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ABSTRACT

when applied on the surface of mineral materials, such as bricks and stones.

This property makes them an option to protect the porous surfaces of mineral,
such as stone artworks. Another advantage of using these polymers is their water-
based feature and biodegradability.
Methods: In this study, substrate was selected from calcium carbonate rocks of the
stone artworks of Persepolis. By adding silica nanoparticles to acrylic and siloxane
polymers, changes in the properties of coatings, applied on the surface of the mineral
substrate, were investigated. For this purpose, the samples were subjected to various
experimental tests, such as water absorption at different time intervals, color changes
resulted from accelerated aging, hydrophobic behavior study using contact angle
measurement, hardness test and TGA. Morphology and surface area of coatings were
studied by scanning electron microscopy (SEM). Characterization of these materials
was done by various analysis methods.
Findings: The effectiveness of acrylic and siloxane polymers alone and also in
comparison with each other and after adding nanosilica was evaluated by different
tests. This study showed that the addition of silica particles to both polymers improved
surface hydrophobic properties. In addition, the silica nanoparticles altered the
surface morphology of the coating and increased surface roughness. In addition, silica
nanoparticles improved the stability of coatings against accelerated aging conditions,
resulting in less color changes after aging. The increase in nanosilica content also
increased the average hardness and the thermal resistance of both polymer coatings.

Hypothesis: Both acrylic and siloxane polymers show good water-repellency

Keywords:

(*)To whom correspondence should be addressed.
E-mail: a.ershad@ippi.ac.ir

Please cite this article using:
Ershad-Langroudi A. and Azadi N., Effects of Adding Nanosilica on Acrylic and Siloxane Hydrophobic Coatings to Protect
Calcite Stones, Iran. J. Polym. Sci. Technol. (Persian), 32, 15-29, 2019.



3sbiST 80T (slagid gy o Sabann 93 (9381 551
‘E\:\.MJS Gu&ujlmm ‘5“,..1 @MS’.\:\.UA

™ sl et 535 S 5Ll el

\f‘\vo—\\YMé‘gwcc]a.udbusjjj&)o)ﬁc&‘ﬂam‘,}:c&‘ﬂ‘wﬁjﬁ)m&o@)}:cdﬁ—\

VZOVYOYYY L;'.‘......_v_ LY 4‘_;«.;.& f‘w ejjf “_f""x"'@" 9 63 oA ls cdl.a.& d‘J’é‘: J:-b ‘Lf‘y'“‘ )‘)T éK..:.’v‘} ¢Q‘}€3 -y

VWWAV/NV/TY ;o OTRV/Y/YO (sl s

.\.LLo‘;s..\adoéJLocla.uJ‘9]&94)4@\9&4\&@@5#3&)51%&}344:@}
JAlite ¢ gl 31 clilia gl cohe LS Lol wsde o cwmala ol il i
5 G0 4__‘1."_31 el S ol 5 soliia) Sos cude anal S Ll b il Sass
elag] CR R R ) SIS slao g

1350 G SULAI L wad soldiul Jiw 5] ol S avlS L& dalllas oyl Hu:laghg,
o e sole s o LAl g ol sd 5l ( SluS sl 5 (L ST Sasly £93 90 4 (Solas
Sy Las e lagle) o of Cia by Gt slag sa)T b L sad o pliie (o ak
5 i ol wly oSelul b g3a 80T B8, oy s BLolS 5l S 59
e sSes Koo b Laitgy plie s 5 oenlid K8 0 ey (TGA) aianiy3sbe S
it aladl Gie slagy 55T b olse ol bl st allion (SEM) it o 35,50

0308 5l o s o b denlie 5o 55 5 olee SlaSshiw 5 GLST sy 5o oS ladidls
5958 0 alie 5153 380 cols s aalllas ol it bl Cibie sl sa5T b Sabice 55
el el S8 (Gl SIS0 Gigas i o s | e 22 80T Lalsd el
ol Kb 153530 Gl 3 00081 sk oo s (5505 Ol 58] Eaels g ols HudS 15 Gl
GRS S SloadS o 5 B (oo Ssage ABLOLE 5l bl sl 5o 1) Lagiadisy
o9 sadigSeslul ga (Sl Kili o153 00 (il 58] (uiaad .05 s oo (g5l 51 e
g o b a5y ole S e sl (ral 381 o 5 sals (Il 1 (s asly Ghdisy 55 50 5o

