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ABSTRACT

Project Code : TRG5680024

Project Title : DEVELOPMENT OF INQUIRY CHEMISTRY EXPERIMENTS IN
CONJUNCTION WITH MOLECULAR ANIMATIONS TO PROMOTE
HIGH SCHOOL STUDENTS’ CONCEPTUAL UNDERSTANDING
AND CONCEPTUAL CHANGE AT MOLECULAR LEVEL

Investigator : Asst.Prof. Dr.Saksri Supasorn
E-mail Address : saksri.supasorn@gmail.com
Project Period : June 3, 2013 — June 2, 2015

This study was aimed to development of two Inquiry Chemistry Experiments in
conjunction with Molecular Animations (ICEMA) to promote high school students’ conceptual
understanding and conceptual changes at molecular level. These ICEMA included chemical
reaction rate and electrochemistry, which were developed based on small-scale experiment,
Green chemistry, and inquiry learning principles. The implementation of ICEMA titled chemical
reaction rate for 44 Grade-11 students at Chiang Kaew Pittayakom School revealed that the
percentages of students in each category of good-, alternative-, and mis-conception for the pre-
conceptual test were 13.69, 38.45, and 47.86, respectively. Right after the implementation, the
percentages were 64.72, 24.65, and 10.63, respectively. The dependent samples t-test analysis
indicated that the post-test conception score (mean 45.32, SD 6.46) was statistically significantly
higher than the post-test score (mean 19.70, SD 3.10) at p-value of 0.05. The implementation of
ICEMA titled electrochemistry for 45 Grade-12 students at Phosai Pittayakarn School revealed
that the percentages of students in each category of good-, alternative-, and mis-conception for
the pre-conceptual test were 10.68, 44.26 and 45.06, and for their post-conceptual test were
44.30, 40.20 and 15.50, respectively. The dependent samples t-test analysis indicated that the
post-test conception score (mean 42.67, SD 8.94) was statistically significantly higher than the
pre-test score (mean 19.42, SD 6.94) at p-value of 0.05. Based on the research findings, the
developed ICEMAs were effective to promote high school students’ conceptual understanding and

conceptual changes at molecular level.

Keyword: inquiry experiment, molecular animation, conceptual understanding,

reaction rate, electrochemistry, galvanic cell
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szaululana wia ICEMA iWaduuuy (exemplary) lumswawd jidnisniafianssuad
A ') A ' a Ar o X
au9g idunuuFuiezdeld laslvaviwavasnsiduasd

1.3.1 28NLUULATANMW ICEMA Neaanaadnuthan1snedoed seau 8.4 %Ia
3.5 TwnaSuun 1 uaz 2

1.3.2 njunasay ICEMA leun ﬁfﬂL%'sJuﬁagﬂuLmumsL%'ﬂu?ﬂmma@?-

A & < o =< A A = a A o a o
atiadans TulsuNAnwdn 4 wia 5 Dnsdnwn 2556 laaTeuiadinin NIt

a”am”@aqumwmﬁ
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1.3.3 ngunaaad ICEMA 1383 dannisifiadfasened ldun sniSounagluy

a a ¢ A ¢ o o =2 A a A =2
WU IUUINUANFAT-ARAMFNT TUNTONANENDTN 5 AaSuun 2 dn1sdanwn 2556
T39Sy aaInnINNEaL §naaaga é'qﬁi'ﬂqumwmﬁ WU 2 BaITHU IV 44 A%
1eanmM IR e NUULLNZA9NY T2 TN INIENTINAINIINALIRILFND

1.3.4 ngunanad ICEMA 1384 danaiiadfisouad laud dniouniaglu

a P’ & A ¢ o o =< A a a =2
LU S UINUIPNFAT-A AR ENT TuNTENANENTN 6 AaTuud 2 dn1sdnwn 2557
Tya5ouesLdadingaiy atnaasiiaglnal ﬁ]”am”@quaiwmﬁ FUIN 1 Baasau 39N 45
an 1daNnNIIL RN LLNZAINAUTZIINIAMNTANNINTTN O ENIFILEND

1.3.5 lWvagvanaadlaseniyiui Aa JIWau1 ICEMA uazltluiduaIasiia
miw"'@umﬂ'nmﬁﬂaﬂuwaLLa:miﬂ%'uLLfTquwﬁs:@”ﬂuLaqas‘im%'uﬁfﬂﬁﬂmm”u

o =2
WTpNANEInawane

a o 6
1.4 BINNANNLBNE

1.4.1 mmsmaaamﬁuuuﬁuLm:iwﬁ'umwmﬁau‘lmsz@”ﬂmaqa (Inquiry
Chemistry Experiment in Conjunction with Molecular Animation: ICEMA) naef TANI
nasastadnaPafanamanudiladoalundaasnmasss lagardonszuinmsay
wzmanuiidugwlunadnlanlundingeaad lasganisnassaiiuuutasiuazd
snwasdunsdesinlasnmsannudutunazaalsumansiadnle wazdgmann e
1991809 Green  chemistry %anani ﬂ'&ﬁﬂ'ﬁw‘”@ummuﬂﬁ'ﬂmwmﬁ'auvlmsm”u
IuLaqaLﬁalﬁﬁﬂL’%‘ﬂummma%mﬂﬁaﬁLﬁ@ifﬂmm‘”ﬂwmﬂﬁﬁaLﬂmvl,@i”ﬁnﬂﬂ’ﬁmaaﬂﬁ
L%aw‘[mﬁ'u&ﬁﬁmﬁu’tm:ﬁuiwLaqaﬁvl,&im&rﬁnwamﬁuvlﬁﬁammﬂ&h

1.4.2 MINAaaILAlLUURULENS (inquiry chemistry experiment) waehe NY
‘n@maaﬁaammulﬁﬁm’%wﬁﬁmimaaamui’gﬁ?’ﬂw%aﬂizmuﬂ’m%ujwu?mLmz 5
mgu (5E inquiry learning cycle) Gﬁdﬂi:ﬂauﬁaﬂfu@lau (Bybee et al., 2006) @vdf:

G 1 nyaanuanls (engagement)  Lilunisarsnnuanleluy
AINITUMNILTIUT ﬁﬂL%ﬂuaﬁaauIﬁ]a”mqﬁamaa gy WANIal WIsanun1Itidn9 9 lag
Wuwmadenlasdei ldisouwudtrnufenmases ldiSoudaly

T 2 MIEITIUAZAUA (exploration) LJ®WNIFITIURLAURIAINBL
yastinseulagiaainsdszauniyol FEUFUAAINDNMENT UAZYINBZNTZUINNITNNI
ANPIEFATHIWNNIRING N13a9RaU IR @fﬂLLa:maauauuﬁgm widyni mIniea
w1y wazmMIasfnN



MINANBIATULLLALLEZIINALA NI R W W)Y e TRG5680024 / 5

JuN 3 38Uy (explanation) dun1sefureFINldannTEITIILAS
AWANTaN LT NUTUETIIAN NN LFWILWIAG NITUIWAT BIannwy N¥inlw
[ lalad1s Taawtazatd llasidn uazinamanlaenuAanIIunITSuuTwea b

U 4 MIVENBAWS (elaboration) LTUMTVELANUIATBUKIAG LAA

U { U g U 1 v U =% Qs

ANN3NNTI9U19T LLaszlumwmﬂmmgmmul%um?ﬂuvl,mmryﬂuamumsrﬁﬁ%a
dgwlna

& A a . A A a X ' 1

Juf 5 MIUT=LAU (evaluation) tTunmsmsdszifinnevvziiaduesng b

1 nqz/ dl =3 O‘z// dl = a a U
un1ansszndnedui 1 09 Jun 4 nieenvzidunisdzidudziduaiiuiany
v & a v @ & A &\ v
Tandizadnaouinasaniud 4 Ald
1.4.3 mwiadanlniszauluana (molecular animation) #unsfia MwiaRanlnif
@ & 4 A o o A a | o X o { o
AONLUULAT NN WU N aLES N RN U U IN 0 S LU FIN AT I UIZAUNRAIANFILNG
o o A v A da & o =V = o o
Vlmnﬂmimaaﬂ%Lmauiﬂaﬂum‘ﬂmmulm:@uiwLaqa‘nvl,wmmmuaﬂmuvl,@mmn
1 tﬂ. L d =4 v an L= U v = I v =4

1 an LummLmumlwiumfmmmmﬂmmu‘[maqa%gﬂmaam:mwalﬁummu

LmﬁiﬁluiuumLﬂuvlmgﬂmamamﬂmmﬂmu

1.5 ilszlaminarainazlasy

1.5.1 ﬁ@TuLLuu‘LumsaaﬂLL:Ln_lLLazw”wmq@mswmaqLﬂﬁLLuuﬁmmxs’mﬁu
nmwindanlniszavluiana (ICEMA) ihasiuayuanuidilanlunduaznisdsvuiuluud
wauluanaluniaiioujitonafiaug dald

1.5.2 ﬁfﬂﬁwﬂﬁjwﬂ@aadﬁmwL?TﬂﬁmiuwagﬂﬁadLLa:ﬁmsﬂ%'mLﬁquuaﬁ

A o A o & a o & P o o A
ﬂm@LﬂaaulmmuiuLaqavlﬂluﬂﬁowgﬂ@aduﬁﬂ"uu LLazmamnLiﬂugmamﬂu‘lummaau
:.i d‘ v v Y 1 = J 1
Mmngaslatnlaatnsdngdaly

1.5.3 ﬁLmeﬂumiw‘”@ummiﬁ]‘“@ﬁﬁmﬁuﬂ’m’%wﬁmﬂuuaﬁ nSauduluudn

dl va Q U a g
aanaLafanlwinsUsuLAN IwNANINTY

1.6 UHBHNIIA Lﬁ%d'\%@laﬂﬂtﬂ‘i\‘lﬂ'}‘i

YA
7-12 13-18 19-24

1. DANUUULAZNWU ICEMA ?ﬂﬁ 1

aansnalnsead wazwamn

4 A = @ P
LATRNNBLNUIILII NTQHE‘] ?2@7] 1




L= Ay
ANAAT AT UAZATL

uni / 6

&
Inad

NAgay ICEMA qﬂﬁ 1 AuNga
NAROY LAzUIULAAINANY

PANICRY

maaﬂﬁmuﬁu%ﬂamﬂn@;u
M10819 ICEMA q@ﬁ (RUTHEEY
A18819 (%‘%amjumaaa)

31,@15’1:15%&& ICEMA 7011 1 U8z
W EUUNAMULNDLNYULNT I INTRIY
Chemistry Education Research and

Practice (CERP)

DANUULUATWAIWY ICEMA a7 2
e d waznawasasdaliy

o =
3’)‘.]J5’33J°Uﬂ¥ﬁ °I§(§'I'Y] 2

NAROU ICEMA qﬂﬁ 2 ﬁ'umj:u
NAROL azUIULANINAINN

N ZENRASEN

. Ylﬂﬂﬁ]@l‘ﬁtﬂ&ﬁ‘ﬂﬁﬂﬂﬂﬁﬂﬂﬂéjﬂ

M18819 ICEMA q@ﬁ 2 ﬁ'umju

RLIAR (ﬁaﬂ@;umaaa)

3Lﬂsﬁzﬁﬁaga ICEMA 707 2 Uz
W EUUNAMULNDLNULNT I AINTRIT
Chemistry Education Research and

Practice (CERP)

LNEILWILAZAAaUTNATLT ICEMA 11
MINAIWINNBENIFULRIZVD

@ A
WNLILW

10.

WanINgI AL auyszﬁmua ]NA.
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UNN 2

A A @
LNFIINLNEIUDY

04

AMINUMIBLANRIINNLIT DI IWIT8% wiisaantdn 5 dw et
1) NMINARDILLURULENY
2 mmmﬁagamamﬁua:mmtiﬂaﬂuuﬁ

)
)
3) wunaalueanunsanudilaslusdszauluans
4) miﬁﬂujﬁmﬁ'ué’m’m’mﬁ@ﬂﬁﬁ?ml,ﬂﬁ

)

5 miﬁﬂugﬁﬁmﬁuvlwmt,ﬂﬁ

2.1 MINAFDILDURULEE

2.1.1 MINA[DILANUULLANUAZNITNARDILAN UL LT ULE

msnaaadnduuuadduduisndscsunadsaadrsuinluniswam
NHeNIIFINATaIRNIToN Lazawisatdonlasnangeitnuaad fUa laadied
UszinBnw winmsnasasuuuaduidunmsviaunglavenuasduisninisouwnsu
ua2 Jdanurimensdduaidentretesussdn lidsesunadiialuwnnaiunnee
mi?ﬁ.lLa’wﬂ’]ﬁﬂﬂ’lma@fw}ﬂ’nuj (Green, Elliott and Cummins, 2004)

s L2 ‘:é ] v v qul o

lun1sassnudn manasssuvufuiezdsgaduldinioudsdiniy

AIRNNAZIN BANUUVUATHIINIINAaBIAIBAKLEY wazasIaNTlansIneegas
. . . dl 1 Y A v L Q d’ k%
(scientific understanding) I@iJﬂ’liL?iaMIUG?:WJNWJ’]%JEL@&JL‘IJ’m‘lmaﬂg’mel@mﬂmi
a . . . Y o
NARBINIINLANTNT (science experimental evidence) LLaza‘i’NLﬂuam{ﬂ’J’mgmum
(Hand and Keys, 1999) ninaaasuuvFuianzdadumadalanalavnnisounlaldnnig
o a v a A
fTAATIFIUNIDNIFULEENMINEAEA TNANUTIMITMEFaTSudunszuIwnT
dl > a v v a EQ/I .
nininsmaasldlunisdunuanuinieineaaasiuies (Green,  Elliott  and
Cummins, 2004) @9y lsaSoudulngBsatuayunissanasouiiTiaduuuiuiens
INAUTILUAZNNINAREY TINNINIRTFamM I TouiBidnnIalindlasandunannis
A Aa 6 % & ;l/ A v A ¥ v 3 [ o
fulanenmsIneneaasonay nad iwalivniSowlaaseanudnlalunannmsuaznnue
n3zuInnIluMInIANINInmmaasdiuauas (Sanger, 2008)
a 4
2.1.2 NMIFULEIENNYIAEAS
ci a a 6 oq: v
luaarasd 21 lugesaimadJiUnmeinsmaaidnsnidiuaiuglu

1aun (content knowledge) LLazmwan@T'm?'ﬁ'ﬂﬁaau (pedagogical knowledge) lasszuy
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miﬁﬂmmaaﬂizmﬂw%ﬁaLN%ﬂﬁ"L@Tﬂi:@julﬁﬁ'@mn’%'wj%umiﬁmmzmﬁwmma@{
v . . . @ o = @ A (=1 Y
wWaw3ldug 1w (inquiry-based leaming) TuszauuTuNAnE laadnInaaaasane bo
IhanunangvaIinin “mMIFuEzNeINedaas (inquiry)’ 14 2 @1 (Blonder, Mamlok-
Naaman and Hofstein, 2008) 'l
1) AIRULENEMIINanaaasiuauaedanuidnlaiitann  (content
understanding) lasgiuwduauaiienlund anudila uazdrebunsludngisouias
é’uﬁaayj
2) MIRULRITNIINDIANFAS IUAIBANMNRINITOLAZ NN LauA N15A9
A0 NIAIRNNEAZIU NIDENULLKATAINEFITIVANTIIFOUNIINLIAIEAT N1IRTIY
LAz AT U ENIIINENAIRAT LLa:miﬁamma:LLamm@;mlumwauﬁmmmuﬁ
{ v U & L a [-% o % 1 kg
WNendesld JamanasssuuuFuimzdanamwiisiwalumswamninezaamnanh
[ = v - a 6
2.1.3 NMIIAMITYRIUVUFLLEIENWINDIAEAT
Y o Qs 6 « A ” 1 o v 1 A U
ludszinalneolddrdwd “nsfuianz ag 2 d1 ldud msfuienzannag
(inquiry) WAEMIFLLENZNNINGIAEAT (science inquiry) TINITMTIANTEEUIULY
fulmzfiwandranuaantd lasmsfuianzuuy 5 uaz 76 Wugdupuildsvanafionls
MIROWINENAFAS WU TENA Ny §IRIUMIRLLENZUUL 5E Usenauemiy 5 9% (1103
Hneenan, 2551) laun
1) YHETIANNEWID (Engagement) 1Junsasnsanuawlaluianssunis
A [ = [ A' ~ 6 A 6 1
SUu3 umwumaaulmmqawad Ugn wmgniiol wiaaniuwniIoleng g Taaidunis
A A A v a v o e oA Ao @ v A '
WauleIRIN LT ULRITNNLFINSNRI92 e S uuea bl
2) THEFITIIUAZAWNRA (Exploration) tIUNITHITIAUREAUNIA1A DUV
wniSunlasiNagsdszaunisol L%'quumﬁ@f‘mmma@f RSN NEENTZUIBNITNS
NP FATHIWNNIFILNG N38NaU A asusznesausuNAzIn undynl n1Iniea
w13 LazNNTRIANDNY
3) 2uafune (Explanation) tJun15aFUN8FIN FAINNANITENTIILALAUR
Wau oI NN UIBRIANUFWIAN A LFWILWIAG NITUIWAIT wIannwe Nvinlwianla
o, LY A A o A a <
10918 Talawazass lUas9an waztNatBanlaanufanITanIsiSnawsa b
4) TupE18a3 (Elaboration) Lunszgnsanuinlauulfia 1iaanuin
v ‘3’ U Qs 1 U U a Q 1
NV NITB LLﬂuﬂuﬂ’]ﬁl&l’mﬂ’J’mEm“ﬁ’]le%um%‘ﬂuvl,@LN%@ﬂUﬁﬂ’]uﬂ’]ifﬂ%&l
Qq: =Y . a { a J 1 1
5) Uuil3zLd% (Evaluation) Ldun1snnsyszsiiuneraaziiaduadne 'l
1 Oq: ai = oq: A A a a [ o 6
NUMIIZAINEUA 1 9 Tun 4 wisanvzdunsdsdulsziivanuiauiagueed

a v o & A = o
ﬂ’]sLiU%E%ﬂxﬁfﬂﬂ"U%ﬂ 4 ﬂvl,@l
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uaﬂmﬂﬁ%ﬁmsﬁmm:mwj’lugﬂLLuuﬁiuﬁﬂ iw wuuyfuansuuy
ﬂ?ymﬂugm wazuuulassan aenglsiany ﬁﬁ]mmmﬂ’%wfl,LuuﬁuLm:ifm‘iﬂLﬂu@Tao
ﬁwﬁaﬁmmﬁ'ﬂum:ﬁm‘”ﬁy 5 ﬂi:msmaoﬂ’m‘%wjﬂ,lﬂuﬁuLmzﬁﬁmu@vlﬂu Inquiry and
the National Science Education Standards maaa%%ﬁauﬁm (National Research Council,

o A

2000) A% (QANN 4.1)

v

1) Wispuifausspslaludmnamadnemaniuazaulanazmdrnaudiuis
NMIINLNEEAS

2) diFpumnangiwialdlumineudinin lasnangiuiuanaszanainms
00NUUUATNIIMIAIN0Y a9dalAUNANZIUAILAINNLTLULEY W30 LATURANZIRNIN
wnasdulagunisaudninnsrauanudnyssnang unaunsniangsdatuisiine
aoufnINn e

3) fissuaidefunsannangiummassdiianaufiniu

v a A o A v @ a a a v o A

4) Fivwdeulosdraiune wiaaunudsnduiIsuifisunudefuisvas

awasnudafunedus nonaiduldle

5) ;‘TL’%'ﬂummmﬁammamamm@;Naluﬂﬁsmauﬁ’mmﬁlﬁmﬁaﬂﬁ

21

T L suhiludinuingenaas By
=R ) k-3

5. ROMILAZULEAILAAHALNEABL
. A4 o - J]
fonuauineITas ; & H{:ﬁ

2. TIUIIWRANFINUAL/AIOR AL

AMUFAYVDIRANFIN

4.\ Faulpadaiunsnny

mwj’mﬁﬂmmam‘f 3. 8319185 U189N

nangIwNanaufInIY

NN 2.1 QuuansdIAY 5 UszmIvaimITouiLuuRUIEE (SCALE, 2011)
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nmInzuwnMIiuisznmadInamaasililunisdanniouiisued
A v A ¥ o a @ ° ' Y A
waldiniSoulddnmisliniwenimaieu Annsnwdungs wssiarineenisfa
a 6 Aa A 4 A o o A A LY a @ v A &a v A
Aanzduazn1sfaining uazfdragige de Unisoulddudainsiaaainuiais
(Black, 1996) kazlWn1INARBILLURULENZ Y ﬁaauua:@;ﬁamimaawzvl,sﬂmmaia
= \ a a A o A e o A, v A a )
anuinanandaly udzidwiisafanuuzsiwiaussnanaunrildiniToumansniiou;
108 HIUNTELIBNNIRULENENIINENARASA8AULE9 (Montes, Lai and Sanabria, 2003)
lunaaSsunioniniFouldmuisniuaadszlomiainiansiunmaioud
A ' o ' ~ A a < 0% o &R & o & Ao o %
WUURULENzuARz T AUl Ts AN T AWz daad e DennuAug NI ududwy
Aansswiu mildvinsznimasasnnanzauniuinifou mslidaszgiiouasaans
RULRZNHANLIAIRATIININNTBNITAIRIDINABDITUNITHOFITHANITALLRIZNG
Anmnenaa’ lasazaaslidduuzinfisridu (Bruck and Towns, 2009)
ATINTZLIRATRULEIENIINERATH LT LIUNNTIaNITISoUNN T Y
meadfuanun lesuanuieuannlugag 2-3 NAI3IBARIBIN 1% Suzanne Black (1996)
lanasosltujiduuuFuisznuiniSoussimadna bl o McGill University Laz3ne91%
FnnesasuuuFuezdvszlostdainsouun iwnzluidszanvaslfuanis (@
a < . a A wa v A Ly ¥ @ a
o3pn Tui uazidvunonunsd juane) dniSeulddnnsldniweinininsouilu
a1 Inas dnnsiawdungy uaziwarineznsdadienziuazm@aining uasi
o o A A v A Yo A A v o A ed o a
fanNge fa wnSouldriidbmaaiuazdulainemaninuiai
AMzI38 b University of Puerto Rico (Montes, Lai & Sanabria, 2003) ‘L&
NANILTNINARBILULRULENZLALINURANNNT Like dissolves like WALTIHIIRIN ®AIN
NN HUINMINARBILULRLLRIZLRL BnSuwdnlananveinsazasuazladuiiinada
X . iaea g A ne o .
mMIszagadunitanmsidjiansuuuesay ameAdasiauadn lunimesasuny
A oq: U 1A a wa [l [} 1 v 1 ] = n' ni o
fulanziu drouuazgiiod judnsezldlsundsanuidndald udezsidwdnsdenuuzin
wisussnanaufivldinisouaansniseulasdiunszuiunsfuimenaineenaas
ALAILD
anzddiilag Blonder, Mamlok-Naaman 8z Hofstein (2008) 37N
Chemistry Group of the Department of Science Teaching ANFN1UH Weizmann Institute
. a Y o Aa o A = A [ <& o A
of Science UszinadaTiiaa la¥IATAIBINANBUABIANLATAIS I INFULRITVD
wniSeuNseufnsaendatsannnisaaninaasdiadidaoida (open-ended experiment)
L a & d'l [ a 6 o
laglfinafiadugs 1309 ufialasanlnnmil (gas chromatography) :1NM13ALATIRHAIAN
L= { Q Q Q€ ] Qs ] =3 ! L ‘:ro'
VBIBNLILBNNIZAUNAFUONDBUANAINY WU BNLTuunINagugnieuaz14naly (low
and average achieving students) 9z@sFoIuFULEIZINBINUIRawINTawmdusIwlng)

