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Abstract

Currently, end-of-life electrical and electronic equipment is the fastest-growing environmental
waste problem, with Waste Printed Circuit Boards (WPCBs) being especially difficult to dispose of. As a
result, the non-metallic parts of WPCBs were used as physical process recycling waste in the production
of self-leveling mortars in this study. WPCBs were used as a fine aggregate replacement in mortars in a
mixed proportion of 2.5-20% by weight. WPCB physical properties, mortar fresh and hardened properties,
insulating mortar properties, X-ray analysis, and heavy metal leaching were investigated. Results showed
that WPCB's grading characteristics were close to those of fine aggregates, while their specific gravity
and density were lower than those of fine aggregates. Self-leveling mortars tended to increase water
demand and setting time as the percentage replacement of fine aggregates increased, while density and
compressive strength tended to decrease. Self-leveling mortars had better insulating properties. As for
heavy metal leaching, the amount of heavy metal mixed in the electronic circuit board was within the
specified standard. To consider the use of leveling mortars, the optimum amount for mixing WPCBs should

not exceed 15% for underlayment or 7.5% for overlayment work.

Keywords: Self-leveling Mortar, Wasted Printed Circuit Board, Fine Aggregate Replacement, Compressive

Strength, Heavy Metal Leaching

Please cite this article as: P. Buaphai, B. Chatveera, and G. Sua-lam, “Engineering properties and leaching of heavy metals
on self-leveling mortars mixed with waste printed circuit boards as fine aggregate replacement,” The Journal of KMUTNB,
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Fnugudnansaglugag 125-150 wl.

NN3UT 7 wudh AnnstnaBuduvestesmiviu
sefufiualiuanas ensunuiiinasivazidendae
PINUANTBLEN YT INARLTY DuNAvEIINLKIAS
Bidnmsefndfitdnuarduuuy lifanunausumiion
AutaTIuazdunsITuYf Jsdwwalinuaiusalu
nslvaanassulusig

3.2.3 S5U3I8IN15n9A7 (Setting Time)

szpzaINInoRITesmeinSUTusERUTifing
wufisnastadendenunaesdidnnsednd 3
wialunUsfunuuTnansunuiiiiety fuuans
Tuguit 8 Tnswedmimunu (M) fszaznamsies
Sududlenaniuly 255 Wit uazsvernainsned
Hugninedonariuly 375 Wit forsanUiinmns
wufisnasIas BenesNLrRsBiEnnsedndly
USinaferay 2.5-20.0 szeznainsnosGuduegly
29 270-465 Wit AnTusammsiiini 1.06-1.82 wh
dowFeuiisuiusesminunu luvueiisseznains
resduaarheaglutag 375-765 unit Amdudnsinms
iy 1.47-2.04 wh Weisuidieufusesansaunu

dlewUdeuiieunan1snaaeusregaINIInom
vospimiUTuszilund AN sunuTiIna T
aBuameenuknsBidnnseindiusresnaiiven

1000

[l nitial Set [ Final Set

=
[
oS
s}

I

STUZIIAMMNNSNEAT (W)

B o
o [=}
S S
I I

N}

o

S
I

0 L
MO M25 M50 M75 M100 M125 M150 M175 M200

U7 8 szezhanisnemveteinsuiusEiu

e @ luenon

AT (R o)

MO M25 M5S0 MT5 MI0D MI125 MI50 MITS M200

JUN 9 AnuvuLiuYeeIITUTUTEAY

TmuanmsgIu ASTM C 1708 [14] uaz sen. 3057 [1]

v

nwuii derszeziaanlunisnediegludiseensule

naIfAe sreznainsneflnudulidsenin 45 wi
wazsTEEaINIsnastugangliuinndt 1,440 wnil

3.3 audRvasmaimiuSuszauluaniazudenn

3.3.1 ANUNLILUY (Density)

ATAMUNUILUUYDINDIASUSUTEAUNELT I
FINWH91995B 8 Ansedndiliethutunudintasoy
ARUANUIN AU IULUSNARUAUUS U NLRNGIIRT
Bidnnsedind fauansluguil 9

