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|@U=vt Q=}U@ |ovy=ty 'x'pert Q=Ri=sQv QO OwHwt `HQt |=ywor= =@ xU}=kt QO
|W@ wQ |vwQDmr= AwmUwQm}t R= xOt; CUOx@ C=aq]= |UQQ@ R= u}vJty "OvQ=O
30 |xOwOLt QO |iQYt C=QPwv=v \UwDt |xR=Ov= xm Ci=} QO u=wD|t �2 pmW�

"OQ}o|t Q=Qk QDtwv=v 50 |r=

|iQYt u=t}U "2"2
'CU= QDxv} Ry QB Cqt <=RH= Q}=U x@ C@Uv |iQYt C=QPwv=v xmv; x@ xHwD =@

66



4/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt "hrDNt |=yGwt pw] QO O}WQwN Qwv V@=D COW |UQQ@ "3 pwOH

COW Gwt pw] h}OQ�nm�
262w=m2 �800�1700� MQUwQi 1
116 6 klx �400�700� |�Qt 2
34 8w=m2 �360�400� UAV 3
1 97w=m2 �330�360� UVB 4
0 23w=m2 �270�330� UVC 5

"wr@ur}Dt |}=}t}W Q=DN=U "5 pmW

C=QPwv=v QDy@ uOW VNB Ea=@ C}=yvQO xm 'OwW|t xQtwro ; C=QP uOW =OH
[17w16]"OwW|t

'u=t}U \}Lt QO C=QPwv=v ?U=vt |oOvm =QB w uoty |]wrNt O=H}= Qw_vtx@
w x}yD Q]kt ?; QO |wQO}Um = C=QPwv=v hrDNt |=yC_re |w=L |vw}Uv=BUwU
l}vwU=QDr= R= xO=iDU= =@ TBU "OW xOR sy Q}DU= Cvot =@ xk}kO 30 COt x@
Q=Qk CwY jwi=t G=wt= CLD xk}kO 30 COt x@ 'RDQywr}m 150 Ot=U@ =@ Q=O@=QB

"OvwW xOvm =QB pwrLt \}Lt QO ,qt=m |wQO}Um = C=QP =D 'OW xO=O

uwtR; pwrLt "5"2
(C16H18N3SCI �|rwt sQH w |}=}t}W pwtQi =@ wr@ur}Dt |@; pwrLt R=

O=wt Kw]U|DU}r=D=mwDwiC}r=ai u}}aD |=Q@3H2O;M = 373 90 gr=mol)
xOy=Wt 5 pmW QO wr@ur}Dt |}=}t}W Q=DN=U "CU= xOW xO=iDU= |v=t}U |x}=B

"OwW|t

CU}r=D=m l} QLD `@vt "6"2
u=wvax@ O}WQwNQwv V@=D R= 'uwtR; pw] QO |ak=w w |a}@] \}=QW O=H}= Qw_vtx@
|=yGwt pw] QO O}WQwN Qwv |=yCOW |UQQ@ CyH "OW xO=iDU= |v=Qwv `@vt
hrDNt |=yV@=D COW 3 pwOH QO xm OW xO=iDU= QDtTmwr x=oDUO R= hrDNt

"CU= xOW x�=Q=

uwtR; |x_iLt "7"2
�uwtR; pwrU� |}xW}W |xv=wDU= l} QO '6 l}D=tW pmW =@ j@=]t =y|Q}oxR=Ov=
QO CN=wvm} C_re pwYL |=Q@ u}vJty "OWs=Hv= 'O}WQwN Qwv V@=D CLD
uRty ltm x@ Q=@ l} xk}kO 20 Qy �wr@ur}Dt� uwtR; pwrLt 'uwtR; pL=Qt pw]

"OW xOR sy |U}]=vet

"|iQYt u=t}U |Ov@xv=O |vLvt "3 pmW

"|iQYt |xv=OnvU |Ov@xv=O |vLvt "4 pmW
"|iQYt R} Q |xv=OnvU |m} R}i C=YNWt "2 pwOH

lr= R= |Qw@a QO ?; ?PH QO XwYNt uRw xU=vW��� 200 xQtv ��� SSd Cr=L (g=cm3) SSd Cr=L
1 1 2 2 56 R} Q |xv=OnvU

=yxv=OnvU |m} R}i C=YNWt "OQ=O |@U=vt j=@]v= [14]'ASTM C33 C33
"CU= xOW x�=Q= 2 pwOH QO R}v

|wQO}Um =wv=v |R=UxO=t; "4"2
xm Ovvm|t x}YwD u=QoWywSB R=|NQ@ 'C=QPwv=v |w=L|v=t}U |=y?}mQD O}rwD |=Q@
?; =@ =Q =yu; O}=@ =OD@= 'u=t}U \wrNt QO |wQO}Um = C=QPwv=v QDy@ |oOvm =QB Qw_vtx@
xDiQoCQwY C=ar=]t u}vJty [15]"OQm xi=[= u=t}U \wrNt x@ TBU w \wrNt
|=yxNwrm |xR=Ov= 'OvwW|t xOvm =QB |@; R=i QO wv=v C=QP xm |v=tR OvyO|t u=Wv
|=yVwQ |NQ@ R= CU= sRq um}r "OwW|t x}rw= |xR=Ov= R= QDnQR@ ?D=Qtx@ =yu;
'QwmPt |=yVwQ u} QDQF-wt R= |m} "OwW xO=iDU= C=QPwv=v QDy@ VNB |=Q@ |m}v=mt

[16]"CU= l}vwU=QDr= G=wt= R= xO=iDU=
QF-wt |}xr}Uw '|QDtwv=v jrat C=QP uw}Uv=BUwU QO l}vwU=QDr= G=wt= O=H}=
pwrLt x@ l}vwU=QDr= xm |v=tR 'QwmPt VwQ QO "CU=yxNwrm hPL CyH
QO "OvwW|t O=H}= pwrLt uwQO wQm}t T=}kt QO |}=y?=@L 'OwW|t p=ta=
V}=Ri= x@ QHvt w OvmQD|t =y?=@L u}= 'l}vwU=QDr= G=wt= |DWoQ@ wCiQ |=yTr=B
sy R= w uOW OQN ?Hwt uO}mQD R= pY=L lwW "OvwW|t x]kv u; QO Q=Wi

