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Abstract — Compared with the natural marble, the artificial marble has the advantages of excellent appearance, high
degree of finish, even color, fine pressure and wear resistance, bear erosion and weathering, etc. It can be widely used in
kitchen countertops, bath vanity tops, table tops, furniture, reception desks, etc. However, large amounts of artificial
marble waste such as scraps or dust have been generated from sawing and polishing processes in artificial marble indus-
try. Waste from artificial marble industry is increasing according to demand magnification of luxurious interior material.
Artificial marble wastes can be recycled as aluminum oxide used as raw materials in electronic materials, ceramics pro-
duction, etc., and methyl methacrylatea(MMA) which become a raw material of artificial marble by pulverization, pyrol-
ysis and distillation processes. The characteristics of artificial marble wastes was analyzed by using TGA/DSC and
element analysis. Crude aluminum oxide was obtained from artificial marble waste by pulverization and thermal decom-
position under nitrogen atmosphere. In this work, Box-Behnken design was used to optimize the pyrolysis process. The
characteristics of crude aluminum oxide was evaluated by chromaticity analysis, element analysis, and surface area.
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Table 1. Experimental coded level

Factor Level

-1 0 +1
X}, heating rate (°C/min) 2 5 10
X,, pyrolysis temperature (°C) 400 500 600
X3, pyrolysis time (min) 60 90 120
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Fig. 1. Bake temperature curve.
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Fig. 2. XRD of PMMA, aluminum hydroxide and artificial marble
waste.

Table 2. Ultimate analysis of artificial marble waste

Sample Carbon Hydrogen H/C
Pulverization 26.62 6.08 0.23
Dust 25.77 6.37 0.25
PMMA 59.45 9.14 0.15
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Sample: NO. 11 File: C:\TA\Data\SDT\Data\20090302NO. 11
Size: 226290 mg DSC-TGA Operator: kik

Method: Isothermal for Run Date: 06-Mar-2009 12:58

Comment: 1000°C/5C, N2, 100mU/min Instrument: SDT Q600 V8.3 Build 101
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Fig. 3. TGA curve of artificial marble waste (heating rate: 5 °C/min).

File: CATA\Data\SDT\Data\20090302\NO. 06
Operator: kjk

Run Date: 19-Mar-2009 20:44

Instrument: SDT Q600 V8.3 Build 101

Sample: NO. 6

Size: 17,8830 mg DSC-TGA
Method: Isothermal for

Comment: 1000°C/1C, N2, 100mUmin
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Fig. 4. TGA curve of artificial marble dust (heating rate: 5 °C/min).
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Sample: PMMA 5C File: C:ATA\Data\SDT\Data\20090302\PMMA-5C. 001

Size: 224690 mg DSC-TGA Operator: kik
Method: Isothermal for Run Date: 07-Mar-2009 11:53
Comment: 1000°C/5C, N2, 100mU/min Instrument: SDT Q600 V8.3 Build 101
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Fig. 5. TGA curve of PMMA (heating rate: 5 °C/min).

Sample: AL(OH)3-5C

Size: 23.9620 mg

Method: Isothermal for

Comment: 1000°C/5C, N2, 100mU/min

File: C:..\SDT\Data\20090302\AL(OH)3-5C.001
Operator: kik

Run Date: 07-Mar-2009 16:46

Instrument: SDT Q600 V8.3 Build 101

DSC-TGA

110 1

100

Weight (%
T
Temperature Difference (uV/mg)

704 \\

60 T T T T 3
200 400 600 800 1000

Universal V4.3A TA Instruments

ExolUp Temperature (°C)

Fig. 6. TGA curve of aluminum hydroxide (heating rate: 5 °C/min).
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Fig. 7. Decomposition mechanism of PMMA by unzip reaction.
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Fig. 8. picture after thermal decomposition (400~600 °C).

