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Introduction
At the present, the green industries and environmental consciousness are concerned gradually. Sustainable development and

eco-efficiency are focused to the majority of every country [1-4]. Most of researchers pay attention to use the bio-materials,
green materials, nontoxic materials, and recycle materials i.e. biological wastes, bio-fibers, industrial wastes, and

biodegradable materials as a starting material to do researches [1-4].

Eggs are one of the most complete foods as they contain protein, lipid, and carbohydrates which are essential for a good diet.
They also contain vitamins and mineral elements which are necessary for the development of young and elderly people. Egg
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and its derivative are one of important raw materials to make food, drug, bakery, and cosmetic industries i.e. for
manufacturing bread, cakes, crackers, ice creams, and food additive. Hen eggshell as by products provides approximately
11% wt of the total weight (65 g to 70 g per egg). Duck eggshell provides approximately 12.78% wt of the total weight (65 g
to 71 g per egg). Coturnix quail eggshell provides approximately 11.04% wt of the total weight (10.18 g to 13 g per egg). The
main composition of all kinds of eggshell composed of more than 97%wt calcium carbonate (CaCOs3), 1% wt magnesium
carbonate (MgCOs3), 1%wt calcium phosphate (CaPQ,), and 2% wt other organic matters. Coturnix quail eggshell color
varies from white to blue and green, including brown and reddish-brown [5-8]. Coturnix quail eggshell weight and thickness
increased with age, and reached its peak in the 29™ week of age, with a subsequent gradual decrease in eggshell weight until
the end of the laying period [9]. The eggshell proportion tended to increase towards the end of the laying period. The
objective in this research to maximize the recycling opportunities for eggshells, reduce eggshell wastes, conserve the
environment without pre-treatment, and increase agricultural evaluation. It is estimated that eggshell waste amounts are many
millions tons per day from hen, duck, and bird eggs. Thus, an efficient eggshell recycle or disposal method is required.
Eggshells are porous ceramic materials because the developing embryos require gases both oxygen and carbon dioxide to
breath in and out by diffusion through the pores. Mostly, the structure of eggshells composed of micro-pore functioned as
catalysts or adsorbents [10-14].

Calcium carbonate (CaCOs) is one kind of calcium sources that can be used as a filler, starting material, sintering aid or flux.
Calcium carbonate (CaCOs) in eggshell can react to silica (SiO,) and alumina (Al,O3) within porcelain clay to form anorthite
or calcium feldspar (CaAl,Si,0g), calcium silicate (Ca0.SiO,), mullite (Al,03.Si0O,), and wollastonite (CaSiOs) after firing at

high temperature consistent with eq.1 and the ternary phase diagram as shown in FIG.1 [15-16].
CaO +Al,0;.2Si0, ------ > Ca0.Al,0,.2Si0, or CaAl,Si,Og or calcium feldspar (1)

Porcelain clay is an important kind of clays and can be used as a raw material to produce many kinds of products such as
pottery, brick, tile, artificial tooth and bone, and filler for industries [16-19].

1436/ et~ \ 2\ .
o e-CS | Anorthite®, /7@ \

1544 4 (CAS2) "‘512 VRN
'-:;?%;9-'32-%3”".,. caseo .\
CaSF TRGENEE T g 1547 e \

\ @ \

C.S, 1318 /
N\ 40 O\ Asss
Corundum ™\185¢
o (a-Alz05) s
NG TR
525 N\
0 2 \l\ \\ \
e “CAe \ \
N )

0S5 = 1789 1860 1
CA  CAz  CAs ALO:

FIG. 1. Ternary phase diagram of CaO-Al,0;-SiO,.



www.tsijournals.com | November-2016

In this work, the objective is to prepare calcium feldspar or anorthite phase formation (CaAl,Si,Og) made from adding bird
eggshells into porcelain via slip casting process by varying the percentage of volume 0, 5, 10, 15, and 20 and fired at 600°,
700°, 800°, and 900°C for 1, 3, and 5 hr each firing temperature. The raw materials (raw bird eggshell and porcelain clay)
and porcelain products with/without raw coturnix bird eggshell powder adding were characterized physical-thermal-
mechanical properties and microstructures by Brunauer-Emmett-Teller (BET), particle size analyser, true and bulk density
according to the ASTM D3575 and D1056, dilatometer, extensometer, vicker microhardness tester, XRD, and scanning

electron microscopy (SEM), respectively, also carried out and the results are reported here.