& gl/ A a A A v v J A & a v v 04
ﬂd%LW@Lﬂ%ﬂ’]‘JﬂUﬂ?%ﬁ\‘]ﬂLﬂUL?U%NWI%L"DWI‘\]N’W]"D% LLQ$LW@@G&NN@EW%I%ﬁa@ﬂﬂﬂGﬂU
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& o o o o o aa o = . L. oA o
\anniuias § il i Tuudidnadugnigy (high achieving students) ilungufiidla
A A v @ < A a % v A a & ad °
ianaudy dnazasdmnFuiaziisanumildiaiasiiotuganaziflunismdinenlu
~a a v § v 1 ] =3 ! =g A( ~
\B9an3398 Deflanurinmeaannninlunsdiusn §1u wnSeundNaFugnEaLan (excellent
students) ¥nazasd1nuludunsyIannIaweg inafia waziadasianldidiiviem
¢'| o Aa o [ A v K % 1 Aa wa A a 6
a%9 uazAuFIndszdnin ameAdodsasdasldn Ufudnsiuiaiznaineeans
ﬂmmﬂ@]m‘ﬁmﬂﬁﬂfugd (advance technique and open-ended inquiry experiment)
sansndygndlflanunduinSouniezduadlyaiuazszduanumansnfinainnae

¥ 1 =) a A
Vl,@amwﬂimwﬁmw

2.2 mstmmﬁagama Lﬂﬂltﬂ:ﬂ?"lﬂlﬁ'ﬂ%&dtﬂﬂa

a P23 a a & a o ] a v U a
wiidunialuwisunwresinaamaaindidudanaFouiuaznisdilain
Aneenaasane 1w $rAne AT uazingenaas (Ware, 2001) udiadnauiduizi
o a . ' & oA A @ v Aa o @
wniseusnlngasanuininen vide wazliiiearesnudialszd1in (Kegley, Stac
¥ o L X e ° o @ ' o =~ N
& Gutwill, 1996) UaasnanitauriliiniSowldaulaSounazinagugninamasoudn
U 1 a a a wa dl 6
mIuaasdayad1sg wlzuadiduniseSursandd nadouudas donngree

wiaUnsenluwad uwisaanidu 3 szau (Mwh 4.2) leun

=
UBAA
, b, W
H,O 9 jﬂ
HH_/O < "D 29
a
3.9,
FQAN©OL 384

Adl o v a =
NINN 4.2 32U admmam"uagﬂmmmu

1) ASUEAIHNAIUIZALURANA (macroscopic  representation) Jadunvaiuie
wa A Aa o s ci s = v v 1 [
mJleJaomsmaﬂi’mgmimﬂum@ﬂszﬁ]’nu‘ﬂmmmmLﬂ@muvl,@m EIG]’IL‘.I_JE‘]’] LU NN
Naahy MIURIDUT wazn1Iazans 1uau
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2) miLLa@\‘iNaluizﬂuugaﬂﬁﬂﬂgaizﬁﬂuLaqa (microscopic  or  molecular
representation) LJun1satunaluszaunuiveanitasnsnanulsznaudisazaay
luana nialoaanarlsig

o o Y . . A A
3) miLLamNaluimumyaﬂmﬁ (symbolic representation) gadunisadurems
A \ A v Yo o ¢ A ~ ~ °
wWasuudasdeg maaddrsmslidyansoled 1w gasad aunsedl uazuoudiaed
(Johnstone, 1993)

wluudluImiaddwinunnineldainuisedvaduIusIsy (abstraction) Nuadla
inuazduRa L ld (intangible) luszaugamauazszauanyyanwal isu Wuszail vaiuds-
vauna-ufia tadifaedos uazgaslaseainsvasans idudu vldinisoudwinand
danlunsiBaulosnuaunuizoIn1TLEAINANINLANINIRINIZAU Na1Ife Lie
uaasnaluszaudyansol dniSouanvzaTunaulfluszaugamauazszauunnalald
wiallaurasnaluszauannia wnisauenvazefusant@luszduaaniauazdyans ol
14l wazvinlavwniSouasrsnlundnada (misconception) 388133zt duuluNGN
ARNALARDY (alternative  conception) INANNANMVLAUIINNIITINLATAT (scientific
consensus) LARIIRaLNILANEN13T TN “WluNdANaa1andan’ 31 “Wluudniaien” a4

A A o o ad A e o A
WEAIIAINA 4.3 TansUsuuAuluudnaaainfenvesinisouevvziduiIasenn uay
a nn{ v nicv CZ s An‘l dll L3 = oA nll
nmIsTanlundngndasndaudinualundnaaainiansasinisouaiaes i oanaiaz
MldnnSoudsuuinluudnaaiandewld (Taber, 2002; Vosniadou, 2002) \WI1E
wwnaaluaazasinisoudilindeldnvalundfiaaiainfenadiana (Muford &
Robinson, 2002)

AHTIUTIN
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=
=)

adl 4
NUNANARIALARDY HIUNFNHA

NN9NLIANART

A
A 4

HIUNF

AN 4.3 ANULARTIINNINGIEEas Vlnuanaaaafen Lazl luuanie

a A Y a oA a A A .
nmassunireuluaasssd 21 laddrsieluniafouinddszantainetis
NANNNANY LATNAGNLAY LT% AIWLAREW LW (animation) WAZEDIUN1TOIE180 4
. . = a & aa A ' v o P~ an A
(simulation) Aidudnuiteitnsnannnsasreliinisauanisaatureauifniaaived
6 = L 1 £ 1 = a a &J 1 =
grsuazUsngnisoinisiailuszaudns g ldagrelidszdnininuinin na1afe

d'l 1 v =1 3 U n' ni a g (-5 A %
MwLadawlriaIu1sndaalwin Lmuuaamuua:mﬂamwm@musl,mmuqamﬂmaimu
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Imaqa WanlowtnugINmnluszauunna uazausaowasuialwdlaasenwle

aenIRINA lnIzAURYaNEaL

2.3 wunaalaaanunisanaan lalwadszaulaans

2.3.1 wunaalananunisansd lalwadszaulaana
@137 “Lunnaaluias’ (mental model) AuRINBLANG1INKEEN tUANY
& A AR a o A & \ a = =
ANRAINIDEIVINANENLABINULTAI% LA lwUSUNNIINITANET LUBNaalilaa BuNuhd
{ v a v Qs U { v &, o v 1
Tutaangznandinuae autla vﬁamiiugmaaqﬂﬂaﬁaﬁwumﬂmimmaaqlla‘l,vm
(new knowledge) 71 ldTUNNWINLTANLANNSLAW (existing  knowledge) tNaaTuH
WgaNUNIzUINNIT Usngmsoh wiaszuufisula” (Bodner, 2007; Johnson-Laird, 1983)
lagiuunaalutaaavaziduluiaaiianioniw (physical mental model) L% dwa JuUnw
laazunty mMwndawlnd wazlutaadnaay iudw wioanvaziduluiaarBianuiarlags
uluud (conceptual understanding model) LT 15 IULARVBILKIAG ANNAA LAz lUUd
fadldAn 1udu (Coll & Treagust, 2003)
wwnaalutaadusrndranylunsassuluud@nianisiTowsenniion
(Glynn & Duit, 1995) uazdunuinagrsannlumsvianutnlaulusdniaailuszay
luana Mefiwnziitaniuaznanmsluiziafifunanninsidasiunsuaasnaluszey
A o 4 2 v, v 2V o _
TmaqamasmuqamemLﬂuLﬂuam"memmmevlﬂmmzuumsiuj’l@ﬂ@m (direct
perception) (Briggs & Bodner, 2005) @9t HNLTHUITABIRIIILNUNDALULAAVDIAWLE
g dl o v Qd‘ L L 1 U 1 3 1 dQ/ v d. U Qs
AninNavinanut lanluudnsunslulauazuad liininahlvaivisaidanluadny
% U & U Al { [l ~ v,
lanluszauunaalile (Johnstone, 1993) FInTzUIUNTEIIFINNLI MLARIAT AW
awmq}awaﬁuﬂuﬁaaﬁ@iamﬁwm at1913n ey LuwnaalutaatduFINRINITD
wWasuulasle na1afe Watwunealuasvasnnisowldswisnasuiadsngnisatle
viunlndled sniSeuiazdsudyawunaalaaalniiieldidriuaniunsollni wiade
wnispuldsutayalndidnan dniSeuazanadeyanidudszlortuazldlunsdivyye
LuwnaaiuL@mLauiﬁaa@ﬂﬁaaﬁ'ﬂmmLﬁﬁiﬁlﬁalﬁgﬂﬁaamﬂﬁq@mwmmﬁmaaﬁfnL'%'uu
(Glynn & Duit, 1995; Kozma & Russell, 1997; Yang, Andre & Greenbowe, 2003) AT
=< A A o @ ' g A o o ' a
wunaalueadaduwaiasiadanagrnisnaansaltlunmdssisanuthladalued
(conceptual understanding) Ua4WNLIHULALINLATELIBAIINGBINNTENTIV LALLANIE
] QI 4 a &/ Q { ] ~ U 1 4
asmmm:mumiﬁmmulmmﬂwLaqaLm:m:mumiﬁ'waﬂumummmmmﬁuq
v A o 3 & 1 A AaA A A o
L we mmagammmuﬂuﬂsﬂsmmamiaamwum‘wmaau"l,mmﬂi:ammwumaa
(Johnson-Laird, 1983)
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(¥ a: 1 ] v dll
2.3.2 129849 Namamsaswmunaa‘[&lmamnms@lmwLﬂaa*yﬂm
mwLﬂﬁau"l,ma?:@”m;amw%as:@”ﬂwLaqa (microscopic or molecular
. . o A da & o o
animation) #1819 mmamm‘wmaaam@;mirﬁvﬁaaaﬁmmu’l,mmuqamw%aimu
A a a A ' & A A o
Imaqa smazmmazl,am@wuauaﬂawawsuquuLaqa azqad nialasawazlsinadn
& A -t ° o A = o o
asniIznay mwmaau"l,mmmummin‘nﬂv\uﬂLmuuaamumwimmuimaqa%
Mayer (1999) ldananifisnszuruiaiiferiuanuuandirzniniyaag
(individual differences paradigm) 1811337 nsAvnNSaudTzrUKag LS luAITISoULANE
v & v v Aa A v % ' % A ¢ o &
b Lm']:unL%'sluﬁm'mgmwLLa:m'mmminmawmamwuﬂmﬂmaﬂu $91298NIRD
1 kg o > 1 U %3 A
a89BNuNUIME A AanNNEINITRlWINTRTKNEA LULARYBINNLSEY T3 Mayer &
Moreno (1998) laasauu@gnuaamgdnisdyanld 2 48 asit
1) ﬁnL‘%muﬁﬁmmjl,ﬁwmm:mmsna%wLuuwaaIuL@aﬁJWﬂﬂWSQﬂﬁw
A o 4 @ A Aa v a o
Lﬂaauvl,m"l,@@ﬂ’nuﬂLmummwgmuuaﬂ
2) WniFpunaNuaUNIINNIAFURUT (spatial ability) §99z1N1I0F
quﬂaa‘[umamﬂmigmwmﬁauvl,m"l,@i”ﬁn’hﬁfnSmuﬁﬁmwummmmaﬁﬁé’uw‘”uﬁéh
AT ﬁfﬂL%‘UuﬁﬁmmﬂuftﬁumnLLazmwwmmmmaﬁaé‘ww"‘uﬁgmw:
U Ai va A @ 6 *~ 1 v
amaqumaimma’mmigmwmaauvlmvlw Innwensuilanddyn uazdanald
b ot n€ 1 a 1 4 . ]
unL%'ﬂuﬁwaaquﬁmamn‘%mugoﬂmuﬂL%'ﬂuﬂgwﬁu(Mayer & Gallini, 1991) asnglsf
Ay ﬁfﬂﬁyuﬁﬁﬁommjﬁuﬁaﬂLm:mmmmmmaﬁ@é’uw”uﬁéhmw:Lﬂumjuﬁ
mmm"l,muUiﬂmumﬂmi@mwLﬂaau"l,mvl,@mnmu ANAINWLAR AW LA LA H AT
sanuuulAlsSuMIN@WINIZLIBMINIEAL LN 3 Tuaaw (Mayer, 1999) laur
= =1 =\ lﬂl o v A 6
1) dmaRenmwuazidssnvhlfiiedszlomigage
2) ﬁmi?ﬁ’m:uuﬁaHamwiﬁﬂumumaiuL@au,uum‘w (visual mental
model) uazdayaiFoaiduuunaaluaauuuilszloaniadina (verbal mental model)
3) ﬁmsym’mﬁmumdmmLmumwLLazLLuuﬁm“@mTwT’;mﬁ'w,l,azgimﬁ
¥ v Aa d' (% |ci {:&/
mnmnummgmmwaaﬁaLﬁuwumaiuL@alﬂwﬂaugimﬂm
Clark (2005) léiauadsnmsiunmsltaiwiadenlninasioliiniSou
v Ani o d'l v ad v 1
AIDRFILNWN AR LNLA NN WU AN FWANINLARAW IR LY 4 35 LalA
Niad1auNluNANaoansaInulasdliausadnlsznavdas
(subcomponents) kazNluNGgasfizaandadInNuAauNATINLEU00IALUITNBUTINNITZLL
WIDNINIZLINNT NetiNe [ dnISaumanInIamsnunszmMIvnwmetdginianise
mMyvinunedunnslyan (cognitive load) YDIA LD LA DENIANIZ FY
2) mﬂﬁﬁfﬂﬁﬂumuqmmwmﬁau"l,mvl,@ﬁad Lﬁalﬁﬁﬂﬁ'w@mwmﬁauvlm

LLaxﬁ'mTagaLﬁam"l,ﬂmm”dm:ﬁa AANNANITRNNBAN ANV IA LD
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3) asadunsnwadew bl lasldnsussonualaiiasununs e ainy
UI8 LNBAANTTTINIUTBIANNTAIIBANNTIFIUNNTUBILAY (visual working memory
capacity)

4) 1Fa 3 ngdszanyd (visual cue) Usznaunwiaawlna wwaldrinison
dsanuaulaludiasduznaufiddyesnmiaiaulniniasgad

2.3.3 wunaalaaaszavlaanaluizad
,&' a a ] a a ‘ﬂl [ o/ v A
dandzuaddnlngidunluadluszaulaanafildaunnivdamse
= v o & A A A ) . . % =2 A o @

Na LKl At 1nTaslaTuanw (visualization) luszaulatanadafiunuindanylunis
sstuunaalutaaieanulsngnmsaifauladnsuiniouuasindne  (Briggs &
Bodner, 2005) Hidsuvasnediatisnwissfidnsunsiaunaaluaaluiziadl asil

Coll & Treagust (2001) ld@nwuaunaaluaainsinunusziadvasfisou
suIzay ldun dsulas Uigared uastmdiafnm wod dissuissungunianaz
MNALNUNEA lNLAaINTIAANUEIAR 81998 1 T% LWUUNTLaRNandIanaATak (electron

Qs 4 [ =3 { &I QI
cloud) WazNaanLAq (octet rule) ATUEAIlUNINT 4.4 udfiSuulurzaungeluazing
a AN o a o a X Ao & ]

Muandanldifouiiuunlunmsatuslueaindu aueddpdaglin wunaaluias
A o o A v a A ) a A o < X A
Wnnuwusziefivesfisouaziduluaandendraadios wazidfouudasldonn sl e

a v A4 X =o a a A a a & &
LSU%I%?E:@UV]EEGT%TTﬂ@lﬁNL@ﬂL@N LNEILLALANNINYRSLDEQVUBINTITIDTUIUNINDULNIUL

\‘ &
\/ _/
‘e .

b) USgymya3

s =]
C) Ut NAANEN

:i a et A v A ot '
nNNN 4.4 LN%Y]QQI&IL@ﬂﬂqiLﬂﬂW%ﬁZsL%I&JLﬂQﬂ I, 138 Cl, ?lﬂdﬁiﬁil%iﬁ(ﬂu@nds]

atnglsAanw mﬂﬂmmaﬂ"mdwlumia%mﬂﬁvlsjvlﬁmwmmdﬂgﬁwﬁ
o A o a o @ o ~ & M v e A
a1t laTasnuzladat193n0 LINTIZ A LA ANINAU LT b LA N URDIUNITN LR RT
’~ an A a & oA = A e o &

afuwauiAnImunwnsamaafzasanain fissuivcltluaalniidudauandu lu

NS UNERDIWNITDNANNI AN AV IRITHUUNY 1T% LUlaanIAaNwIzNUaaIINas
\Juew (Coll & Taylor, 2002)

Williamson & Abraham (1995) ld@nsuazasninadanlniszaulaiana

: a o & a o = a a a R
@]aLNuﬂﬂaINL@ﬂLﬂ U’Jﬂuﬂi’mgﬂ’liﬂmwLﬂN‘IJEJG%ﬂﬂﬂH’]‘YlM‘Y]ZLUﬂui’lmﬂj’l LmJ‘Y]’JVllI
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2.3.4 Lma'amwLﬂﬁaulmszﬁ'ufmaqaﬁﬁmu‘la

€

) a wa A Aa o & A
ﬂ’]iﬁ]@]ﬂ’]iLiﬂuEQ%’]']ﬂUqﬂ’]ﬁ@lﬂuq@qagﬁﬂﬂ"ﬂﬂﬂuu ATIPUINNNEY lu'ﬂu

azpathanaunadiiouidunniaienlniszauluanalwlzuafininaulanauuunw
LARAUTITUAN (animation) LAZLULEDIWNNTALENREY (simulation) A9%

1) 1a39M3 PhET £aun37n Physical Education Technology 3avilasngy
3387 University of Colorado (2011) Mitilas Boulder Uszinaansgotuini laslasimsiiaz
ﬁﬂmwmﬁauvl,mL’Tmﬂg’jé'uw”uﬁuuuamumirﬁﬁhaaﬂu?mmﬁ a3 TIANYIANTAT
a & \ a ¢ P A a ) & aA &
Inenaiaasang 1w AFng LAl wazdiinen swnsadnldantlraauazfaas
MWLAREW IAIRILUADNNILADSTRINAL LG drat1IxDIwNITBR RN awlalwiITad
1aun 817828 8NIA-LUR NIIFAIUA bRIIRLaaNN MIQAFUNILAL LLazQﬂIﬂaﬁmm
aouad Ldueu (NwN 4.5 $e)
2) mjﬁﬁ’mﬂﬁﬁnﬂﬁ (Chemical Education Research Group) t lowa State
University J3zinaanigaiuing (Greenbowl, 2011) laanguisuilaasraaniuniinisrnes
. . ‘ﬁ. . . lﬂ. [} ¥ = A
(simulation) WAENWLARBW A (animation) wa1et3ad 131 WAL NTNinIaLLUIE

and nguasuis RUQANIA-LUE USINURUWKT Uazm7I0 Duen (MW 4.5 177)
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A v o P ) a @ A
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@ & a o oA . . ¥ o
andadannin waztinaNawlalumIvininenmaas (doing science) wanannitesidu
AINAWINNBLATZUIBNITN AN IAIRATIINNINTELIBNITRULRNZNNIINGIANFATHAN

v A Ql { o L= o 1 o a W@ =)

anw Sudussndrdguazduduluns@nmde uazmaiidsnsinemaaslueuaa

Ya9%nL38w (Deters, 2005)
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@. 0.5 cm3/ s

BAGIHA (WHAINTTAIIIIU) oo

AN 3.7 618 Ei’]\‘lLL']J‘LI’Ju@ﬂ'J’]NLﬁWIQNI%NaLLUULﬁaﬂ@ GUNGLLE\]&%H%LL@@GL%@JNG

RMIUTNYAZLBUANITLANLAITERO U AR N N Ty
di s a aaAa =) ni 1 Oq; tZ
1309 8anistialfisonad uaaslua19199 3.4 lagudaduuuunasousuigla
WU wazdiasedt 31w 17, 4 waz 9 Ta wiadalduTasay 56.67, 13.33 waz 30.00

ANEIAY



NMINAFBILATUULFULEITTINALNWLARDU LAY

@19197 3.4 nMsuanuastaseulaanudilanlund 13a9 sanmaiadfisonad

fynyaufl TRG5680024 / 31

Tuuis IwIuTagaL
A wla | w1ldlE | Jesed | 9w
1. ANVRNLVBIAIIMINAUATEN 2 - - 2
2. Mg wanAmALsanMuAaUfAz - 3 - 3
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4) Wariarwly 30 3% naseunasLSun (Posttest) AnAsI lunguenatng
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A TuazeanG o
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n) g budnu tiadjAsenseend wazdaiueald
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A) NMIFBLLALADT 3) ﬂ’]iﬂadﬁ'uﬂ'mgnﬁ'awmmﬁﬂ

AN 3.9 qmmswmamuuﬁmm: 1589 TWwad

4) mWLﬂaaulmszﬁuTmaqa 309 TWilad

mwmﬁau"lms:ﬁ'ﬂmaqa 1509 MWWed Ysznaudas
mwadenlnados $1uam 4 gatas ldud 1) Ufisureandiatu-3andu (MW7 3.10)
2) anusansalunssaatuszaandled (Ml 3.11) 3) Lmasnaandin (Ml 3.12) uas

4) MyaInuMIRNTaUVBIAAN (MWD 3.13)

Metal:  Zn(s) . Metal: Zn*'(s
Solution: Cu(s) . Solution: Cu**(aq) x

AN 3.10 dredIUATENeanFaTU-IANTH cu’'(aq) + Zn(s) = Cu(s) + Zn’ (aq)

U A3en0andmu : Zn(s) = zn*"(aq) + 26" UYJASuNIANTY : cu”’(aq) + 26 —> Cu(s)
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@ clectron (¢)
E " atom (4 valence ¢°)
§ ’ . atom (3 valence ¢)
% .. atom (2 valence ¢")
= . . atom (1 valence e)
cé c c I* cation
% 3 3 2* cation
Metal:  Mg(s) . Metal:  Zn(s o e ok 4 cation
Solution: Zn**(aq) | | Solution: Cu®*(aq) x g 8 g 41_ cation
“ anion
_______________________________________ U % .
MACROSCOPIC SELECTION PANEL ) O g . e
Metals Electrolytic solutions % é% B . an.mn
; = anion
Mg(s), Al(s), MgS04(aq), AlCls(aq), = @ ‘salt-generated
L), Pete) CuB0d(aq), FeSOd(ag), % ca.t.ion fnd anion
Zn(s), Ni(s), FeCly(aq), ZnSO4(aq), 7)) ©
Ag(s), Sn(s) |  NiSOu(aq), AgNOx(aq), B Ho
Sn(SO4)2(aq)

n) Y0381 o 138 to

2) UPNTeN o4 1380 ty A) UPA3en sk e t,

A (3 ' A Aa 6 a [
AN 3.11 mamamwmnmwmaauvlm ﬂ’l’]&lﬁ’]Nﬁiﬂ‘luﬂ’]ii@]’]‘ﬁLLazaﬂﬂ‘ﬂvLﬂﬁ

UAT81189 Mg(s) NU ZnSO4(aq) ¥az Zn(s) NU CuSO,(aq)
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@ clectron (¢)

” atom (4 valence ¢)
. . atom (3 valence ¢)
’. atom (2 valence e)

|_Salt-bridge: KClI |

—

=

Z

ay

5

E . . atom (1 valence ¢)

E c c I* cation

Cﬁg 3 : 2* cation

&) ? e 3* cation

= ¥ &+ cation

8 O O I- anion

cé: O O > anion

% OO 3 anion
Half-cell: Reduction Half-cell: Oxidation E na 4 anion
Electrode: Cathode Electrode: Anode oA @  salt-generated
Metal: Cu(s) Metal:  Zn(s) a (© cation and anion
Solution: CuSOs(aq) Solution: ZnSO4(aq) C,) H.0

n) UHN3e1 o et

2) YPN381 ok 1IN ty A) UPA3en sk e t,

AN 3.12 I2ENIATNIINATNLARAW MAD LTaaNaI%N Cu-Zn
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Cathode (Protected Metal): M
Anode (Corroded Metal: Mg(s)

n) UHN3en a1t 2) Unsen b st @) Unsen mant,

ANN 3.13 Gra8INNIINANLAAER Y MIdadsnumsiiasiiuvad Fe(s) a8 Mg(s)