Table 3. Box-Behnken experimental design matrix for pyrolysis of

' 9%C/mim, 500C, 60min

Y

P Sl et A 571

5 2°C/mim, 600C, 90min

Table 4. Analysis of variance(ANOVA) for the second-order polynomial

artificial marble wastes. model
Run Factor Response Source SS DoF MS F Pr>F
X X X (chromaticity) Model 28217 9 3135 14774 0.0000
1 -1 -1 0 26.66 Linear terms 239.90 3 79.97 367.83 0.0000
2 +1 -1 0 28.42 Second terms 4227 6 7.04 33.20 0.0007
3 -1 +1 0 16.30 Quadratic 41.16 3 13.72 64.66 0.0002
4 +1 +1 0 16.44 Interaction 1.11 3 0.37 1.74 0.2744
5 0 0 0 17.94 Residual 1.06 5 0.21
6 -1 0 -1 19.54 Center points 0.12 2 0.06
7 +1 0 -1 19.05 Remainder 0.94 3 0.31
8 -1 0 +1 18.16 Total 283.23 14
9 +1 0 +1 18.21 SS: sum of square, DoF: degree of freedom and MS: mean square. Statistically
10 0 0 0 18.41 significant at 95% of confidence level (Pr < 0.05)
11 0 -1 -1 27.52
12 0 +1 -1 16.25 Table 5. Hypothesis test in linear regression coefficients
13 0 -1 +l 26.30 Parameter ~DoF  Coefficient  Error t-Value Pr>t
14 0 +1 +1 1626 Intercept 1 18.143 02660 682176 0.0000 **
15 0 0 0 18.08 X, 1 0183 01629  1.1205 03252
Xy 1 -5.456 0.1629  —33.5010 0.0000 **
_ *
23-factorial Box-Behnken'H] ‘Table 3904 B H]'_E]—f Zo] T A X;;l 1 8222 g;gi? 22.(.)6231235 g(l)f;g;)
39 vk RS A, & 1599 AS ek 4 el b X% 1 3327 02397 138781 00002 **
BRc wkel o) 23} v o] RE Ao g 2 3 0}04 ol it XX, 1 0.112 02397 04675  0.6645
oo AAtal=t)] AFgalTt, X% 1 ~0405 02303 -1.7583  0.1535
. X, X3 1 0.135 0.2303 0.5861 0.5893
§, =b,+ Z bx,+ Z Z b,/ X ) Xy X3 1 0.308 0.2303 1.3350 0.2528
i=1

i=li=

5 YER AL, b= ¥ (interception) Z|, b,
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Fig. 9. Contour plot of chromaticity of crude aluminum oxide: the
effect of pyrolysis temperature (x,) and pyrolysis time (x;).
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Fig. 10. Relationship of chromaticity and carbon amount of crude

aluminum oxide.

Table 7. ANOVA for the linear model of relationship between chro-
maticity and carbon amount

Source SS DoF MS F Pr>F
Regression 54.04 1 54.04 102.44 0.0000
Residual 6.33 12 0.53
Total 50.37 13
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Fig. 100 & Atstek7n)5o] Aol et ko] dA1E el
STt € AstRuEe] A (x)9h Bk (y)e] AguAE Lot
B7] feiA whe A3 RS A 0 EAREA EE Table
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S

Wileh. #d Sl ARl ARt #Agle] 8l %7t e Frelet FEPr<0.01)0lM AFHR] WS 7HE & 5 A,

500°C Wl AllA 02 WER o] 2 A ARAIFIHS AL A @pl d) EAE 5 glon
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Table 6. Physical properties of crude aluminum oxide

Run No Burn-off [%] BET [m%/g] pore volume [cm?/g] pore size [A] H/C

1 52.66 47.94 0.0455 38.0021 0.2061
2 31.68 1.88 0.0007 14.4302 0.1871
3 59.72 243.04 0.2683 44.1605 0.3426
4 59.29 243.51 0.2767 45.4485 0.2168
5 57.63 299.89 0.2175 29.0138 0.2752
6 58.76 367.92 0.2530 27.5069 0.3698
7 56.84 313.79 0.2254 28.7259 0.2683
8 58.96 373.89 0.2842 30.4043 0.4344
9 58.57 330.82 0.2591 31.3288 0.3159
10 58.02 297.46 0.2123 28.5457 0.2825
11 51.88 14.72 0.0259 70.3580 0.2062
12 59.43 243.53 0.2605 42.7811 0.2311
13 52.19 2235 0.0157 28.1054 0.2080
14 59.64 267.47 0.307 459109 0.2424
15 57.07 275.41 0.1933 28.0742 0.2307

