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Abstract

This paper reports the synthesis of large plate-like gypsum (calcium sulfate) dihydrate generated from waste gypsum board via a wet process.
Gypsum hemihydrate was formed by dehydrating waste gypsum board in a sodium sulfate solutionCafatQbh to form needle-like

crystals. The large gypsum dihydrate was formed by lowering the temperature of the gypsum hemihydrate suspensior ®@eltwe 80

large plate-like gypsum dihydrate was obtained by adding seed crystals to a suspension cool€ &¥l8h 4Qum seed crystals were

added at 0.5 mass%, the large plate-like gypsum dihydrate crystals obtained from waste gypsum board had average dimengions of 250
lengthx 100pum width x 35um thickness.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction is highly desirable authors have done a series of investiga-
tion on gypsum 8 Gypsum hemihydrate can be used for the
Gypsum board consists of hardened gypsum sand-manufacture of gypsum board, and is prepared by heating
wiched between two sheets of paper. Gypsum board isgypsum dihydrate. If the gypsum dihydrate particles become
extremely light, with a density of approximately 1g&m  too small during the dehydration process (typical particle
and has several useful properties, including fire-resistance,size is less than pm), the gypsum hemihydrate can set too
and heat and sound insulation. As a fire retardant, surfacequickly and the quality of the product deteriorates. Hence,
of gypsum board can rapidly reach temperatures exceed-only about 10% of waste gypsum board can be regener-
ing 400°C, causing only 2% shrinkage strain with intense ated for use as raw materials of gypsum board. In order
cracking, hence gypsum board can help structural resis-to recycle greater quantities of waste gypsum board, parti-
tance of walls for considerable periods of time during fire cle size of the gypsum dihydrate needs to be much larger.
exposure. Gypsum dihydrate can be converted to gypsumTo this end, a wet process is more effective than a dry
hemihydrate by heating at 18CQ for about 30min. The  process.
largest use of gypsum is in the manufacture of gypsum Large plate-like gypsum dihydrate is manufactured
board. from waste gypsum board by a wet process utilizing
In Japan, the amount of waste gypsum board dischargedthe reversible reaction between gypsum dihydrate and
annually is about 1,700,000t, which is a cause for concerngypsum hemihydrate. Araistudied the deposition and
as Japanese gypsum resources are scarce and Japan is highdyowth of gypsum, and Yastitas reported crystallographic
dependent on flue-gas gypsum or foreign imports. Hence, results for producing gypsum dihydrate from waste gypsum
recycling of waste gypsum board for production of gypsum board.
This paper reports the synthesis of large plate-like gypsum
* Corresponding author. Tel.: +81 3 3250 0868; fax: +81 33293 7572.  dihydrate from waste gypsum board via a wet process. The
E-mail address: ykojima@chem.cst.nihon-u.ac.jp (Y. Kojima). optimum process and synthetic conditions were investigated.
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drate with a particle size of 3+bm. The gypsum dihydrate
can be observed as an aggregate (a) or strongly adhered
to the lining paper surface (b). The average particle size
of gypsum dihydrate was the same in all waste gypsum
boards.

In order to provide the same composition as that of waste
gypsum board, measured amounts of lining paper removed
from sample (A) and starch were added to synthetic cal-
cium sulfate dihydrate. Twelve different dehydrating agents
were used to transform gypsum dihydrate to gypsum hemi-
hydrate; sodium nitrate (NaN{ potassium nitrate (KN§),
magnesium nitrate (Mg(N$)2), calcium nitrate (Ca(Ng)2),
ammonium nitrate (NENO3), sodium chloride (NacCl),
potassium chloride (KCI), magnesium chloride (Mg)Ctal-
cium chloride (CaGl), sodium sulfate (Ng50;), potassium
sulfate (KLSOy) and ammonium sulfate ((NPhSOy).

The gypsum dihydrate seed crystal was synthesized by
reaction of CaGl, NeoSO and sodium citrate (N&gH507)
in aqueous solution. All reagents were prime classes from
Kanto Kagaku Co., Inc.