Experimental

Materials

Raw Coturnix quail eggshell powder was obtained from the egg’s shop of the local cafeteria within the University. It was
cleaned with tap water and dried in the air 1-2 days and ground by the rapid mill for 120 mins. Porcelain clay acted as a raw
material for making clay products by slip casting process and purchased from Compound Clay Co., Ltd. Thailand. Sodium
silicate was used as a dispersing agent or deflocculant of porcelain clay particles for the slip preparation purchased from
Compound Clay Co., Ltd. Thailand. The sodium silicate solution was prepared at a weight ratio of sodium silicate to water
equal to 20:1. The solution of sodium silicate was added to adjust the viscosity of the slip. The ratio between porcelain clay

and sodium silicate solution is 100 Kg: 250 g.

Instrument

Cumulative mass percent finer (CMPF) and particle size were measured by a particle size analyzer (Mastersizer S, Model
Polydisperse 2.19). The samples were dispersed in a water medium and vibrated in an ultrasonic cleaner for 20 min before
being measured. X-ray fluorescence (XRF) was used to determine the chemical compositions. XRF (Philips, model PW
2400) was used with the tube current of 1000 mA and an acquisition lifetime of 30s. The true density of the samples was
measured by a gas pycnometer (Quantachrome, Ultra pycnometer 1000). Both bulk and true density values of samples were
measured according to the ASTM D3575 and D1056, and then calculated by using Eqg. 2:

_ Weight(D)
- Apparentvolume

@)

where p is the bulk and true density (g/cm); D is the weight of the dry sample (g); and the apparent volume is the volume of
the sample with/without open pores and closed pores within the sample (cm®). X-ray diffraction (XRD) data were taken and
analyzed using an analyzer (Bruker, D8 Discover) with a VANTEC-1 detector and a double-crystal wide-angle goniometer.
Scans were obtained from 10° to 80° 26 at a scan speed of 2° 26/min in 0.02° 28 increments using CuK a radiation (A=0.154
nm). Peak positions were compared with standard JCPDS files to identify the crystalline phases. An AUTOSORB-1
(Quantachrome) was used to characterize the specific surface area and pore size. The specific surface area, S, of the solid was

calculated the total surface area according to Egs. (3) and (4):
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where S is the specific surface area of the solid, S; is the total surface area, W is the sample weight, N is the Avogadro’s

(4)

number (6.023 x 10% molecules mol™), M is the molecular weight of the adsorbate, and A is the area occupied by one
adsorbate molecule (16.2 x 10 m?for N, and 19.5 x 10° m?for Kr). Hardness of fired porcelain samples was measured by
hardness testing machine (Mitutoyo, MVK-H1). Compressive strength values of fired porcelain samples were measured by
universal testing machine (UTM, Hounsfield, H50KS).

Dilatometer (Netzsch, DIL402PC) was used to measure thermal expansion coefficient of fired porcelain clay products with
dimension 5 mm x 5 mm x 25 mm.

Porcelain Clay Products Preparation

The weight ratio of porcelain clay: water: sodium silicate is equal to 10 kg:5 kg:0.001 kg. All raw materials were mixed by
stirrer for 1 h to obtain slip or slurry. Then raw bird eggshell powder was added into slip by varying 0, 5, 10, 15, and 20% vol
and continuously stirred for 45 min. After that, the porcelain slip was poured into dried plaster mold in rectangular shape.
The porcelain samples were casted totally 60 formula (120 pieces) as data tabulated in TABLE 1. Porcelain samples were let
to set solidification in plaster mold and cast to dry at room temperature. The dried porcelain samples were fired at 600°, 700°,
800°, and 900°C for 1, 3, and 5 h at each firing temperature, respectively. Porcelain clay products were characterized physical
properties (appearance, bulk and true density, and phase formation), thermal properties (thermal appearance, crack-free, and

thermal expansion coefficient), and mechanical properties (compressive strength and hardness).

TABLE 1. Sample codes of porcelain products with/without raw bird eggshell powder adding.