67



"""Q
@|

wQO}
Um=

C=Q
Pwv=v

OQm
rta

|U
QQ@

Dnssm = 0 0239(273 + T )� L
(U � 2)� t � (Xd � 0 0238)

�
r

(273 + T )� L�Xd
U � 2 (1)

S=Drw Q=Okt %U '10�12(m2=s)� O} Qrm uw} Q=WDv= ?} Q[ %Dnssm %u; QO xm
xvwtv Ct=N[ %L 'ltv?; pwrLt QO x} wv=F w x}rw= |=tO u}ov=}t %T '|r=ta=
?UL Q@ V}=tR; u=tR COt %T 'Pwiv jta Q}O=kt u}ov=}t %Xd 'QDt|r}t ?ULQ@

"OvDUy 'Ca=U
?; |tHL ?PH V}=tR; "5"9"2

[21]'ASTM C642�06 OQ=Ov=DU= R= |Q=OQ@ wor= =@ ?; |tHL ?PH V}=tR;
u}= |=Q@ "OW s=Hv= xOWCNU |=yCqt \UwD ?; ?PH u=R}t |UQQ@ hOy =@
TBU w lWN 1100C |=tO QO =yxvwtv =OD@= '|Qw;pta RwQ 28 R= TB 'Qw_vt
K]U R= QDq=@ QDt|r}t 25� 5 '?; K]U xm OvOW Qwx]we |wLv x@ ?; hQ_ QO

"OvDiQo Q=Qk =yxvwtR;
|}xJQ=B \UwD w GQ=N ?; R= xOWu}}aD |=yu=tR QO =yxvwtv 'QwmPt uwtR; QO
xvwtR; uRw uDW=O =@ ?}DQD u}O@ "OvOW u} RwD TBU w lWN =yu; K]U ?; 'R}tD
lWN xvwtR; uRw ?UL Q@ ?; ?PH OYQO '|Qwx]we R= TB w lWN Cr=L QO

%Ot; CUO x@ 2 |x]@=Q R=
I = mt �m0

m0
� 100 (2)

uRw Q}}eD %Mt 'lWN Cr=L QO xvwtv uRw %m0 '?; ?PH OYQO %I %u; QO xm
"OvDUy 'sQo ?ULQ@ t u=tR QO xvwtv

?; |xv}}wt ?PH CaQU V}=tR; "6"9"2
'?; ?PH MQv u}}aD '?; |xv}} wt ?PH CaQU V}=tR; s=Hv= R= hOy
T=U=Q@ QwmPt V}=tR; "CU=yCqt sQH V}=Ri= R= xO=iDU= =@ =yxvwtv \UwD
QO OwHwt |xv}} wt |=y=[i |UQQ@ Qw_vtx@ [22]'ASTM C1585�04 OQ=Ov=DU=
|wQO}Um = C=QPwv=v OQmrta|UQQ@ wCN=vW u}vJty w|v=t}U |x}=B |=y\wrNt
Q=Okt "CiQo CQwY =yCqt QO OwHwt |xv}} wt |=y=[i w pNrND Vy=m QO
=@ T=tD QO `]kt K]U Q@ s}UkD 'xvwtv sQH Q}}eD R= CU= CQ=@a xv}} wt ?PH

%�3 |x]@=Q� ?; XwYNt uRw w ?;
I = mt

A:�
(3)

t u=tR QO xvwtv uRw Q}}eD %mt 'QDt|r}t ?ULQ@ ?; ?PH Q=Okt %I %u; QO xm
'�`@ QtQDt|r}t� CU= ?; =@ T=tD QO xm xvwtv R= |a]kt K]U %A 'sQo ?ULQ@

"OvDUy ?amtQDt|r}t Q@ sQo ?ULQ@ ?; |r=oJ %�

Cqt w Q}tN \qDN= KQ] "3
Q@ |wQO}Um = C=QPwv=v OQmrta |UQQ@ hOy 'Q[=L |xar=]t QO xmv; x@ xHwD =@
'CU= xOw@ |v=t}U |x}=B |=yxvwtv |DU}r=D=mwDwi w s=wO '|m}v=mt X=wN |wQ
|x}=B O=wt \}Lt QO |wQO}Um = C=QPwv=v hrDNt |=yOYQO Q}F-=D T=U= u}ty Q@
Cw=iDt C=QPwv=v OYQO =@ \qDN= KQ] 7 R= 'Q[=L Q=DWwv QO "OW |UQQ@ |v=t}U
CN=U CyH �u=t}U uRw x@ C@Uv OYQO 2 w 1 '0 75 '0 5 '0 25 '0 1 '0�
x�=Q= 5 w 4 |=ypwOH QO ?}DQD x@ =yu; C=YNWt xm OvOW xO=iDU= Cqt w Q}tN
C@=F '\qDN= |=yKQ] |x}rm QO u=t}U x@ ?; uRw C@Uv u}vJty "CU= xOW

"uwtR; QwDm =Q l}D=tW Q=Owtv "6 pmW

QDtwDiwQDmBU= "8"2
|=y?}mQD|}=U=vWCyH 'Varia,Cary50pOt 'UV-VIS R=UQ=mW; x=oDUO R=
QwmPt V}=tR; QO xO=iDU= OQwt pU u}vJty "OW xO=iDU= ?; QO pwrLt wr@ur}Dt

"OW ?=NDv= RDQ=wm TvH R= Qwv pt=m Qw@a w Q=Umv= R= |Q}owrH Qw_vtx@

uwtR; pwY= "9"2
|UQQ@ �hr= %CU= xOW |UQQ@ =yVN@ u}= pt=W 'VN@ wO QO Q[=L Q=DWwv
�?; |xv}} wt w|tHL?PH 'Qrm uw} Pwiv� s=wO '�|Q=WiCtw=kt�|m}v=mtX=wN
&|wQO}Um = C=QPwv=v |w=L |v=t}U|x}=B O=wt |vwQDmr= AwmUwQm}t |=yQ} wYD w
C=QPwv=v |w=L |v=t}U |=yxQ}tN \UwD wr@ur}Dt |x} RHD w ?} QND |}=v=wD �?