] ] g ) U
3.2.3.2 wwSaslaflnlwnsiiusiusiadoya dasi
1) wuunagauInaaL1 anluad 13a9 WA
loaowdudasaushia 2 dreutu 2w 1 uuwuudsis 3 — 4 aaien
< A o a A 'Y o A & o
uf 2 unsliinguas wwuilouney nIauuulnib 3 - 4 dalan MINNInAe S1Uan
30 48 lasfid1auende (p) NetaIzning 0.20 — 0.80 A8 M1 UUA () 1898

%319 0.32 — 0.66 LAANANUL TN UV AILUUNARDUNIRULUTANYINAY 0.81

P ° o v A o @ a o ~
M1319N 3.7 ﬂqiﬂq%u@'ﬂquaumaaaULwa'J@ﬂ'J']NLm'ﬂ"ﬂNIuN@ L3843 VLWW']L@]U

» Iwnadau (1a) .

e le w1y e | @e)
1. YjfsenIaanduazmatislon 5 2 2 9
BlANAI0W
2. anuaINIaluMTIatuazaand lag 3 1 1 5
3. LTARNANBNUAZITABNA bl 1 1 7 9
4. mswonineronszuglnivn 1 2 - 3
5. ﬂﬁi“guIa%zﬁﬁvﬂiutaiWﬁﬁLLﬂZﬂ’]i 1 1 2 4
ﬂadﬁuﬂﬁiﬁgﬂiauﬁ’aU%%LLﬂI‘YIaﬂ

SINTINNA 11(36.66%) | 723.33%) | 12(40%) | 30 (100%)
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Aaa [
3.2.4 35nAaauaziNuvaya

1) aguuzthyduuufanssumaiouiazunuimvessinifoulundanisiou;
@ A A ! o A o A & P
droganimasadiauuuiviazianunwaiewlniszauluans 13a9 TWwiad
o >3 L= a qq: a =1 d‘
fnsuuniSsusnlseudnsidn 6

2) nagaunawsun (Pretest) laglininiSourinuuunagauiaanuitn lauluud
FadlWnad Suan 30 4

3) dufiunisdanansunaieuilaslizanmmasssaduuuiuimziiuny

‘ﬂl %> ‘ﬂl v =1 o a a = eq/' % =2 n:i

mwiafewlnirzauluans 1389 el dwsuinSeutudsondnmnidn 6 aw
uwunIIanaFpuinaeliiuan 5 unu

4) nagaunadison (Posttest) laslAnnisouriuuunasauiaainuitnlauly

A o A A o A A A o ]! o | A @ o o ° 0%

NARRITEU 1309 Lad iWwadl gaidunadoafinuudinIsauTadiony Suan 30 T

5.2.4 MIAIATOYA
1) v ldasnasilumiliazuuuanudnlanlundudazde lanaaud 1wy
Ui daaugnld 1 azuuu asufiald 0 daueeud 2 1dumsliingws wwudsuasy 1e
utainasiazuuuidu 3 3zal Ao 0, 0.5 uaz 1 Azuuu nIauuudsis daaugnld 1
Azuwy aauRalW 0 lasdssidukanzuunnizeInauadi tAUYNNIANADNUALLNANS
' 2 a v v . [ v ' ' A
fadudnlaulundgndasld 2 azuun (Good conceptions) faavugneasdiulasgiuniia
A o A a A A A A a A A .
fainnisouidnlundnaiainfennianlundnisiiennionanainiow (Alternative
conceptions) MAAZLUUIZTAIN 1.5 — 0.5 ALY 1ABLAANT FaIaI% HainwnSouiulu
UARA (Misconceptions) ¢ 0 Azuwi (Supasorn and Promarak, 2015; wien nues
o &Y
mMayad uazANART g, 2557)
2) wWSsufisuazuuuanunlanluud 1S9 WWwed dewSounaznasson
) A A ' ) A o A o a
deganInaasdafuuuiuimziwnuawaienlniszauluens 3ad wuedl lay
nIlensRdnaiiddrfiuuungudaladislidaszdani (Dependent-samples  t-test
analysis) Nyzauipdaynaiianazay 0.05 lasldlusunsudiegd SPSs 15.0 for
windows
a a v a L = 1 a o A 1 1
3) wWisufisuanudilaluadvesinSounewiouuaznaasolundazngu
maaﬁfﬂﬁ'ﬂumjmm NANLIUNAIY wasnguaa ﬁam’%'wuamé’aﬁ'ﬂuﬁasl‘?qmmiﬂ@aaa
~ A ' @ A o A ¥ P ° v o o &
wiuuufuimzhanunwedewlnizavluana 1309 el dmindniSoutu
uspadnsndn 6 lasnmylianzidnaidafiuuunguaiadnglidaszdani (Dependent-
samples t-test analysis) NiszautisdAynIaianszay 0.05 lagldldsunsudniagy

SPSS 11.5 for windows anwunaNLhantias
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4) wWisufisuanudilalun@luudaznguuasiniSaunguins ngutunans
LANENBDY NaWIIULATHAITHU mqj@mimaadmﬁuuuﬁmmziwﬁumwLﬂsauvl,m
im"’ﬂmaqa 304 el dwsusiniSouswiseudnunidi 6 lasmsdansienuada
Arflununguaiatnelidaszdanu (Dependent-samples t-test analysis) fivzautiinam
nMasdanszay 0.05 laalglusunsudniagy SPSS 11.5 for windows SuuNaANITAL
wodnsswluwuunasay (11l Uezgndld uazlianzw)

5 wWisuiisuazuuuanuinniivasanudilanlundlundaznguuas
WNITUNFULAY NENIUNAN Lazniudan Ao TIBUAZRAILTIUIIBTANTNARDILAL
Lmuﬁmmzimﬁumwmﬁlauvl,m'sz@?'ﬂmaqa Fa9 TWWad  EwSuSNIS HuTw
Sranfnsnidi 6 launylienziaiuaiia Paired-Samples T-test fiszauvindATYNIaia

fiszev 0.05 1 UIﬁTﬂimeﬁwﬁﬁ]gﬂ SPSS 11.5 for windows
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UNN 4

Hauarn1sandsgua

mﬂmsﬁﬂmq@mimaaaLﬂﬁLLuuﬁmmziauﬁumwLﬂﬁauvlwaszm”uTaJLaqaLﬁa
aﬁuagummLﬁwlauiuuﬁLLa:ﬂﬁﬂ%'mLﬁquuﬁ‘izﬁquLaqaﬁmﬁ'uﬁfm,‘%'ﬂmm”u
NTUNANEIGau AN RIANITDLRAINALAzANTaNUTENaLEnaantdn 2 1389 laun 861

mafalfnsen wazlwwedl asealld

4.1 agﬂms‘nﬂaaaLﬂﬁuuuﬁmmzéwﬁumwLﬂﬁau1ﬂas:ﬁ'ufuLaqauazmﬂ%sz

= a P Y a aaa
LL]J]JL]J?E”JLVIH]J RION] a@l‘i'\ﬂ'\ilﬂﬂﬂ{]ﬂsﬂ"

NamiﬁﬂmLﬁmﬁ'umimaaamﬁLLuuﬁmm:i’wﬁumwmﬁauvl.mv?:@”ﬂmaqa

aaa ~

a @ a a A o A A o &
LLazmiLiﬂuEmeﬂiﬂumm_l L3804 a@]i']ﬂ'ﬁl,ﬂ@lli]ﬂiﬂ'] ANUNSLDUAAI

4.1.1 azunnanudrlaaluad 399 snmaiadfisen
nnnviaanudilanluad es sannnafiadfAsen wod sniSoud
azunwadonansowdn 19.79 (SD 3.08) uazazuuniadonasiSowdu 45.05 (SD 6.28)
Aarduazuuuiaionnurinii 25.61 nIasouss 42.68 Fenzunuanudilanluafinas
SougInINiauIen wazidlafnmainuainuaasanugilenlusidanadwly 30 S
wuinsoudazuunenuasnuasanutilonlundiadodu 48.02 (SD 8.86) asuaas

Tuan 97 4.1

P> = = v a A o a aaa
N19379N 4.1 ﬂqiLﬂjﬂUL‘ﬂUUﬂzLLuuﬂquLqu‘ﬂﬂJIuN@] L84 a@i’]ﬂ’]il’ﬂ@ﬂgﬂiﬂq

AT Mean SD | @anadsuans (SD) t df p
AobLIe% 19.79 | 3.08 .
— 25.61 (7.10) 2447 | 42 0.000
RSN 45.05 | 6.28
AIUAIN 48.02 8.96 2.98 (9.55) 2.021 42 0.050

LY

* uANENIaEIAnEEIATY WWanarauele paired - samples t — test 7fi p 0.05
a & aa A a a ! a o o
AMNNINATEAN NN AN LTI VLN S UAZUUUN D WLTUULAZWRILIY Y
ATLUWAR IS IULAZAZLWUIAANNAINUVBIA NI LN uuAmsnsnaga A ALLY

ngudlatnglaidaszdani (dependent-samples ttest analysis)Wudn WniTouiiazunu
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anudlaulun@ndasouganiinenion atafituddnIafiafnzau p 0.05 uaz
azuunaNNnlanluu@nasisen lduandrenuazuwniaanuainuuesanutn lanlué
atfiibadnIaiafiszey p 0.05
snmsduwnuuunaseuianudilanlundoanidunidodes uas
dszifinlagldmaninaeilunislinzuunin fasuuuunaseuudazdagnissaiionua:
MANA QNLANIZAILRINAIDLNGHA LL&:Q@#@@”’;Lﬁaﬂm@wa aldnzunuuuunasouTatiu
Wu 2 1 usz 0 azuun anudIey Geanazunuainadlanlund 13a9 danas
iad JAen wudinisoudovazvasanuininingsgeds 62.83 lusnwuaadaunis
L%ﬂujﬁaamsﬁwmmlﬁmﬁ'ué’mﬁﬂ’mﬁ@ﬂﬁﬁ%mLLa:ﬁmﬂ:LLuumﬁlﬂﬁam’%wuawé’q
FUULINAY 1.55 uaz 3.86 (31N 4 ATUUL) muém"’ulwmm:ﬁamwLn@é}”aumsﬁmuj’
ﬂa"lmjam”aLiaﬁﬁ@ia5@51ﬂ15Lﬁ@ﬂﬁﬁ’%mwudﬂﬁmﬁwﬁ%"aanaamwﬁnﬁﬁw‘h'ﬁ'q@

71820.500 AL UUBLARITIOWLIDBUASARILTHULYINALL.021825.66ANRAL (@157 4.2)

a13191 4.2 anudnlanlundnanSouiaenaas e 1309 sanmaialfisen

. AZUWL | NawIEw NAILIL® %
Wwangag )

LA Mean | SD | Mean | SD gain
1. AMNRNNLVIDAT 4 155 | 066 | 3.86 | 0.51 | 57.75
2. M AEITLEaT 6 0.82 | 0.39 | 459 | 1.14 | 62.83
3. wnAaistumaAay§Azen 14 330 | 1.34 | 993 | 292 | 47.36
4. NAVBITIINTHVRIENTOINU 4 091 | 0.96 | 3.18 | 0.83 | 56.75
5. HavaINUTIRATIddasaT 8 214 | 095 | 548 | 1.52 | 41.75
6. NaTBIN M NTUTIddasa T 8 345 | 0.82 | 6.57 | 1.44 | 39.00
7. nalnvasdusefiddasan 8 402 | 175 | 566 | 2.02 | 20.50
8. wamaaqm%gﬁﬁﬁ@iaé”mw 8 352 | 121 | 6.05 | 1.58 | 31.63
U 60 19.79 | 3.08 | 45.05 | 6.28 | 44.70

WaNNTNT0UAURINLLUUANNTN N I UN AR D URR IS I ULAZANNAIN UV DI
anudhlalundizesdanmufial fisulasduunauaninuiadounaiioui (i
4.1) wunwnisouisesazvadazuunanuitnlanlundnawseu lugaiwiiasaaunny
a o A o A o o a Aaa H < A A v o a
Bou3iies M aigInuaanmaied fATonedge (13.67) Natiiiasanniniaunes

] a AJ 1 =S o ¥ A 1A ;&‘ v A A [ 1
lisiFoulualun@iundeundaildiniTouluinugruanuiidulusasdonsn uas

muuuﬁauﬁﬂuqaq@luamwLn@a”aumsﬁ'wf 1389 NANVAIALITINTADDAIINNT
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v @
[~

il JATe0 uaznavesgun)dnildasannisiialiten Aa 50.25 uaz 44.00 Nk

A e o v A & o ' ’~ a L & o P A 2 o o

Wasanunisaulaisuutiioniasnanlwisiadiugwsudsoudnwdn 4 39vil4

ﬁfﬂL%Uuﬁﬁugmmwmj@mﬁamﬁamﬂ daNalﬁammumamsmaauﬁawﬁ%’mugoﬂ'jmiu

A A A

udlwIasdug
%ﬁ'@ﬁ'@ﬁﬁmﬁwmiﬁ'wjﬁaﬂgj@m?ﬂ@aaamﬁuuuﬁum’lziwﬁhﬂ’]wLﬂﬁauvl,m

i:@”ﬂIuLaqaLLa:miL‘%'ﬂujLLumﬂ%'ﬂuLﬁzm wm’ﬂuamwLL'J@&TaumsSsmj 1589 WAUA

&K da da. o A a Ao o o o A & X
W%VlN?V]N@]aamiqﬂ']il,ﬂ@ﬂgﬂiﬂ'] uﬂlﬁﬂu&lsaﬂﬂzmadﬂ:LLuu%ﬂﬂLiﬂu@qqﬂq@l (68.50)M3%

]
= s a

= E & A da aaa o Ao A ] a o
WosanlwIasnavesinnainidasasnisied §AsendsasdiniSouuissiunausan
4 o v o ¢ o & da L o Aa v A Aaf da :
NEINUAMUFUNUTVIVaNUA AT IEIsaunduwalngifa s sNINundrunnue
A a a o A o ' a A 1 3 1 Av
WalSoufisuazuuunasisounuazuuunauwsuuluirdoainantaziiuiiisasazva
Anwininfe 41.758ulwiasanuninsrassanmaiadfisenniSoulesuuunas
a a A ° a o o a aaa = >
\FUUgINga (96.50) uaziiasnsdwrainonuaanniadjisondazuuniasaz
anuinnihgange nifiiesaniduiitann lidudaunninidatinisousannigila
wanmMamwImIsa el fisonasnanunissuiaansadilasluadluFosunle
Aa < & va a = A A A a d, ]

& Snnslutursnsanailaltianssmudisufisuisnndenuazfafidnasznitman
o a aaa o o < a & b a & )
aanaialfAsenunismiaasiialunsledtniausnansanuineazsinlu e

Aa o L= £ ni
m@ﬂi:m'suvlmnﬂﬂq@

P @ a o A @ a A o
MN1379N 4.3 ﬂ')’]llL°1.|’]1"i]NI%N@]'ﬁaﬂLiﬂuLLazﬂquﬂﬂﬂuﬂlaﬂﬂ']’]NLT'{Lﬁ]NIuN@I L3804 863NNT

Wnau)nsm
, AT nadlIEn ANAIN
HamERd L Mean SD Mean SD
1. AMURVYVDIDAT 4 3.86 0.51 3.86 0.46
2. MIRWIBALINTUSAT 6 4.59 1.14 4.68 1.13
3. wndaLisnunafay fATe 14 9.93 2.92 10.60 2.04
4. NAVBITIINTHVRIENTOIAU 4 3.18 0.83 3.34 0.66
5. naaINUAAINIRasa 8 5.48 1.52 6.09 1.41
6. NavIR M NTUTIddada 8 6.57 1.44 7.07 1.56
7. nalnvasssfiddasan 8 5.66 2.02 6.02 1.60
8. NamaJQM%Qﬁﬁﬁ@ia pe! 8 6.05 1.58 6.55 1.89
PRLY 60 45.05 6.28 48.02 8.96
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LRI N T DR T DINZUUUAAILS D HULAZAZLIUAIINAINUTBIAIY
Lﬁwlwiuwawudﬁﬁ%zﬂﬂazﬂ:uumﬁ'uﬁunﬂamwLw@ﬁauﬂwﬁﬂuj antTulu
FNNUIARDNNNTLTHUS 304 AnunanpvasaTMnAaUfATondTanazazuumyinGy
WaSpuisuazuunnasisonuazazuuniannuasnuaasanuitrlanluaddronis
nasaudfiuuungudlatnglidaszdan (dependent-samples t-test analysis) Wui1
dniSoulazuuna N lanlundnausou liuand1anuaAZ LU RIAANNAINUYBIAINY

wnlanluufadnefnpdaynmesi@nszas p 0.05

ASUUN k) NoUiTIU
100 96.50 96.50 ] nasiseu
AINY

90
: 81.88
80 : 507 75.71 79-30 |
70
60
50
40

30 26.73

22.74:
20 :

10

1 2 3 4 5 6 7 8 Niuﬂﬂ
1 @NNRILVDIDAT 2 MIFwINEINLaAT
3 wwifangnumMiadfazen 4 NRVBITITNTIAVDIRITAIA U
dq‘ dIA dld 1 Q v v dld ] >
5 NAURINUNHINNFDDAT 6 WAUDIANNLTNTWNAABDAIN
7 nalnuadssINddasai 8 wamaaqnmnﬂﬁﬁﬁ@iaé‘mﬁ

nnh 4.1 %”aﬂa:maamtmummLﬁwlaﬂumaﬁawﬁw WAILIBH LAZANNAINUTEIA

wlawlund 15a9 aammatiad iz

nmyiaanudlanluad 1389 danmsiial JAsendmIuinisowg
dspandnsdns  lasldfanssunisSouidroganimassaaduunfuianziiaiy
A o a o a a ! o A P A
mwiadawlniszavluanauazniaeuiiundioufioy wud snidoudazuumwais
AawIauidn 19.79 (SD  3.08) uazazlnwladsnadiiowide 45.05 (SD  6.28) Aaidn

AZLUWRRLANNAING 25.61 WIaTaaz 42.68 LazLUaANHIAINNAINKABIAINITLD
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yluudtlanaisinld 30 FuwuinunSoudazuuuanuainuiadadn 48.02 (SD 8.86)
INNITAATIERNIRD AN DL SLL NI UAZ L UIA DL U WLRZARILTLY ATUUURAILIIULAT
ﬂ:l,mm”@mmﬂmumaaﬂ’nmﬁﬂaﬂuuﬁﬁ'sﬂﬂﬁmaaumﬁuuumjm‘i‘;aamvl,&iﬁmzeia
A% WU ﬁfm’fwuﬁﬂumumwL°1T’11ﬁ1quuﬁ%é’oﬁwgandﬁﬁauﬁﬂu 2t 9Ny FIA NI
ROANTLAU p  0.05 way AzlunANN T lanluudna 5o linanaInuATLswInAINN
aanuwpasaNulanlwufadudngdraunead@nszal p 0.05 TIRaAARBINLNIWIDE
ﬁiwamm"]ﬁaﬂﬁuﬂm,%'ﬂufl,t,uuﬁuLm:mﬁwmmam§mmsnw"’wuwmuLﬁwlauiuuﬁ
s % 1 % Af. U a v a
vasrinSauligeniwmasgugninawiowle (@3yyan lawas, 2553 ; 3% a3, 2555)
wazAanssutdsuunoutialwiniSowaurTndwauinisibanindwuinssyulwidn
a L% a d' > a aaa .&/ > 6 a o A
gﬂjmwLLa:wmmLmﬂﬂuuiumLsaaamwmﬂﬂ@ﬂgmmmﬂmu (FTIWIE oAU,
2548 ; 83I3IM WANWINNN, 2553) natenatduwsziniSoulenaaad dlanananis
' a a a <& PN . ' val
NARDI LAWY LazMT D% Analog tWSpuiisuluduszifin (Evaluation) #9Waliiiaanu
N ARNUID AN AU N IR N R NN YD IL AW LATA LWL T WA A LT WA a LA T UIZ UL
Q 09’/ 4 =Y 4 a l&’ = 1 v Qo =)
szifguasnwiNatdnnIsaTagaunluudniiadwrasnniSouitgaanaainualluyé
a 6 A A qq/' % 1 U s = o U = o a
Inenerasnse bneslansgsrroliinisowaasladiny danuainulunissi (F3yTy
a1y lauds, 2553) Sﬂﬁﬂumiﬁﬁﬁaﬂﬁwaﬂa%”waLLsaga‘Laa%”wmmauiamzejuﬁﬂﬁ
ﬁfmﬁmumﬁﬂﬁwmm’mﬁqa’lmmﬁaﬂ’s’lwu’lml,a:a%mmﬁam%%a‘[mm%oﬁ%’uﬁau
' v o ' & Aa Ao v 1 a v a v A doe o
qamnlvxmﬂamslmﬂmmwsw:ammmlmmmummJ (Analog) lnaLfsanudINinSyn
o A o v o & A e A oA ' ' A o
qumma:mmlﬁuﬂLsﬂuwﬂﬁ]mnmumauﬂLmuvlwmmau‘lumsmmaaswms
WIBULiBy (analogy) @18@aMLad (833730 RONWINNI, 2553) LAZANUIHNLIEUITa8aY
vasnnuinnitenfiga de 20.50 lunluadnalnvasdisnidedanmaialjisen
NIt s wATaNTU T Az Aa UL T U N TITNG 09 L TIUAUINT A9
AN AV INNLI YR IUITAU TN TUNAN IO a WU A8 NIZFINITDLNNNITNAIWIAN L AW
ﬂ'm%'muj’l,l,a:ﬂ'sml,iﬂm ﬁafs'mNaﬁﬂﬁ%’aﬂa:mmﬁnﬂﬁw‘i’]ﬁq@
AMNRANIINARaLIaa NN lanluuGuaInnSuw  sNTaLENUITLa®
a 6 = 1 ] U s cql’
amﬂz%ummusluﬂqumo 9 'laaadh
1) nniSoundazuuunsnasauiaanudnlanluufnewiSuuLaznad
a A o A Aok v a a P o ad a ' a o a
LmugaﬂaunLmumuwugmmmgmulmmLﬂﬂmmu@ma:uma@amsmuugﬂum
M oA A & v A A ¢ Aa o o A A o~ v
Tnal'la@iitagann IPGRRETROEY maﬂixaumimmmamﬂLiweﬁamagnﬂuvlmunw
' a = o o A o o N v o ~ o A X \
gaLasulnn TSy u,azﬂsumeiumlvxgﬂ@awzmlﬂuﬂLmuumiwwm'ﬂgwuama
L g v a v é/ Qo =Y v
mL'«aw%aﬁmmLmnlawluumgﬂ@aamﬂmu (qwuﬁ Roudm, 2531)
2) uniFpuniiiuguniianuiluinaiieglududazuuunaseuia
o Aa [ o ' o o . A @ a A
mmLmlﬁmiumﬂawﬁﬂml,a:ﬁmL%‘UumaglmmummummﬁaLﬂuum%ﬂuﬂumum
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a v A . v & =< A o LAY oA o
maumm@;mmﬂQLiwvl,uLmﬂlﬁllul,uamﬁ]waumﬂmgaauummml%Lmummwmao
PINUNLSIWARAINE TNV LN I nuFaaIaLA R a I N B kLA T WANVAANHANAIA
azadag llanuudsnazun luilfuuuias (Clement, 1993 ; Griffiths and et al.,1988)