Tnguesnsmunniivaluth (222 n/avam) &
ANAUNUIRLNYRINB I TEendn1sUNTueInIA
(2.09 n/av.an) 9gUR 9 wiuldenamuuyud
wiltuanaslurieiesay 4.95-16.67 dmsun1sul
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O3 Ot Quiu @21 w2
35

Overlayment

30 S -

25

Underlayment

20 )4

Compressive Strength (MPa)

MO M25 M50 M75 M100 M125 M150 M175 M200

U 10 msinnidsdavesmeiniuusgaunuslug

Twdh dwnisunlusinidenuruwduisulldlanas
Tuaedesay 2.87-19.14 WiaUSUUNTENUNNIATIY

a

avlBundsrnuniI9sBLnnsedndiiiutudesay
2.5-20.0 muaeU
3.3.2 Ma3dn (Compressive Strength)
MsnAdaUfdIwnveaInsuUIeandunsu
Fegrdluthuaruslueinia Tneszeznailunisiy
AUUA 3 7 14 21 uay 28 U MIUAIRU NANISNAADU
fdsdnvesmainsdmiunisualu Fuandlugud
10 wuihileny 28 Yu fdsdavesuesniimuny (Mo)
fieuiniu 35.62 wnlhana Wewnuiiinasiuasisen
preennLasasannseiindlulsunasesay 2.5-20.0
Masendiuililanadlurisosay 5.14-57.13 Mua U
F1SUNANISNAABUNAIBATDINBIAITEINSU
mstsluomasauandlugudl 11 nud fieny 28 Su
Mdsdnvesueinisalunu (MO) davindu 33.79
wnzU1ana WewnufiiasiazidensesnuneIeas
didnnsedndluySinusesay 2.5-20 Mdeoniluualiy
anaslugiedonas 1.59-63.04 puddu Seidesnves
wosmifvaluthargeniwednnsivaluenidludag
oz 1.53-22.26 Tngsegamesmusussiunanis
vushegsluiuasusluematidnsarnsivhwuy
Non-Explosive Failure éfm,amiugﬂﬁ 12
\dlefiansaunanunueinngg I ASTM C 1708
[14] uay won. 3057 [1] dwsun1stuesnisususyay

O3% O7% @19 M2t @8

Overlayment

Underlayment

Compressive Strength (MPa)
o
3

Mo M25 M50 M75 M100 M125 M150 M175 M200

JUN 11 msiaufiddaveteiniiuiuseauivaly
81N

3U#1 12 M33URLUU Non-Explosive Failure

Ul smmsesifu (Underlayment) frsundnrindssn
20 wngU1dnT1a @NNITONANTINGINUKIIIT
diannsefnduSualdiiuSovay 15 wazdmsunis
ihuesmsususeaulUldanumitunin (Overlayment)
ANUAAINISIDA 30 WNZUIEAANE ENITONENTINYIN
wnaagsBlannsedndusunaldiiuiesay 7.5

3.4 audAn1siluauluiuanuiou

msfiansanautinisiuauiuiuanuseuainng
MsnAEEUANSEUNIUAINLSOU (R) wazaduUszava
nsihAuseu (k) lneldennadausiag1emasaisiu
druman MO M25 M100 waz M200 anugsu ieuans
TAdiululduveanansnaaevanUinisiuauiuiy
Audeu fauandlunsed 3
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M15199 3 A1 R wazA k vBuasAnsUSUSEAU

Mix D A1 R (m*K/W) A1 K (W/m-K)
MO 0.106 0.304
M25 0.124 0.286
M50 0.141 0.268

M100 0.177 0.231

M200 0.247 0.158

nud1 wesasUsusEAUAIUAN (MO) SRS
Frumumaudeu 0.106 m2K/W wazAduuszans
MsAudou 0,308 W/m K leunudiinasiuaziden
MNLHIAsBlannsedndluuSunasevay 2.5-20
AmsEumuATEEeutiunTdufiuty 1.17-2.33 wh
Tuwasfianduuszansnisiianudouiivunltuanas
1.06-1.92 11"