"|wQO}Um =
|Q=Wi Ctw=kt V}=tR; "1"9"2

R= xO=iDU= =@ [18]'BS1881�116 OQ=Ov=DU= j@] Q@ |Q=Wi Ctw=kt V}=tR;
"OW s=Hv= hrDNt |=yuU QO QDt|Dv=U 5 O=a@= =@ |@amt |=yxvwtv

|W@ wQ |vwQDmr= AwmUwQm}t |=yQ}wYD "2"9"2
|=yQ} wYD R= |wQO}Um = C=QPwv=v |w=L |=yCqt Q=DN=UR} Q |UQQ@ Qw_vt x@

"OW xO=iDU= �SEM� |W@ wQ |vwQDmr= AwmUwQm}t
|m}rwQO}y u=t}U Cqt |v=wQ u}}aD V}=tR; "3"9"2

C1437�01 OQ=Ov=DU= T=U=Q@ |m}rwQO}y u=t}U Cqt |v=wQ u}}aD V}=tR;
|wQO}Um = C=QPwv=v OQmrta |UQQ@ w |v=wQ u=R}t |Q}oxR=Ov= hOy =@ [19]'ASTM

"OW xO=iDU= xOWxDN=U |=yCqt |}=Q=m w |v=wQ |wQ Q@
�RCMT� O} Qrm |=yuw} |xOW`} QUD CQH=yt V}=tR; "4"9"2

OQ=Ov=DU= T=U=Q@ O} Qrm |=yuw} |xOW `} QUD CQH=yt V}=tR;
|UQQ@ w O} Qrm |=yuw} Pwiv CaQU u}}aD hOy =@ [20]'NT BUILD492
xOW s=Hv= xOWxDN=U |=yCqt s=wO X=wN Ow@y@ QO |wQO}Um = C=QPwv=v OQmrta
OQ=Ov=DU= =@ j@=]t Q=m\}=QW w pL=Qt |=QH= R=TB QwmPtV}=tR; QO u}vJty "CU=
w C=QD}v |xQkv pwrLt VW=B =@ 'Cqt uwQO x@ O} Qrm |=yuw} Pwiv jta 'xOWQmP
Q}O=kt 'xOQm Pwiv jta |Q}oxR=Ov= R= TB "OW s=Hv= T}rwm |xr}Uwx@ |Q}oxR=Ov=
%OWxO=O Q=Qk 1|x]@=Q QO O} Qrm|=yuw} Q=WDv=?} Q[|x@U=LtCyHxOt;CUOx@

68



69

4/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt "?amtQDt 1 QO Cqt |=y\wrNt \qDN= KQ] |=yC@Uv "4 pwOH

?; xU=t |wQO}Um =wv=v u=t}U KQ] h}OQ
(kg=m3) (kg=m3) (kg=m3) (kg=m3)

288 1350 1 0 600 Control 1
288 1350 3 0 6 599 4 Z-0 1 2
288 1350 6 1 5 598 5 Z-0 25 3
288 1351 1 3 597 Z-0 5 4
288 1351 6 4 5 595 5 Z-0 75 5
288 1352 1 6 594 Z-1 6
288 1354 1 12 588 Z-2 7

"ZnO =@ Cqt hrDNt |=yOYQO |Q=Wi Ctw=kt G}=Dv "7 pmW

C@Uv |wQO}Um =wv=v hrDNt |=yOYQO QO Ctw=kt |xDi=}<=kDQ= Q}O=kt "8 pmW
"pQDvm \wrNt x@

pwrLt R= QD}r|r}t 150 TBU "OW x}yD QD}r QO sQo|r}t 5 C_re =@ wr@ur}Dt R=
7"2 Ov@ =@ j@=]t V}=tR; CyH w OW xDN} Q QD}r|r}t 250 sHL =@ |iwQ_ uwQO

"CiQo Q=Qk O}WQwN Qwv V@=D ZQat QO

G}=Dv "4
|Q=Wi Ctw=kt "1"4

8 pmW w |wQO}Um =wv=vhrDNt |=yOYQO =@ Cqt |Q=WiCtw=kt G}=Dv '7 pmW
"OvyO|t u=Wv pQDvm \wrNt x@C@Uv =Q xOWxDN=U |=y\wrNt |xDi=}<=kDQ= Q}O=kt

"?amtQDt 1 QO |v=t}U |=yQ}tN \qDN= KQ] |=yC@Uv "5 pwOH
?; |wQO}Um =wv=v u=t}U KQ] h}OQ

(kg=m3) (kg=m3) (kg=m3)
485 86 0 1619 54 Control 1
485 72 1 62 1619 07 Z-0 1 2
485 51 4 04 1618 37 Z-0 25 3
485 16 8 08 1617 2 Z-0 5 4
484 81 12 12 1616 03 Z-0 75 5
484 46 16 15 1614 87 Z-1 6
483 07 32 2 6110 23 Z-2 7

"|v=t}U Q}tN w Cqt \qDN= |xwLv "6 pwOH
Cqt Q}tN \qDN= |xwLv h}OQ
� � C=QP wv=v uw}Uv=BUwU x}yD 1
� �xk}kO 2� Kr=Yt x}rm lWN \qDN= 2
� � QO xOW uw}Uv=BUwU C=QP wv=v w ?; uOwRi= 3xk}kO l} |]
� � �xk}kO 1� |DUO uOR sy 4
� � um\wrNt \UwD uOR sy xk}kO wO 5
� � |Qw;`tH w x}v=F 30 COt x@ uOR sy hkwD 6

hQ_ QwO R= Q}tN w Cqt
� � um\wrNt \UwD 'OOHt uOR sy xk}kO xU 7
� |Qw;`tH w x}v=F 30 COt x@ uOR sy hkwD 8

hQ_ QwO R= Q}tN w Cqt
� um\wrNt \UwD uOR sy xk}kO wO 9

CyH xO=iDU= OQwt |v=t}U |=yxQ}tN xm CU= sRq QmPD u}= "OW xDW=O x=ov
QDt|Dv=U 6 8 `=iDQ= w 3 6 Q]k =@ |}xv=wDU= pmWx@ wr@ur}Dt ?} QND V}=tR;

"OvOW |Q}o?r=k

|v=t}U |=yQ}tN w Cqt \qDN= |xwLv "1"3
'xOWuw}Uv=BUwU C=QPwv=v uOW VNB w ?U=vt \qDN= R= QDW}@ u=v}t]= CyH
pL=Qt "OW ^=Lr xk}kO 10 w xk}kO 7 5 x@ ?}DQD x@ Cqt w Q}tN \qDN= u=tR

