ray diffraction, a copper tube made
of ceramic (Cu Ka, l ¼ 1.54060 Å) was chosen as the X-ray
source, and the temperature of the tube was maintained by
© 2022 The Author(s). Published by the Royal Society of Chemistry
a chiller operated at 23 �C with a water ow rate of 4.6–4.8
L min�1. To produce X-rays, the voltage and current were xed
at 40 kV and 50 mA, respectively, which is standard for the
appended Cu-anode. Bragg–Brentano parafocusing geometry
with a Ni-Kb lter was employed to record the data of the
standard as well as the samples. To identify the phase, the pdf +
42 021 soware embedded with the ICDD database was
functionalized.
FT-IR analysis

The activating groups of the synthesized gypsum and bassanite
were recognized with the aid of an IR-Prestige 21 machine
(Shimadzu, Japan). The data were accumulated with the assis-
tance of the attenuated total reection (ATR) mode ranging
from 400 to 4000 cm�1 in percentage transmittance. The spec-
trum was generated with a 4 cm�1 spectral resolution and
a mean of 30 scans.
Results and discussion
Thermal analysis

In TG analysis, the mass is changed with respect to temperature
variation. In the TG curve, only one stage of mass change was
noticed, which occurred within the temperature range of 100–
180 �C. At this stage, gypsum is changed to bassanite by
removing only water molecules. DTG also revealed no other
mass loss or gain, with only one peak at the 150 �C maximum
point. Thus, gypsum is converted to bassanite gradually by
releasing water. Very similar types of TG results have been re-
ported in a number of literature studies, although most of the
literature reports the TG results of gypsum board contained
other impurities like CaCO3.16–18 Fig. 1 presents the thermal
analysis of pure gypsum synthesized from Pila globosa. The heat
energy ow against temperature variation is explained by
differential scanning calorimetry (DSC). Sometimes, its deriva-
tive form (DDSC) is also taken into consideration for a better
understanding of the types of heat change, such as heat being
absorbed or given off. In the DSC curve, only one peak was
visualized at 150 �C. This peak coincided with the TGA peak and
this occurred due to the endothermic dehydration reaction
exhibiting a downward peak. The rest of the curve represented
an exothermic heat change, and this may be due to the phase
RSC Adv., 2022, 12, 25096–25105 | 25097
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Fig. 3 X-ray diffraction patterns of gypsum and bassanite synthesized
from Pila globosa.
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transformation and crystallization of calcium sulphate
compounds. DDSC also showed the rapid heat ow change at
200 �C. Fig. 2 reveals the DSC and DDSC curves of the synthe-
sized gypsum products. To produce bassanite from the
synthesized gypsum, 200 �C was chosen based on the TG, DTG,
DSC, and DDSC data.

Phase and crystallographic analysis

The XRD patterns of the synthesized gypsum and bassanite are
revealed in Fig. 3, and the crystallographic parameters were
explored from the generated pattern. The standard ICDD
database (card no.: #00-033-0311) was taken into consideration
to match the generated data. The synthesized gypsum exerted
peaks at 2-theta values of 11.646 (020), 20.74 (021), 23.40 (040),
31.85 (�221), 33.36 (220), 34.56 (�151), 35.98 (�202), 40.69
(151), 45.41 (170), 47.71 (080), 50.34 (062), 51.35 (�262), 56.72
(190), 63.60 (�372), and 68.71 (262). The generated peaks of the
synthesized gypsum were identical to those of synthesized
gypsum in the ICDD database.

The XRD pattern of the synthesized bassanite was compared
with the standard ICDD database card no.: #00-041-0224. Nearly
identical peak positions were noticed in the case of synthesized
bassanite. The XRD-generated peak positions and planes are
14.77 (200), 25.47 (020), 29.75 (400), 31.93 (204), 33.00 (402),
38.68 (024), 42.26 (422), 49.35 (�424), and 54.17 (604). These
peaks conrmed the presence of the bassanite phase in the
synthesized sample.

X-ray diffraction is a great tool to characterize materials in
terms of crystallography, and the crystallographic parameters
are very crucial for any crystalline materials. Along with phase
identication, crystallographic parameters such as the crystal-
lite size, crystallinity index, lattice parameters, unit cell volume,
dislocation density, and microstrain were estimated using eqn
(4)–(10).19–21 Both gypsum and bassanite are monoclinic crystals
but have the different space groups of C2/c (15) and I2 (5),
respectively.