= o A A o o A a o A = A Y o
LLazlumim:wwmﬂummaﬂsuLmﬂumLﬂwaaummwﬁmm@maauagumlvﬁ
v 4 v v v % v a 1 09// A a @
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& X o A o 2 o . oA ° v A a
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a ~ \ e oA a o Aak
LUULSIULA I UNU IS oI M TN N 19N AT
3) wnispundazuuniasazanuinmimenisSougediulngidu
% s dldﬁq’ v U = = = = dl v 1 =)
uﬂLss;l‘umuwugmmwgmamumwlmmuﬂ’mﬂmqLﬂuummumﬂameuﬂamm
' a9 | ' a a = o & A a ' a A A a '
Lﬂuama@lﬂg‘f’mLsyuumumyumlmuamm:wwamamm:mtmaatamlumumuag
Lﬂ;}ﬂW%@&lﬂ”dﬁLﬁ]@ﬂﬁﬁﬁ@ié]%ﬁLﬂﬁﬁodawalﬁﬂzl,l,uu%”aﬂa:mmﬁ’n%ﬁwadﬁfﬂL%“smga

A a X
RIDLWHNDWAIN

[ aaAa A L a o
4.1.2 a1aglanTundiia aatatafon WAZONADI L1309 BMIINT
wnadgnsen
INNTILBNLLUNagaulIaa N lanlundaaniduritatas way
ﬂizl,ﬁul@ﬂl%%é’ﬂmmsﬁ’hﬁwﬁfm%'ﬂumauLmumaauu@ia:iagﬂﬁ'm”'sLﬁaﬂuazmqwa an
mww:@”’uﬁaﬂﬁam@;wa Lm:ﬁw"'m”’sl,ﬁaﬂm@;wa RAUAIINIY TBLUUNAR LT 1
a a = v a v . v a di
uﬂLiﬂummmmﬂwiumgﬂ@aa (Good  conception) ANt laNluNGaaIALAREY
(Alternative  conceptions) wazanud lanlusdfia (Misconception) ANUEAL NNT
UsziinanunInniTasazrasnnisuundanunlanluudie as1atafan LazONead 1589
s a aaa ai > a = U £ AI ; a
9a3n13LNad A3 (a1390 4.4) I@]EluﬂLiElu&lﬂ’J’mL‘IJ’]lﬁ]Qﬂ@]E]dLWSJ‘IJ%T;IﬂSJI%SJ@]
fanalaansasazuasnnisowianutnlanluudiaansd lagdsouazuaInziwadInm
v = v 1 v Qs v 4 Q =) aaAaa & U
vhlaluudgndasainnniiass: lunniadavesiies s08ammafiadjisondiuaasiy
ﬁ'«mﬁmmiﬁ'wj@hmg@mimaaamﬁuuu?mLmzi"mﬁ'umwmﬁau"LmszquLaqau,az
= ) = ~ ' Aada o o 9 o a
mnmuguumﬂmumUummm‘mﬂa@wiumﬂwmaauﬂLsﬂulﬁa@m"l@ Taauluud
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Stronger Fa(g) + 2¢” —> 2 F (aq) 2.87 Weaker
oxidizing H,Ox(aq) + 2H*(ag) + 2¢=  — 2H,0() 1.78 reducing
agent MnO;(aq) + 8 H*(aq) + 5¢= —> Mn?*(aq) + 4 H;O()) 1.51 agent
Cly(g) + 2¢ —> 2 Cl(ag) 1.36
Cr;0-7(aq) + 14 H*(aq) + 6 ¢~ —> 2 Cri*(ag) + 7 H;O()) 1.33
Oy(g) + 4H*(aq) + 4 — 2 H,O()) 1.23
Bry(l) + 2¢7 — 2 Bri(aq) 1.09
Ag'laq) + e —> Agls) 0.80
Fe**(ag) + e — Fe**(aq) 0.77
Oy(g) + 2H*(ag) + 2¢” —> H,0s(aq) 0.70
Iy(s) + 2e” —> 2 I(aq) 0.54
Oy(g) + 2H,0() + de —> 4 OH(aq) 0.40
Cu(ag) + 2¢” —> Cu(s) 0.34
Sn*t(ag) + 2¢ — Sn?*(aq) 0.15
2H*aq) + 2¢ — Ha(®) 0
Pb**(aq) + 2¢~ — Pb(s) -0.13
Ni®*aq) + 2 ¢ — Ni(s) -0.26
Cd**(aq) + 2¢” —> Cd(s) -0.40
Fe*(aq) + 2¢” —> Fe(s) -045
Zn**(ag) + 2¢” —> Zn(s) -0.76
2H,0() + 2¢ —> Hy(g) + 2OH(ag) ~0.83
AP*aq) + 3¢ — Al(s) -1.66
Weaker Mg2*(aq) + 2¢ —> Mg(s) 237 ke
oxidizing Na*(aq) + ¢~ —> Naf(s) =271 reducing
agent Li*(aq) + e~ —> Li(s) =3.04 agent
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Grade 12 students’ conceptual understanding and
mental models of galvanic cells before and after
learning by using small-scale experiments in
conjunction with a model kit

Saksri Supasorn

This study aimed to develop the small-scale experiments invclving electrochemistry and the galvanic
cell model kit featuring the sub-microscopic level. The small-scale experiments in conjunction with the
model kit were implemented based on the 5E inquiry learning approach to enhance students’
conceptual understanding of electrochemistry. The research tools consisted of (1) four small-scale
experiments involving electrochemistry, which were oxidation and reduction reactions, galvanic cells,
cathodic protection of iron nails, and connecting batteries in series, and (2) the galvanic cell model kit
with the ability to generate various galvanic cells. The data collecting tools included (1) a conceptual test
of electrochemistry and (2) the mental model drawing of a galvanic cell. Thirty-four grade 12 students
participated in the series of four 5E learning activities for a total of 10 hours. Paired samples T-test
analysis revealed that the mean scores of the post-conceptual test (mean 36.63, SD 7.69) was
statistically higher than that of the pre-conceptual test (mean 2151, SD 6.83) at the significance level
of 0.05. In addition, the mean scores of the post-mental models in both the macroscopic (mean 3.56,
SD 1.30) and sub-microscopic features (mean 5.98, SD 2.93) were statistically higher than those of the
pre-mental models (mean 1.85, SD 1.11 and mean 2.20, SD 2.45) at the significance level of 0.05. Prior
to intervention, most students were in the categories of less correct conceptions, Partial Understanding
with Specific Misunderstanding (PMU) to No Understanding (NU). However, after the intervention, they moved
to the categories of more correct conceptions, Partial Understanding (PU) to Sound Understanding (SU).
This indicated that this intervention can enhance students’ conceptual understanding of electrochemistry

and mental models of galvanic cells

to draw and explain molecular representations of some electro-
chemistry experiments, such as reactions in galvanic cells,

Almost all high school students are required to study electro-
chemistry in both lecture and laboratory settings. Many students
revealed that it is one of the difficult chemistry topics since it
involves intangible concepts that cannot be accessed with direct
perception. In addition, some students may hold alternative
conceptions - conceptions that are not consistent with the
consensus of the scientific community which may be partially
right but incomplete, or just simply wrong (Mulford and
Robinson, 2002). Students’ misunderstandings, alternative con-
ceptions, or misconceptions, some of which cannot be measured
by traditional instruments (Stears and Gopal, 2010), influence
their future learning. Therefore, instructors should encourage
learning by the use of activities that promote students’ concep-
tual change (Demirbas and Ertugrul, 2014). Requiring students

Faculty of Science, Ubon Ratchathani University, Ubon Ratchathant,
34190 Thailand. E-mail: saksri_supasorn@gmatl.com

This journal is © The Royal Society of Chemistry 2015

may reveal their understandings and identify some of their
alternative conceptions.

Alternative conceptions in electrochemistry

Electrochemistry, including its involved concepts, is a complex
subject that has considerable importance in many applications
(Miller, 2014). 1t is one of the topics in which students tend to
hold alternative conceptions since it is difficult to visualize and
relate what occurs at the sub-microscopic level (also called parti-
culate nature or molecular level) to the macroscopic (experiment
observation) and symbolic levels (Calik et al., 2010; Taber, 2013).
It involves both qualitative and quantitative aspects which con-
cern the transfer of electrons between different chemical species.
The amount of transfer depends on the concentration of the
presented species (Miller, 2014).

There are many research studies that investigated students’
alternative conceptions involving electrochemistry and utilized

Chem. Educ. Res. Pract, 2015, 16, 393-407 | 393
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various intervention tools to improve students’ conceptions. 1t
is reported that not only high school students {Garnett and
Treagust, 1992; Niaz, 2002; Niaz and Chacdn, 2003; Acar and
Tarhan, 2007; Osman and Tien Lee, 2014) and college {university)
students {Sanger and Greenbowe, 1997a; Hawkins and Phelps,
2013), but also pre-service and in-service science and chemistry
teachers {Ahtee et al, 2002; Okaya, 2002; Aydeniz and Krbulut,
2011; Ekiz et al, 2011; Yakmaci-Guzel, 2013) tended to have
alternative coneeptions and miseonceptions in electrochemistry
and its related topics. These studies found that both high school
and college students had learning difficulties and misconceptions
about galvanie, electrolytic, and concentration cells. The identifi-
cation of misconceptions is important to help learners understand
these topics meaningfully {Sanger and Greenbowe, 1997a).

Sanger and Greenbowe {1997b) summarized common alterna-
tive conceptions or misconceptions in electrochemistry. Examples
of these common misconceptions are that electrons move through
a solution by being atiracted from one ion to another, move
through a solution by attaching themselves to ions at the cathode
and are carried by that ion to the anode, enter a solution from the
cathode, travel through a solution and the salt bridge, and emerge
at the anode to complete the circuit, Other examples include the
idea that electrons can flow through agueous solutions without
assistance from the ions, anions in the salt bridge, and the
electrolyte transfer electrons from the cathode to the anode, and
cations in the salt bridge and the electrolyte accept electrons
and transfer them from the eathode to the anode, only anions
constitute a flow of current in the electrolyte and the salt bridge,
and the anode is positive because it has lost electrons, while the
cathode is negative because it has gained electrons.

Karsli and Calik {2012) reviewed many articles and summarized
major alternative conceptions encountered in electrochemistry
as follows: {1} the cathode is a negative electrode, an oxidation
half-cell that loses electrons, and decreases mass over time, (2)
the anode is a positive electrode, a reduction half cell that gains
electrons, and increases mass over time, {3) the salt bridge allows
electrons to travel from the anode to the cathode, supplies the
ions which are necessary to move from the cathode to the anode,
allows the cations to migrate toward the anode electrode,
whereas the anions migrate towards the cathode electrode, and
{4) a lack of reporting the cell reaction correctly.

Cullen and Pentecost {2011) reported evidence that chemistry
textbooks and instructors are responsible for many students’
alternative coneceptions involving electrochemistry. Instructors
tend to use everyday language that can lead to misinterpreta-
tion by their students. They then designed a paper model to
teach about galvanic {voltaic) cells to address students’ alter
native conceptions by adaptation of an inexpensive, portable,
and flexible teaching model by Huddle et al (2000). This
paper model was used in conjunction with electrochemistry
laboratory activities and allows students to visualize that no
electrons pass into the solutions and how mass of electrodes is
gained and lost. The researchers also commented that as
students demonstrated and discussed the model within their
groups, they were consiructing their own understanding of
galvanic cells.
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Previous studies reported that many alternative conceptions in some
intangible concepts arase from the fact that students have difficulty
in understanding the reladonship among representations in chem-
isiry {Calik ef al., 201 0; Cullen and Pentecost, 2011). Representations
in chemistry, also called chemical representations, refer to various
types of formula, stuctures, and symbols used to represent
chemical processes and conceptual entities, such as molecules
and atoms. They can be viewed as metaphors, models, and theore
tieal constiucts of chemists’ interpretations of nature and reality
{Hoffmann and Laszlo, 1991). Previous research highlighted
three levels of representations in chemistty {Johnstone, 1993;
Chandrasegaran et al., 2007; Taber, 2013):

{1) Macroscopic representation. This describes bulk properties
of tangible and visible phenomena in the everyday experiences
of learners when observing changes in the properties of matter,
such as colour changes, formation of gases, and precipitates in
chemical reactions.

{2) Sub-microscopic representation. This is also called molecular
representaton, and provides explanations at the particulate level in
which matter is composed of atoms, molecules and ions.

{3) Symbolic representation. This involves the use of
chemiecal symbols, formula, and equations, as well as molecular
structure drawings, diagrams, and models to symbolize matter.
It can provide information for both macroscopic (relative
amounts or moles of involved substances) and molecular levels
{numbers of formula unit of involved substances).

Calik et al. {2010) considered studies of students’ alternative
conceptions in such topics as electrochemistry, acids and bases,
chemical equilibrium, and rates of reactions. They concluded
that some alternative conceptions arose because many students
find it difficult to visualize chemical phenomena and/or pro-
cesses at the sub-microscopic level and to link the macroscopic,
sub-microscopie, and symbolic levels to each other. They also
explored Turkish grade 11 students’ conceptions of chemiecal
reaction rates. Their intervention consisted of nine classes of
45 minutes using three guide sheets and 11 computer animations.
‘The students were first given a student guide sheet containing
scientific questions to promote curiosity and draw out their prior
knowledge. They then were asked to interact with the animations
followed by group discussions. Next, they were introduced to
the concepts and processes of rates of reactions to enhance
their conceptual understanding. Finally, they attempted to
extend their understandings of the concept which were
assessed by means of questions at the bottom of each guide
sheet. The researchers reported that this teaching intervention
could help students correct their alternative conceptions but
may not completely eliminate them. Therefore, instructors
should utilize more than one intervention model to overcome
students’ alternative conceptions.

Roles of mental models in learning chemistry

Students’ conceptual understanding, especially intangible con-
cepts in phenomena/processes/systems, involves the ability to
relate to the three representations in chemistry. The term
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‘mental model’ was introduced to describe how students con-
struet a model of understanding of a specific process by the
incorporation of new received information into their existing
knowledge {Johnstone, 1993). Mental models are representa
tions of ohjects, ideas, thinking, or processes which individuals
intrinsically construct during cognitive functioning {Ibrahim
and Rebello, 2013; Liu et al., 2014). People use these models to
reason, describe, explain, and/or predict scientific phenomena,
processes, or systems. Mental models can be generated in various
formats to communicate ideas to other people or to solve
problems {Ibrahim and Rebello, 2013; Liu ef al, 2014}, and
can represent either physical entities via verbal descriptions,
diagrams, simulations, and concrete models, or conceptual
understanding, such as models of ideas, thinking, or intangible
concepts {Coll and 'Treagust, 2003; Chandrasegaran et al.,
2011}. If their mental models fail to assimilate new experiences,
students may modify their existing models or generate alter-
native models {Glynn and Duit, 1995). Mental models are
considered as an important part of learners’ conceptual frame-
works {Glynn and Duit, 1995) and they play a potential role in
learning chemistry at the molecular level because much of the
chemistry involved at this level cannot be accessed by direct
perception {Briges and Bodner, 2005). Full understanding of
chemical processes involves the ability to connect events at a
macroscopic level with events at the molecular level {Johnstone,
1993}, Therefore, students need to transform these invisible
events or phenomena into equivalent mental or conceptual
maodels or representations, which is difficult for many students
{Doymus et al., 2010; Dixon and Johnson, 2011; Duis, 2011},

Based on the information above, the term ‘mental models’
in this study context are the models of understanding {in form
of drawings] that students use to relate and describe their
understanding of how a galvanic cell functions at macroscopic,
symbolie, and sub-microscopic levels.

5E inquiry learning activities

Inquiry learning activities were considered to be effective in
teaching chemistry and have been highly advocated in the last
few decades {Sanger, 2009). These types of activities possess
more advantages over traditional approaches. These advan-
tages include the encouragement of students to practice using
learning resources and working in groups to enhance their
conceptual understandings, and the opportunities for teachers
to play roles as facilitators who motivate and challenge students
to carry out the activities through a science inquiry process
{Deters, 2005). The 5E learning cycle has been proven to be one
of the most effective inquiry learning in chemistry {Bybee et al.,
2006). It involves students through the following steps: {1)
students are engaged in inquiry questions, {2} students explore
answers to the questions by planning, designing, and carrving
out their experiment, and recording the experiment data, {3)
students make explanations from the experimental data to
answer the gquestions, {4) students elaborate, extend, or apply
their findings in a new context, and {5) students evaluate their
experimental processes and results in a variety of ways. This
learning cycle is effective to support students to notice and
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correct their alternative conceptions (Balei et al., 2006; Byhee
et al., 2006).

The literature review above suggests that the implementation of
corresponding  experiments through the 5E inquiry learning
approach is effective to enhance students’ conceptual understanding
of the corresponding concepts. The use of inquiry experiments
in conjunction with a corresponding model featuring the sub-
microscopic level could be more effective to enhance students’
coneeptual understanding and mental models of the corres-
ponding concepts. As a result, the combination of 5E inquiry
experiments and a galvanic cell model kit featuring the sub
microscopic level was used as the intervention tools in this
study to minimize students’ difficulty in visualizing and relating
what oceurs at the sub-microscopic level to the macroscopic and
symbolic levels of galvanic cells.

Research questions

Based on results from a pilot study, the implementation of small-
seale experiments via the 5E inquiry learning approach is effective
to enhance students’ conceptual understanding at the macro-
scopie and symbolic levels, but not at the sub-microscopic level
{(Supasom et al, 2014). This view arose from the fact that the
implemented experiments contained insufficient information
regarding sub-microscopic features. As a result, the galvanic cell
maodel kit featuring macroscopie, sub-microscopic, and symbolic
levels was developed to help students relate these representations
to each other. The main purpose of this study was to investigate
students’ conceptual understanding of electrochemistry and
mental model of a galvanic cell prior to and after the perfor
manee of corresponding experiments and the model kit based
on 5E inquiry learning activities.

These research questions were posed when the small-scale
experiment activities in conjunction with the use of the model
kit of galvanie cells were implemented:

{1) How do students' scores on the conceptual test of
electrochemistry and on the mental model drawing of galvanic
eells change hefore and after they performed the experiments
in conjunction with the model kit of galvanic cells?

(2} How do the percentages of students in each conceptual
understanding category in the conceptual test of electrochem-
istry and in the mental model of galvanic cells change before
and after they performed the experiments in conjunction with
the model kit of galvanic cells?

Research methodology

‘This one group pre-test/post-test study used a quantitative method
in its research paradigm. However, some qualitative data obtained
from informal interview regarding students’ mental models of
galvanie cells were applied to fulfill the quantitative part.

Treatment tools

Two types of treatment tools were developed in this study, small-
scale experiments and the galvanic cell model {zine metal chart).

Chem Educ. Res Pract, 2015 16, 393-407 | 395
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Fig. L Small-scale experiments involving electrochemistry.

‘The small scale experiments consisted of (1) oxidation and reduction
reactions {Fig. 1a), {2) galvanic cells {Fig. 1b), (3] eathodic protection
of iron nails (Fig. 1¢), and {4) connecting batteries {Fig. 1d).

The experiments were designed with regard to some ‘green’
chemistry principles, such as reducing the amounts of chemicals
used, toxic chemicals, and generated wastes {Poliakoff and
Licence, 2007). The concentration and volume of solutions used
in this study were 2.50 mL and 0.01 M. The terms ‘small-scale’
and ‘low-cost’ were applied since these experiments reduced the
scale of the normal experiments by at least 1000 or 2000 times
and used inexpensive equipment, chemieals, and substances.
A cotton thread {with the length of 15-20 em) pre-treated in
5.00 mL of 0.01 M of saturated potassium nitrate solution was
used as a salt bridge (Khattiyavong et al, 2014). Such experi-
ments can minimize costs and amounts of chemicals, laboratory
glassware and equipment requirements, waste production, high
expense for waste disposal, and time-consuming activities, while
maintaining the concepts of the experiments and necessary
laboratory techniques and skills (Martin and Gilbert, 2011).
The experiments were tried out with grade 12 students studying
in Satrisiriket School in Srisaket Provinee of Thailand {Supasorn
et al., 2014). Comments and suggestions from the students were
used to improve the effectiveness of the experiments.

The galvanic cell model kit featuring the sub-microscopic level,
also called the model kit or a model kit of galvanic cells, was
adapted from the inquiry model approach to the electrochemical
cell by Cullen and Pentecost {2011). The model kit consisted of
two parts (Fig. 2).

396 | Chem Educ Res Pract, 2015, 16, 393-407

Ey’]l,m}‘ﬁl TRG5680024 /123

eee

VIR M LI T

Chemistry Education Research and Practice

\V/

@  Electron

Atom
€€ ' winm
T T * cation
k& cation
¥E B+ cation
(q_ "3 “ anion
39  anien
Ca * anion

Taks *anion

@ sali-generued
(S) cution and union

A o

Front side

SUB-MICROSCOPIC SELECTION PANEL

MACROSCOPIC SELECTION PANEL
Metals | El lutions | Salt bridge | Half-cells

Mgiah Alls), | MESOs(ag), AlCh{ag), | S0lutions [Oxidation,

Cuis), Fels) | CuSOulag), FeSOuag), | KNOstag), | Reduction

Znfs), Nigs), | FeCling), ZnSOuaq), | NaNChing). [Electrodes
Agis), Snis) | NiSOdag), AgNOiaq), | KCliaq), Anode, |
Sn{SOualagh NaClaq) | Cuthode

a) Paper template of a galvame cell

3z

*
.

rubber magnet

) Hubber magnet

Back side

zine metal sheot
) Templae layers

Fig. 2 The galvanic cell model kit salt-generated ions and H:0 molecules
could be dismissed to focus on particles involving oxidation and reduction
reactions).

The first part was a galvanic cell template containing three
layers, in which a sheet of zinc metal is inserted as the core
layer followed by a paper template of the galvanic cell, and
then covered with a clear plastic sheet. The back side of this
template contained the instructions related to the use of the
model. This part was printed on A3-size paper. The second part
was the package containing sets of various metal clectrodes,
metal cations, electrons, and salt-generated anions and cations.
All templates in the second part were glued with rubber magnets
{cutting by using scissors or cutters) to make it possible for students
to magnetize them into the zinc metal core of the model kit If
students found it difficult to illustrate the water (H,0) molecules
and/or saltgenerated ions {ie., K', Na', Cl , NO; ions) in the
madel kit, these particles were able be omitted to allow students to
coneentrate on only the particles involving oxidation and reduction
in galvanic cells as suggested by Cullen and Pentecost {2011). In
addition, covering one out of two halfcells in the model kit can
demonstrate how the oxidation or reduction reactions of metals
occur in each halfcell {containing the metal ion solution).

Data collection tools

There were two types of data collection tools in this study. The
first one was the conceptual test of electrochemistry containing
24 items in a two-tier three-choice test. There were 9 and
15 items regarding the concepts of oxidation-reduction reac-
tions and galvanic cells, respectively. The concepts of batteries
{3 out of 15 items) and cathodic protection {3 out of 15 items)
were considered as sub-concepts of galvanic cells so they
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Question 1: Consider the reaction below.
Fe(s)— Cu™'(aq) — Fe''(aq) + Cuis)
L1 Which statement is correct?
A. Fe* (aq) is a reducing agent, while Cu*'(aq) is an oxidizing agent.
B. Cu*"(aq) is a reducing agent, while Fe(s) is an oxidizing agent.
g is 2 cine aeent, while Cu™iag) is xidizing 3 s
1.2 Please supply your reason or explanation for your response above,

Question : Consider the diagram below.
2.1 Which statement is correct?
A Electrons ranster from Cuis) to Mg(s).

B Electrons transfer from Meis) to Cu”iag),
C. Electrons transfer from $03™(aq) to Cu® (aq).
2.2 Please supply your reason or explanation for
your response above.

Questinn 3; Consider the reaction below in which the reduction potential (7} of
the Znjn’ and CA)CA™" hal Feells are 0,76 and -0.40 ¥, respectively,
Zols)  Cd (ag) = 20" (ag ) 1 Cdls)
3.1 What is the standard reduction potential { =55 ) of this cell?
A A5 B 036 C_+1.16
3.2 Please supply your calculation method for your response above,

Fig. 3 Examples of two-tier three choice items in electrochemistry.

were included in the concepts of galvanic cells in this study.
Students were required to make their choices of answers in the
first tier and then provide their explanations for those choices
in the second tier {examples of the test are shown in Fig. 3)
{Treagust, 1988; Chandrasegaran et al, 2007). The test was
content-validated by two senior chemistry lecturers and one
chemistry education professor. There were four main concepts
in the test including oxidation-reduction reactions, galvanic
cells, batteries, and cathodic protection.