a.ershad@ippi.ac.ir




S Sl )l bdlxo ] ilmS glaan 9 S T 3055 DT Sl s 22 alasgili 39 591 )BT

wf alen GhST bk 5l e Ol b,
Ol ol 5 s S 5U U J'»'Uf&x:,w\ Sl sl Ol
il (6 p A3 5a 1 s Ddddt g 5 mbaw slaaY OAEl
botszdlol b ST sla ey conl 555 L YYOF] 550 50
5 b S ol wwudlas Jols st ol Jdes Sl
035,00 45 ola ey cp S S1IYONS] Wlesls OLis S A
b ST e s (W5 o oslinad Ko glalo ) Claslws (gl
DFHE Bl 5 G e b S D3 L el e
Sl s ol a8 SlaST s Bilee (i gl bl o
2 CH gl b anslis 53 C-F ladipg ol olul Loe
IVIAT Gl 55 laST ol s Lblows 22

b o 5 osls STy O b a0 (oS SUT (sl a5 50
JSIT ol dyl 3 53 s o S5 OLaS sk ST
5 0 S a5 51 05l 22815 55 S sl
gh e S toplSoud o VIS Sladisy Slml b
DIYXFaTs S wdas I L Ol o L sl oS 53T 55 51,8

55 e 3 50 31 eslitl Ol sy o Gos  ias opl s
4 elS S pha LSk 505 b ST sle seck S
Gbals g3 SOl 5 cbli= s e idg ol 2L 5l ke
5 wap wdlas ol gisly s S Sl eddale Sl
A5 o s bl GLS o 5 ST e el S i
Sldlas bl 8 Collw S350 03580 5 s Lo
ol ol sl iz b ol s G318 0ST edelesl
LS 55 s e boalis 5o eddp Nl sla i gl anlllas
s (S latiged s il ol Al S
el ol a S

-]

3lg0
old slapl b sleS sl ST oS 3Ryl 3
Guard Industry s & =L Imper Guard SF  Protect Guard
Protect (=S & (catalog) LW llae i eslanal auil 3
sk 5 55 5 e eals 0L axlllas ol 53 PG Lt L 45 Guard
Imper Guard SF 3 VOC<Y+g/L L (Ol JM>) ol 56 55 L ST
5 A (U 5K b sl ol e 031 LS SF jLant| Ly oS
Sl ol VOCIg/L L (Of JM) of 56 s odws

.

o0
o oolin (2 O L sl 53 &S (a5 Sl LU
Ul 5l blim oy a5 a0 Llas S 51 3 0 gal o Jaes
Ol g SBT cpl V1] 558 Bla= b i sze Lol o 25 A0l
DBTOlal s sls Gler (B30 38 s Al et e Sl e
o dile el (S Oa3 Sl ekl slray Ko b
4 L5131 3 e 55 il (5 5 53 O st 5 3, Lol e
Sl S 5 U el 5 5S35 A 4 Ol oo 3,0 se ol abe
S o me 53 UL nl 31 ol 55013 35 o)Ll oo
Sl s e 5 el A das Sy 5 et VT slaslS dsa
S (Pl T 4 0513 slacaad Wl e sl GLa0IL
[f-5] Ll 3 51 3 50 glaab smes 5 5 a0l 8145 S 515
sins |55 slge kS (S b LT o s Kos Y5
(Sl S podS) oS e e (sl [VAT colall
Olg oo cpl 2 0s33l .l gdnl SOILL ol s 55 oS e slin
Sl ) 2 S 5 Sl s Gl @
S5 S oyl b cilies gla Jomd 5 555 5 o (bbb
ot sy sbml (035558 5 0350, 5 e Ll o0 Jalse
LA ] s K w55 5 432 ol
Lglo:fﬂfesj.)m‘ﬁajéjL;;:)UJUTLSJLMKJ}Q.BU}L;\I:
Sl id g Obe 31 IN=IY] Las aallas (g ad sla iy
0T 35 LIS (b 4t ST (5l ks el e Sl it o5 o
DYNP] D58 o eslial 5L gl 53 03 2.5 ) 5ba,
5 B oSS 31 il (ST sl 0558
Sdle 53 [Y2 =YY Sls, 5550 slaarky 5 [IV=14] LoleS Hlu
Ol pl 31 LS by Sl Sl SET Sl cbli gl
s ol sy s b oS STl sl iy
P Ko G DS 5 L eyl 53 S5
Ss Sl IYT=YO] Wla § 415 ax g5 3,50 ojlsen 5 o3
T S ks Ol o ASle _Sdae D3 (i gy ol g
o gy [TV=YA] Lsi o 005330 oy 4 5L L 5 S slal
s Glas 5 S50 Y glagds Wilg e 2mlha SluS sl
5 (S (b LT sy o llaal BT sl O 5 Aas
S 2l S e s S A0 ien gk eslind (2
3 2l S ol e bl ol 4 3o Ol s e 4 ek JI
LFerY] le o 3L s e 5o oy p0 0 LaOT KL
Olgeas o5 xS Ko 4 149 aas gl JQJSTLSLAM}S
@Lﬁ L eslinal e Sdae slge 53 e R