Crystallite size; Dc ¼ Kl

b cos q
(4)

Dislocation density; d ¼ 1

ðDcÞ2
(5)
Fig. 2 Differential scanning calorimetry (DSC) analysis of the raw
sample (gypsum).

25098 | RSC Adv., 2022, 12, 25096–25105
Lattice parameter equation ðmonoclinicÞ; 1

d2

¼ 1

sin2
b

�
h2

a2
þ k2 sin2

b

b2
þ l2

c2
� 2hl cos b

ac

�
(6)

Microstrain; 3 ¼ b

4 tan q
(7)

Crystallinity index; CI ¼ H1 þ H2 þ H3

H1

(8)

In the above equations, b ¼ full width at half maximum
(FWHM) (in radian); Scherrer's constant K ¼ 0.94; l ¼ X-ray
source wavelength ¼ 0.15406 nm; q ¼ angle of diffraction; a,
b, c, and h, k, l¼ lattice parameters of crystals; H1 ¼ peak height
of the three strongest peaks.

The Scherrer equation (eqn (4)) showed the crystallite sizes
of gypsum and bassanite to be 105 nm and 44 nm, respectively.
Another important parameter is the dislocation density. In this
case, the line dislocation was calculated using eqn (5) and the
values for gypsum and bassanite were 0.0907 line per m2 and
0.0516 line per m2, respectively. Eqn (6) depicts the expression
for the calculation of lattice parameters, and the unit cell
lengths of gypsum are a¼ 6.297�A, b¼ 15.185�A, and c¼ 5.672�A
(ICDD standard values of card no.: #00-033-0311: a ¼ 6.284 �A,
b¼ 15.208�A, c¼ 5.677�A) and those of bassanite are a¼ 11.98�A,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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b ¼ 6.927�A, c ¼ 12.67�A (standard values of ICDD card no.: #00-
041-0224: a ¼ 12.02 �A, b ¼ 6.932 �A, c ¼ 12.691 �A). During the
synthesis, microstrains are normally generated in the crystal-
lite. The microstrains of gypsum and bassanite are 0.1864 and
0.356, respectively, which were calculated using eqn (7).
Following eqn (8), the crystallinity indices of gypsum and bas-
sanite are 2.037 and 2.365, respectively.

From the relative peak intensities of the XRD pattern, the
direction of the crystal growth can be estimated, showing which
plane is preferred by the reaction parameters, and this term is
widely known as plane preference or simply preference. Three
strong peaks are considered to measure the relative intensity
(RI) with respect to one single plane. To calculate the relative
intensity of the (020) plane, the three strong planes at (040),
(021) and (041) were considered.

Thus, the preference along the (020) plane is considered on
the basis of the growth of the (040), (021), and (041) planes. The
RI for the (020) plane can be computed using eqn (9).22 The RI of
a standard is an essential operator for the exploration of pref-
erence growth, which was measured from the ICDD card no.:
#00-033-0311 of gypsum using eqn (9).

Relative intensity; RIgypsum ¼ Ið020Þ
Ið041Þ þ Ið040Þ þ Ið021Þ

(9)

In eqn (9), the subscript explains the plane of gypsum. The
relative intensities of the standard and gypsum samples are
0.521 and 0.505, respectively. In a similar fashion, the relative
intensity of bassanite can be explored by utilizing eqn (10). In
this case, the relative intensity of the (200) plane was measured
considering the (400), (204), and (020) planes.

Relative intensity; RIbassanite ¼ Ið200Þ
Ið400Þ þ Ið204Þ þ Ið020Þ

(10)

The standard RI of bassanite was calculated from the stan-
dard ICDD card no.: #00-041-0224 of the same planes. Thus, the
calculated relative intensities of the bassanite sample and
standard are 0.382 and 0.3333, respectively.