The test items were analyzed by the use of a software called
Simple ftem Analysis {SI4) which is commonly used in Thailand. The
difficulty index {P} for each item was in the range of 0.20-0.70, in
which the percentages of items with P in the ranges of 0.20-0.39
{difficult), 0.40-0.59 {medium), and 0.60-0.80 {casy} were 20.00,
30.00, 40.00, and 10.00 respectively. The discrimination index 7] for
each item was in the range of 0.30-0.90, in which the percentages
of itemns with r in the ranges of 0.20-0.39 {fair), 0.40-0.59 (medium),
0.60-0.79 {good), and 0.80-1.00 {excellent) were 12.50, 20.83, 41.67,
and 25.00 respectively. In addition, the reliability based on Kuder
Richardson Formula 20 or KRy, for the entire test was 0.87.

The second data collection tool was a mental model drawing of a
galvanic cell. Students were asked to draw their understandings of
what happens at the molecular level in a galvanie cell from two half-
cells randomly provided Zn|Zn™", Cu|Cu®, and Ni|Ni*" half-cells (see
Fig. 4). For example, if students were asked to draw a mental model
of a galvanic cell from Cu|Cu®" and Ni|Ni*" halfcells, they had to
consider which one was an oxidation or a reduction half-cell, and to
provide how jons and atoms in each half-cell {both in solutions and
electrodes) changed regarding the progress of the reaction.

Participants

With prior permission from the school principal and the
instructor of the chemistry course during the first semesier of
the academic year 2014, 34 students out of 41 students {one
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Please fill in the balnks,

Beaker: A B
Hall-cell:

Electrode:

Metal:

Solution:

Half rea
Total reaction:

Please illustrate what happens at a
sub-microscopic level by using the

msfﬁm following icons.
Q@ ® clectron
Cc * cation L* -"j anion
T T 7 cation :_’O * anion
o A eation Oﬁ ¥ anion
2% “cuion Sene “anion

(@ sult-gencrated cation

() salt-generated anion

Fig. 4 The task for a mental model drawing of a randomly given galvanic
cell e, MalMa®™, ZnlZn®™, FelFe®™, CulCu™ and NilNi** hali-cells).

classroom) who attended all activities throughout the study
were purposively selected as the participants of this study. They
were studying grade 12 at Srimuang Wittayakhan School, a
regular, large high school, in Ubon Ratchathani provinece of
Thailand. The participants were asked for permission to use
their coneeptual test information and to reproduee their draw-
ings for the study report and publication.

Notice that all research tools both treatment tools {lesson
plans) and data collecting tools {(conceptual tests and mental
model drawings) were in Thai language. The class was taught in
‘Thai language and all examples included in this article involved
translation into English. In addition, these students had a
chance to experience a two-tier conceptual test in which they
were asked to explain their choices in the second tier in the
previous semester. This could support students to he able to
provide fruitful information in their explanation.

Implementation

Prior to the series of four 5E inquiry learning aetivities, the partici-
pants spent one hour to complete the conceptual test of electio
chemistry and mental model drawing of a galvanic cell {pre-test and
pre-mental model). The students were then divided into groups of
four or five students and requested to participate in four 5E inquiry
learning activities as shown in Table 1. They then started the mquiry
activities in order of oxidation and reduction of metals in metal ion
solutions, generation of galvanic cells, connection of series and
parallel batteries, and cathodic protection of iron nails by using Zn
and Mg metals. In each S5E leaming activity, the students were
requested to participate in the following process.

(1) Engagement: they were engaged in a scientifically-oriented
question in regard to electrochemistry {one main question in
each experiment, see Table 1).
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Table 1 Key SE learning activities of galvanic cells

Ey’]Lﬂ’ll‘ﬁl TRG5680024 /125

2°

VMY M LI LTI

Chemistry Education Research and Practice

Plan [hours) Key activities

1. Pre-test (1.0}

2. 5F leaming {10)

2.1 Oxidation and

reduction (3.0)
(Mg, Zn®, Fe™, Cu™')

Pre-conceptual test and pre-mental model drawing.

Main question: How do metals react with metal ion solutions?
- Observing oxidation and reduction reactions of metals (Mg, Zn, Fe, Al, Cu) in metal ion solutions

- Demonstrating oxidation and reduction reaction by using the galvanic cell model kit.

2.2 Galvanic cells (3.0)

Main question: How can galvanic cells be generated from variety of half-cells? How do they react?

- Constructing galvanic cells from various halt-cells (Mg|Mg*', Zn|2n*', Fe|Fe', CulCu®) and measuring

their cell voltages.

- Generating galvanic cells by interacting with the model.

2.3 Batteries (2.0)

Main question: How can series and parallel batteries be generated and how do their reactions oceur?

Connecting batteries in series and in parallel using highest voltage galvanic cell obtained from

previous experiment.

Demonstrating what occurs at sub-microscopic level of batteries by using the model kit

2.4 Cathodic
proteetion (2.0}

Main question: How can Mg and Zn metal protect iron nails from rusting?
- Observing cathodic protection of iron nails by using Mg and Zn as anode.

- Demoenstrating how cathodic protection works by using the model kit

3. Post-test (1.0)

4., Informal interview
model drawings.

(2) Exploration: they explored and gathered data to answer
the question by planning and carryving out an experiment.

(3) Explanation: they formulated explanations based on
their summarized data and scientific knowledge to answer
the question.

(4) Elaboration: they elaborated, extended, related, or applied
their macroscopic and symbolic findings from the experiment to
the sub-microscopic level by interacting with the model kit in
regard to the question “Based on your experiment results at a
macroscopic level and the equation at a symbolic level, how does
the reaction cccur at a sub-microscopic level?”

(5) Evaluation: they were evaluated regarding their under
standing by means of class and group discussions together with
demonstration of the model kit regarding the experiment
concepls.

The oxidation and reduction topic was raised as an example
of 5E inquiry learning activities in this study. The students were
firstly engaged with the inquiry question “How does each metal
{Mg, Fe, Al, Zn, and Cu) react with various metal ion solutions?"
‘The instructor then summarized and wrote students’ responses
on the whiteboard. After that the instructor divided them into
small groups and allowed them to plan and conduct an experi
ment to answer the engaged question by using the provided
metals, solutions, and equipments. The instructors and two
teaching assistants acted as facilitators during this step. After
they completed their experiments, they were asked to summar-
ize their experimental data and then formulate explanations to
answer the engaged question. This step involved both macro
scopic and symbolic representations. Next, they were asked to
interact with the model kit to explain what happens at the sub-
microscopic level based on their experiment results about how
each metal (Mg, Fe, Al, Zn, and Cu) reacts with various metal
ion solutions in front of the class. This step allowed students
to elaborate what they experienced at the macroscopic and
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= Post-conceptual test and post-mental model drawing

- Unstructured interview regarding students, explanations in conceptual tests and in mental

symbolic levels to the sub-microscopic level. Finally, they
were evaluated regarding their conceptual understanding by
requesting them to generate oxidation and reaction reactions
for other metals {i.e., Sn, Niand Ag) by using a model kit together
with writing chemieal equations. Please note that group and
class discussions were encouraged during the explanation and
elaboration steps.

After the completion of the four learning activities for a total
of 10 hours, the students were asked to complete the conceptual
test of electrochemistry {the same test with rearrangement of
choice and item orders) and make changes to their mental
model drawings or draw a new one {post-test and post-mental
maodel). Finally, participants in each of “Sound Understanding:
SU", “Partial Understanding: PU™, “Partial Understanding with
Specific Misunderstanding: PMU", “Specific Misunderstanding:
MU", and “No Understanding: NU" categories were purposively
selected for informal unstructured interview regarding their
supplied reasons in the explanation tiers of the conceptual test
and in their mental model drawings.

For the model kit par, the participants were asked to generate a
specific galvanic cell out of various galvanic cells hy interaction with
the model of galvanic cells. For the macroscopic feature, they had
to select the anode and cathode electrodes, electrolytic solution, and
salt hridge solution and then put them on the oxidation and
reduction half-cells of the model. For the sub-microscopic feature,
they were required to choose the metal ions {with the right oxidation
number), neutral atoms, electrons, and salt-generated cations and
anions, and then put them into the oxidation and reduction half
cells of the model {see Fig. 5). Finally, they had to move these
particles into the correct positions as the oxidation and reaction
reactions progressed over time. The students also had to consider
the numbers of neutral atoms, cations and anions in each halfteell,
and electrons. These details were used as the criteria for grouping
students into conceptual understanding categories.
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Please [l in the balnks,

Beaker: A B
Half=cell:  Oxidation  Reduetion
Electrode:  Anode Cathode
Metal: Mgls) Fefs)
Solution: MgSOilag)  FeSOulng)

Please illustrate what happens at a
sub-microscopic level by using the
progress Following icons.
of reaction

.o atom @ clectiron
€€ "cion OO -anion
z T 7 cation :‘;’  anion
A2 A cation ' d{‘d * anion

. al ¥
& F T cation :.:} * anion

(@ sali-generated cation

() salt-generated tnion

Fig. 5 Example of 3 student generated Mg—Fe galvanic cell in the model kit,
randomly given among MglMg™, ZnZn™, FelFe™, CulCu™ and NilNi*

Data analysis

The data collected in this study were analyzed as follows:

{1) The pre- and post-conceptual test answers were awarded
1.00 and 0.00 point for each correct and incorrect choice,
respectively, in the first tier. Please note that the first tier
may not be enough to identify if students accommodate mis
conceptions, while the explanation tier contains more relevant
information about students’ conception. Each explanation pro-
vided in the second tier was awarded 0.00, 0.25, 0.50, 0.75, or
1.00 point regarding the completeness of their explanation. The
total possible score for each item was 2.00 points. Considering
the explanation score, the total possible score in this part was
24 points. Students were categorized into five categories accord-
ing to their explanation scores. Students whose percentages
of explanation scores fell in the ranges of 0-19, 20-39, 40-59,
60-79, and B0-100 were classified as ‘very poor’, ‘poor’, ‘fair,
‘good', and ‘excellent’ categories, respectively.

{2) The pre- and post-mental model drawings were categor-
ized into five groups according to the information expressed in
their drawing both macroscopic {including symbolic) and sub-
microscopic {molecular) levels. The macroscopic and symbolic
levels were combined in this study as MacSym criteria as
sometimes they were difficult to separate symbolic information
from macroscopic information in students’ mental drawings.
There were three criteria {5 points available) for the macro-
scopic and symholie features {MacSym A1, A2, and A3) and the
other three criteria {10 points available) for the sub-microscopic
features {Mol B1, B2, and B3). Therefore, the total available score
was 15 points. Four main scientific concepts were considered
in each criterion {see Table 2). Drawings with information
corresponding to none, one, two, three, and four out of four
scientific concepts in each criterion were classified as “Sound
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Understanding: SU”, “Partial Understanding: PU", “Partial
Understanding with Specific Misunderstanding: PMU”, “Specific
Misunderstanding: MU", and “No Understanding: NU" cate-
gories, respectively. These drawings were, respectively, awarded
100%, 75%, 50%, 25%, and 0% of the possible score in
each criterion.

{3) Students’ scores from the pre- and post-conceptual
tests and mental model drawings were analyzed by the use of
paired-samples T test to identify the mean differences between
the pre- and post-intervention scores at the significance level
of 0.05,

{4) Class normalized learning gains or () of students’ scores
from pre- and post-conceptual tests and mental model drawings
were applied to minimize the floor and ceiling effects caleulated
using the equation:

{g} = [{% post-test) — (% pre-test)]/[(100%) — (% pre-test)]

The floor and ceiling effects are the effects that students who
begin with low pre-test scores may have more chanee to have
large percentage gains, while students who begin with large
pre-test scores may gain only small percentage scores. In other
words, it is common for students with higher pre-test scores to
have results of smaller absolute gains {post-test scores minus
pre-test scores). The floor and ceiling effects can be minimized by
using normalized gain (¢) analysis. The topics with (g < 0.30,
030 < {g > 070, and (g} = 0.70 were classified into low-,
medium, and high gain categories, respectively (Hake, 1998).

Results and discussion

There were four seetions of results in this study: {1) students’
scores in the conceptual tests of electrochemistry, {2) student
conceptual categories in the conceptual tests of electrochemistry,
{3) students’ scores in the mental model drawings of a galvanic
cell, and (4) students’ conceptual categories in the mental models
of a galvanic cell.

Students’ scores in the conceptual tests of electrochemistry

Students’ conceptual test scores were divided into two cate-
gories, oxidation-reduction reactions and galvanic cells. The
mean pre-test scores for the first and second tiers and the
totals were 4.41 {SD 1.62), 4.22 (SD 2.21), and 8.63 (SD 2.90},
respectively, for the topic of oxidation-reduction reactions, and
8.09 {SD 2.75), 4.79 {SD 3.54), and 12.88 {SD 5.21), respectively,
for the topic of galvanic cells, as shown in Table 3. After the
completion of the four small-scale experiments, the mean post
test scores for the first and second tiers and the totals were 7.67
(SD 2.19), 6.88 {SD 1.38), and 14.32 (SD 3.32), respectively, for
the topic of oxidation-reduction reactions, and 11.67 {SD 3.43),
10.32 {SD 2.80), and 22.26 {SD 5.30), respectively, for the topic
of galvanic cells. The normalized learmning gains or (g} for the
first and second tiers and the totals were 0.71, 0.55, and 0.61,
respectively, for the topic of oxidation-reduction reactions, and
0.52, 0.53, and 0.55, respectively, for the topic of galvanic cells.
The (g) was in the medium gain range of 0.30 and 0.70 in all
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Table 2 Criteria for categorizing students’ mental models of a galvanic cell
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Criteria Scientific concepts

1. Macroscopic and symbolic
1.1 MacSym A1 (2 points)
1. Provide correct cathode (Mac).
2. Provide correct anode (Mac).

3. Provide correct salt-bridge (Mac).

The following concepts are considered.
Electrodes, solutions and salt bridges.

4. Provide correct solution in each hali-cell (Mac).

1.2 MacSym A2 (2 points)

Atoms, ions and electrons (particles).

1. Show right Ox. Mo. for metal cations in each half-cell {Sym).

2. Show right Ox. Mo. for electrolytic anions in each half-cell {Sym).
3. Define particles in electrodes as neutral atoms (Sym).

4. Show free electrons (e”) only on wire (Sym).

1.3 MacSym A3 (1 point)

Oxidation and reduction half-cells.

1. Identify correct oxidation and reaction half-cells (Mac).

2. Provide right oxidation reaction for oxidation half-cell {Sym).
3. Provide right reduction reaction for reaction half-cell (Sym).
4. Provide right total oxidation-reaction reaction {Sym).

2. Molecular
2.1 Mol B1 (4 points)

The following concepts are considered. Please note that sizes of particles are not ineluded in these criteria.
Position of particles and oxidation number.

1. All neutral atoms appear only on electrodes.

2. All ions appear only in solutions or in salt-bridge.
3. Free electrons appear only on a wire,

4. Ox. No. of metal ions in each hali-cell is correct.

2.2 Mol B2 (4 points)

Numbers of particles in solutions and electrodes.

1. Numbers of neutral atoms increases in cathode, while decreases in anode.

2. Numbers of metal cations increases in oxidation half-cell, while decrease

in reduction half-cell.

3. Number of metal ions relate to the gain and loss of electron in each half-cell (mole concept).
4. Total number of metal atoms plus metal ions in each half-cell remains constant {conservation of mass).

2.3 Mol B3 (2 points)

Transfer (movement) of particles in solution and salt bridge.

1. Salt-generated cations transfer to reduction half-cell.
2. Salt-generated anions transfer to oxidation half-cell.
3. Electrons transfer from anode to cathode vig a wire.
4. Electrolytic anions transfer from one to the other half-cell via salt-bridge.

cases except the choice tier of the topic of oxidation-reduction
reactions {{g} = 0.72, high gain). This arose because the oxida
tion-reduction reactions topic involves just one half-cell {one
vial or beaker observation), while the galvanic cells topic
involves two halfeells {two vials or beakers) which is more
difficult to observe and understand. Therefore, the students
provided clearer explanations in the oxidation-reduction sec-
tion than in the galvanic cells section which involves and
assumes knowledge of oxidation-reduction.

The paired-samples T-test analysis indicated that the difier-
ences between the mean scores of the pre- and post-conceptual
tests were statistically significant in all eases. In the galvanic cells

topie, students obtained much higher pereentages of scores in the
choice tier than the explanation tier for both the pre- {53.92 and
31.96) and postconceptual tests {77.78 and 68.19). This situation
arose because sometimes the students knew the answers without
a complete scientfic conceptual explanation of galvanic cells. As a
result, they may provide partial understandings, alternative under-
standings, or misunderstandings in their answers {Stzbilir et al,
2010). The improvements in the percentages of the post-test
scores indicated that the corresponding small-scale experiments
of electrochemistry in conjunction with the model of galvanic
cells were effective in the enhancement of students’ conceptual
understandings of electrochemistry.

Table 3 Students’ scores assessed by the conceptual test of electrochemistry

Pre-test Post-test Gain

Tiers Available Mean D i Mean Sh o o 4] T

Ox.-Red. 18 8.63 2.90 47.96 14.32 3.32 79.58 31.62 0.61 10.10%
Choice 9 4.41 1.62 49.02 7.67 219 85.22 36.20 0.71 8.50%
F!xplana!ion 9 4.22 2.21 46.90 6.88 1.38 76.47 29.57 .55 5.99%
Galvanic cells 30 12.88 5.21 42.94 22.26 5.30 7419 31.25 0.55 6.27%
Choice 15 8.09 2.75 53.92 11.67 343 77.78 23.86 0.52 3.95%
Explanation 15 4.79 3.54 31.96 10.32 2.80 68.19 36.23 0.53 7.94%
Total 48 21.51 6.83 44.82 36.63 7.69 76.39 31.57 0.57 7.58"

“ statistically different at the significance level of 0.05.
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Levels of students’ understanding in the explanation tier of
conceptual tests of electrochemistry

The students were categotized into five levels of understanding
regarding their explanations in the conceptual tests. Prior to
the involvement of 5E inquiry experiments and the model kit of
electrochemistiy, the percentages of students in the very poor,
poor, fair, good, and excellent categories were 48.37, 21.24,
20.26, 8.50, and 1.63, respectively, for the oxidation-reduction
reactions topic, and 65.29, 13.73, 13.53, 6.67, and 0.78, respec
tively, for the galvanie cell topie (Table 4). After the intervention,
the percentages of students in the very poor, poor, fair, good, and
excellent categories were 6.54, 7.52, 14.38, 16.67, and 54.90,
respectively, for the oxidation-reduction reactions topie, and
11.96, 11.57, 13.53, 15.29, and 47.65, respectively, for the galvanic
cell topic. Notice that the percentages of students decreased in
the less understanding categories but increased in the more
correct categorics.

Examples of students’ responses in conceptual test

Consider the students’ responses in the explanation tier
for Question 1 in the conceptual test of electrochemistry {see
also Fig. 3). Please note that if students did not supply any
response in the explanation tier, they were awarded 0.00 point
automatically. Some students chose the correct choice {C) but
supplied incorrect explanation such as ‘Fe(s) is a reducing
agent because it gained electrons, while Cu*'{aq) is an oxidizing
agent because it lost electrons’. This case was awarded 0.25 point
in the explanation tier because it was considered as misunder-
stood. Some students chose incorrect choice (A and provided
almost correct explanation such as ‘Fe*'{aq) is a reducing agent
because its oxidation number inereased from 0 to +2, while
Cu*faq) is an oxidizing agent because its' oxidation number
decreased from +2 to 0°. This case was awarded 0.75 point in the
explanation tier. Although the explanation about deereasing and
increasing oxidation numbers was correct, the consideration of
oxidation number of Fefs) and Fe*'{aq) was switched from the
right to left hand-side of the chemical equation {incorrect).
Some students chose incorrect choice (B} but provided correct
explanation such as 'Cu®{aq) is a reducing agent because it
gained electrons and became Cu(s), while Fe(s) is an oxidizing

Table 4 Percentages of students in 5 levels of understanding in the
explanation tier of conceptual tests (n = 34)

Percentage of students (%)

Coneeptual test

(no. of items) Very poor  Poor Fair Good  Excellent
Pre-test (24) 58.95 16.54 1605  7.35 110
Ox.-Red. (9) 48.37 21.24 2026 850  1.63
Galvanic (15) 65.29 13.73 13.53 667 0.78
Post-test (24) 9.93 10.05 13.84 1581 50.34
Ox.-Red. (‘J} 26.541 7.52 14.38 16.67 54.490
Galvanic (15) 11.96 11.57 13.52 1529 47.65
Change (24) 49.02 6.50 2.20 8.46 49.26
Ox.-Red. (9) ~11.83 -13.72 -13.72 817 53.27
Galvanic (15) ~53.33 -2.16 0.00 862 46.87
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agent because it lost electrons and became Fe*'{aq)'. This case
was awarded 1.00 point in the explanation tier because the
explanation about gaining and losing electrons of reducing and
oxidizing agents was correct,

Students’ alternative conceptions and misconceptions in the
explanation tier of the conceptual tests were consistent with
the summarized alternative coneceptions in electrochemistry by
Karsli and Calik (2012). The alternative conceptions included:
(1) the cathode electrode is negatively charged, which allows an
oxidation reaction to oceur, {2) the anode electrode is positively
charged, which allows a reduction to oceur, and (3} there was a
lack of ability to write the correct cell reactions. The misconcep-
tions were also consistent with the common misconceptions
summarized by Sanger and Greenbowe {1997h), such as the
anode is positively charged and getting smaller because it lost
electrons, while the cathode is negatively charged and getting
larger because it gained electrons.

The improvement of students’ conceptual understanding
and the conceptual changes to the more correct scientific
conception categories are consistent with the studies by Cullen
and Pentecost {2011) and by Huddle et al. (2000) who found
that the use of a paper model of a galvanic cell in conjunction
with electrochemistry laboratory activities allowed students to
visualize what happens at the sub-microscopic level of a galvanic
cell. As a result, students gained more conceptual understanding
of galvanic cells.