3.5 MIIATRasUsENIUAI8SFLBNG
M3IATERasUTENOUMe S ndandagia
NAFDUNDIANSEIUNEN MO M25 M100 way M200
ANUAINU IABNANISNAABUNSISD953E0NG (XRF) 69
wandlumseit 4 U'%mmﬁmiawwﬁﬂﬁwumﬂﬁqmﬂgq
Tumnunnsassiannseiinduarvaesansususedu 1@
Wy Fangd (Zn) nesuad (Cu) wian (Fe) waglnmniiey
(Ti) WJudu
dwiurnunesasdiannsednduluasinlany
wiinfinuunniigaiFesnudidu ldun dangd (zn)
Jovar 1.81 nosuas (Cu) Sowaz 0.36 Jaiw (Bi)
Sovay 0.20 uazlnviley (Ti) Sewaz 0.13 muadu
druuesansUSUsTAUNANTININNUNI9RTDLANNSOTING
froee Tudaumay M200 U3masiglaeiiniing
unitgaFesnudidu liun wan (Fe) fovag 1.71
Tydley (Ti) Sesay 0.31 wazuusnrila (Mn)
Souay 0.06 MUAIHU
nsnadeUNSLaBIULSIAeng (XRD) vom03
ASUSUTEAUEIUNEN MO M25 M100 wag M200 Al

' =

FAUNUIN TuseIAUTENBUVANLALN AB wIRULATeD

(Usgnaumueenleduesegiiilon Inunalon way
Fanaw) Ysuaufavar 5.13-12.11 uazusmend (Si0,)
USinauSeway 32.44-45.65 druluanaveslanegmiin
finy Ao uslwlsd (FeS,) Uunnidosas 1.01-4.05 oy

1Y [

a1y dauandlugun 13

197199 4 Usunalaneninannnisvagau XRF

UTaausn (%)
oA WPCBs | MO | M25 | M50 | M100 | M200
Ag LOD 0.01 | LOD | LOD | LOD | 0.01
As LOD LOD | LOD | LOD | LOD | LOD
Cd LOD 0.01 | LOD | LOD | 0.01 | 0.01
Co 0.01 LOD | LOD | LOD | LOD | LOD
Cr 0.01 0.04 | 0.04 | LOD | LOD | LOD
Cu 0.36 0.02 | 0.01 | 0.01 | 0.02 | 0.02
Fe 0.05 1.76 | 1.51 | 1.56 | 1.70 | 1.71
Mn 0.01 0.05 | LOD | LOD | 0.04 | 0.06
Ni LOD 0.01 | LOD | LOD | LOD | LOD
Pb 0.03 LOD | LOD | LOD | LOD | LOD
Ti 0.13 025 | 028 | 0.25 | 0.20 | 0.31
Zn 1.81 0.02 | 0.02 | 0.02 | 0.02 | 0.02
Hg 0.02 LOD | LOD | LOD | LOD | LOD
Bi 0.20 LOD | LOD | LOD | LOD | LOD

Y8Le): LOD = Less of Detected

lngagunanisnaaoutasnsusussavdiunay
Tngn1snageunisiiesdsdiond wiuldinuunusin
Tavgwiinwusnniian liun wdn ey dined uas
yaduns wagluanaiinuainnisvageunIsas Ly
Fadiend Ae uslnlsd @enadasiunanisAneyives
Pianchaiyaphum wagaaiz [9] iinsms19U3anasy
Tavgwiinnuin Tsndangd uazvieuasannian

3.6 NMsvzazalglansuiin
mMsnsesivinalaneuiinfivzdusglumnuw

19958 8nmseding Wusnnialaselunisinnsands

AnudasnsiedlofinsiuesnSHansILeINLNIINES
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Clay Mineral

Quartz
Pyrite

M200

M100

M25
IL l L A A

Amnuduvasiia (Intensity), Counts

2-Theta (degree)