Eqn (11) was employed to estimate the preference growth of
the gypsum and bassanite samples.19

Preference growth; P ¼
relative intensity of sample� relative intensity of standard

relative intensity of standard

(11)

The preference growth of gypsum along the (020) plane and
that of bassanite along the (200) plane are 0.0316 and 0.147,
respectively. The preference growth of the most signicant
planes can be measured following the aforementioned meth-
odology. If one plane is thermodynamically stable and the
growth of the crystals is favorable, then the preference growth is
positive, and vice versa. The positive values of the synthesized
gypsum and bassanite carried good evidence of being stable
along the abovementioned planes.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The calculated crystallite size (Dc) and density (r) of gypsum
and bassanite were used to estimate the specic surface area of
the crystal. The crystallite size was computed from the Scherrer
equation and the density was picked from the ICDD database.
Eqn (12) was employed to measure the specic surface area.23

Specific surface area; S ¼ 6� 103

r�Dc

(12)

The calculated specic surface areas of the synthesized
gypsum and bassanite employing eqn (12) are 24 m2 g�1 and 45
m2 g�1, respectively.

The volume of a monoclinic crystal can be estimated by
following the specied equation for each type of crystal. The
gypsum crystals belong to the C2/c (15) space groups. Alterna-
tively, it can be ascribed to the based-centered monoclinic
group, and the associated equation for unit cell volume calcu-
lation is expressed in eqn (13).24 The conventional unit cell
parameters for based-centered monoclinic gypsum in vector

form are A1 ¼ a
2
x̂� b

2
ŷ; A2 ¼ a

2
x̂þ b

2
ŷ; and A3 ¼ c cos bx̂

+ c sin bẑ.
The volume of the base-centered monoclinic (gypsum) unit

cell is

V ¼ 1

2
� abc sin b (13)

In this equation, the notation carries the conventional
signicance of the crystallographic unit cell. The calculated
volume of the unit cell of gypsum is 247 �A3.

In the case of the bassanite crystal, which is also similar to
the simple monoclinic unit cell, the unit cell volume can be
quantied by eqn (14).24 The simple unit cell parameters of
monoclinic bassanite in vector form are A1 ¼ ax̂; A2 ¼ bŷ; and A3
¼ c cos bx̂ + c sin bẑ.

The volume of the simple monoclinic (bassanite) unit cell is

V ¼ abc sin b (14)

The computed crystallite size of the unit cell of bassanite is
1051 �A3, which is very close to its standard volume (1058 �A3).
Crystallite size calculation using various models

Linear straight-line method of Scherrer's equation. The
linear straight-line method of Scherrer's equation (LSLMSE) was
employed to estimate the crystallite size, which was based on
the Scherrer equation. Eqn (4) (the Scherrer equation) can be
modied to get the new eqn (15), which will result in the crys-
tallite size (DL). This equation has been widely expressed in
a number of studies, as shown below.20

cos q ¼ Kl

Dc

� 1

b
¼ Kl

DL

� 1

b
(15)

By comparing this equation with the linear straight-line
equation (y ¼ mx + c), a graph can be plotted. By plotting
RSC Adv., 2022, 12, 25096–25105 | 25099
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Fig. 4 Crystallite size of gypsum using the linear straight-line method
of Scherrer's equation.

Fig. 5 Crystallite size of bassanite using the linear straight-linemethod
of Scherrer's equation.

Fig. 6 Crystallite size of gypsum using the Monshi–Scherrer model.

Fig. 7 Crystallite size of bassanite using the Monshi–Scherrer model.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 1
1:

15
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
cos q (in degrees) on the y-axis and
1
b
(in radians) on the x-axis,

a straight line can be drawn. The details of this method are
described elsewhere.20,25 Employing this method, the generated
graphs for gypsum and bassanite are pictured with the inscri-
bed crystallite size in Fig. 4 and 5. The larger values (1386 and
346 nm) of the crystallite size made this model invalid for the
gypsum and bassanite samples.

Monshi–Scherrer model. Themodied Scherrer formula, also
known as the Monshi–Scherrer Method, is obtained by rear-
ranging and taking the logarithm on both sides of the Scherrer
formula (eqn (4)). The Monshi–Scherrer model is represented in
eqn (16), where the crystallite size is denoted by DM–S.26

ln b ¼ ln
1

cos q
þ ln

Kl

DM�S

(16)

The detailed procedure of the Monshi–Scherrer model can
be found in a number of studies.27,28 To plot the graphs from

this model, ln b was taken on the y-axis and ln
1

cos q
was

considered on the x-axis. The generated straight lines of gypsum
and bassanite are visualized in Fig. 6 and 7. The calculated
crystallite size from the Monshi–Scherrer model is displayed in
the respective illustration.