Samples ? Samples Samples Samples Samples
0-1-600 5-1-600 10-1-600 15-1-600 20-1-600
0-3-600 5-3-600 10-3-600 15-3-600 20-3-600
0-5-600 5-5-600 10-5-600 15-5-600 20-5-600
0-1-700 5-1-700 10-1-700 15-1-700 20-1-700
0-3-700 5-3-700 10-3-700 15-3-700 20-3-700
0-5-700 5-5-700 10-5-700 15-5-700 20-5-700
0-1-800 5-1-800 10-1-800 15-1-800 20-1-800
0-3-800 5-3-800 10-3-800 15-3-800 20-3-800
0-5-800 5-5-800 10-5-800 15-5-800 20-5-800
0-1-900 5-1-900 10-1-900 15-1-900 20-1-900
0-3-900 5-3-900 10-3-900 15-3-900 20-3-900
0-5-900 5-5-900 10-5-900 15-5-900 20-5-900
® Encoded samples x-X;-Xxx, are the percentage of raw coturnix quail eggshell powder
adding-firing time (h)-firing temperature (°C).
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Results and Discussion

The chemical composition comparison between raw hen-, duck-, and coturnix bird eggshell powder and porcelain clay
measured by XRF is shown in TABLE 2. The main composition of three kinds (hen, duck, and coturnix quail eggshell
powder) is calcium carbonate equal to 96.46, 99.39, and 97.44% wt, respectively, and the other oxide compounds. Therefore,
raw hen, raw duck, and raw coturnix bird eggshell powder can be used as a calcium source to prepare porcelain products,
acted as a bio-filler and bio-flux of the process. The main composition of porcelain clay is 71.089% wt SiO,, 26.195% wt
Al,O3, 1.747% wt K,0, and 0.969% wt other oxide compounds. When raw bird eggshell powder was added into porcelain
clay and fired at high temperature, it can react to porcelain to form calcium feldspar or anorthite (CaAl,Si,Og) phase

formation as shown in the Eq.1.

TABLE 2. Comparison of chemical composition of raw bird, raw hen, and raw duck eggshell powder and porcelain

clay by XRF.

Chemical Raw coturnix quail | Raw hen eggshell | Raw duck eggshell | Porcelain clay
composition eggshell (% wt) (% wt) (% wt) (% wt)
Al,O; - - - 26.195
SiO, 0.04 - 0.01 71.089
K,0 0.11 0.21 0.02 1.747
CaO - - - 0.820
CaCO; 97.44 96.46 99.39 -
Fe,04 - - - 0.149
Na,O 0.23 - <0.01 -
MgO 112 - 0.10 -
P,0s 1.19 0.82 0.27 -
SO, 0.98 - 0.16 -

Cl 0.06 - - -
SrO 0.02 779 ppm 0.02 -
Zr0, - - 0.02 -

Raw hen-, duck-, and coturnix quail eggshell powder was characterized physical properties compare to commercial calcium
carbonate and porcelain clay on true density, bulk density, specific surface area, and pore diameter are tabulated in TABLE 3.
The true density of raw bird eggshell powder is close to true density value of porcelain clay equal to 1.91 and 1.70 g/cm®,
respectively. Furthermore, all true density values of raw hen, raw duck, and raw bird eggshell are lower than that of
commercial calcium carbonate (2.73 g/cm?®). The particle size of raw hen, raw duck, and raw bird eggshell powder is bigger
and more roughness than porcelain clay. True density, average particle size, specific surface area, and pore diameter of bird
eggshell powder are equal to 1.91 g/cm?, 313.28 A, 0.68 m?/g, 267.90 A, respectively. While true density, average particle
size, specific surface area, and pore diameter of porcelain clay are equal to 1.70 g/cm?®, 39.98 A, 19.92 m?/g, 183.30 A,

respectively.
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The comparison study of particle size distribution between raw bird eggshell powder and porcelain clay is found the dyg, dso,
dgo, and d g Of raw bird eggshell powder ground 120 min equal to 68.21, 286.03, 596.99, and 313.28 um, respectively. While
the dq, dso, dgo, and d 44 OF porcelain clay are 0.94, 16.92, 109.07, and 39.98 pm, respectively. The particle size of porcelain
clay is smaller than that of raw bird eggshell powder. Therefore, to prevent the agglomeration need to add small amount of

sodium silicate acted as the deflocculant to disperse the porcelain and raw quail eggshell particles within the medium.