"CU= xOW K} QWD 6 pwOH QO Q}tN w Cqt \qDN=
|rwrLt '|v=t}U |=yQ}tN |Qw;pta w CN=U R= TB xm CU= sRq QmPD u}=



70

"""Q
@|

wQO}
Um=

C=Q
Pwv=v

OQm
rta

|U
QQ@V}=Ri= C}=yvQO w ?; =@ Vvm =w ?@U '|v=t}U |x}=B O=wt \}Lt QO |wQO}Um =

CyH QO |rt=a Ov=wD|t xO}OB u}= xm [23]'OwW|t uw}U=QO}y CqwYLt O}rwD
OW=@ |wQO}Um = C=QPwv=v |w=L |v=t}U |x}=B O=wt \}Lt QO ?; hQYt V}=Ri=
x@ R=}v xm OwW|t R}v s=wO w |m}v=mt C=YNWt Ow@y@ ?@U 'Qo}O hQ] R= w

"OQ=O QDW}@ |=y|UQQ@
ZnO +H2O + 2OH� ! Zn(OH)2�

4

Zn(OH)2�
4 + Ca++ +H2O ! Ca(Zn(OH)3)2 � 2H2O

+2OH� (4)

O} Qrm |=yuw} |xOW`} QUD CQH=yt "3"4
"OwW|t xOy=Wt O} Qrm |=yuw} |xOW`} QUD CQH=yt R= pY=L G}=Dv '10 pmW QO
=yCqt OQmrta <=kDQ= w Ow@y@ ?@U '|wQO}Um = C=QPwv=v |v} Ro}=H OYQO V}=Ri=
10 pmW QO xm Qw]u=ty "CU= xOW |O} Qrm CqtL Q@=Q@ QO RwQ 28 uU QO
|=yuw} CQH=yt ?} Q[ 'C=QPwv=v |v} Ro}=H OYQO V}=Ri= =@ 'OwW|t xOy=Wt
|}=ylQDR} Q w Pi=vt OwHw =@ xm =QJ "CU= xDi=}Vy=m |yHwDp@=k u=R}t x@ O} Qrm
p}rO x@ xm u=t}U |Pivt |=[i QO �uyB w l} Q=@ =[a@� s_vt=v |=ypmW =@
u=wvax@ Ov=wD|t ?; 'OyO|t MQ |m} R}i � |}=}t}W Cq=aiv= w pai w =yVvmQOv=
'|v=t}U |x}=B O=wt uwQO Pwiv =@ w Ovm pta sH=yt |=yuw} p=kDv= |=Q@ |rt=L
x@ T=U= u}ty Q@ "OwW =yu; QO C}i}m |xOvy=m |}=}t}W |=yOv}=Qi O=H}= ?@U
QO OwHwt Pi=vt |oDUw}B=v ?@U |wQO}Um = C=QPwv=v uOQm xi=[= xm OUQ|t Q_v

"OwW|t =yCqt |Pivt |=[i

=yCqt \UwD ?; |tHL ?PH "4"4
Q@=Q@ QO =yCqt Ctw=kt Ow@y@ ?@U |wQO}Um = C=QPwv=v R= xO=iDU= |rm Qw]x@
OYQO V}=Ri= 'OwW|t xOy=Wt 11 pmW QO xm Qw]u=ty "CU= xOW ?; Pwiv
xOW ?; Pwiv Q@=Q@ QO Cqt Ctw=kt V}=Ri= ?@U |wQO}Um = C=QPwv=v |v} Ro}=H
=Q OQmrta u} QDQF-wt w u} QDy@ 'u=t}U =@ C=QPwv=v |v} Ro}=H �2 QO QwmPt u=R}t w

"CU= xDW=O u} Ro}=H |=yOYQO Q}=U u}@ QO
|wQO}Um = C=QPwv=v R= xO=iDU= xm OUQ|t Q_v x@ 11 pmW x@ xHwD =@ u}vJty
OwHwt |r=N |=y=[i uOQm xDUw}B=v ?Hwt 'Qo}O CQ=@ax@ w sHL Vy=m ?@U

"�RCMT� O} Qrmuw} |xOW`} QUD CQH=yt G}=Dv "10 pmW

|wQO}Um = C=QPwv=v R= xO=iDU= 'OwW|t xOy=Wt 8 w 7 |=ypmW QO xm xvwou=ty
C@Uv V}=Ri= =@ xm |Qw]x@ "CU= xOW =yCqt Ctw=kt V}=Ri= ?@U |rmQw]x@
u=R}t w xOW QDOvm x}rw= u}vU QO Ctw=kt V}=Ri= OvwQ 'Cqt QO |iQYt C=QPwv=v
|xvwtv QO \ki "CU= xOQm =O}B OWQ '�|Qw;pta |xQwO� uU V}=Ri= =@ QwmPt
j=iD= pQDvm \wrNt x@ C@Uv Ctw=kt Vy=m 'RwQ 7 w 3 |=yuU QO �2 |w=L
Ctw=kt V}=Ri= w u=Q@H RwQ 28 uU QO R}v Ctw=kt Ci= u}= xD@r= xm ODi=|t

"OwW|t xOy=Wt
�75 |w=L \qDN= KQ] x@ \w@ Qt R}v xOW?Um |Q=Wi Ctw=kt u} QDW}@
7 w 3 |=yuU QO xm CU= |r=L QO u}= "CU= RwQ 28 uU QO |wQO}Um =wv=v
xOy=Wt |wQO}Um =wv=v �0 5 |w=L |xvwtv x@ C@Uv |QDtm |Q=Wi Ctw=kt 'RwQ
V}=Ri= u; |Q=Wi Ctw=kt 'RwQ 28 uU QO |Qw;pta |xQwO V}=Ri= =@ w OwW|t