U 13 Avusisnlnunsumanisvaaey XRD vosa3nn3
U3useau
5i8nvsedndluldnuass neldvihnisdennaaeudiud
finsunuiiinasuaziBunsemnuaaasdidnnseling
TulSnadesay 2.5 (M25) Jududrunaufididadn
gegn lagyn1siansanuTinaunsvzazatevedlans
viinguusiady 13 576 oA Silver (Ag), Arsenic (As),
Cadmium (Cd), Cobalt (Co), Chromium (Cr), Copper
(Cu), Iron (Fe), Manganese (Mn), Nickel (Ni), Lead
(Pb), Titanium (Ti), Zinc (Zn) wag Mercury (Hg) Ay
aretu TneUSunalavsudniinuluuesansususzauan
NANSYAFOUNUIN ﬁmiawwﬁfﬂﬁﬁﬂ%mmmi% yane
mﬂﬁqmﬁ'mmmé’wﬁu Toun widn (Fe) USunad 8,095.89
un/nn. ldesudsunu 481.13 un/nn. wasnia
UTunew 274.67 un./nn. eauasdsune 257.18 un./nn.
FengdUSunew 55.73 un/nn. wazUsenusunm 0.17
un./nn. auay dusalangminvdadunsianuly
Usinawditiosann aenadosiunanisdnuineunii (8]

4. afusuazasUnanIsfng
4.1 anusnena
fsanaudivesuasansususeauluanieman

\Hosanenunesasdidnnsedndiinnnudusn dawa
vilviiaudosnisUiinauiiiiugedu eifiuaany
Susuazauanunselunisina denadasiunising
994 Oliveira wazAm [3] Fanu WeUsunanisunudi
1a5I1ALLDUAMIBYINLEIGATDLaNNTaNNdS oA 75
daareUnaniludunasiiugetu 1.18 wh daifieut
etnamuny TasAmslvaBuduvesyndiunaieg
Tudsfiviun denndesiunanisAne1ved Oliveira Lay
Az [3] nun szesmisasusulieuaiiateway
fuwnliuanawuddsasoglutisfinnsgufmun fail
PNNSANYINUIN UOIASUSUSTAUAIUNEAL M25 TAn
mslnaBudugeiian aonadosiunanis@nwves Zhao
wavAue [2] ﬁLﬁaﬁwmﬁLmuﬁmaimazLﬁams’hamw@g
TulhinadesigrazliimszeymslvaGudumnian
Fnsuanununuukaziddaluan1zudedi
Wiulgnidemnenunnesdidnvsedndiimanumu
wutiosninunasiuasiden 2.80 Wi Wethuunud
WisannTudsdenalsiiaumuuiuanasaenade sty
NANSANWINOUNT [2]-[4], [6]-[7] A UNAVRINHIDN
wui MdedavesedmiUsusesuiiuuliuiududle
svgvnanlumsUiinty lumanssfuduidasnues
wosmsusussauiiuunltuanasiioUSunamnuneses
Siinvselindludunauiitnnnty WominarumuuLy
YRIBINWNIIITDLANNTORNENAITRENIINTY
23191 (137971 2) WeUSunamnnuaaaasdidnvsedind
\uduadsmaldrinnumuintuanas 3wl
wiwsevesdananasninludie sruddnvasnia
AMEATNUDITNURTIASBIENMsedndRfdudaseudu
msBaneiusenineyneslifivsedvsnmiieusiniu
V55550 uonNTUTI T RLT udena
MvimawwnveeimUTUTEAUanautuiu donadaaiu
Nan1s@AnwInaunt (2, [41-[6], [8]
Anran1InageuANduauIniuANNSouves
wosinsUsusTiudlonausmmnuNasBEnvseiing
desnnernunssasdidnusedndiluelans duua
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Tinesnsususzaudnginssunissiuniunuiou
WaZN1TUIAMUTDUARIBATINUAUIY ADAAADIAUNE
A3An¥IT8s Mohamad [7] AfN15U¥INLEII99S
diannsefinddruelanzunldnaununsioudvinla
autiguanuiuauuiiuvn ity idensaeaeu
Usuusiglaneninlasnismeaeunisisessadiond
wuin wdn lmiden dngd uay nowuns Wusiad
wuindign usildensaseunisvrazareveslanguiin
Nnnteyavinalaveviindildannamagey Wethly
Wisuifleuuusinumnasiuasgulanewinia
Tuduve European Standard (BSEN 12457/3) [17],
European Compost Network (ECN — QAS Harmful
Matter) [18] uasAMENITUNITAIUINEDULVIVR
(FvununsgIuAMnIWAL) [19] Fauandlumistei 5
wui Uinadlaveniindlreglunasifiunasgiufvun
sniusIgneLAsifiuTuugaAunitATinInsg L
European Standard (BSEN 12457/3) [17] ualslifiuen
fmuAva IS European Compost Network [18] Ly
ARIENTTUNTAUIAGOULITA [19] Fviun