2.2. Experimental

Synthesis of large plate-like gypsum dihydrate from waste
gypsum board was as follows. Waste gypsum board was
Fi . . . sieved through 18 mesh sieve and added at a concentration

ig. 1. Scanning electron microscopic photographs of waste gypsum board . . .
(A): (a) original and (b) magnification. of 0-10mass% to the additive solutions in separate flasks,
each equipped with an agitator and thermometer, to give
a suspension concentration of 33 mass% (i.e. a solid/liquid

2. Experimental mass ratio of 1/2). The suspension was stirred at 200 rpm and
slowly heated (0.83C/min) with a heating mantle from 25 to
2.1. Sample 100°C. The suspension was heated at 10Gor 1-6 h. The

suspension was then cooled to°&) (0.5°C/min) and the

Waste gypsum boards (A)—(C) were kindly donated Preparation of gypsum dihydrate was initiated by addition
by the Japanese gypsum board manufacturing company(0.5—-10 mass%) of plate-like or columnar gypsum dihydrate
The boards and lining paper were ground together andseed crystals of 10-13&m particle size. The suspension was
sieved through 18 mesh siev@able 1shows the chemi-  heldat30-80C for 1-6 h. The large plate-like gypsum dihy-
cal Compositions of waste gypsum board and commercial drate was isolated, washed with hot water and dried &40
reagent grade gypsum dihydrate. The main component of!/n order to examine the effect of impurities in the waste gyp-
the waste gypsum was Ca$@H,0 with varying quantites ~ Sum board, a comparison experiment was performed where
of CaSQ-1/2H,0, 11-CaSQ, lining paper, organic matter ~ starch and lining paper were added to synthetic calcium sul-
and heavy residues such as sand. The lining paper contentate dihydrate.
was decreased by using 48 mesh siév@he specific sur- The products were characterized by X-ray diffraction,
face area of all waste gypsum board was 2.3—-#@nfig. 1 thermal analysis (TG-DTA), specific surface area measure-
shows scanning electron microscopic photographs of wastement, laser diffraction particle size analysis and scanning
gypsum board (A), showing fine crystals of gypsum dihy- €lectron microscope.

Table 1
Chemical compositions (unit: mass%) of waste gypsum board and synthetic calcium sulfate dihydrate

CasSQ-2H,0 CaSsQ-1/2H,0 1I-CaSQ, Lining paper Organic matter Heavy residue Total
Waste gypsum board (A) 93.1 2.7 1.7 1.7 0.3 0.4 99.9
Waste gypsum board (B) 94.1 1.3 3.1 0.3 0.2 0.8 99.8
Waste gypsum board (C) 87.3 0.5 7.4 45 0.3 - 100.0

Synthetic gypsum dihydrate Above 98.0
Specific surface area @ty): (A) 2.3, (B) 2.3, (C) 4.0.
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3. Results and discussion waste gypsum board suspension was kept inS@ solu-

tion for 2 h at 90°C. However, at 85C, dehydration did not
3.1. Selection of additives for promoting dehydration of occur. Regarding the effect of the concentration of the addi-
gypsum dihydrate tives, the results showed that dehydration was extremely slow

in NaxSOy solutions below 10 mass% concentration.

Dehydration of gypsum dihydrate to gypsum hemihydrate ~ The above results indicate that dehydration of the waste
in liquid phase can be understood in terms of solubility. gypsum board to form gypsum hemihydrate was effective at
The cross point of solubility of gypsum dihydrate and hemi- 100°C using NaSO, whereas it was not using NaCl. The
hydrate are at 9% 1°C in pure watef. The hemihydrate  dimensions of the synthesized needle-like gypsum hemihy-
is hardly formed, even if the dihydrate is heated in water drate crystals were 15-30m length and 1-3m width.
at 100°C (Fig. 2). Therefore, it is necessary to use either
a_utoclaves or additiyes to form the hemihydr_ate from the 35 Preparation of plate-like gypsum dihydrate by
dihydrate. Dehydration from dihydrate to hemihydrate was
examined using waste gypsum board (C) as starting material
and the 12 compounds described in Secfah Using any
of the potassium salts KCI, #80, or KNOs resulted in the