TABLE 3. Physical properties of raw coturnix quail eggshell and porcelain clay.

Samples True density | Avg. particle | Specific surface | Avg. pore diameter
(glem?) size (A) area (m%/g) (A)

Raw Coturnaix 191 313.28 0.68 267.90

quail eggshell

Raw hen eggshell 2.30 153.78 4.06 196.90

Raw duck eggshell 2.25 100.07 7.79 176.90
Porcelain clay 1.70 39.98 19.92 183.30
Commercial CaCO4 2.73 20.63 - -

The comparison of XRD peak patterns of raw materials (commercial calcium carbonate, raw bird eggshell, and porcelain
clay) and porcelain products added the highest percentage of raw bird eggshell quantity (20%vol) before and after firing at
800° and 900°C are shown in FIG 2. XRD peak pattern of raw bird eggshell is similar to that of commercial calcium
carbonate consistent with the JCPDS file nos. 01-072-1937 and 01-085-1108 in terms of calcite or rhombohedral phase
formation at 20 29.369° (104), 39.370° (113), and 35.937° (110). While the XRD peak pattern of porcelain clay is consistent
with the JCPDS file no. of 01-089-8936 belong to silicon dioxide or quartz (SiO,, hexagonal phase formation) at 26: 26.566°
(011) and 20.790° (100), and JCPDS file n0.00-031-0026 of aluminum oxide (Al,O3) at 26: 20.935°, 10.996°, and 12.266°,
respectively. The XRD peak pattern of porcelain sample added 20% vol raw bird eggshell powder before firing is consistent
with calcium carbonate (CaCOs), silicon dioxide (SiO,), and alumina (Al,O3) of JCPDS file no. 00-003-0418 in terms of
calcium magnesium aluminum silicate (CaMgAISiO). While XRD peak patterns of porcelain products added 20% vol raw
bird eggshell powder and fired at 800° and 900°C for 1 h which are encoded 20-1-800 and 20-1-900 shown the same peak
position of JCPDS file no. 01-089-1459 namely anorthite or calcium aluminum silicate or calcium feldspar (Al,CaOgSiy).
The porcelain sample added 20%vol raw bird eggshell powder and fired 700°C for 1 h (20-1-700) shows small amount of
anorthite or calcium aluminum silicate or calcium feldspar (Al,CaOgSi,) mixed with quartz and corundum phase formation

due to low firing temperature and short firing time. Therefore, the sample encodes 20-1-700 is incomplete densification.
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FIG. 2. X-ray patterns of raw bird eggshell powder, porcelain clay, and porcelain products added raw bird eggshell

powder before/after firing.

Thermal expansion coefficient values of fired porcelain products are tabulated in TABLE 4. The thermal expansion
coefficient values of porcelain samples without adding raw bird eggshell powder encoded 0-3-600 and 0-3-900 are equal to
6.3015 x 10 and 6.6396 x 10° (°C)™, respectively. While the sample encoded 15-3-600 has thermal expansion coefficient
equal to 6.1435 x 10°® (°C)™* which is less than sample encoded 0-3-600 due to amount of raw bird eggshell powder added in
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porcelain products effect to increase thermal resistance. Porcelain samples encoded 10-5-900 and 15-1-800 have low thermal
expansion coefficient values equal to 1.0515 x 10 and 1.1200 x 10° (°C)™, respectively. Thermal expansion coefficient
value decreases effect to thermal resistance increases. As a result of this, because many factors affect to thermal properties
i.e. amount of raw bird eggshell powder adding in porcelain products, firing temperature, and time of firing temperature. The
porcelain samples added excess amount of raw bird eggshell powder, fired at high firing temperature, and long firing time
affect to brittle and fragile i.e. sample encoded 15-3-900, 20-y-800 (y=firing time for 1, 3, and 5 hr), and 20-y-900 (y=firing
time for 1, 3,and 5 h).

Mechanical properties (compressive strength and hardness) of fired porcelain products are tabulated in TABLE 5. When
amount of raw bird eggshell powder added in porcelain samples increases, the compressive strength and hardness of samples
have trend to increase also. However, the amount of raw bird eggshell powder was added excessively effect to both
compressive strength and hardness values decrease gradually due to high rate of CO, decomposition at high temperature out
of porcelain products. Therefore, the best porcelain sample obtained has the highest compressive strength and high hardness
encoded 10-5-900 namely hard porcelain.