WWAA b 3ol = (3235908 | 0 losb (939w Jw posly (SI9I9IS5 9 pole (A9 Sy — (sole dlxo



S Sl Sl dbdlne sl ilmS glaan 9 S T 3055 T sl plubin 2 Walawgili 39,391 )BT

edzim ol 5 Kk S5 b sl (6 ey sladisal |
Wl G s § 515 Jgeme slos 53 FA D ey 5 Al i
Sor S Sl ol 5> S 5y iy Jlesl p8 St
Soob st (Sl P o A cilime gla ) b Ll e
5,8 (Sl aglie BB gl 4l (sl ol 35 plal e W5

DI T s eslinad 5aols s, 5hddl 58,5 wlis s

ST @i OgesT
L lie Of ghls Sop s 055 ram LS 035 LK 112
i dS 5l e Lad gad LS 0313 13 @ gad VL 53 Y em )
S YA OFFr QAL AT S Y A 0 o) il slaobe
03 80535k A 1R) LLE 035 65k Osa50 g3 31 (FFY+ min
DOVEY] (U5 055 g 3 48,8 0T b T Ltz

O35 o3 oy S &S el ol Jliie ool ol lkie
Gl i Jlastle (b Kin gl A8 o Ol 5 St
St god 035 ol Dl Jlde (5 Sl (sl il oS AL
3 S VL s eddad ladley 3 (gosab gE Sl 4l il
Sl e a5 OT Ol e 5 e alie dals 450 b il
LY OFF] s asloes (V) slae

W, =%x100 )

n
o

Sl o 2 34503 035 M 54 ges adsl 055 M cslae ol 53
SaS XRD 0551 Ko 53 557 50 polis S 5 gLl (sl
s pls A plewil Philips Xpert Pro Jus X 5 5 31 5 ol8ames
ol cla.ﬂéu‘x.l‘}))'l?gc\.):.gl AL o s S Dl WL 4 ges
(e LA VO pm B Ve pm o3I L S 4 LS s o
X bgisy o2 52 B LS g aded S5 Jlw Gy S,
Ade S sai 5l rss opl 53 LS SIVEALOA £aadib L
L3 Lol pan o g0l odins JSC0T 3l 50 oS 5 45 355 o0 4l S
s e 0L S 5 s 1y ol
S gy el K (D3 ST sdalie (o)
PSS O S 3 pobe b s pole e
TESCAN S & sl Vegall Jus SEM-EDX 2, 5 s <)
ssbie p Al eslial s liily (55T L X 55 mnib 4 g
4jl>'-p§ 095 A h deas V) em slal b asly mi s
53507 O SlS Laed po3 b Uk esls L3 VeoC (slas s s
L langy s M b a3 il g Slihee O ga el sl st

«.¢ Glass Flake s, 3| (Glass Flake, GF) sl )5 5 IS Aow
L SIO, #¥-V+ 7 ol plasd oS 5 oS5 Sledbl pllas s
G3de Cals 5 VOY oS oo o/ VO glem® ¢ ol S
s 0SS5l e Sl L YO M S (glaid ) 5
Sla ok Dlasile ol OV oS 306 5 o (oS sk Skee
o3l S 5 slalaVIS s sddeslinal Sl S350 5 (ool
A eslizad 5 g5l = Merck &S 5 5l J 861 [Fe PV ] ol s
Jold s el as iy Slkes 0T 65, S oo i

2 Bl Ldarcss Fol b Sl eldeg SlaKivanks
oS s ekl su b BT wlie s 514S 035 )b Ozl
S U S PUS P JURN VR i SN R M W
Sllae LOT (g5, 8w oslizal Co Jdrs aded i