adding seed crystal

We investigated the effect of the lining paper and starch
' contained in waste gypsum board on patrticle size and crystal
formation of a kSO,~CaSQ-H,O system double salt (syn-  shape of the gypsum dihydrate formed by rehydration. The
genite), as confirmed by X-ray d|ﬁract|dﬁ.When NaSOy synthetic gypsum dihydrate used as starting material. The
or NaCl were used as additives, gypsum dihydrate was suc-jarge gypsum dihydrate crystals were synthesized by cooling
cessfully dehydrated after several hours at ®0The 10 gynsum hemihydrate suspension, which was previously pre-
other reagents failed to form the hemihydrate even after 6 h yareq by heating a waste gypsum board suspension 4€100
at 1(_)00(:- o o for 2h in NSOy solution. Starch and lining paper did not

Fig. 2 shows the effect of additives and reaction time on yfyence particle size and crystal shape of gypsum dihydrate.
preparation of gypsum hemihydrate, based on the results ofrpe particle size (length) of the formed gypsum dihydrate was
thermal analysis (TG-DTA). The change of water of crystal- apout 10qum, and at that size the entanglement between lin-
lization of sample retained in the pure water of 1@or6h - ing paperand gypsum dihydrate was not observed. Therefore,
could not be observed. However, a gypsum hemihydrate sus+though the lining paper was difficult to remove from the waste

pension was produced from a gypsum dihydrate suspensiongynsum board, the removal of the paper was simplified by the
in NapSOy solution after 1 h at 100C and in NaCl solution increase in the particle size of gypsum dihydrate.

after 3 h. Addition of NaSO, and NaCl were effective for the Fig. 4shows the effect of temperature on the average parti-
preparation of gypsum hemihydrate. Dissolution differences cje size of gypsum dihydrate obtained from synthetic gypsum
of the hemihydrate at 100 influenced the dehydrationrate.  gihydrate. The particle size of the dihydrate was measured by

It was desirable to determine the lowest possible dehy- g |aser diffraction particle size analyzer. The average particle
dration temperaturezig. 3shows the effect of additives and  gjze of the gypsum dihydrate was a maximum, Li% at

reaction time on preparation of gypsum hemihydrate at 85 or ggoc. The particle size reduced at lower temperature. The

90°C. The water of crystallilzation slightly decreased yvhen hydration of gypsum hemihydrate began to occur at below
the waste gypsum suspension was kept in NaCl solution for ggec The decrease in average particle size of gypsum dihy-

Sh at 90°C. Gypsum hemihydrate was formed when the rate at 70C was due to the existence of the unhydrated

CaS0,2H,0
- L 4 2H;y
CaS0, 2H,0

CaS0, 1/2H,0

CaSO, 1/2H,0

Water of crystallization (%)
Water of crystallization (%)

0 1 L 1

Time (h) Time (h)

Fig. 2. Effect of additives and time on preparation of gypsum hemihydrate Fig. 3. Effect of additives and time on preparation of gypsum hemihydrate
from waste gypsum board at 100. Additives: @) NaxSQs; (O) NaCl; from waste gypsum board at 85 or 90. Additives: @) NaxSO4 (90°C);
(M) No addition. (M) NaxSO4 (85°C); (O) NaCl (90°C).



780 Y. Kojima, T. Yasue / Journal of the European Ceramic Society 26 (2006) 777-783

150

120 |

90

Average particle size (pm)

60 L L L L
30 40 50 60 70 80

Temperature (°C)

Fig. 4. Effect of temperature on average particle size of gypsum dihydrate
obtained from synthetic gypsum dihydrate.

gypsum hemihydrate. Thus, large crystals of gypsum dihy-
drate were obtained by hydration of the gypsum hemihydrate
to the dihydrate by cooling and then by maintaining the sus-
pension at 60C.