Students’ scores in the mental models of a galvanic cell

Prior to the intervention, students’ mean scores for the pre-mental
models in the macroscopic and symbolic {MacSym) and sub-
microscopic {Mol] features were 1.85, 2.35, and 4.21 respectively.
After the intervention, their mean scores for the post-models
were 3.56, 5.98, and 9.55, respectively {Table 5). The percentages
of the actual gains in their mental model scores were 34.20, 36.30,
and 35.60 respectively, In addition, the normalized gains for their
mental models were 0.54, 0.49, and 0.49, all falling in the medium
gain range. The paired-samples T-test analysis indicated that
these changes from pre- to post-drawings were statistically
significant in all cases. Students obtained a percentage for

Table 5 Students’ mental model scores on a galvanic cell in = 34)

Pre-models Post-mnodels Gain

Criteria® %

{score) Mean SD %  Mean SD % Actwal (g} T
MacSym Al (Z)  0.82 071 41.00 1.41 0.55 70.50 29.50 0.50 3.37°
MacSym A2 (2)  0.65 0.63 32.50 1.42 0.49 71.00 3850 0.57 5.74°
MacSym A3 (1)  0.38 0.33 38.00 0.73 0.28 73.00 3500 0.55 4.54°
MacSym total (5) 1.85 1.11 37.00 3.56 1.30 71.20 34.20 0.54 5.66°
Mol B1 (d] 1.06  1.04 26,50 2,48 1.31 62.00 3550 (.49 3927
Mol B2 (41] 0.85 1.08 21.25 230 1.21 57.50 3625 0.47 3.88%
Mol B3 [2} 044 0.50 2200 1.20  0.60 60.00 3800 0.50 4.23%
Maol roml {10} 235 245 2350 598 293 59.80 3630 0.49 4.14%
Grand total {15) 4.21 2.88 28,06 9.55 4,10 63.67 3560 0.49 4.81°

# Statistically different at the significance level of 0,05, ¥ Criteria MacSymn
A1-A3 and Mol B1-B3 are described in the data analysis,
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Table 6 Percentages of students in 5 conceptual categories in mental
model drawings {n = 34)

Percentage of students (%)

Menral models NU MU PMU PU su

Total pre-test 24.51 21.08 10.29 5.88
MacSym criteria 26.47 21.57 10.78 11.76
MacSym Al 32.35 17.65 8.82 17.65
MacSym A2 32.35 17.65 8.82 882
MacSym A3 14.70 29.41 14.70 882
Mol criteria 22.55 20.59 9.80 0.00
Mol B1 20,59 29.41 882 RGO
Mol B2 20.59 14.70 11.76 [IR{
Mol B2 26.47 17.65 s.82 LIRLY]
Total post-test 5.88 13.72 23.04 32.84 24.51
MacSym criteria 0.00 15.69 20.59 31.37 32.35
MacSym Al {n(H} 17.65 20159 29.41 3235
MacSym A2 0.(H} 11.76 23.53 38.24 26.47
MacSym A3 0.00 17.65 17.65 2647 38.24
Mol criteria 11.76 11.76 25.49 3431 16.67
Mol B1 11.76 11.76 2353 29.41 2353
Mol B2 11.76 14.70 23.53 3824 11.76
Mol B2 11.76 a.82 29.41 35.29 14.70
Toal change 3235 10.78 1.96 22.55 18.63
MacSym criteria 29.41 10.78 0.98 20.59 20.59
MacSym Al 23.53 14.70 2.94 20059 14.70
MacSym A2 32.35 20.59 5.88 28941 17.65
MacSym A3 32.35 2.94 11.76 11.76 29.41
Mol criteria —35.29 -10.78 4.90 24.51 16.67
Mol Bl -29.41 —8.82 —5.88 20,59 23.53
Mol B2 —=41.18 ~5.88 8.82 26.47 11.76
Mol B2 35.29 765 1176 26.47 14.70

the pre-mental model score of 37.00 for macroscopic features,
much higher than the 23.50 for sub-microscopic features. An
explanation of this may be that students find sub-microscopic
features difficult to understand due to their intangibility and/or
invisibility {Coll and Treagust, 2003; Chandrasegaran et al,
2011). However, after involvement in the corresponding experi-
ments and models, the percentage in the mean post-mental
model score regarding sub-microscopic features increased to
59.80. This improvement of 36.30 indieated that the small-seale
experiments of electrochemistry in conjunction with the model
kit of galvanic cells were effective in the enhancement of the
students’ mental models.

Students’ conceptual categories in mental models of a galvanic
cell

The students were categorized into five groups regarding
their information expressed in their mental model drawings.
When asked to draw mental models of how they understand
what happens at the molecular {or sub-microscopic) level in
galvanic cells, the categorization of the students’ macroscopic
and symbolie {MaeSym) information at the pre-stage fell mostly
in NU {29.41%), MU {26.47%), and PMU {21.57%), and their
molecular information for the same stage was also categorized
mostly in NU (47.06%), MU {22.55%), and PMU {20.59%), see
Table 6. This indicated that prior to the intervention most
students accommodate specific misconceptions at both macro-
scopie {including symbolic) and sub-microscopic levels in all
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scientific concepts of galvanic cells {see also Table 2}. In addition,
there were no students in the SU group at the sub-microscopic
level in this stage.

After the intervention, their models moved to more correct
conceptual understanding categories. For macroscopic and
symbolic information, most students were in SU {32.35%)
and PU (31.37%) and no students in NU. MacSym A3 {oxidation
and reduction half-cells) and MacSym A1 {electrodes, solutions
and salt bridges) were the eriteria that most students obtained
sound understanding (38.24%, 32.35%) over partial understanding
(26.47%, 29.41%), while MacSym A2 {particles) was the criterion
that most students obtained partial understanding (38.24%)
over sound understanding {26.47%). However, there were some
students who fell in the MU. The scientific concepts that many
students tended to accommeodate misconceptions at macro-
scopic and symbolie levels included (1) switching anode and
cathode {Mac), {2) proving incorrect oxidation number for
metal ions (Sym)}, {3) switching oxidation and reduction half-
cells {Mac), and {(4) providing total oxidation-reaction equation
without awareness of mole of electrons {Sym).

For sub-microscopic information, most were categorized in
PU {34.31%) and PMU (25.49%), while some of them were in SU
{16.67%). Most students obtained partial understanding over
partial understanding with specific misconception in all eriteria
of molecular feature. Mol Bl {position of particles) was the
criterion that students tended to have sound understanding over
Mol B2 {numbers of particles) and Mol B3 {transfer of particles).
However, there were some students who fell in the MU and
NU. The scientific concepts that many students tended to
accommodate misconceptions at the molecular level included
{1) numbers of neutral atoms increases in the anode, while
decreases in the cathode, {2) numbers of metal cations increases
in the reduction half-cell, while decreases in the oxidation half-
cell, {3} proving wrong oxidation number or oxidation state of
metal ions in each halfcell, {4) no transfer of salt-generated ions
from one to the other half-cell, and {5) no electrolytic anions
transfer from one to the other half-cell.

For the conceptual changes, the majority of students moved
from the less understanding (NU + MU] to the more under-
standing {PU + SU) categories in the macroscopic features. The
order of NU + MU decreases was MacSym A2 {52.94%), MaeSym
A1{38.23%), and MacSym A3 {29.41%), respectively. On the other
hand, the order of PU + SU increases was MacSym A2 {47.06%),
MacSym A3 {41.17%), and MacSyvim A1 {35.29%), respectively.
In other words, the conceptual changes from the less under-
standing (NU + MU) to the more understanding (PU + SU)
categories of MacSym A2, Al, and A3 were 100%, 73.52% and
70.58%. This finding indicated that this intervention promoted
students’ conceptual changes at the macroscopic level in scien-
tific concepts of MacSym A2 over concepts of MacSym Al
and MacSym A3. For the sub-microscopic features, the order
of NU + MU deereases was Mol B3 (52.94%), Mol B2 {47.06%),
and Mol B1 {38.23%), respectively. On the other hand, the order
of PU + SU increases was Mol Bl {44.12%), Mol B3 {141.17%),
and Mol B2 {38.23%), respectively. In other words, the con-
ceptual changes from the less understanding (NU + MU} to the
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more understanding {PU + SU) categories of Mol B3, B2, and B1
were 94.11%, 85.29% and 82.35%. This finding indicated that
this intervention promoted students’ conceptual changes at the
sub-microscopic level in scientific concepts of Mol B3 over
concepts of Mol B2 and Mol B1.

The improvement of students’ mental models of galvanic
cells and the changes of their mental model categories to the
more correct categories may arise from the fact that the model
of galvanic eells provided students a chanee to aceess the sub-
microscopic level to direct perception. The students can
construct or transform their own mental models based on the
sub-microscopic information obtained from the model and
macroscopic information from the experiments (Glynn and Duit,
1995; Briggs and Bodner, 2005; Doymus et al., 2010; Dixon and
Johnson, 2011). This supported students to relate macroscopic
and symbolic information to sub-microscopic information.
They then generated reasonable mental {or conceptual) models
and used these models to achieve full understanding of these
intangible electrochemistry concepts {Johnstone, 1993; Doymus
et al., 2010; Dixon and Johnson, 2011; Duis, 2011).

Examples of students’ mental models of galvanic cells

Consider the mental model drawings of a Ni-Cu galvanice cell of
Student A. Prior to the involvement of the experiment, Student
A provided partial understanding {PU) information that Ni**
and Cu®’ ions appear in solution, as shown in Fig. 6a.
However, she provided incomplete information, no Ni and Cu
atoms present. After involvement of the corresponding experi
ment, she noticed her incomplete information and changed her
post-mental model to the more correct understanding {Fig. 6b).
However, she provided new mis-understanding (MU) information

© Cathode: Cu

Anode: Wi |
Solution: z
Selution,
Nisa, cuso,
Oxidation half-cell  Reduction half-cell
) Pre-mental medel drawing
= electrens flow =
i |
salt bridge
NP fnd low Cu™ fons flow
o —O oW — .
f | 3 LA |
[ ==
Anode: Ni - @”‘; Catheder Cu
@c‘*‘ % @
6@ ©0
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NiSG,

Oxidation balf-cell Reduction half-cell
b Post=mental model drawing

Fig. 6 Sub-microscopic mental models for a Ni-Cu galvanic cell of
Student A
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Fig. 7 Sub-microscopic mental models for & Zn=Ni galvanic cell of
Student B.

that Ni*" and Cu®" ions transferred from one to the other half-cell
and electrons transferred via the salt bridge. She also provided
mis-understanding {MU] information that when Cu®" ions
received 2 electrons they became the Cu atoms and appeared
in the solution instead of the cathode electrode. She provided
partial understanding {PU) information that when Ni atoms gave
two electrons they became Ni* ions and appeared in solution.

Consider the mental model drawings of a Zn-Ni galvanic cell
of Student B. Prior to the involvement of the electrochemistry
experiment, Student B provided sound understanding {SU)
information in the oxidation half-cell that Zn atoms appear
in the Zn anode, while Zn*" ions appear in the solution, as
shown in Fig. 7a. However, she provided partial understanding
and mis-understanding {(PMU) information in the reduction
half-cell that Zn®" ions appear in the Zn anode, while Zn
atoms appear in the solution. After involverment of the electro-
chemistry experiment, she noticed her mis-understanding and
changed her post-mental model to the more correct under-
standing (Fig. 7h).

Most students provided more complete macroscopic infor
mation than molecular information at both the pre- and post-
stages as the former is not difficult to understand due to images
shown in learning materials and more obvious observations of
changes in the experiments. The reason for the students® higher
post-stage score may be due to the fact that afier the experience
of the experiments, the students obtained relevant information
by observation of the experiments, leading to modification of
their mental models to provide more reasonable explanations
of what happens at the molecular level of the given galvanic
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cells. However, some students' modified models may still
contain mis-conceptions {Piquette and Heikkinen, 2005).

Students’ alternative- and mis-conceptions encountered in their
mental model drawings of a galvanic cell at a sub-microscopic level
in this study were mostly consistent with the summaries by Karsli
and Calik {2012) and by Sanger and Greenbowe {1997b). For
example, they understood that the cathode is an oxidation half
cell that loses electrons, and decreases mass over time, while
the anode is a reduction half-cell that gains electrons, and
increases mass over time (Karsli and Calik, 2012). Some of
them thought that the salt bridge allows electrons to travel
from the anode to the cathode without assistance from the ions
{Sanger and Greenbowe, 1997b} and allows the electrolytic
cations migrate toward the anode electrode, whereas the electro
Iytic anions migrate towards the cathode electrode {Karsli and
Calik, 2012). Some students understood that electrons move
through solution from one to the other by attaching themselves
to ions (Sanger and Greenbowe, 1997h), while cations in the
electrolyte solution transfer from the cathode to the anode by
aceepting electrons (Sanger and Greenbowe, 1997b), and so on.

In addition, the analysis of mental models of galvanic cells
together with the informal unstructured interview regarding
their models revealed some potential causes that can lead to
misconceptions at the sub-microscopic level of galvanic cells.
These causes were shown below.

(1) Number of neutral atoms. Many students misunderstood
that the number of neutral atoms increases in the anode, while
it decreases in the cathode. This arose from the confusion
between the changes of anode and cathode electrodes. Many of
them thought that the number remains constant because the
experiments that they conducted may not be long enough to
obviously notice the change of any metal electrodes although
the model kit illustrated this change.

{2) Number of metal cations. Many students misunderstood
that the number of metal cations increases in the reduction half
cell, while it decreases in the oxidation half-cell. This arose from
the confusion between the changes of oxidation and reduction
halfcells. Some of them thought that the number remains
constant in both half-cells, or changes {(increases or decreases)
only in the oxidation or reduction half-cell. This could arise from
the fact that some galvanic cells obviously changed colour only
in one halfeell (Le., the colour change can be observed only in the
Cu reduction half-cell of the Zn-Cu cell]. Therefore, they thought
that the number of ions must be constant in the unchanged
solution. The number of metal cations and electrons as well as
neutral atoms model activity should he more emphasized to
minimize the first and second issues.

{3) Oxidation number. Many students identified an incorrect
oxidation number for metal cations in each half-cell. This
oecurred because they could not provide the correct dissolution
equation of salt in water, which led to the incorrect oxidation
states. Some of them just misremember the oxidation states or
for each metal ion and electrolytic anion. The latter case was
considered as a mistake rather than a misconception.

{4) Transfer of salt-generated ions. Many students misunder-
stood that salt-generated cations transferred from the reduction
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to oxidation half-cell, while anions transferred from the oxida-
tion to reduction halfeell. Some of them thought that no ions
transfer but electrons. This arose because the model activity
sometimes allowed students to omit salt-generated ions. There
fore, they may not able to notice this change.

(5) 'Transfer of electrolytic anions. Many of them did not
notice the transfer of electrolytic anions from the reduction to
oxidation half-cell to balance the new generated metal cations.
This arose because they thought that salt-generated ions
already transferred from one to the other half-cell. Therefore,
electrolytic anions should remain in their half cell.

These misconceptions were consistent with the previous studies
{(Sanger and Greenbowe, 1997b; Karsli and Calik, 2012). However,
these encounter misconceptions will be further studied in attempt to
minimize them and change them to the more correct conceptions.

The model kit demonsiration together with class discussion
could diminish the misconceptions about the numbers of neutral
atoms and metal cations and the transfer of salt-generated ions
and electrolytic anions. In addition, class discussion about the
dissolution equations of common salts in water can decrease
misconceptions about oxidation states or oxidation numbers.
Once students can provide correct states for both cations and
anions, they are expected to provide correct oxidation numbers
for each metal ion.

In short, the corresponding small-seale experiments allowed
students to obseve what oceurs at a macroscopic level and relate
the macroscopic observation to a symholic level {chemical formulas
and equations). This Green chemistry based experiment can
diminish the amounts of chemicals used, toxic chemicals, and
generated-wastes, while preserve concepis of the experimentis,
and necessary laboratory techniques and skills {(Poliakoff
and Licence, 2007; Martin and Gilbert, 2011). Moreover, the
corresponding model of galvanic cells, which was inexpensive,
portable and flexible, can diminish the difficulty in sub-microseopic
visualization and allow students to link the macroscopic experiment
observation and symhbolic levels to the sub-microscopic level.
Once students were able to visualize and relate among the
macroscopic, symbolic and sub-microscopic representations,
their conegptual understandings of elecirochemistry concepts
were effectively improved {Chittleborough and Treagust, 2007;
Calik et al., 2010). In addition, the 5E inquiry learning approach
also actively engaged students to scientific questions and to
explore the answers for these questions through an inquiry
process {Deters, 2005). This study also verified that discussion
in a small group and in a class with the instructor facilitation
effectively enhanced students’ conceptual understanding as
they gained their understanding and corrected their alternative
conceptions while discussing with their peers {Cullen and
Pentecost, 2011).

Conclusion and implications

‘The study results verified that the intervention of the low-cost
and small-scale experiments of electrochemistry in conjunction
with the inexpensive, portable, reproducible, and flexible model
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kit by using the 5E inquiry learning approach was effective to
enhance students’ conceptual understanding and mental models
of corresponding concepts. The students obtained a mean post-
conceptual test score statistically higher than the pre-conceptual
test score. The majorities of the pre-conceptual test were from the
choice part but after the intervention, the explanation part played
a more important role in their post- than in their pre-coneeptual
test scores. Before the intervention, most students were in the
partial understanding with specific misunderstanding (PMU] to
no understanding (NU) categories, but after the intervention
they moved to the more correct scientific conceptions, partial
understanding (PU) to partial understanding with specific
misunderstanding {(PMU] categories. For the mental models,
the students obtained a mean post-mental model score statis
tically higher than the pre-mental model score. The majorities
of the pre-experiment scores were from the macroscopic part
in their mental models, but the sub-microscopic part played
more important role in their post-experiment scores than in the
pre-experimental scores. Prior to the intervention, the majority
of students were in the partial understanding with specific
misunderstanding {PMU] to no understanding {NU) categories,
but they moved to the better scientific conceptions, partial
understanding {PU] to partial understanding with specific
misunderstanding {PMU] categories, after the intervention.
The major misconceptions encountered in students’ mental
models of galvanic cells included {1) the number of neutral
atoms inereases in the anode, while it decreases in the cathode,
(2] the number of metal cations increases in the reduction half-
cell, while it decreases in the oxidation halfcell, (3] identified
incorrect oxidation state for metal cations in each half-cell,
(4) salt-generated cations transferred from the reduction to
oxidation half-cell, while anions transferred from the oxidation
to reduction half-cell, and {5} unaware of transfer of electrolytic
anions from the reduction to oxidation half-cell,

This study may have implications for chemistry instructors
in that teaching or direeting students to perform an experiment
might be not enough to help students understand important
concepts at the molecular level. Chemistry instructors should
consider using a corresponding model featuring the sub-
microscopic level or various tools such as jigsaws, simulations,
animations, virtual laboratory (Hawkins and Phelps, 2013} or
other visualization tools {Osman and Tien Lee, 2014) to help
students visualize concepts at the molecular level and then
connect these concepts to the corresponding macroscopic experi
ment observations {Doymus et al., 2010). The use of a cooperative
learning approach should be considered to let students learn and
understand the concepts from their peers {Acar and Tarhan,
2007). As a result, students may achieve a ecomplete and lasting
conceptual understanding {(Doymus ef al, 2010). It is advisable
that numbers of neutral atoms, metal cations, and electrons
should be emphasized in regard to mole concepts.

There were some limitations in this study. One of these was
about the use of a two-tier multiple choice test with the open
explanation/reason in the second tier. The author found it
difficult to encourage students to supply their reasons for their
responses in the first tier. The use of a two-tier test with
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multiple choices or other forms of test may be considered to
diminish this limitation. In addition, using students’ explana
tions to construct 2-tier multiple-choice items is advisable to
avoid this limitation. Another limitation was that the same pre
and post tests were used in this study. This was considered as a
weak methodology because improvements could be observed
with almost any other learning approach. The parallel test or
equivalence test should be used to avoid this limitation. The
last limitation was about one group pre-test/post-test design
without control group. This could be questionable about the
effectiveness of this intervention. The design with control and
treatment group is advised to diminish this limitation.

For the further study, the information about students’ con
ceptual understanding of electrochemistty and about mental
models of a galvanie cell will be used in the design and develop-
ment of a moleeular animation to support students’ aequisition to
understand electrochemistry concepts or to generate the more
correct mental models (Markman, 1999). The content taught to
students will be designed to be more contextualized in real
situations to promote students to connect between the content
and everyday life contexts. The small-scale experiments incor-
porated with corresponding molecular animation will be imple
mented to investigate how they impact students’ conceptual
understandings and mental models of electrochemistry.
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Implementation of 5E inquiry incorporated with
analogy learning approach to enhance conceptual
understanding of chemical reaction rate for grade
11 students

Saksri Supasorn*® and Vinich Promarak®

The main purpose of this study was to enhance student understanding of the scientific concepts of
chemical reaction rate. Forty-four grade 11 students were the target group. The treatment tools were
seven learning plans of 5E inquiry incorporated with an analogy learning approach during 15 hours of
class time. In each learning plan, the students (1) addressed a scientific question regarding chemical
reaction rate, (2) explored evidence to answer the question by carrying out a corresponding experiment,
(3) drew explanations from collected evidence to answer the guestion, (4) elaborated their understanding
by studying the given analogy and the target, and (5) evaluated their conceptual understandings by
creating their own analogy and identifying similarities and differences of their analogies and the targets
The data collecting tool was a conceptual test of chemical reaction rate, consisting of 30 two-tier
three-choice questions. The normalized learning gain for the whole conceptual test was at the medium
gain level (0.64). The dependent samples t-test analysis indicated that the post-conceptual test score
(mean 4532, SD 6.46) was statistically higher than the pre-test score (mean 19.70, SD 3.10), but was
statistically lower than the retention test score (mean 48.03, SD 9.04) at the significance level of 0.05.
In the pre-conceptual test, the percentages of students in the good-, alternative-, and misconception
categories were 13.69, 38.45, and 47.86, respectively. In the post-conceptual test, the percentages of
students in these categories were 64.72, 24.6, and 10.63, respectively. This finding indicates that this
implementation was an effective means to enhance and retain students’ conceptual understanding of
chemical reaction rate.

Introduction and background

Chemical reaction rate, or chemical kinetics, has been found to
be one of the most difficult chemistry topics to understand
because it involves mathematical calculations and because
there are many factors influencing the reaction rate (Justi,
2003). Thai students exhibit the same learning difficulties
as those reported for other students (Chairam et al., 2009).
Some students have an alternative understanding of concepts
which are not consistent with the consensus of the scientific
community (Mulford and Robinson, 2002; Taber, 2002). Their
understanding of concepts may be partially right, but incomplete
or just simply wrong (Piquette and Heikkinen, 2005). Requiring
students to generate their own analogues (also called analogical
models) and to identify how their analogues are similar to and/or

“ Ubon Ratchathani Universily, Faculty of Science, Ubon Ratchathani, 34190,
Thailand. E-mail: saksri.supasorn@gmail.com

! Suranaree University of Technology, Institute of Science, Nakhon Ratchasima,
30000, Thailand
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different from the targets (also called target concepts) of the
corresponding concepts can reveal their conceptual under-
standings and identify some of their alternative conceptions.
This information is useful for devising corresponding analogues
that best support students’ concept acquisition.

Chemical reaction rate

The term “reaction rate’” is not a property of chemical species
themselves it is a property of the extent of a reaction (Schmitz,
2005). Cunningham (2007) commented that descriptions of
methods for helping students to understand reaction rate have
been presented in many textbooks, but there has been little
discussion of how to gain students’ understanding by asking
them to find their own meaning of reaction rate. He designed
the following assignments to help students enhance their under-
standing of reaction rate and to assess that understanding:

(1) Can the student identify a change that is clearly chemical,
as opposed to physical, in nature?

(2) Can the student identify a chemical reaction whose increased
or decreased rate is of some interest or practical importance?
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(3) Can the student correctly identify the reactants and
products of the chemical change they have selected?

{4) Can the student clearly and correctly explain the mecha
nism by which the factor identified increase, and

(5) Can the student effectively apply the standard conven
tions of written English?

Many studies have been carried out on students’ conception
of the topic of chemical reaction rate or chemical kineties.
For example, Van Driel {2002) attempted to develop grade
10 students’ ideas of macroscopic chemical phenomena together
with their views of the particulate nature of matter. The students
were requested to earty out chemieal experiments and explain
their experimental results. He concluded that students of this age in
the Netherlands have limited abilitdes for reasoning in corpuscular
terms. His approach has the potential to aid students to move from
primitive corpuscular to more scientifically acceptable views.
Although, student explanations may be deficient from a scientifie
perspective, students gradually learn to become more proficient
in using corpuscular models as explanatory tools.

Another example is the investigation carried out by Chairam
et al. {2009) on the study of chemical kineties by Thai students,
They reported that chemical kinetics is an extremely important
concept taught in introductory chemistry courses. The teaching
of chemical kinetics to high school and undergraduate students
in Thailand generally begins with an emphasis on qualitative
aspects. Students are often introduced to the rate of reaction
and factors {such as temperature, concentration, and catalysts)
which influence the rate of a reaction. They also investigated
the effect of inquiry-based learning activities in which the first
year undergraduate seience students at a publie university in
Thailand were requested to design and carry out an experiment
to investigate the reaction of acids and bases, They found that
the students were able to develop a good conceptual under-
standing of chemical kinetics from participation in this more
active and enjoyable teaching approach.