Korean Chem. Eng. Res., Vol. 50, No. 3, June, 2012



FEalell o Azt o iE AslEFuly Sl i AT 573

4.2 E

M S o E7FEHA ek w1z 2
T AT T H7ES W, diel e A e, WiskE,
A7) o 9EE AR 7Fsd o Akl uE(ALO) 0 E A
o] 7Fsatlet. ANz 24 9] TGARA AN dial] 277
250~450 °Co]aL, ol sl L= Aal] 2527F °F 300 °CY
UFERtTE. A2oflA] Gialist o Atslekeu]Ee gk AZ-S e}
U3, 2ol A Gial] gk 21 3 AS ERfGlET) o5k
AR E@E oJgh Ao FAET) FRlztE Aol A Alst
dFES Behs 3dS #HXskel °16H T HFE 255,
A3l 2 QE T3 giEl ARk A 1!, Box-Behnken 2

A2gel oJalf AE e %E}.%*& o Ul FO A, ghae}
T4 v, v EEE 58 A A9 S245% 2 °C/min, Gasl

o = i
25 500 °C, GE-3 Al7E 607-2] F3do ] ]’o Fz]o]itt,

]ZT_X

FO

1. Ministry of Environment, Generation and Treatment of Waste in
Korea in 2006(2007).

2. Hong, S. and Kim, P. J., “International Restrictions and Counter-
plans of Brominated Flame Retardants; Prospectives of Industrial
Chemistry, 8(6), 3-20(2005).

3. Shin, D. H., Nho, N.S., Kim, S. S., Kim, K. H. and Jeon S. G,
“A Review on R&D and Commercialization of Oil Recovery from
Waste Plastics by Pyrolysis,
19(1), 3-12(2010).

4. Jang, D. H., Nam, B. D., Nah, S. K. and Nah, J. W., “Pyrolysis
of Waste Marble Powder,’ Spring conference on The Korean Soci-

J. Korean Ins. Resources Recycling,

10.

11.

12.

13.

14.

. Mok, Y. I,

ety of Industrial and Engineering Chemistry, May, Seoul(2007).

. Kwak, T. S,, Lee, B. J., Yang, Y. K, Choi, J. H. and Kim, H. J.,

“The R&D Trends of Polymer Flame Retardants,’ Industrial Chem.,
8, 36(2005).

“A Review of the Flame Retardation of Flamable
Polymers) Appl. Chem., 15, 211(1977).

. Hwang, E. H. and Hwang, T. S., “Comparison of Physical Prop-

erties of PAE Polymer-Modified Mortars from Recycled Waste
Attificial Marble and Waste Concrete Fine Aggregates, J. Ind.
Eng. Chem., 13(4), 585-591(2007).

. Hwang, E. H., Ko, Y. S. and Jeon, J. K., “Effect of Polymer Cement

Modifiers on Mechanical and Physical Properties of Polymer-
Modified Mortar using Recycled Artificial Marble Waste Fine
Aggregate) J. Ind. Eng. Chem., 14, 265-271(2008).

. Aruntas, H. Y., Guru, M., Dayi, M. and Tekin, 1., “Utilization of

Waste Marble Dust as an Additive in Cement Production)
Mater. Des., 31, 4039-4042(2010).

Box, G B. P. and Behnken, D. W., “Some New Three Level Designs
for the Study of Quantitative Variables, Technometrics, 2(4),
455-475(1960).

Kotlar, C. E., Aguero, M. V. and Roura, S. L, “Simultaneous Optimi-
zation of Biomass and Protease Biosynthesis by a Local Isolated
Pseudomonas sp. - Response Surface Optimization using Box-
Behnken Design)’ Ind. Biotechnol., 6(6), 364-374(2010).
Grassie, N., “Structural Information from Degradation Studies}
Pure Appl. Chem., 54(2), 337-349(1982).

Kaminsky, W. and Eger, C., “Pyrolysis of Filled PMMA for Mono-
mer Recovery, J. Anal. Appl. Pyrolysis, 58-59, 781-787(2001).
Grause, G, Predel, M. and Kaminsky, W., “Monomer Recovery
from Alumiun Hydroxide High Filled Poly(methyl methacrylate)
in a Fluidized Bed Reactor} 75, 236-239(2006).

Korean Chem. Eng. Res., Vol. 50, No. 3, June, 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