"O@=}|t
"CUv=O C=QPwv=v O}OW |oOvvmOv)m QF= =Q QwmPt |xO}OB pra R= |m} u=wD@ O}=W
s=Q; |Q}opmW ?@U '|v=t}U |=yQ}tN QO VQ}o CaQU Vy=m xm |Qw]x@
w QDsm =QDtQ=DN=U O=H}= Ea=@ xH}Dv QO CU= xOW QwmPt |=y\wrNt QO Q=DN=UR} Q
Kw[wx@ xO}OB u}= xm 'CU= xOW x}rw= u}vU =@ xU}=kt QO q=@ u}vU QO |QD?U=vt
u}vJty "OwW|t xOy=Wt 6"4 VN@ |W@ wQ |vwQDmr= AwmUwQm}t |=yQ} wYD QO
|x}=B O=wt \}Lt QO pNrND Vy=m ?@U =RHt Qw]x@ Ov=wD|t R}v C=QPwv=v OwN

"OwW R}v |v=t}U

|m}rwQO}y u=t}U Cqt |v=wQ u}}aD "2"4
�|wQO}Um =wv=vuwO@� x}rw=\qDN=KQ]'|v=t}U|x}=B|=yCqt|}=Q=m^iLQw_vtx@
Q=Qk QDt|r}t 210 � 20 uq}U |xOwOLt QO u; |v=wQ =D OW ?=NDv= |}xvwox@
|v=wQ w xi=[= '5 pwOH \qDN= |=yKQ] =@ j@=]t |wQO}Um = C=QPwv=vTBU "OQ}o

"OW |UQQ@ �9 pmW� uq}U R}t \UwD u;
=yCqt |v=wQ Vy=m ?@U '|wQO}Um = C=QPwv=v uOW xi=[= '9 pmW j@=]t
'=yCqt \}Lt QO |wQO}Um = C=QPwv=v OYQO V}=Ri= =@ xm |Qw]x@ "OwW|t
K]U u=wD|t =Q Qt= u}= p}rO ,q=tDL= xm OwW|t xOy=Wt |}=Q=m QDW}@ Vy=m
OwW|t |@; R=}v V}=Ri= ?@U `@]r=@ xm CUv=O |wQO}Um = C=QPwv=v |q=@ |xS} w
xm CW=O xHwD O}=@ R}v xDmv u}= x@ "OyO|t Vy=m =Q Cqt |v=wQ u; |B QO w
OwHw |UwULt Q}}eD |}=Q=m ^=Lr R= xm CU}v |}xvwox@ =yCqt |v=wQ QO Vy=m
C=QPwv=v Qw[L '�4 |x]@=Q� xDiQoCQwY |=y|UQQ@ T=U=Q@ u}vJty "OW=@ xDW=O

"=yCqt |v=wQ u}}aD V}=tR; G}=Dv "9 pmW



71

4/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt

QO |wQO}Um =wv=v uwO@ Cqt x@ \w@ Qt |vwQDmr= AwmUwQm}t Q}wYD "13 pmW
"RwQ 28 uU

|wQO}Um =wv=v �2 |w=L Cqt x@ \w@ Qt|vwQDmr= AwmUwQm}t Q}wYD "14 pmW
"RwQ 28 uU QO

x@ Ca=U 6 R= G}=Dv xm CU= u; 294 =D 147 |x}L=v QO VQB Cra� CUv=O
u; QO C=Q}}eD xm OQ=O |tD} Q=or Cr=L Q=Owtv ,=vt[ "CU= xDi=} p=kDv= Ca=U 24

"�Ovvm|t =O}B xOWO}OWD Cr=L

|W@wQ |vwDmr= AwmUwQm}t Q}w=YD "6"4
Q=DN=UR} Q Ow@y@ QO|wQO}Um =C=QPwv=v Q=F;|UQQ@ Qw_vtx@|vwQDmr= |Q=OQ@ Q} wYD R=
"�14 w 13 |=ypmW� OW xO=iDU= =yCqt |Q}PBPwiv Vy=m pra QDy@ |UQQ@ w
'Cqt Q=DN=UR} Q QO |wQO}Um = C=QPwv=v Q=F; |UQQ@ Qw_vtx@ Q[=L uwtR; QO

"OvOW |@=} RQ= w |UQQ@ RwQ 28 uU QO QiY w 2 |v} Ro}=H |=yOYQO
?@U 'Cqt QO |wQO}Um =wv=v �2 |v} Ro}=H 'OwW|t xOy=Wt xm Qw]u=ty
"OwW|t |v=t}U |x}=B O=wt \}Lt QO QDsHUvt w QDsm =QDt |Q=DN=U O=H}=
C=YNWt Ow@y@ Q@ xwqa 'xOW xQ=W= sHUvt w sm =QDt Q=DN=U |xH}Dv QO
u=R}t Vy=m Ovv=t s=wO C=YNWt Ow@y@ ?@U '|Q=Wi Ctw=kt xrtH R= |m}v=mt
=yCqt Q=DN=U uwQO x@ O} Qrm uw} uwJty ?QNt pt=wa Q}=U w ?; |Q}PBPwiv

"OwW|t

"ZnO hrDNt |=yOYQO QO ?; |tHL ?PH V}=tR; G}=Dv "11 pmW

"ZnO hrDNt |=yOYQO QO ?; |xv}}wt ?PH V}=tR; G}=Dv "12 pmW

x@ \w@ Qt |=yQ=Owtv 'QwmPt pmW T=U= Q@ xm =QJ "CU= xOW Cqt \}Lt QO
'��0 75 =D� |wQO}Um =wv=v u}}=B |=yOYQO w Oy=W Cqt QO ?; |tHL ?PH
w 1� C=QPwv=v OYQO V}=Ri= =@ xmv; p=L "CU= xOW C@=F |QDx=Dwm u=tR QO
"OwW|t C@=F |QD|vqw] u=tR QO Cqt uwQO x@ ?; Pwiv OvwQ '�OYQO 2
Pi=vt sHL Vy=m w uOQm xDUw}B=v =Q xO}OB u}= Cra u=wD|t T=U= u}ty Q@

"CUv=O

=yCqt \UwD xv}}wt ?; ?PH "5"4
|wQO}Um = C=QPwv=v |v} Ro}=H 'O};|t Q@ 12 pmW QO OwHwt G}=Dv R= xm Qw]u=ty
C=QPwv=v |v} Ro}=H `@]r=@ w |Q}PBPwiv w ?; ?PH u=R}t Vy=m ?@U 'u=t}U =@
swHy p@=kt QO |v=t}U |=y\wrNt QD?wr]t w QDy@ OQmrta 'u=t}U =@ |wQO}Um =
�2 |w=L |xvwtv QO xm |Qw]x@ "Ovm|t sy=Qi =Q u; p=Ft= w |vwQ}@ ?QNt pt=wa
xDU=m ?; |xv}} wt Pwiv u=R}t R= �50 OwOL pQDvm \wrNt x@ C@Uv |wQO}Um =wv=v