The conceptual changes of Turkish grade-11 students was
studied by Calik et al. (2010). They examined some previous
studies and identified some problems encountered in learning
the concept of chemical reaction rate. Some of these problems
are {1) an inability to define the rate of reaction, {2] misunder
standing, misapplying or misinterpreting of the relationship
between the rate of reaction and its influencing factors, and
(3) a lack of understanding of how activation energy and enthalpy
relate to the rate of reaction. They also investigated the effects
of conceptual change pedagogy on students’ canceptions. They
found that conceptual change pedagogy intervention helped
students to notice and correct their alternative conceptions.
They suggested that a combination of various conceptual change
methods may be more effective for decreasing students’ alternative
conceptions. Calik and his colleague {Kolomug and Cahlk, 2012)
also explored the alternative conceptions generated by Turkish
chemistry teachers and students {grade 11) for the topic of
chemical reaction rate. They found that chemisty teachers and
students tended to have similar alternative conceptions, which
may be have been transmitted from the chemistry teachers.
Examples of some alternative conceptions include: (1) a lack of
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understanding of the effect of enthalpy on the rate of reaction and
mechanism of reaction, and {2} misunderstanding/misapplying of
the relatonship between temperature or concentration and the
rate of reaction.

Actually there are more studies about student conceptions
on the concept of ‘chemical reaction rate’ or ‘chemical kinetics'
{Bektash and Cakmakel, 2011; Cakmakei et al, 2006; Cahk
et al., 2009h; Cakmakei, 2010), however, details of these studies
are not presented in this article.

5E inquiry learning activities in chemistry
There are a number of models of inquiry in learning science.
The 5B learning cycle has been proven to be one of the most
effective inquiry learning model for chemistiy and other sciences
and can he applied at several levels in the instruetional sequences
within lessons {Byhee et al, 2006). The 5E learing cycle involves
the following steps:

(1) Engagement - students are engaged in inguiry questions,

{2} Exploration - students plan, design, and carry out their
experiment, and record the experiment data,

(3) Explanation - students give explanations from the
experimental data to answer the questions,

(4) Elaboration - students extend and apply their findings in
a new context, especially a daily life one, and

(5) Evaluation - students evaluate their experimental process
and results in a variety of ways, such as an activity report, instructor
ohservation during the activity, and student presentations.

Although other learning cyele models (3E and 7E) have heen
introduced for chemistry instruction, these models are adapted
directly from the 5E instructional model. The 5E leamning cyele
has many advantages, for example, it promaotes active learning
process, supports the processing of new information by students
based on the extent of their personal knowledge, and improves
students’ attitudes to chemistry instruction. Inquity not only
supports students’ understanding of science concepts but also
illustrates how they can construct knowledge themselves through
the inguiry learning cyele. In addition, the 5E leaming cyele can
help students edit their alternative conceptions rather than rely
only on textbook-oriented instruction. However, students’ alter
native conceptions and existing knowledge prior to the inquiry
instruction should be explored. This information can be used in
designing inquiry activities that support student efforts to correct
their alternative conceptions {Balci et al., 2006; Bybee et al , 2006).

Inguiry learning activities have been found to be effective in
teaching chemistry and have been widely advoeated in the last
few decades {Sanger, 2009). These types of activities possess
advantages over traditional activities. Students are challenged
to practice using learning resources and working in groups to
enhance their higher-order cognitive skills (HOCS) or the skills
of interpretation, analysis, prediction, and synthesis (Zoller and
Tsaparlis, 1997; Bybee ef al, 2006; Zoller and Levy Nahum,
2012). The instructors tend to play a role as facilitators who
motivate and challenge students to cary out the activities
through a science inquiry process (Deters, 2005). Moreover,
instructors who continuously implement a 5E learning cyele
tend to ask higher-order cognitive skill (HOCS) questions more
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often than non-5E instructors, who ask recognition and recall
questions {Bybee et al., 2006},

Based on the findings of the studies detailed above, the topic
of chemical reaction rate or chemical kinetics can be said to play an
important role in learning subsequent related chemistry topics but
students in many countries {both secondary and undergraduate
students) tend to have altermative conceptions (Kolomug and Calik,
2012). Inquiry-based experiments or activities are proven to be
effective means to help students overcome their alternative con
ceptions and change to more correct conceptions (Chairam et al,
2009; Van Driel, 2002).

Analogies in chemistry learning

Based on the assumption of Sarantopoulos and Tsaparlis {2004}, an
analogy is a system of relations {correspondences) between parts of
the structure of two domains: the analogue and the target. The
analogue domain, also called the source or base domain, is a
domain that exists in memory, from which the analogy is drawn.
The target domain contains the scientific concept, the learning
objective of the analogy. An analogy involves the transfer of rela
tional information from the analogue to the target, which consists
of finding the correspondences between the two systems.

Previous research studies suggested some instructional
maodels for teaching with analogies. The FAR {Focus, Action,
and Reflection) guide is one of the most common models used
in analogy leamning in science {Harrison and Treagust, 2006;
Harrison and Coll, 2007). This model was proposed to maximize
the benefits and minimize the problems encountered in analogy
instruction (Venville, 2008). In the Focus phase, the scientific
{target] coneept and student familiarity with the analogue are
considered. This can guide pre-lesson planning by focusing atten-
tion on issues of concept complexity, prior student knowledge,
and experience with the analogy. In the Acfion phase, students
experience the analogical model and identify the similarities and
dissimilarities {or differences] of the analogue and the target
concept. Various methods can be used to help the students
identify similarities and differences between the analogue and
target concept. The Reflection phase takes place after the presenta-
tion of the analogy in this phase the instructor reflects upon the
clarity and usefulness, and conclusions drawn from the analogue.
This phase prompts the teacher to consider the clarity and
usefulness of the analogy and to refocus on the previous
phases as necessary {Venville, 2008; Davis, 2013). The three typical
phases in the FAR guide model for teaching with analogies are
illustrated in Table 1 {Venville, 2008; Davis, 2013).

In previous decades many outstanding studies have been
carried out on analogy learning in chemistry. For example, Cahk
and Ayas {2005) devised an analogy learning activity based on
students’ alternative conceptions about solution chemistry from
their previous study to address students’ alternative conceptions
of solution chemistry. They found that this alternative teaching
method was generally suceessful, however, its applicability has
not been investigated. They finally suggested that analogies can
effectively make intangible concepts tangible for students when
the used analogies support students to clearly connect between
the analogue and target concepts. Calik further investigated the
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Tablel The three phases inthe FAR guide model (Verwille, 2008; Davis, 2013)

Focus phase Pre-lesson planning

Coneept Is the concept difficult or abstract?
What is difficult about the concept?

Students What ideas do students currently have about the
concept?

Experience What familiar experiences do students have that
I can use?

Action phase In-lesson action

Similariries Cue the smdent memory of the analogy
Discuss ways in which the analogue is like the target

Are there surface features or deep relations?

Differences Discuss ways in which the analogue is unlike the target
Surnrmary Conclude by summarising the outcomes of using
the analogy
Reflection Post-lesson reflection
phase

Conelusions
Improvements

Was the analogy clear and useful, or confusing?
What changes are needed for the following lesson?
What changes are needed the next time I use this analogy?

effectiveness of an analogy activity in improving students’ con
ceptual change of solution chemistry concepts with his collea-
gues (Calik et al, 2009a). They used ‘travel on a public bus’ as the
analogy activity. They found that most of the students’ pre-test
responses were in the No Understanding {NU) category. Some of
the students’ alternative conceptions were about using incorrect
scientific terms (i.e., use of the words ‘less saturated’ or ‘diluted’
instead of ‘unsaturated’, and ‘concentrated’ instead of ‘saturated”)
and difficulty in differentiating the terms {i.e., the terms ‘melting’
and ‘dissolving’]. However, the majority of their post-test and
delayed post-test responses moved to the more understanding
categories, Partial Understanding with Specific Alternative
Coneeption {PU + AU, Partial Understanding {PU), and Sound
Understanding {SU). They then suggested that in such analogy
learning activities if student self-assessment is to be used, the
intervention time should be planned carefully.

Orgill and Bodner {2004) reported that analogies can be
powerful teaching tools because they can make new material
intelligible to students. Many students enjoy, pay particular
attention to, and remember the analogies that their instructors
provide. Although some analogies are not as effective as others,
these analogies do help students to understand, visualize, and
recall what they have learned in class. This is consistent with
the findings of Harrison and Coll {2007}, who reported that
analogies are often used in science to engage student interest
and to explain difficult and abstract ideas. While some analogies
effectively clarify difficult concepts, many are inadequate or can
cause further confusion. Eskandar et al {2013) also suggested
that teaching chemistry with textual elaborated analogies can
also enhance students' logical thinking ahility. However, they
reported that although all the students stated that they were
familiar with analogy concepis in science textbooks, it is likely
that some were less familiar than others.

Calik et al {2009a) reviewed previous studies on teaching
chemistry with analogies and concluded that teaching using
multiple analogies is better than teaching using a single analogy.
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They also suggested some key features for effective analogy
instruction: {1} ensuring the analogy is familiar to the students,
(2} mapping as many shared atiributes as possible, and {3} identify
ing where the analogy breaks down.

The previous studies suggested that learning chemistry by
using familiar analogies is usually effective at promoting student
conceptual changes (Calik et al., 2010). Analogies allow students
to understand even intangible chemistry concepts since they aid
students to relate between the analogue and target concepts
{(Cahk and Ayas, 2005).

Inquiry leaming activities are effective demonstrations of
tangible chemistty (i e., macroscopie) concepts, and the analogies
make it possible for students to understand intangible chemistry
{ie., molecular or sub-microscopic) concepts. Therefore, the
eombination of inquiry and analogy learning approaches could
enhance students’ understanding of both tangible and intangible
chemistry concepts,

Research questions

The main purpose of this study was to develop inguiry activities
that incorporate analogies and to use these activities as a means

Table 2
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of enhancing and retaining students’ conceptual understanding
of chemical reaction rate. When the activities were implemented,
the following questions were posed:

1. How does the implementation of inquiry activities that
incorporate analogies enhance and retain students’ conceptual
understanding of chemical reaction rate?

2. How do the percentages of students having good concep-
tions, alternative conceptions, or misconeeptions of chemical
reaction rate change after they complete inquiry activities that
incorporate analogies?

Research methodology

The details of the methodology for this study are as follows.

Treatment tools

The treatment tools consisted of seven learning plans (totalling
15 hours) of inquiry combined with analogy learning activities
for instruction, as shown in Table 2, while an example of the FAR
guide model for the topic of “effect of a catalyst or a retarder on
chemical reaction rate” is illustrated in Table 3.

Key activities of the inquiry incorporated with analogy learning activities

Learning plans (hours) Key activities (E

experiment, A = analogy)

1. Definition and caleulation of reaction rate (3)
2. Theories of reaction rate (2)

3. Effect of nature of substances on reaction -
rate (2)

4, Effect of surface area on reaction rate (2)

- A: running various distances within a limited time,

- A;: blowing a clay ball up various slopes,

reactions of various shells (egg, crab, or mollusc) with various acids.
- A;: sailing paper boats of various-thickness,

- E: reactions of acid and various-sized shells.

- A: dissolving table and crystalline sugars in water,

5. Effect of concentration on reaction rate (2)

- E: reactions of various-concentrations of acids and a specific shell {egg, crab, or mollusc).

- Analogy: increasing number of identical images in the image matching game.

6. Effect of catalyst and retarder on reaction
rate (2)

- E: effects of manganese sulfate {(MnS0,) and sodium fluoride {(Nar) on the reaction of
oxalic acid (HaC20,) and sulfuric acid (Ha50,).

- A: blowing a clay ball up various slopes.

7. Eifect of ternperature on reaction rate {2) -

reactions of acid and a specific shell at various temperatures.

= Az cooking popeorn at various temperatures.

Table 3 Example of the FAR guide model for the effect of a catalyst and a retarder

Focus phase Pre-less on planning

Concept How a catalyst and retarder affect the chemical reaction rate is difficult to understand.

Students Already understand that a catalyzed reaction occurs faster or a non-catalyzed reaction oceurs slower than
a normal reaction, but do not understand the mechanism of how a catalyst or a retarder affect the rate,

Experience Riding a bicycle, riding a motoreycle, driving a car uphill, and walking up stairs.

Action phase In-lesson action

Similarities - Slope of hill and amount of activation energy (E,).
- Time for riding and reaction time.
- Power used for riding and reaction energy.
Differences - Slope of hill may remain the same but the amount of activation energy (E,) can be decreased or increased.

- Riding, driving, or walking to the top is a physical change {no produet), but a reaction is a chemical change
{product generated).
- People who are biking and walking uphill may feel tired, but reactants do not have feelings.

Reflection phase Post-lesson reflection

Conelusions
Improvements

Riding a motoreyele and driving a car uphill do not involve feeling tired {clear analogies).
Riding a bicyele uphill and walking up stairs are tiring and this should not be taken into account in these analogies.
Maore explanation about decreasing or increasing of ¥, caused by a catalyst or a retarder.
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In each learning plan, the intervention process of the 5E
inquiry cycle incorporated an analogy with FAR guide learning
as shown below:

{1) Students were presented with a scientific question
regarding chemical reaction rates.

{2) Students explored evidence {or data) to answer the ques
tion by planning and earrying out a corresponding experiment.

{3) Students came up with an explanation from collected
evidence {or data) to answer the question.

{4) Students elaborated their understanding through a corre-
sponding analogy by identifying similarities and differences
between the given analogue and the target, following FAR guide
analogy instruction {Harrison and Coll, 2007).

{5) Students were asked to generate their own analogy and then
identify the similarities and differences between their analogues
with the targets to evaluate their conceptual understanding.

Data collecting tool

The data collecting tool was a conceptual test on chemieal reaction
rates and consisted of 30 two-tier three-choice questions. The two
tier multiple choice questions were developed specifically for the
purpose of identifying students’ alternative conceptions about
various concepts in limited and clearly defined content areas
{Chandrasegaran et al, 2007}, The items were content-validated
by two senior lecturers of chemistry and one professor of
chemical education. Each question comprised two tiers and
the students were required to make their choice of answer for the
content question in the first tier, and then select the explanation or
reason for that choice in the second ter (22 items out of 30 items
or 73.33%). Examples of the conceptual test questions are shown
in Fig. 1. For some questions, students were asked to supply
caleulation methods for the response that they had selected
instead of selecting the explanation choice {8 items out of
30 items or 26.67%), see also Fig. 2 {Treagust, 1988).

The difficulty index (P}, discrimination index {7}, and reliability
were caleulated by using the Simple ftem Analysis or SIA software,
which is generally used in many schools in Thailand. The
difficulty index (P} for each item was in the range of 0.20-0.80, in
which the percentages of items with P in the ranges of 0.20-0.39,
0.40-0.59, and 0.60-0.80 were 20,00, 70,00, and 10.00, respectively.
The discrimination index {r) for each item was in the range of
0.27-1.00, in which the percentages of items with r in the
ranges of 0.20-0.39, 0.40-0.59, 0.60-0.79, and 0.80-1.00 were
6.67, 36.67, 46.67, and 10.00, respectively. In addition, the
reliahility based on the Kuder-Richardson formula 20 or KRy,
for the entire test was 0.85.

Note that all of the research tools including the treatment
tools {lesson plans) and data collecting tools {conceptual tests,
analogies, and interview) were in Thai. The class was taught in
Thai and all the examples included in this article involved
translation into English.

Participants
With prior permission from the school principal and the

instructor of the chemistry course taught during the second
semester of academic year 2013, 44 students out of 61 voluntary
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Question 1: Consider the reaction between hydrochloric acid and egg shell
CaCOy(s) - 2HCNaq) —+ CaClyag) + COm 4+ HL0(0)

Giraph A

»7  GmphB

Valume ol COs (em’)

Time (s)

1.1 Which change will provide the result shown as Graph B?
A. Increasing the volume of HCI solution.
B. Increasing the amount of egg shell,
C. Increasing the size of egp shell fragments,

1.2 Because
D. It increases the activation energy (E.).
E. It reduces the interface area between the two reactants.
F. It makes the reaction reach its equilibrium faster,

Question 2: Giraphs A, H, and C shown below indicate the changes in kinetic
energy of gas molecules,

Kinetic enorgy

2.1 Which change will oceur with Graph B when the reaction temperature
increases?
A. Graph B remains the same.
B. Graph B shifts to Graph A.
€. Graph B shifls to Graph C.
2.2 Beeanse o
. The number of high Kinetic encrgy molecutes will increase
E. The reaction activation cncrgy (E,) will decrease.
F. Bonding encrgy of the reactants will decrease

Fig. 1 Examples of two=ler three choice guestions (selecting choices of
answer for both content question and explanation tiers)

Question 3: Consider the reaction of magnesium ribbon and sulphuric acid,
Mais) + H:50 (aq) —+ MaSOy(aq) ~ Hyz)
The volume of Hx(g) measured from the initial to 5.00 cm’ is shown below.

Volume (em) of Haig) [ 100 [ 200 | 300 [ a0 [ 500 |
| Time (s) [ 400 [ 600 | 900 | 1400 | 2000 |
3.1 What is the average rate of Hy(g) production?

A 007 em’ss. B. 0.25 em’/s. C. 0.50 em's,
3.2 Please supply vour caleulation method

Question 4: Consider reaction A, B and C below.

Reaction A Reaction B Reaction C
' ' '
= .f 8 . -
£ HEEA L e
Progress of Reaction Progress of Reaction Progress of Reaclion

4.1 Which statement is correct?
A, Reacti curs faster than reaction
: amel C oceur Grter (han

C. Reaction A, D and C oceur with the same rate.
4.2 Please supply your reason or explanation for your response above.

Fig. 2 Exarmples of two=lier three choice questions (selecting choices of
answer for content question tier and supply calculation method or reason
for explanation tier)
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students {two classrooms) who attended all of the activities
throughout the study were purposively selected as the partici
pants of this study. They were grade 11 students attending the
Chiangkaew Pittayakom School, a medium-sized public high
school in the Ubon Ratchathani province of Thailand.

Implementation

Prior to the implementation, the students spent an hour
completing the pre-conceptual test on chemieal reaction rates,
also called the pre-test. They then participated in seven inquiry/
analogy leaming plans on chemical reaction rate for five weeks,
three hours a week, totalling 15 hours. Right after the imple-
mentation, they spent an hour to completing the post-conceptual
test, also called the post-test. Thirty days after the implementa-
tion, they spent another hour completing the delayed-post
conceptual test, also called the retention-test. Please note that
the pre-, post, and retention-tests were the same test but the
item questions and choices had been reamranged. In addition,
these students were studying the topic of chemical equilibrium
during the time between the post and retention-tests, Finally,
participants who provided interesting explanations in the good-,
alternative-, and misconception were purposively selected for an
informal interview.

Data analysis

The data collected in this study were pre-, post, and retention-
eoneeptual scores. Each two-tier three-choice item was worth
2 points {1 point for each tier). Therefore, the available score for
each test was 60 points. The test scores were also analyzed by
using the paired-samples f-test to identify the differences
between the means of pre- and post-conceptual test scores
and between the means of post- and retention-conceptual test
scores. Class normalized learning gain or (g} was applied to
minimize the floor and ceiling effect. That is a student can get
no less than 0% and no more than 100% correct with such an
instrument. Hake (1998) explained that a student who gains a
small pre-test score may have more chance of attaining a large
percentage gain, while a student who begins with a large pre-
test score may gain only a small percentage score. In other
words, it is common for students who attain a higher pre-test
score to attain a smaller absolute gain {post-test score minus
pre-test score), The floor and ceiling effect can be minimized by
using normalized zain {g) analysis. The topics with {g) < 0.30,
0.30 < (g} > 0.70, and (g} = 0.70 were classified into low-,
medium-, and high gain categories, respectively (Hake, 1998).

The students were also categorized into good- (sound under-
standing, aligned to scientific consensus), alternative- {partial
understanding, on the right track, but incomplete), and mis-
conception (illogical or incorrect information, simply wrong)
groups according to their answers, see categories of student
conceptions in Fig. 3 {Mulford and Robinson, 2002; Calik et al,
2009a). Student answers were used as the criteria for categorizing
them into groups. If the student answered correctly for both
tiers, correctly for either the first or the second tier, or incorrectly
for both tiers, they were categorized in the good-, alternative.,
or misconception group, respectively.
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Lol canception Alternative conceplion Misconception
Sound understanding, all Incomplete or partial | Mo understanding, ilogical
COnCepons il s 1o |understnding, on the right] orincomect mformation,

scientific consensus. track but meomplete. simply wrong.

Variety of student understanding or conceptions

Fig. 3 Levels of student conceptions compared to scientific consensus,
adapted from Calik et al. (2009a) and Mulford and Robinson (2002)

Results and discussion

The study results were divided into three parts: students’ pre-,
post, retention-conceptual test scores, percentages of students in
the good-, alternative-, and misconception categories, and students’
analogies of chemical reaction rate.

Students’ pre-, post-, retention-conceptual test scores

Prior to the implementation of inquiry incorporated with analogy
learning plans on chemical reaction rate, the mean of the
students’ pre-conceptual test score was 19.70 (SD 3.10}, as shown
in Table 2. The students obtained high scores for the topics of
the effect of catalyst and retarder {50.25%) and the effect of
concentration (43.12%}, while they obtained low scores for the
topics of the effect of the nature of the substance {22.75%) and
the surface area {26.75%), definition and ecalculation {23.60%)
and the theories of chemical reaction rate (23.57%). The higher
scores may have arisen because these students had learned
about the effects of catalysts, concentration, and temperature
during the basic chemistry course taught in the previous year.
Right after the implementation, the mean of the students’ post-
conceptual test score was 45.32 (SD 6.46). The students obtained
the highest post-test percentage scores and actual gains for the
topics of definition and caleulation {84.50 and 60.90) and the
nature of substances {79.50 and 56.75). These high actual gains
may have occeurred because this topic is not complicated and
once the students had understood the concepts and theories,
they were able to caleulate the chemical reaction rate. Moreover,
the analogies that the instructor used in these topics {running
various distances within a limited time and sailing paper boats
of various-thickness) were perfectly matched to the target con
cepts (see Table 4). The lowest post-test percentage score was in
the topic of the effect of surface area {68.50%) possibly because
some students found the relation between size and surface area
to be confusing. The student interviews revealed that some of
them had misunderstood that an object or substance with a
larger size has a larger surface area, which was correct when
compared one smaller object to one larger object. However, they
did not notice that the amount {weight or mole) of substances
must be considered. Therefore, smaller sized substances have a
larger total surface area than larger sized substances when the
mole numbers were equivalent. In other words, the total surface
area of equal amounts of substances increases as the size is
reduced (Normand and Peleg, 2014).

The normalized learning gain for the whole conceptual test
was 0.64 {medium gain). The students were classified as high
gain for the topics of definition and caleulation of chemical
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Table 4 Students’ pre- and post-conceptual test scores on chemical reaction rate

Conceptual test score {points)

Pre- Post- Gain
Topics (score) Mean SD Yo Mean SD % Actual {2}
1. Definition and caleulation (10} 2.36 (LEY 2360 845 1.25 B4.50 GlLO0 (LE0
2. Theories {1 -'I] 3.30 1.34 23.57 9.93 2.4 7h493 47.36 he2
3. Nature of substances {4] (r.91 (r.96 22.75 318 Le6 749.50 56.75 73
4. Surface area {H) 2.14 (LYs 26.75 548 141 68.50 41.75 (L57
5. Concentration {H) 345 (LB2 43.12 6.57 1.56 82.21 3005 (LaY
6. Catalyst and retarder {H] 4.02 1.75 50025 5.66 1.6 7(L75 20050 (rhA1
7. Temperature (8) 3.52 1.21 44.00 6,05 1.89 75.62 3162 0.56
Total (60) 19.70 3.10 32.83 45.32 6.46 75.53 42.68 .64

reaction rate {0.80) and the effect of the nature of substances
{0.73), while the remaining topics were classified as medium
gain. The students obtained the lowest normalized gain {0.41)
for the topic of the effect of catalyst and retarder, possibly
because this topie is complicated and abstract and they could
not understand how the mechanism of a catalyst and retarder
affect the reaction rate, It was concluded from the student
interviews that some of them had misunderstood that a catalyst
increases the energy of reactants, while a retarder decreases the
energy so the catalyzed reaction proceeds at a faster rate than
a normal reaction. Some misunderstood that catalysts and
retarders affect the amount of exothermic or endothermic
energy of the reaction. Some of them supplied the comrect
explanation that the catalyzed reaction proceeds at a faster rate
than a normal reaction because the catalyst decreases the
activation energy {E,) of the reaction. This is consistent with
the problems in learning about chemieal reaction rates identi-
fied by Calik et al. {2010} who identified that students lack an
understanding of the effect of surface area and catalyst on
the rate of reaction. In addition, the dependent samples i-test
analysis indicated that the means of the post-conceptual test
scores in every topic were statistically higher than those of
the pre-test scores at the significance level of 0.05. This
finding indicates that the incorporation of a eombined inguiry
and analogy learning approach was effective at enhancing
students’ conceptions of chemical reaction rate. This finding
confirm that intervention of inguiry activities {Van Driel, 2002;
Chairam et al, 2009) and corresponding and familiar analogies

{Cahk and Ayas, 2005; Calik, et al, 2010) are powerful for
promoting student coneeptual changes and moving to the more
correct conceptions of reaction rate.