TABLE 4. Thermal expansion coefficient values of fired samples.

Samples 2 Thermal expansion coefficient True density
x 10 (°C)™* (glcm®)

0-3-600 6.3015 2.3295 + 0.2539
0-3-900 6.6396 2.2700 + 0.1562
10-5-900 1.0515 2.4180 + 0.1047
15-3-600 6.1435 2.3644 + 0.0851
15-1-800 1.1200 2.6280 + 0.1033
% Encoded samples x-x;-XxX, are the percentage of raw bird eggshell
powder adding-firing time (hr)-firing temperature (°C).

TABLE 5. Mechanical properties of fired porcelain products.

Samples ? Compressive Hardness True density
strength (N/mm?) (HV) (g/cm®)
0-3-600 2320 7.1+0.58 2.3295 + 0.2539
0-3-900 2768 10.4 £ 0.40 2.2700 £ 0.1562
5-1-600 2063 6.8 +0.35 2.2962 + 0.0620
5-3-800 3160 11.8 + 0.50 2.6400 + 0.2376
10-5-600 6255 7.6+0.31 2.4409 + 0.2060
10-5-900 6200 12.2+0.30 2.4180 + 0.1047
15-3-600 3444 9.1+0.20 2.3644 + 0.0851
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15-5-600 3844 10.2+0.55 2.3912 + 0.0528
15-1-800 2012 16.6 +0.30 2.6280 + 0.1033
20-5-600 3750 9.6+0.32 2.3338 + 0.2032
20-1-700 839 9.7+0.06 2.3555 + 0.0725
% Encoded samples x-x;-xxx, are the percentage of raw bird eggshell powder
adding-firing time (hr)-firing temperature (°C).

Conclusion

Raw coturnix quail eggshell is one kind of calcium carbonate source which mainly composed of 97.44% wt CaCO; and other
oxide compounds. There are many advantages to use CaCO; as a bhio-ceramic filler i.e. low price, abundance, renewable
resource and as processing aid to increase mechanical and thermal properties of many kinds of products i.e. rubber, ceramic,
paper, paint, toothpaste, and artificial tooth and bone. When the amount of raw bird eggshell powder added in porcelain
products affects to increase true density value, thermal resistance, hardness, and compressive strength. However, the amount
of raw bird eggshell powder adding is excess effect to fracture and brittle due to high CO, releasing from chemical reaction
of CaCOs; during firing process. In addition, there are other factors to control physical-thermal-mechanical properties of
porcelain products i.e. firing temperature and firing time to do the process. The best condition to obtain good porcelain
products in this study is the sample encoded 10-5-900. Adding 10% vol of raw bird eggshell powder and firing at 900°C for 5
hr is the best condition to obtain high strength porcelain products. The true density value, thermal expansion coefficient,
compressive strength, and hardness of sample encoded 10-5-900 are 2.4180 + 0.1047 g/cm®, 1.0515 x 10 (°C)™, 6200
N/mm?, and 12.2 + 0.30 HV, respectively. Because calcium carbonate (CaCOs;) from raw bird eggshell powder can react to
silica (SiO,) and alumina (Al,O3) particles within porcelain clay structure to form calcium feldspar or anorthite (Al,CaOgSiy)
with optimum amount of raw bird eggshell powder, firing temperature, and firing time. While porcelain samples without
adding raw bird eggshell powder i.e. samples encoded 0-3-900 and 0-5-900 are low true density 2.2880 + 0.0683 g/cm®, low
thermal resistance, and low mechanical properties (2768 N/mm? and 10.4 + 0.4 HV) due to incomplete densification.
Furthermore, the incomplete densification samples cause high thermal expansion coefficient values approximately 6.6396 x
10 (°C)™* which is not good for ceramic products. In this study, we obtained both soft and hard porcelain products. The
samples encoded 15-1-800 and 10-5-900 are hard porcelain products useful for various applications i.e. dental and medical

applications (tooth and artificial bone), household wares, adsorbent and catalysts, and thermal insulation.
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