"CU= xOW
V}=tR; R= xOt; CUOx@ G}=Dv |xOvvmO}}-=D R}v Q[=L V}=tR; R= pY=L G}=Dv
=Q xr�Ut u}= Cra xm CU= |tHL ?PH w O} Qrm |=yuw} |xOW`} QUD CQH=yt
Cqt QO OwHwt |xv}} wt |=y=[i sHL Vy=m =} w |oDUw}B=v V}=Ri= u=wD|t R}v



72

"""Q
@|

wQO}
Um=

C=Q
Pwv=v

OQm
rta

|U
QQ@

Qw[L QO O}WQwN Qwv V@=D CLD wr@ur}Dt nvQ hPL uw}UQoQ |vLvt "17 pmW
u=t}U uRw x@ C@Uv |wQO}Um =wv=v OYQO 0 w 0 1 '0 25 '0 5 |=yC_re

"�Ov=j@]vt Qo}Om} Q@ 0 1 w 0 25 uw}UQoQ |vLvt�

"wr@ur}Dt pwrLt QO hrDNt |=yQDt=Q=B |Q=PoQF= V}=tv "18 pmW

|w=L |=yxQ}tN uw}UQoQ |vLvt 'OwW|t xOy=Wt 17 pmW QO xm Qw]u=ty
\UwDt Qw]x@ CiQo xH}Dv u=wD|t xm OvDUy j@]vt Qo}Om} Q@ OYQO 0 1 w 0 25
x@ xHwD =@ w OvQ=O wr@ur}Dt hPL QO |y@=Wt |}=v=wD 'xOWQmP OYQO u=R}t wO
|wQO}Um =wv=v �0 1 |w=L |=yQ}tN R= xO=iDU= OUQ|t Q_v x@ |O=YDk= C=_Lqt

"OW=@ QDxiQYx@uwQkt wr@ur}Dt hPL QO
V}=Ri= OyO|t u=Wv 17 |r= 15 |=ypmW |wQ Q@ xDiQoCQwY |=y|UQQ@
u; |B QO w |Qwv C}r=ai V}=Ri= ?@U �xOvvmO}Um =� |wQO}Um = C=QPwv=v Q=Okt
OwHwt wr@ur}Dt R= |QDW}@ OYQOCU= QO=k xm|Qw]x@ 'OwW|t|vwDwi xOR=@V}=Ri=
p}UmwQO}y p=m}O=Q O}rwD V}=Ri= u=wD|t =Q u; xm Ovm x} RHD w ?} QND =Q \}Lt QO
|v}a uOW Q=mW; Qw_vtx@ u}vJty "CUv=O (O�2 ) O}Um =QB wU uw} w �OH:�
|}xU}=kt 18 pmW QO '|wQO}Um = C=QPwv=v |w=L Kw]U |Q=PoQF= u=R}t w OQmrta
xDiQo CQwY u=t}U Qw[L uwO@ |xvwtv w |wQO}Um = C=QPwv=v |w=L Kw]U u}@

"CU=
u=Wv [24]'1999 p=U QO |}xDiQo CQwY C=ar=]t |UQQ@ =DU=Q u}ty QO
|=yx=o}=H R= |W=v QDW}@ |=yC_re QO CU}r=D=m OQmrta V}=Ri= xm OyO|t

"wr@ur}Dt hPL |}xr}t Q=Owtv "15 pmW

Qw[L QO O}WQwN Qwv V@=D CLD wr@ur}Dt nvQ hPL uw}UQoQ |vLvt "16 pmW
"u=t}U uRw x@ C@Uv |wQO}Um =wv=v OYQO 0 75 w 1 2 |=yC_re

|w=L |=yQ}tN |xr}Uwx@ wr@ur}Dt ?} QND V}=tR; G}=Dv "7"4
|wQO}Um =wv=v

R= |U|U 2 OwOL xk}kO 20 Qy 'OW u=}@ xJv; j@=]t V}=tR; pL=Qt s=Hv= R= TB
|Qwv |=yuwDwiV@=D ZQat QO xmv; uwO@ xrY=iq@ w G=QNDU=V}=tR; OQwt pwrLt
QDtwDiwQDmBU= x=oDUO |xr}Uwx@ wr@ur}Dt |R=UQ=mW;V}=tR; u; |wQ Q@ 'OQ}o@ Q=Qk
'QDtwDiwQDmBU= =@ wr@ur}Dt hPL |UQQ@ Qw_vtx@ xm CU= sRq QmPD u}= "OW s=Hv=
R= TB xm OW h} QaD x=oDUO |=Q@ QDtwv=v 700 =D 200 Gwt pw] |xvt=O =OD@=
700 =D 500 |xOwOLt '?U=vt |xvt=O V}=tv Qw_vtx@ xDiQo CQwY |=y|UQQ@

"OW ?=NDv= QDtwv=v
'QDtwv=v 700 =D 500 |xOwOLt QO wr@ur}Dt ?PH '17 =D 15 |=ypmW QO
|v=tR |xQwO Qy QO |}xr}t Q=Owtv CQwYx@ 'hrDNt |=yQDt=Q=B w \}=QW CLD
'|wQO}Um =wv=v hrDNt |=yOYQO =@ |v=t}U Kw]U pt=W xm &CU= xOWxO=O u=Wv
Qw_vtx@ "CU= O}WQwNQwvV@=D uwO@ |wQO}Um = �2 |w=L |xvwtv w 'Oy=W |xvwtv
u=wD@ xm |Qw]x@ "OW xO=iDU= uw}UQoQ R= =yQ}eDt u=}t \=@DQ= u}}aD w |R=UpOt
'Qo}OCQ=@ax@ w OQw; CUO x@ wr@ ur}Dt ?PH u=R}t R= |v}tND 'x=wNrO u=tR Qy QO

"CW=O ?PH \UwDt u=R}t R= |rm Q=Owtv l}



73

4/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt xm 'OvwW|t nvQ R= |tm Q=Okt hPL Ea=@ =RHt Qw]x@ |Qwv |=ywDQB u}= w Ovvm