D ol fl’ﬁ." A g

by 59y 9 byolSws
e Sy J e (sladisad 3 sl > ey el s s ]
Sk S5 52 Pl DTSl s 4 OB ol s
el eddoslizal SLS e 5 b ST (g el lad s
Jls Lol 5l asiie Jliie (Was = O 55 93 2 o)
V)V £0°C gles L aufﬁ 095 5 Ao avey, OBl i s
5055 isad e 5l g 350 e OF TG 8 S 15
Volo G & (e LS and el a3 el > ek O3
Bl ey Jsbe o Kl L350 ey dlr do)s S50
L HD 3200 _asc g0l iy O3 ) Min Sdeay 5 A
G s A o3l g Ko (S e 2SI 3 VL Ol
sl b oonSee slacKins anlllan 1 3 sddoslinal glaied 5 S
Sped 5l e, E s S8 4 sl wgad 5 YT om?
Ly Vo) em? Cos glaains s S ol

SeSl b Ll sl T sy i dlesl B iy
Al e ol 5 Sadl 68 a5l gle o B35 ol
Solweslal gl o W] 555 - <=L>,L}\ ilsee gla G, LAl
5 o3 lal 5 Ol S b bk gad e Ll lads o3
ju;ﬂcbL;,.:jgmzL;‘ﬁdj;muw.xm;sg)uﬁ;
O3 skt (Slad gob L eslizl ($3LucS dyl b Sl Oliabsl
b 4 0w, B 0T 5 e s 43S I3 YEh Gl m'l:'-rjf
055 Odemy B w0y LS o3yl 3 i 0505 dsle
SR Al Jlsze 055 59) 555 LSS AL ol s 4 bad yes
K o (590008 Sty ¢ s (Al axtls M 55507,

WWAA bt 3)1 = (239,38 A 0 lasls (0939w Jlw posly 539J9iS5 9 9de (MDY 33 — (yode Ao



S Sl )l bdlxo ] ilmS glaan 9 S T 3055 DT Sl s 22 alasgili 39 591 )BT

rbu‘ aj.ldﬁ U‘L‘J 4‘4..}‘) LgJ.Sajl.UUHamilton jl:.bjg.:a &ﬂ)\
.,u.u},‘,;uﬁpﬁ,uﬁgi,d,mwwiﬁj\&C}b.u
(TGA) G'W,o)';ujf Sl gl sl S Cuglis ¢ Seslll sl
Oske udy S eslaial .S s Mettler Toledo oS 5 ol
Sy b 050 5 55 #00°%C los U lams (Lo 1 Lad sl
)t.‘.))oﬁL;ﬂ)ﬁd‘ﬂfijjby)’Tw\.u\jMJAJLn;\'OC/min
6@4;}44)‘&2}1@&4&9&#&.‘:3(5“)4&:MNLA;JJJJ)JAJLG
c@&wéﬂfgw Slp s el adnd gy 4Bl il
S5, S L eslawul Electrometer 3034 Jis P oKius
sbal b et 55 Oge3l (53 Ladigad 55 0l ola5 Perso2
Al GAASESE Gl e 5 aledS At (S LS LV ex) s om

.,u)ljgsgswéﬁig\xlgf@aﬁ;

oz g W

Wl gy S DT Qo
j&B:)buTuJ}C,&ﬂcw\W\ J)J&:JJ‘\SJ}EQL@A
g3ose ol ol ol s SLL Clele 4 e 4l ool
o g ui\ S ))b SR )l:a«d. Lthejfi} Ko Aas e oS

238 5 e ol 53 5 plail al it g GaSiw (555 e
358 5 Sa3lem JUT Ll s eds LS8 il g sl caalsl o
G 2 shite s bl 0T S5 s eddinlag| O s 5
Sl oaws 3 JSaldys e s, sl iy
L5 S 515 ASTM G 154-06 5,1kl L 3llee QUV/Spray
Coos 45 b S )1 5 (6 5b o&aus 0553 asl iy S olalas
AL B 5 B 5 b b O by 5 e o il it
Fh Sdeds bt gas il L 1SS Cosbine lao g3 55 Osesl oyl
wlod Fh odets ¢ pups b S 3V 007 by 500°C gles s
b B S8 R 5 G o s Al sl £0°C
sloslizul oV A 58 Jases (sles 5 abaizes SaSas Loz 035051
a ol 340 APY Wm? s 5 YIY nm Cjﬂd}b LB ¢s
cLﬁng) L;LAQ}A)'T 5 L S5 o&as 05,3 O h Sl
A plnil T (555 SEM-EDX 5 oo a5l (5 S 511
L oS o aeky A3 b 5 ouplSounl IS el L
o s Ut g S Sl Dk il asls Sl
SRSl oaws 5l lae pds AE ) Sl Ogesl
s3lizul OWJT Dataphsics S & sl OCA 20 .l 445
W fb‘d Ssems slos 53 b ids bl wly (6, Sesll A
oslanal b amsly iy dﬂd S =l lojkad Gslsyl 3L 5y ol

(SF-GF 5 PG-GF) ooyl &350 5 8o 3 536 glI3(SF) SLeS shewe 5(PG) . L ST ool glads yos gl ol o (gliosls - Kolo—) J sl
S < FRS RS

Table 1. The average of water absorption data for control, acrylic (PG) and siloxane (SF) samples containing silica nanoparticles

and without them (PG-GF and SF-GF).