A15199 5 WSeuisulsunalaneninlutasnisusu

FEAUTUNAINLIATFIUAINUA
J3usg (un./nn.)
L. BSEN | ECN - QAS
uasAN3 INTFIY
59| L . 12457/3 Harmful “ .
Jsuszau AMNTNAY
Hazardous Matter
M25 [19]
[17] [18]
Ag | LOD - - -
As LOD 25 - 6
Cd LOD 5 13 67
Co LOD - - -
Cr LOD 70 60 175
Cu 257.18 100 300 2,920
Fe | 8,095.89 - - -
Mn | 274.67 - - 1,710
Ni LOD 40 40 436.5

A15199 5 WSeuisulsunalaneninluyasasusu

Y I3

FEAUNUNINATFIUAMUA (D)

J3usg (un./nn.)
.. BSEN ECN - QAS
UDIN3 UINTZIY
59| L . 12457/3 Harmful ®
Ususzau AATWAY
Hazardous Matter
M25 [19]
[17] [18]
Pb LOD 50 130 400
Ti 481.13 - - -
Zn 55.73 200 600 -
Hg 0.17 2 0.45 22
4.2 a9u

MNMsANIANTANIIMNTIULaYNSEaTa1Y
TaneninvewainTUTUTEAUNANTINGINUHIINRS
Bidnmselindunuiinanuandeon aunsoagunalddd

1) gnunadsasBidnnsedndithanléiduanman
finsnsyaemilndidesiuinasiuazideaiazeyly
inaeinmsgIuivun lusazfinnudisdunizuas

1
AN

ANUNUIMUUVDIIINUHIIRTBLENN SO TN
1aTINaLLYA

2) upsmniuSusERuTmnudesnsth wagsserm
nsrefludiunauiiniudiodesasnsnansaNnuR
1995818 NMsedndiiuTy

3) S UNSLIUTIINAT A B RGN UNIIES
Bidnnsedind fieng 28 Yu AnuvuiuLuLaEeSadl
wwiltiuanas Tngaunan M25 fiuluidieasngs

fign (33.79 wnzUrama) uazganinfdsdmldauny
wnaeiAvuay wen. 3057 Anduseuay 68.95 dmsu
NUMTEIY uavdesay 18.95 AmSUNUmMTIUATA

4) 185A1SUSUTEAUNANTINIINLAIIIDT
5i8nnsedndiiuunltuvesantimuduauiuiiniy
deUsinamnunnsssidnnsedndifiuty

5) nsvrazarsUTalansuiniivgyuegly
wesinTUTusEAU M25 fimeglunaiuinsgiuiiviun

AUUIENIAAYNTTUNITAUNARDULAIIR atunl 25
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(.. 2547) Fos AwuaAFILANNWAULTIDTIOgo

6) USunafivinzaudiniun1signnunedsas
diannselindunausiulanisiiuiesay 15 dmsu
nsthuedmiususeaululdumsesiiu warlsifu
Souay 7.5 EMSUNUNAUNTA

5. inAnssuUszne

EIEvevRUAM SRIFNANT1138 As.ASTYE Wavilens
919136 A3 eAns wevmaTan AvelrduupiniEms
wazdumeulunssiunmedoy AanTwad rfdlsad
Alglnsatuayuiagilflunsinw uazidmihiivies
Ujiafis1uennuazaInnaenszeziaInsvnaoy
naenauiatuayuiionslillinaniinasnszeznaily
QREIIRPRT

LONAN51989

[1]  Self-leveling Mortar, TIS 3057, 2020 (in Thai).