"OQ=O |v=wNsy Q[=L |xar=]t =@

|Q}oxH}Dv "5
u}vU QO XwYNx@ =yxvwtv Ctw=kt V}=Ri= ?@U |wQO}Um = C=QPwv=v |v} Ro}=H
�0 75 |v} Ro}=H 'RwQ 28 uU =D "CU= xOW Oy=W |xvwtv x@ C@Uv QDq=@
|Q=Wi Ctw=kt xm |r=L QO "OQ=O Ctw=kt V}=Ri= QO =Q QF= u} QDW}@ |wQO}Um =wv=v
|Q=Wi Ctw=kt 'Oy=W |xvwtv x@ C@Uv RwQ 7 uU =D |wQO}Um = �2 |w=L |xvwtv
CU= Ctw=kt QDW}@ <=kDQ= Oy=W '|Qw;pta |xQwO u=tR V}=Ri= =@ =t= &OQ=O |QDtm

"CU= Q=DN=UR} Q s=Q; Q=}U@ p}mWD p}rO x@ ,q=tDL= xm
QO |wQO}Um = C=QPwv=v �2 |v} Ro}=H OyO|t u=Wv xDiQo CQwY |=y|UQQ@
CQH=yt ?} Q[ Vy=m QO =Q |WN@ QF= u} QDW}@ ?}DQD x@ |v=t}U Q}tN \wrNt
V}=tR; R= pY=L G}=Dv "CU= xDW=O ?; |tHL ?PH w xv}} wt Pwiv 'O} Qrm uw}
Q=}U@|}=v=wD '|wQ O}Um = C=QPwv=v |w=L|v=t}UKw]U OyO|t u=Wv|DU}r=D=mwDwi
"OQ=O wr@ur}Dt uwJty ?; QO pwrLt |r; |=y?}mQD |x} RHD w ?} QND QO |}q=@
|xOvvmxOwr; `@=vt OwQw R= |Ovtv=wD Kw]U u}vJ R= |Q=OQ@xQy@ =@ u=wD|t xH}Dv QO

"OQm |Q}owrH |O=} R Q=}U@ OL =D |iQYt w ?QW ?; x@ xOWQmP

u=wD|t =Q QwmPt |xO}OB Cra xm |Qw]x@ 'CU= CU}r=D=m K]U QO QDW}@ p=ai
|=y|UQQ@ u}vJty "O=O C@Uv CU}r=D=m K]U |wQ Q@ |yOwDQB u=mt= V}=Ri=
QO jrat w |QOwB CQwYx@� CU}r=D=m u=R}t V}=Ri= =@ OyO|t u=Wv xDiQoCQwY
MQ |Qwv wDQB Pwiv QO Vy=m 'uw}Uv=BUwU QO CQwOm V}=Ri= Cra x@ '�pwrLt
CU= C}ty= R�=L xJv; |rw 'OwW CU}r=D=mwDwi QF= Vy=m Ea=@ Ov=wD|t w OyO|t
TB 'OvW=@ jrat \}Lt QO C=QPwv=v xm ODi=|t |v=tR j=iD= u}= xm CU= xDmv u}=
xOWQmP |xO}OB R= |v=t}U Kw]U QO C=QPwv=v |v} Ro}=H =@ u=wD|t OUQ|t Q_v x@

"OQm |Q}owrH |yHwDp@=k wLv x@
OyO|t u=Wv CU}r=D=m \UwD nvQ hPL Q=F; |wQ Q@ xOWs=Hv= |=yV}=tR;
|x}=B Kr=Yt |wQ Q@ |L]U ?PH Q}F-=D CLD w |m} Q=D QO nvQ hPL xm
"CU= |WwBsWJp@=k |DL w R}J=v |wQO}Um = CU}r=D=mwDwi wv=v |w=L |v=t}U
Ov=wD|tv Qwv s}kDUt V@=D |Q}oQ=mx@ xm OyO|t u=Wv xOt; CUOx@ G}=Dv u}vJty
�2006� |}xar=]t |] u}vJty "OW=@ xDW=O wr@ur}Dt nvQ Q}}eD QO |OwyWt QF=
V@=D CLD |}=yvDx@ |R=U|vOat w nvQ hPL |=yVvm =w xm CU= xOW VQ=Ro
R}v |y@=Wt G}=Dv [25]"CU}v QF-wt p}UmwQO}y p=m}O=Q O}rwD QO Viv@=Qi |xaW=
=@ =ynvQ OQwt QO |}=yV}=tR; s=Hv= |] xm|Qw]x@ [27w26]'CU= xOW VQ=Ro
Ovv=wD|tv |}=yvDx@ |Qwv |=yuwDwi xm CU= xOt; CUOx@ xH}Dv u}= UV |=yAtq
O}rwD |i=m Q=Okt x@ =Q �p}UmwQO}y |=yp=m}O=Q� nvQ |xOvvmx} RHD |rY= pt=a

=yCWwv=B
|Qw] x@ "OvQ=O Q=Qk =yj}=a w =y|O=y u}@ |m} QDmr= C}=Oy |}=v=wD Q_v R= =y|O=yxt}v "1
|mQLt pt=wa x@ Q=m u}= |=Q@ w OvyO|tv Qw@a OwN R= |@ wN x@ =Q |m} QDmr= |SQv= xm

"OvOvtR=}v |Yr=N=v uOwRi= =} w =tO V}=Ri= 'Qwv uwJty
|x}q uwQDmr= Ov=wD|t 'OW=@ |O=yxt}v Ao Ov=@ R= QDW}@ =} Q@=Q@ uwDwi |SQv= xm |v=tR "2

"OyO p=kDv= C}=Oy |x}q x@ w OR}ov=Q@ =Q C}iQ_
?=v=wQ =} w |OwQw |r; O=wt |xr}Uw x@ |@; |xQm}B uOW |ve Q@ CrqO uw}U=m}iwQD= "3
Ow@tm ?@U C}=yv QO w nr; |tU Q=}U@ |=yxiwmW OWQ x@ QHvt xm CU= |L]U
?wr]t=v pqDN= l} :=@k=aDt xO}OB u}= "OwW|t |@; |xRwL `}Uw j]=vt QO uS}Um =

"OQw;|t OwHw x@ ?; C}i}m w =ysR}v=oQ= pO=aD QO

�References� `@=vt
1. Fujishima, A., Zhang, X. and Tryk, D.A.\Heterogeneous

photocatalysis: from water photolysis to applications
in environmental cleanup", Int. J. Hydrogen Energy,
32(14), pp. 2664-2672 (2007).