The effect of seed crystal addition was investigated in
order to synthesize gypsum dihydrate crystals with greater
thickness. Seed crystals with three different particle sizes
were synthesized by the CaENaSO;—NaCsH507 sys-
tem solution reactiorfig. 5shows scanning electron micro-
scopic photographs of the three different seed crystals of
gypsum dihydrate. The crystal shapes of gypsum dihydrate
seed crystals (a) and (b) were mixtures of plate-like and
prismatic crystals. The crystal shape of seed crystal (c) was
plate-like. The X-ray diffraction peak strength of the (020)
plane near 2=11° rose with the increase in particle size.
(020)/(121) planes peak strength ratio of seed crystal (c)
was biggest in these. The average particle sizes of seed crys-
tals (a)—(c) were about 10, 40 and 1i, respectively.

These seed crystals were added &t®during the cooling Fig. 5. Scanning electron microscopic photographs of three different seed
of the gypsum hemihydrate suspension, since gypsum hemi_crystals of gypsum dihydrate. Average particle size{: (a) 10; (b) 40; (c)
hydrate hydrated to gypsum dihydrate aP80Fig. 6shows 115
the effect of particle size and the amount of seed crystal addi-
tion on particle size of gypsum dihydrate. When seed crystals
(a) (particle size: 1@m) or (c) (particle size: 11pm) were
added as accelerators of crystal growth, the particle size of the
gypsum dihydrate decreased with increased amounts of addi-
tive. On the other hand, particle sizes of gypsum dihydrate
prepared by adding seed crystals (b) (particle sizg.mdof
0.5-1.0 mass% increased slightly compared with no addition,
and was about 120m. The crystal shape was plate-like. In
the surface of large seed crystal, there are small numbers of
kink and step necessary for the crystal growth. Conversely, in
the case in which 1@m seed crystals were added, the particle
size of formed gypsum dihydrate decreased since formation 70 s - - s s
of the crystal nucleus was rapidly increasing. 0 . 4 6 o 12

Scanning electron microscopic photographs of plate-like Amount of seed crystal (mass?)
gypsum dihydrate are shown iig. 7. For addition of seed Fig. 6. Effect of particle size and amount of seed crystal addition on particle

crystals of 4Qum at 0.5 and 1.0 mass%, there was no dif- size of gypsum dihydrate. Average particle size of seed crysta):( (M)
ference in particle size by a laser diffraction particle size 10; (@) 40; (O) 115.

130

110 F

0 F

Average particle size (pm)
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Fig. 7. Scanning electron microscopic photographs of large plate-like gyp-

sum dihydrate obtained from synthetic gypsum dihydrate. Amount of seed Fig. 8. Scanning electron microscopic photographs of large plate-like gyp-

crystal (mass%): (a) 0.5 and (b) 1.0. sum dihydrate obtained from waste gypsum board. Waste gypsum board:
(@), (A) and (b), (B).

analyzer. However, the product obtained by adding seed crys- ]

tals of 1.0mass% included needle-like crystals with a big Were, on average, 2%0m lengthx 100um width x 35um

aspect ratio. By adding 0.5 mass% of seed crystal (b), thick- thickness, and those obtained from waste gypsum board

ness of the dihydrate increased to abouf.8@ (B) were 20Qum lengthx 100pm width x 25um thick-

We investigated the effect of aging time on the particle size N€SS.Fig. 9 shows the X-ray diffraction patterns of waste
of gypsum dihydrate. The particle size of gypsum dihydrate 9yPSum board (A) and large plate-like gypsum dihydrate,
obtained by aging the suspension for 5 min at6@vas about ~ Which formed using waste gypsum board (A). The peak of
90um, and the particle size increased after 2 h for crystal Waste gypsum board expanded 10 times. The particle size
growth by dissolution of the small crystals. The aging time
at 60°C was for 2 h as a synthetic condition.

Thus, the particle size of the gypsum dihydrate varied with (020) (121)
the particle size and quantity of seed crystal, and the largest (@)x10 031 (4D
sized plate-like gypsum dihydrate was produced by adding (040)
40um seed crystals at 0.5 mass%.

3.3. Characteristics of large plate-like gypsum dihydrate
prepared from waste gypsum board

Intensity (a.u.)