The lower values of the crystallite size (71 nm and 38 nm)
made this model valid for the estimation of the crystallite sizes
of gypsum and bassanite.

Williamson–Hall plot. In addition to the peak broadening
due to the crystallite size, the Williamson–Hall model takes into
25100 | RSC Adv., 2022, 12, 25096–25105
account the intrinsic strain and instrumental broadening. This
strain-induced model is written in eqn (17), and DW–H denotes
the crystallite size measured by the Williamson–Hall model.29–31

btotal cos q ¼ KBl

DW�H

þ 43 sin q (17)

To generate a straight-line equation, btotal cos q was plotted
on the y-axis and 4 sin q on the x-axis. From this model, the
intrinsic strain was also calculated along with the estimation of
the crystallite size. The crystallite size was calculated from the
intercept of the generated straight-line equation, and the strain
was measured from the slope of the same equation. The crys-
tallite size and intrinsic strain are presented in Fig. 8 and 9 for
gypsum and bassanite, respectively. The positive values of
gypsum and bassanite indicate that the intrinsic strain is due to
tensile stress.

Sahadat–Scherrer model. A few limitations are associated
with the previously mentioned models, which sometimes result
in a large crystallite size. The Sahadat–Scherrer model gives
a precise value of the crystallite size.32 This model is also based
on the Scherrer equation, where all of the peaks are considered
to generate a straight line passing through the origin (which
makes this model more acceptable). Eqn (18) gives the mathe-
matical expression of the Sahadat–Scherrer model. To build

a straight line passing through the origin, cos q and
1

FWHM
are
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Crystallite size and intrinsic strain of gypsum using the Wil-
liamson–Hall model.

Fig. 9 Crystallite size and intrinsic strain of bassanite using the Wil-
liamson–Hall model.

Fig. 10 Crystallite size of gypsum using the Sahadat–Scherrer model.

Fig. 11 Crystallite size of bassanite using the Sahadat–Scherrer model.
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plotted on the y-axis and x-axis, respectively. Aer generating
the equation of the straight line, an intercept is built (using the
Excel soware) that passes through the origin. From the equa-
tion of the intercept (which exactly matches with the y ¼ mx
equation), the crystallite size is estimated by comparing the

generated slope with
Kl
DS�S

.

Crystallite size; cos q ¼ Kl

DS�S

� 1

FWHM
(18)

Fig. 10 and 11 illustrate the Sahadat–Scherrer models of
gypsum and bassanite, respectively, which feature the inscribed
crystallite sizes of the respective samples.

Three peaks model. The average of three peaks model is
associated with the crystallite size of three strong peaks, which
is also based on the Scherrer equation. The mathematical
expressions of this model are presented in eqn (19)–(21), and
the details of the procedures are listed elsewhere.32 Three strong
peaks were considered to measure the average diffraction angle
and peak broadening. The average of the X-ray wavelength was
also computed using eqn (21).

qaverage ¼ qpeak�1 þ qpeak�2 þ qpeak�3

3
(19)
© 2022 The Author(s). Published by the Royal Society of Chemistry
FWHMaverage ¼ FWHMpeak�1 þ FWHMpeak�2 þ FWHMpeak�3

3

(20)

laverage ¼ lK�f 1 þ lK�f 2

2
(21)

Crystallite size; Daverage ¼ Klaverage

FWHMaverage cos qaverage
(22)

The measured average was then used to estimate the crys-
tallite size from eqn (22). The crystallite sizes calculated from
the average of three peaks model are 68 and 44 nm for gypsum
and bassanite, respectively.

Microstrain calculation. The microstrain can be calculated
from eqn (7), but this equation only gives the value of a single
peak. For the precise estimation of microstrain for all the peaks,
a straight line can be drawn and from its slope, the microstrain
can be measured.20 Eqn (7) can be rearranged as eqn (23) to
generate the equation of the straight line.

4 tan q ¼ b

3
¼ 1

3
� b (23)

By taking b (degree) and 4 tan q on the x-axis and y-axis,
respectively, Fig. 12 and 13 were drawn for gypsum and
RSC Adv., 2022, 12, 25096–25105 | 25101
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Fig. 12 Microstrain of gypsum using the straight-line model.