[2] Z. Zhao, J. Xiao, Z. Duan, J. Hubert, S.
Grigoletto, and L. Courard, “Performance and
durability of self-compacting mortar with
recycled sand from crushed brick,” Journal of
Building Engineering, vol. 57, no. 1, 2022.

[3] T. V. Oliveira, L. N. P. Cordeiro, and S. A. L.
Bessa, “Experimental study of self-leveling
mortars produced with recycled concrete
aggregates,”Case Studies in Construction
Materials, vol. 17, no.1, 2022.

[4] S. Candamano, F. Tassone, I. lacobini, F. Crea,
and P. D. Fazio, “The properties and durability
of self-leveling and thixotropic mortars with
recycled sand,” Applied Sciences, vol. 12,
March 2022.

[5] A. Vilaivong, S. Naenudon, A. Wongsa, V. Sata,
and P. Chindaprasirt. “Properties of mortar

incorporating fiber cement roof tile waste fine

ageregate,” The Journal of KMUTNB, vol. 32,
no.l, pp. 97-107, 2022.

[6] L. N. A Iniyan, and M. Shanmugasundaram.
“Utilization of waste printed circuit boards
as partial replacement for fine aggregate in
concrete,” PAIDEUMA Journal of Research,
vol. 3, pp. 28-32, 2010.

[71 S. S. B. Mohamad, “Potential reuse of
recovered nonmetallic printed circuit board
waste as sand replacement in construction

”

materials,” M.S. thesis, Civil Engineering,
Universiti Teknologi Malaysia, Johor Bahru,
2014,

[8] E. L. Schneider, H. M. Veit, W. L. Hartmann, C.
M. Stolz, L. C. Robinson, C. T. Oliveira, and A. S.
Vargas, “Cement matrix containing ligshtweight
aggregates based on Non-Metallic Fraction
Printed Circuit Boards (NMFPCB’S),” Journal
of Materials Research and Technology, vol.
14, pp. 2992-2997, 2021.

[9] P. Pianchaiyaphum, S. Kwonpongsagoon, P.
Kanchanapiya, and C. Tuakta, “Recycling of
non - metallic residue from waste printed
circuit boards to produce interlocking
concrete blocks,” International Journal of
Environmental Science and Development, vol.
12, no. 6, pp.169-174, 2021.

[10] Portland Cement, TIS 15, 2004 (in Thai).

[11] Standard Specification for Portland Cement,
ASTM C150, 2012.

[12] Standard Specification for Standard Sand,
ASTM C 778, 2002.

[13] Standard Specification for Chemical
Admixtures for Concrete, ASTM C 494, 2017.

[14] Standard Test Method for Self-leveling Mortars

U3 UVanne uazmale,
UIATIUAZDEYR.”

“FUURNIIAINTIULALNIT VAL a1 laNe N YEIUDTHITUSUSE T UNANT AT INUAN1NDTBLENNTOINFUNUT



MIFANFIVINTNITIVUNAMTTUATIHTD TN 34 aUUN 4 n.A.—5.0. 2567
The Journal of KMUTNB., Vol. 34, No. 4, Oct.-Dec. 2024

14

Containing Hydraulic Cements, ASTM C1708, [17] Characterization of Waste Leaching

2016. Compliance Test for Leaching of Granular
[15] Standard Practice for Mechanical Mixing of Waste Materials and Sludges, BS EN 12457,

Hydraulic Cement Pastes and Mortars of Plastic 2000.

Consistency, ASTM C305, 2006. [18] European Quality Assurance Scheme for
[16] Standard Test Method for Compressive Strength Compost and Digest, EU: ECN — QAS, 2014.

of Hydraulic Cement Mortars (Using 2-in. or  [19] Soil Quality Standard, Announcement of the

[50-mm] Cube Specimens), ASTM C109, 2007. National Environment Board, 2021 (in Thai).

Y31 ke uagmaly, “auUamINImngsusasnIsueasalelaneninyosuasnIsUS U A UNANS T INUAN 1D TEANTOTINAR NI
UINTIUAZDEYR.”