The characteristics of large plate-like gypsum dihydrate ® l
prepared from waste gypsum board via a wet process were A
investigated. A comparison was performed using identical = = = = = =
conditions for synthetic gypsum dihydrate as a raw material. 000 » S0 B W

Fig. 8 shows scanning electron microscopic photographs 20
of Iarge plate-llke gypsum dlhydrate obtained from waste Fig. 9. X-ray diffraction patterns of waste gypsum board (A) and large plate-

gypsum boards (A) and (B). The large plate-like gypsum jike gypsum dihydrate, which formed using waste gypsum board (A). (a)
dihydrate crystals obtained from waste gypsum board (A) Waste gypsum dihydrate (A) and (b) Large plate-like gypsum dihydrate.

w
(=]
—
w
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of gypsum dihydrate, which is included in the waste gyp- plate-like gypsum dihydrate (A) and (B), the initial setting
sum board is small, and therefore, the peak intensity wastimes were 7.1 and 12.2 min, respectively, and the final set-
low. The peak intensity of (0 2 0) plane and (1 2 1) plane was ting times were 20.5 and 25.0 min, respectively. Again, these
almost same. On the other hand, the peak intensity of largevalues are similar to those of gypsum hemihydrate obtained
plate-like gypsum dihydrate was about 30 times of waste from natural gypsum or flue-gas gypsum.
gypsum board (A). The (020) plane developed on the large  The above results show that the characteristics of large
plate-like gypsum dihydrate crystal, and (12 1) plane which plate-like gypsum obtained from waste gypsum board are
showed in the thickness direction was not almost observedthe same as for natural gypsum and flue-gas gypsum, which
near 2=20. are used to produce the board at present.

The peak strength of the (02 0) plane of large plate-like
gypsum dihydrate crystals synthesized from waste gypsum
board (A) was slightly higher than those of waste gypsum 4. Conclusion
board (B). The viscosity of gypsum hemihydrate suspension
(A) was higher than that of (B). The small organic component ~ We investigated the synthesis of large plate-like gypsum
was also regarded as a cause of interference in the crystaflihydrate obtained from waste gypsum board via a wet pro-
growth. Therefore, it is believed that the thickness of the cess utilizing the reversible reaction between gypsum dihy-
gypsum dihydrate synthesized from waste gypsum board (A) drate and gypsum hemihydrate. 786, was effective as an
was greater. additive for promoting dehydration from gypsum dihydrate to

The purity of large plate-like gypsum dihydrate obtained gypsum hemihydrate. The needle-like gypsum hemihydrate
from the waste gypsum board increased to 96.1 mass%,was obtained by heating a waste gypsum board suspension of
because the quantity of lining paper and organic matter was33 mass% at 100C for 1 h. Large gypsum dihydrate crystals
decreased. The large plate-like gypsum dihydrate containedwere prepared by cooling the gypsum hemihydrate suspen-
0.08 mass% Naion. Na ion is not desirable, because it Sion. The optimal growth conditions involved maintaining the
reduces adhesion of gypsum board and lining paper. Thesuspension at 6 for 2 h. The particle size of the obtained
content of N4 ion hardly lowered, even if the washing was gypsum dihydrate was about 1L&. In addition, large plate-
sufficiently carried out. like gypsum dihydrate was obtained by adding seed crystals

Particle disintegration in water of gypsum hemihydrate t0 @ suspension cooled at 80. When 4Qum seed crystals
obtained by heating gypsum dihydrate was examined. Parti-were added at 0.5 mass%, the large plate-like gypsum dihy-
cle disintegration in water is not a desirable characteristic for drate crystals obtained from waste gypsum board had aver-
gypsum hemihydrate, and its adverse effects are reflected by2ge dimensions of 250m lengthx 100pm width x 35p.m
its rheological properties (viscosity, moisture content), set- thickness. The characteristics of gypsum dihydrate obtained
ting time and in the strength of hardened bddy2Gypsum by this process were similar to those of natural gypsum and
dihydrate was heated at 130 for 6-10h in a thermohy-  flue-gas gypsum, which are used as the raw materials of gyp-
grostat, and the obtained Ill-anhydrous gypsum was storedSum board.
in a desiccator. Then, gypsum hemihydrate was obtained by
placing the Ill-anhydrous gypsum for 4 h in a thermohygro-
stat maintained at 2@C and 60% humidity. For example,
the increases in Blaine specific surface area after water stir- , _
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