Sample Weight of sample after water absorption (g)
T (min)
code Control PG SF PG-GF SF-GF
0 M, 54.830 50.882 58.002 61.058 62.812
5 M, 54.870 50.909 58.002 61.060 62.819
10 M, 54.880 50.919 58.017 61.062 62.828
20 M, 54.891 50.923 58.030 61.064 62.830
60 M, 54.898 50.934 58.033 61.070 62.837
120 M, 54.906 50.940 58.036 61.073 62.840
180 M, 54.916 50.950 58.046 61.075 62.842
1400 (1day) M, 5.312 50.98 58.088 61.076 62.843
2880 (2 days) M, 55.928 50.990 58.089 61.077 62.844
4320 (3 days) M, 56.903 50.992 58.090 61.077 62.844
Water absorption (%)" W, 3.7 0.21 0.15 0.03 0.05
* After 3 days.
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Fig. 1. X-ray diffraction pattern of rock sample.
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Table 2. The mean colorimetric results for uncoated stone, samples with acrylic (PG) and siloxane coating (SF) free of nanosilica

and with nanosilica (PG-GF and SF-GF) before and after the weathering test.

Sample Time in QUV L AL a Aa b Ab AE
Before QUV 82.78 - 0.65 - 2.34 - -
Control
500 h after QUV 59.42 23.36 0.23 0.42 3.83 1.43 23.41
PG Before QUV 82.03 - 0.88 - 4.51 - -
500 h after QUV 78.20 3.83 0.52 0.36 4.98 0.47 3.87
oF Before QUV 75.28 - 2.02 - 6.71 - -
500 h after QUV 69.39 5.89 1.02 1 7.29 0.58 6.00
Before QUV 80.93 - 0.68 - 3.07 - -
PG-GF
500 h after QUV 80.69 0.24 0.61 0.07 3.27 0.2 0.25
Before QUV 73.09 - 1.88 - 3.53 - -
SF-GF
500 h after QUV 70.61 2.48 1.49 0.32 3.98 0.45 2.54
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Table 3. Results of contact angle test for uncoated stone, samples with acrylic (PG) and siloxane (SF) coatings without nanosilica

and with nanosilica (PG-GF and SF-GF) before and after the weathering test.

Control PG SF SF-GF PG-GF

Sample Before | After | Before | After | Before | After | Before | After Before After

QUV QUV QUV QUV QUV QUV QUV QUV QUV QUV

Average of
36.06 28.06 | 122.03 | 11938 | 139.11 100.1 143.72 | 139.54 134.38 128.34

contact angle (°)

(©) (e)

5 Ui (Cwsly Cws) SF-GF (€) 5 PG-GF (d) SF (¢) PG (b) sl (a) iciloses gla id 5 b CundS Kt 5ISEM s slas Y I

QUV 03053 31 s (G o)
Fig. 2. SEM images of the calcite stone with different coatings: (a) control, (b) PG, (c) SF, (d) PG-GF, and (e) SF-GF, (right side)
before and (left side) after on the QUV test.
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Fig. 3. EDX analysis data spectrum from the center of effect for samples with acrylic (PG) and siloxane (SF) coatings free of
nanosilica and with nanosilica (PG-GF and SF-GF): (right side) befor and (left side) after on the QUV test.
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Table 4. The average of hardness results for samples with
acrylic (PG) and siloxane coatings (SF) free of nanosilica and

with nanosilica (PG-GF and SF-GF).

Sample PG PG-GF SF SF-GF
Average of
154 207 239 302
hardness
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Fig. 4. Thermal analysis (TGA) for different samples: (a) and (b) Acrylic (PG) and modified samples with nanosilica (PG-GF) and
(¢), (d) siloxane (SF) and modified samples with nanosilica (SF-GF) (Parts of Fig. 4(b) and 4(d) in Fig. 4(a) and 4(c) scale up for

more clarity in the temperature range above 100°C).
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Table 5. TGA results for different samples.

Sample T, (°C) Remaining content* (%)
PG 312 0.01

PG-GF 3310 0.11
SF 420 2.1

SE-GF 428 2/75

* The remaining percentage by weight of the sample at 600°C.
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