2. Chen, J. and Poon, C. \Photocatalytic construction and
building materials: From fundamentals to applications",
Build. Environ., 44(9), pp. 1899-1906 (2009).

3. Diamanti, M.V., Ormellese, M. and Pedeferri, M. \Char-
acterization of photocatalytic and superhydrophilic
properties of mortars containing titanium dioxide",
Cem. Concr. Res., 38(11), pp. 1349-1353 (2008).

4. Cassar, L., de Miguel, Y., Porro, A. and et al. \Nanotech-
nology and photocatalysis in cementitious materials", In
Proc. 2nd Int. Symp. on Nanotechnology in Construc-
tion, Bilbao, Spain, pp. 277-283 (2005).

5. Madani, H., Bagheri, A. and Parhizkar, T. \The poz-
zolanic reactivity of monodispersed nanosilica hydrosols
and their in
uence on the hydration characteristics
of Portland cement", Cement and Concrete Research,
42(12), pp. 1563-1570 (2012).

6. Li, B., Liu, T., Wang, Y. and Wang, Z. \ZnO/graphene-
oxide nanocomposite with remarkably enhanced visible-
light-driven photocatalytic performance", J. Colloid In-
terface Sci., 377(1), pp. 114-121 (2012).

7. Khodja, A.A., Sehili, T., Pilichowski, J.-F. and et al.
\Photocatalytic degradation of 2-phenylphenol on TiO2
and ZnO in aqueous suspensions", J. Photochem. Pho-
tobiol. A Chem., 141(2), pp. 231-239 (2001).

8. Lizama,C., Freer, J., Baeza, J. and et al. \Optimized
photodegradation of Reactive Blue 19 on TiO2 and ZnO
suspensions", Catal. Today, 76(2), pp. 235-246 (2002).

9. Mohamed, R.M., McKinney, D.L. and Sigmund, W.M.
\Enhanced nanocatalysts", Mater. Sci. Eng. R Reports,
73(1), pp. 1-13 (2012).

10. Malato, S., Fernandez-Ibanez, P., Maldonado, M.I. and
et al. \Decontamination and disinfection of water by so-
lar photocatalysis: Recent overview and trends", Catal.
Today, 147(1), pp. 1-59 (2009).

11. Mekasuwandumrong, O., Pawinrat, P., Praserthdam, P.
and et al. \E�ects of synthesis conditions and annealing



74

"""Q
@|

wQO}
Um=

C=Q
Pwv=v

OQm
rta

|U
QQ@

post-treatment on the photocatalytic activities of ZnO
nanoparticles in the degradation of methylene blue dye",
Chem. Eng. J., 164(1), pp. 77-84 (2010).

12. Neppolian, B., Choi, H.C., Sakthivel, S. and et al. \Solar
light induced and TiO2 assisted degradation of textile
dye reactive blue 4", Chemosphere, 46(8), pp. 1173-1181
(2002).

13. INSO 2931, 1st.Revision, White Cement -Speci�cations
and Conformity Criteria (2014).

14. ASTM C 33/C 33M, Standard Speci�cation for Concrete
Aggregates (2013).

15. H�usken, G., Hunger, M. and Brouwers, H.J.H. \Exper-
imental study of photocatalytic concrete products for
air puri�cation", Build. Environ., 44(12), pp. 2463-2474
(2009).

16. Bagheri, A., Parhizkar, T., Madani, H. and Raisghasemi,
A.M. \The in
uence of di�erent preparation methods
on aggregation status of pyrogenic nanosilicas utilized
in cement mixtures", Materials and Structures, 46(1-2),
pp. 135-143 (2013).

17. Sauter, C., Emin, M.A., Schuchmann, H.P. and Tavman,
S. \In
uence of hydrostatic pressure and sound am-
plitude on the ultrasound induced dispersion and de-
agglomeration of nanoparticles", Ultrason. Sonochem.,
15(4), pp. 517-523 (2008).

18. BS 1881 Part 116, \Method for determination of com-
pressive strength of concrete", British Standard (1983).

19. ASTM C1437-01, Test Method for Flow of Hydraulic
Cement Mortar (2001).

20. NT Build 492, \Concrete mortar and cement-based re-
pair materials-chloride migration coe�cient from non-

steady-state migration experiments", NT Build 492
(1999).

21. ASTM C 642, American Society for Testing Materials,
Standard Test Method for Density, Absorption and Voids
in Hardened Concrete, Annual Book of ASTM standards
(2015).

22. ASTM C 1585, American Society for Testing Materials,
Standard Test Method for Measurement of Rate of Ab-
sorption of Water by Hydraulic-Cement Concretes, An-
nual Book of ASTM standards (2015).

23. Tashiro, C. and Oba, J. \The e�ects of Cr2O3, Cu (OH)
2, ZnO and PbO on the compressive strength and the
hydrates of the hardened C3A paste", Cem. Concr. Res.,
9(2), pp. 253-258 (1979).

24. Goncalves, M.S.T., Oliveira-Campos, A.M.F., Pinto,
E.M.M.S. and et al. \Photochemical treatment of solu-
tions of azo dyes containing TiO2", Chemosphere, 39(5),
pp. 781-786 (1999).

25. Monteagudo, J.M. and Duran, A. \Frensel lense to con-
centrate solar energy for the photocatalytic decoloration
and mineralization of orange II in aqueous solution",
Chemosphere, 65(7), pp. 1242-1248 (2006).

26. Movahedian, A.H. and Rezaei, R. \Investigating the e�-
ciency of advanced photochemical oxidation (APO) tech-
nology in degradation of direct azo dye by UV/H2O2
process", Water and Waste Water, 17(359), pp. 75-83
(2006).

27. Mahmoodi, N.M. and Arami, M. \Degradation and toxi-
city reduction of textile wastewater using immobilized ti-
tania nanophotocatalysis", J. Photochem. Photobiol. B.
Biol., 94(1), pp. 20-24 (2009).