Fig. 13 Microstrain of bassanite using the straight-line model.

Fig. 14 Residual stress of gypsum employing the XRD-sin2 J
technique.

Fig. 15 Residual stress of bassanite employing the XRD-sin2 J
technique.
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bassanite. The microstrains of both samples were positive,
which indicated that tensile force worked on the crystallite.

The XRD-sin2 J technique for gypsum and bassanite. The
XRD-sin2 J technique was employed to estimate the residual
stress of gypsum and bassanite, and this method is applicable
for polycrystalline solid samples. Point defects, dislocations,
and impurities induce intrinsic stress or residual stress. The
deviation of the lattice parameters from the standard values
carried good evidence for the existence of residual stress in the
crystals. Intrinsic stress and strain results in the variation of d-
spacing. The sin2 J technique was employed to calculate the
residual stress using eqn (24).33

dfc � d0

d0
¼ 1þ v

E
:sf:sin

2 j� v

E
ðs1 þ s2Þ (24)

The above equation is the prime formula of stress
measurement using the XRD-sin2 J technique. Poisson's ratio
and Young's modulus are denoted by v and E, respectively, on
the (hkl) plane. The other notations are d0 ¼ stress-free d-
spacing, dfJ ¼ d-spacing with intrinsic stress, sf ¼ in plane
stress, s1, s2 ¼ the two stress components, andJ ¼ tilt angle ¼
q � U (glancing angle). The in-plane stress is considered to be
directionless. Thus, for simplicity, it can be assumed that sf ¼
s1 ¼ s2 ¼ s and eqn (24) can be rearranged as eqn (25)–(27).20,34

dfc � d0

d0
¼ 1þ v

E
:s:sin2 j� v

E
ðsþ sÞ (25)
25102 | RSC Adv., 2022, 12, 25096–25105
dfc � d0

d0
¼ 1þ v

E
:s: sin2 j� 2v

E
s (26)

dfs ¼
�
1þ v

E
:sin2 j� 2v

E

�
s:d0 þ d0 (27)

The values of
�
1þ v
E

:sin2 j� 2v
E

�
and dfJ were plotted on

the x-axis and y-axis, respectively, to build a straight-line equa-
tion. The values of the Poisson's ratio and Young's modulus
were obtained from the literature.35,36 Fig. 14 and 15 represent
the corresponding graphs of the residual stress of gypsum and
bassanite, respectively, with calculated values. The negative
sign of the value indicates compressive stress in the crystals.

Functional group analysis. The functional groups of gypsum
and bassanite were identied using FTIR and only sulphate and
hydroxyl groups were present in both the samples. Fig. 16
presents the FTIR spectra of gypsum and bassanite. SO4

2� peaks
were exhibited near 601, 660, and 1092 cm�1 for both the
samples. These types of FTIR bands have been reported in
a number of studies.37 The peaks near 601 and 660 cm�1 were
responsible for the V4(SO4) vibrational mode, while the peaks
near 1092 cm�1 arose due to the V3(SO4) vibration.38 The pres-
ence of H2O in gypsum and bassanite was conrmed by the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 FTIR of gypsum and bassanite.
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appearance of peaks at 1625 and 3400 cm�1. The strong S–O
stretching vibration generated peaks within the range of 1050–
1200 cm�1, and the S–O bending vibration generated peaks in
the 600–700 cm�1 spectral range. These types of stretching and
bending vibrations have been previously reported.39 Gypsum
and bassanite presented more or less similar spectral bands
with a negligible shi.

Conclusion

Waste Pila globosa shells can be a potential source of the raw
materials of gypsum and bassanite, which could minimize envi-
ronmental pollution and add a new way of recycling. TGA and
DSC suggest that at least 200 �C is required for the conversion of
gypsum to bassanite. The XRD patterns provide good evidence for
the production of gypsum and bassanite from waste Pila globosa
shells. A number of crystallographic parameters investigated
from the XRD data can assist researchers and industrialists in the
fruitful application of these products, i.e., the nano-crystallite size
was conrmed by the Scherrer equation as well as a number of
model equations. Thus, it is suggested to use Pila globosa shells
for the production of gypsum and bassanite.
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