Students’ retention of the concept of chemical reaction rate

Thirty days after the implementation, the retention-conceptual
test was administered. The mean total score of the retention
conceptual test was 48.03 {SD 9.04). The dependent samples
t-test analysis indicated that the retention scores in the topics of
the effects of surface area, concentration, and temperature were
statistically higher than those for the post-conceptual scores at
the significance level of 0.05. However, no statistical difference
was found for the topics of effect of the nature of substances and
catalysts and retarders, definition and caleulation, and theories
involving chemical reaction rate, as shown in Table 5.

Since the retention scores were higher than or not less than
the post-test seores, the findings indicate that there was reten-
tion of knowledge of all the topics of chemical reaction rate.
‘The high increase of performance in the retention test compared
to the post-test may have arisen hecause analogy instruetion may
be one of the effective tools for promoting student conceptual
changes and then storing in their longterm memories (Calik
et al., 2010). The other explanation is that during the time between
the post- and retention-tests the participants were studying the
topic of chemical equilibrium, which is highly related to the
chemical reaction rate. In addition, the participants also had
access to additional instruction and did additional homework
hefore the retention test.

Table 5 Students’ post- and retention-test scores on chemical reaction rate

Post-test Retention-test T-test

Topics (score) Mean sD % Mean 5D % T Sig*
1. Definition and ealeulation (10) 8.45 1.25 84.50 8.55 1.27 85.50 .46 .65
2. Theories {1 4] 9.93 204 J0a3 10.68 292 76.29 1.96 111
3. Nature of substances (4) 3.8 0.66 79.50 334 0.83 83.50 1.16 0.25
4. Surface area (8) 5.48 1.41 68.50 6.09 1.52 7612 2.47 0.02*
5. Concentration {8} 6.57 1.56 82,21 7.07 1.44 88.38 2.33 0.02*
6. Catalyst and retarder (8) 5.66 1.60 70.75 6.02 2.02 75.25 111 0.27
7. Ternperature (8} 6.05 1.89 75.62 6.55 1.58 81.88 2.67 0.01*
Total (60) 45.32 6.46 75.53 48.03 9.04 80,05 2.07 0.04*
* Stafistically difference at significance level of (L05.
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Pre-test categories (%)

Post-test categories (%)

Topics (number of items) Good- Alternative- Mis- Good- Alternative- Mis-
1. Definition and caleulation (10} 9.66 32.96 57.39 81.44 9.84 8.71
2. Theories [1 -'I] 10.06 26.95 62.99 54.87 31.49 13.64
3. Mature of substances (1) 2045 4.55 75.00 60,23 37.50 2.27
4. Surface area (8) 1.14 51.70 17.16 56.25 24.43 19.32
5. Concentration {8) 18.75 48.86 3239 69.89 23.86 6.25
6. Catalyst and retarder (8) 22.73 55.68 21.59 54.55 27.27 18.18
7. Temperature (8) 17.05 53,98 28.98 59.09 32,95 7.95
Total (30) 13.69 3845 47.86 64.72 24.65 10.63

Percentages of students in the good-, alternative-, and
misconception categories

Prior to the implementation of inquiry incorporated with analogy
learning plans on chemical reaction rate, the percentages of
students in the good., alternative-, and misconception categories
of the pre-conceptual test were 13.69, 38.45, and 47.86, respectively
{Table 6). They were mostly in the alternative- and misconceptions
(86.31). Most of the students were in the misconception category
for the topics of the effect of the nature of substances {75.00),
theories {62.99), and definition and caleulation {57.39).

Right after the implementation, the pereentages of students
in these categories were 64.72, 24.65, and 10.63, respectively.
Most students {more than 50%) were in the categories of good-
econception for all of the topics. The highest percentage of
students with good conceptions was in the topic of definition
and caleulation (81.44). However, some students {35.28%) were
still classified in the alternative- and good-conceptions, especially
in the topics of the effect of catalyst and retarder {45.45%), the
theories of chemical reaction rate (45.13%), and the effect of
surface area {43.75%). Since the percentages of students in the
good conception category increased and the percentages in the
alternative- and misconception categories decreased, it appears
that this implementation was successful in enhancing students’
coneceptual understanding of chemical reaction rate.

Since the corresponding inguiry learning activities deeply
engaged and challenged students in all of the steps of the activity
process, their conceptual understanding was enhanced {Green
et al, 2004). Therefore, the instructors were no longer the main
source of knowledge about activities, but were the facilitators
who guided their students through the inquiry process {Deters,
2005). In addition, the analogy activities were often enjoyable
and interesting for students as some students commented that
they favour analogies with social relevance {Sarantopoulos and
Tsaparlis, 2004} and familiar analogies from science textbooks
(Eskandar et al, 2013). Analogies can engage students’ interest
and make it possible for them to undersiand difficult and
intangible concepts (Harrison and Coll, 2007).

Students’ analogies of chemical reaction rate

students analogies generated during each topic of chemical
reaction rate were also investigated, as shown in Table 7.
These analogies contain student conceptions which may be
correct {good-conceptions), partially correct but incomplete

128 | Chem Educ Res Pract. 2015 16, 121-132

{alternative-coneeptions), or simply wrong (misconception)
when compared to scientific consensus about the concepts
{Mulford and Robinson, 2002). However, even partially correct
analogies can be powerful tools to help students to understand,
visualize, and recall what they have learned in class (Orgill and
Bodner, 2004).

Since there might not have been analogies which perfeetly
matched the target concepts, the information expressed in the
generated analogies may not have been powerful enough to
really identify their conceptions. However, the authors attempted
to categorize their conceptions into correct (4], partially correct
or alternative- {4#/X), or misconception {X) to promote group
discussion to be more powerful at promoting student conceptual
changes {Calik et al., 2010; Davis, 2013). Examples of student
identification of similarities and differences in their generated
analogies are shown in Table 8.

For example, some students gave a correct analogy (») about
boiling small and large sized starch bubbles for the effect of
surface area on chemieal reaction. One of the similarities of the
target and analogue is that small sized and large sized starch
bubbles represent large and small surface areas, respectively.
Some students gave a partially correct analogy (##/X), which is
dissolving a curry cube and powder in water. One of the differ-
ences in this case is that sugar dissolving in water is not a
chemical change, but a physical change. In another example,
some students gave a correct analogy () about making fire halls
with different amounts of gunpowder for the effect of concen-
tration on chemieal reaction. One of the similarities of the target
and analogue is that the amount of gunpowder represents the
concentration of gunpowder in the fire ball mixture. Some
students gave a partially correct analogy (#=/x}, which is fishing
for catfish in natural and farm ponds. One of the differences in
this case is that it cannot be confirmed that the amount of catfish
in the farm-pond is equal to the amount in the natural-pond.

Conclusion, implications and
limitations

Despite the limitations of this study that involved students from
a single school, this study verified that the implementation of
inquiry supported by analogy learning activities was an effective
means of enhancing and retaining students’ coneeptual under
standing of chemical reaction rate. The normalized learning gain
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Table 7 Examples of analogies of reaction rate generated by students®

Topies Students’ analogies (analogue = A, target concept = T}
1. Definition and calculation 1. Driving a car at different speeds, but an equal distance.
2. Peeling palm fruits at different speeds, but equal time,

L

. Marathon runners running at different speeds, but over an equal distance,
= A; speed of driving, peeling, or running, T; reaction rate
= A: driving, peeling, or running time, T: reaction time

2. Theories

-y

Driving a car uphill,
. Riding a bicyele uphill.
= A: slope of hill, T; amount of activation energy (£,)
X A: time for driving or riding uphill, T: reaction time
3. Riding a surfboard over different heights of waves.
» A: heights of waves, T: amount of activation energy (£,)
¥ A: time for driving or riding uphill, T: reaction time (partly about staying or
standing still on a surfboard)

(=]

3. Nature of substances 1. Drying hair with a fan and an electronic dryer.

# A:afan and an electronic dryer, T: nature of reactants

»# A: time for hair drying, T: reaction time

Riding a motorcycle and biking a bicyele.

# A: motoreyele and biking a bicycle, T: nature of reactants
»# A: time for riding or biking to stop point, T: reaction time
. Running with running shoes and slippers.

# A; running shoes and slippers, T: nature of reactants

= A; time used for running to stop point, T: reaction time

(=]

w

oy

4, Surface area . Baking small and large sized cupcakes.
= A: large and small cupeakes, T: small and large surface area
»* A: raw and baked cupeake, T: reactants and products
#* A: cooking time, T: reaction time
. Dissolving curty cube and powder in water.
#* A: curty cube and powder, T: small and large surface area
¥ A: curry solution {physical change), T: reaction produoct
A dissolving time, T: reaction time
. Boiling small and large sizes of starch bubbles.
## A: large and small bubbles, T: small and large surface area
# A: boiling time, T: reaction time
1 A: cooked starch bubbles, T: reaction product

ta

W

[

5. Concentration . Making fire balls with different amount of gunpowder.

# Az amount of gunpowder, T: concentration of reactant

X A: power of fire balls, T: reaction rate
. Fishing catfish in the natural and farm ponds.

Az amount of catfish, T: concentration of reactant

% A: natural and farm ponds, T: high and low coneentrations {partly about nature of substances)
. Feeding a bird and a flock of birds with same amount of rice.

#* A: amount of birds, T: concentration of reactant

#* A: ime used for bird-feeding, T: reaction time

(=)

w

-

6. Catalyst and retarder . Riding geared and non-geared bicycles over the same distance.
(% A: geared and non-geared bicycles, T: catalysed and non-catalysed reactions
{partly about nature of substance)

#* A: fime for riding bike to stop point, T: reaction time
2. Driving a car on paved and unpaved roads,

X A: paved and unpaved roads, T: catalysed and non-catalysed reactions
{partly about nature of substance)

#* A: time for driving to stop point, T: reaction time
3. Walking home with and without a shorteut.

# A: shorteut route, T: catalysed reaction

# A: time used for walking, T: reaction time

7. Temperature 1. Cooking rice at high and low temperatures.
2. Boiling eggs at high and low temperatures.
3. Baking rice popeorn at high and low temperatures.
» A: ternperature used for cooking rice, boiling eggs, or baking rice popeom,
T: reaction terperature
» A: cooking, boiling, or baking time, T: reaction time
# A: cooked rice, egs, or rice popeom, T: reaction product

® Note: s, 1/, and X indicate the analogies that are correct, partially correct but incomplete, and simply wrong, respectively, when compared to
the targets.
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Table 8 Fxamples of student identification of similarities and differences in their generated analogies

Analogy Analogue Target
1. Definition of reaction rate; driving a car at different speeds, but over an equal distance,
Similarities - Speed of driving - Reaction rate
- Driving time - Reaction time
Differences - Physical change {no produet) - Chemical change (product generated)

- People may feel tired

2. Theories of reaction rate: riding a bicycle uphill,

Similarities - Slope of hill
- Time for riding
Power used for riding
Differences Slope of a hill remains the same

- Physical change
= People may feel tired

3. Nature of substances: riding a motorcycle and riding a bicycle.

Similarities - A motoreyele and a bicycle
= Time for riding
Differences - Physical change

- Fuel {chemical) for riding and energy for biking

4. Boiling small and large sized starch bubbles.

Similarities - Large bubbles
- Beiling time
- Cooked starch bubbles
Differences - Sticky cooked bubbles often stick together

- Eatable food

- Reactants have no feelings

- Amount of E,
- Reaction time
Reaction energy
Amount of E, can be decreased or increased
- Chemical change
- Reactants have no feelings

- Nature of reactants
- Reaction time

- Chemical change
- Reaction energy

- Small surface areas

- Reaction time

- Reaction products

- Reaction products may not stick together
- Uneatable

5. Effect of concentration: making fire balls with different amounts of gunpowder.

Similarities Amount of gunpowder
Power of fire balls
Differences
{improper mixing ingredients)
Fire ball explosion is an exothermic process

Increasing gunpowder may not increase the power of the fire balls

Conecentration of reactant

Reaction rate

Increasing the concentration always
increases the rate

A reaction may be an exothermic or an
endothermic process

6. Effect of catalyst and retarder: driving a car on paved and unpaved roads.

Similarities = Paved and unpaved

= Time for driving

= Slope of road is not considered
- Physical change (no product)

Differences

= Unreliable of paved and unpaved roads in rural districts

7. Effect of temperature: boiling eges at high and low temperatures.
Similarities Temperature for boiling
Boiling time
Cooked eggs
Different types of eges
Differences
water is an exothermic process

from pre- to postconceptual tests showed a medium gain in
understanding. The dependent samples t-test analysis indicated
that the post-conceptual test score was statistically higher
than the pre-test score, bul was statistically lower than the
retention test score at the significance level of 0.05. Prior to
the implementation, students were mostly in the alternative- and
misconeeption categories. After the implementation of the
corresponding inguiry incorporated with analogy learning activ-
ities, the majority of the students moved to the good-conception
eategories. However, some students still held alternative- and
misconceptions, which were expressed when they were asked
to create their own analogy and to identify similarities and
differences between their analogies and the targets for each
chemical reaction rate topic.

130 | Chemn Educ Res Pract. 2015 16, 121-132

Boiling eggs is an endothermic process, and the evaporation of

- Catalysed and non-catalysed

- Reaction time

- Amount of E, involved

- Chemical change

- Catalyzed-always faster than non-catalyzed
reactions

Reaction temperature

Reaction time

Reaction product

Different reactants

A reaction may be an exothermic or an
endothermic process

This study may have implications for chemistry instructors,
because inquiry activities may be an effective means of enhancing
and retaining students’ conceptual understanding, but may not
be effective for helping them recognize their alternative- or
misconceptions. The implementation of inquiry activities in
conjunction with the corresponding analogies may be a more
effective means of helping leamers correct their alternative
conceptions. It is advisable that instructors should design tasks
or assignments to find out their students’ understanding
of reaction rate {Cunningham, 2007) and various cooperative
learning methods {classroom discussion, argumentation, or
negotiation) can enable better understanding of the concepts of
reaction rate and improve students” motivation to study chemistry
{venville, 2008; Kinka and Bozb, 2012). These learning methods
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could truly enhance and retain students’ understanding of
reaction rate. The instructors should keep in mind that while
many analogies are useful and do convey usetul information, the
message of the analogies is not always obvious to all students.
They may misinterpret the main points of the analogies which
can lead students to have alternative conceptions {Orgill and
Bodner, 2004). Therefore, instructors have to be assured that the
students understand the scientifie concepts, and do not develop
alternative conceptions from the analogy {Venville, 2008).
Analogy instruction can inform teachers how analogies can
be used effectively in classrooms. It is advisable that providing
teachers opportunities to practice and experience teaching with
analogies will enhance the successful enhancement of students’
conceptual understanding in their classes {Harrison and Coll,
2007; Venville, 2008).

The retention test score obtained in this study was higher
than the post-test score. This limitation arose because after the
implementation and post-conceptual test on chemical reaction
rate, the participants had access to additional instruction and
did additional homework before the retention test. In addition,
they were studying the topic of chemical equilibrium which
relates to the topic of chemical reaction rate, before the reten-
tion test. To avoid this limitation, the retention test should be
completed before the participants begin to study the next topics
which may relate to the topic being studied. The other limita
tion is that the instructor did not spent enough time organising
a group discussion between the students having similar and
different conceptions. Instructors should enable students to
recognise when they have unaceceptable conceptions and should
help them to correct their understanding (Chandrasegaran
et al., 2007},
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Abstract. This study aimed to develop small-scale experiments of electrochemistry based on inquiry
learning approach and to use the experiments to enhance students’ conceptual understanding of
electrochemistry especially at the molecular level. The experiments consisted of oxidation and reduction
reactions, galvanic cells, cathodic protection, and batteries. The data collecting tools included 24 items of
two-tier conceptual test and mental model drawings of a galvanic cell. Thirty-one Grade-12 students
participated in the study. The paired samples T-test analysis revealed that the average post-experiment score
(mean 30.68, SD 10.86) of conceptual test was statistically higher than the average pre-experiment score
(mean 20.81, SD 10.95) at 0.05 level of significance. In addition, the average post-experiment score (mean
12.10, SD 5.49) of mental models was statistically higher than the average pre-experiment score (mean 7.69,
SD 5.47) at 0.05 level of significance. Prior to performing the experiments, most students were in the Partial
Understanding with Specific Misunderstanding (PU+MU) to Neo Understanding (NU) categories. After
performing the experiments, the students” major categories moved to the more correct scientific conceptions,
the Partial Understanding (PU) to Partial Understanding with Specific Misunderstanding (PU+MU). This
indicated that the experiments can enhance students’ conceptual understanding and mental models of
electrochemistry.

Keywords: electrochemistry, small-scale experiment, molecular conceptual understanding.

1. Introduction

Almost all high school students are required to study electrochemistry in both lecture and laboratory
settings. Many students revealed that electrochemistry is one of the difficult chemistry topics. In addition,
some students may hold alternative conceptions — conceptions that are not consistent with the consensus of
scientific community, which may be partially right, but incomplete, or just simply wrong [1] — about the
electrochemistry. Requiring students to draw and explain molecular representations of the some
electrochemistry experiments, such as reaction in galvanic cells may to reveal their understandings and
identify some of their alternative conceptions.

1.1. Roles of mental models in learning chemistry

Mental models are representations of objects, ideas, thinking, or processes which individuals intrinsically
construct during cognitive functioning [2], [3]. People use these models to reason, describe, explain, and/or
predict scientific phenomena (processes or systems). Mental models can be generated in various formats to
communicate ideas to other people or to solve problems [2], [3], and can represent either physical entities via
verbal descriptions, diagrams, simulations, and concrete models, or conceptual understanding, such as
models of ideas, thinking, or intangible concepts [4]. If their mental model fails to assimilate new

* Corresponding author. Tel.: + (668 1854 6288); fax: +{66 45 28 8379).
E-mail address: saks.supasom(@gmail. com.
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experiences, students may modify their existing models or generate alternative models [5]. Mental models
are considered as an important part of learners” conceptual frameworks [3] and they play a potential role in
learning chemistry at the molecular level, because much of chemistry involved at this level and cannot access
to direct perception [6]. Full understanding of chemical processes involves the ability to connect events at a
macroscopic level with events at the molecular level [7]. Therefore, students need to transform these
invisible events or phenomena into equivalent mental (or conceptual) models or representations which is
difficult for many students [8],[9].[10].

1.2. Three levels of representations in chemistry

Representations in chemistry, also called chemical representations, refer to various types of formulas,
structures, and symbols used to represent chemical processes and conceptual entities, such molecules and
atoms. They can be viewed as metaphors, models, and theoretical constructs of chemists' interpretation of
nature and reality [11]. Previous research highlighted three levels of representations in chemistry as follows
[71.[12].

1) Macroscopic representation. This deseribes bulk properties of tangible and visible phenomena in the
everyday experiences of learners when observing changes in the properties of matter, such as color changes.
formation of gases, and precipitates in chemical reactions.

2) Microscopic Representation. This is also called sub-microscopic or molecular representation, provides
explanations at the particulate level in which matter is composed of atoms, molecules and ions.

3) Symbolic Representation. This involves the use of chemical symbols, formulas, and equations, as well
as molecular structure drawings, diagrams, and models to symbolize matter. It can provide information for
both macroscopic (relative amounts or moles of involved substances) and molecular levels (numbers of
formula unit of involved substances).

Students” conceptual understandings of clectrochemistry can be investigated by using conceptual test and
by drawing mental models of electrochemistry. The information about students’ conceptual understanding
before and after performing experiments and learning in lecture classes can be used in the design of
animations with molecular features to best support students’ acquisition in learning electrochemistry
especially what happens at the molecular level.

2. Research Purpose and Objectives

The primary purpose of this study was to explore students” conceptual understanding of electrochemistry
by using conceptual test and mental model drawings prior to and after performing corresponding
experiments. The research objectives were:

1) To compare students” conceptual understanding scores before and after they performed corresponding
experiments when assessed by the conceptual test and mental model drawing of electrochemistry.

2) To categorize students’ conceptual understanding regarding their explanations in the conceptual test
and their mental models of electrochemistry before and afier they performed corresponding experiments.

3. Methodology

This one-group pre-test post-test study used a “mixed methods” design [13] that incorporated both
qualitative and quantitative methods as its research paradigm.

3.1. Participants
With permission from the course instructors, 31 Grade-12 students in the Gifted in Science classroom at
Satrisiriket School in Srisaket Province in the first semester of academic year 2014 participated in this study.

3.2. Research tools
Two types of research tools were used in this study, treatment and data collection tools. The treatment
tools consisted of four small-scale experiments based on the inquiry learning approach, oxidation and
reduction reactions, galvanic cells, cathodic protection, and connecting batieries in series. The two data
collecting tools were a conceptual test of electrochemistry containing 24 items of two-tier three-choice test in
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which students were required to make their choices of answers in the first tier, and then provide their
explanations for those choices, and mental model drawings of galvanic cells in which students were asked to
draw their understandings of what happens at a molecular or particulate level in provided galvanic cells
(@n|Zn™||CulCu™, Zn|Zn™ NN, or NiNi™||Cu/Cu™) as shown in Fig. 1.

3.3. Implementation

The participants were requested to complete conceptual test of electrochemistry and mental model
drawings of galvanic cells before participating in (four small-scale experiments of electrochemistry over a
period of mine hours (three hours a week). After this period, they were asked to complete a conceptual test of
electrochemistry and mental model drawings again.

Provided symbols:

gy | e O]

T OREPR

solution ; -

oxidation/reduction oxidation/reduction

Fig. 1: Mental model drawing for a given galvanic cell (Zn|Zn"||Cu|Cu®*, Zn|Zn* |[NiNi*', or Ni|Ni*"||CulCu®h).

3.4. Data analysis
The data collected in this study were analyzed as follows:

1) Conceptual tests: The pre- and post-conceptual test answers were awarded 1 and O point for correct
and incorrect choices respectively in the first tier. The explanations provided in the second tier were awarded
0, 0.25, 0.5, 0.75, or 1 pont for their conceptual understandings (possible total score for each item was 3
points). Students’” explanations were categorized mto five groups as follows [14]:

o Explanations with all concepts corresponding to both scientific consensus and scientific concepts of
sclentists scored 1 point and were defined as “Sound Understanding: SU™.

o Explanations with at least one concept corresponding to scientific consensus and scientific concepts
of scientists scored 0.75 point and were defined as “Partial Understanding: PU”.

o Explanations with at least one concept corresponding to scientific consensus and scientific concepts
of scientists but partially alternate to scientific concepts scored 0.5 point and were defined as “Partial
Understanding with Specific Misunderstanding: PU+MU™.

e Explanations with no concept corresponding to scientific consensus and scientific concepts of
scientists scored 0.25 point and were defined as “Specific Misunderstanding: MU,

e Explanations with no detail or no scientific concepts scored 0 point and were defined as “No
Understanding: NU™.

2) Mental model drawings: The pre- and post-mental model drawings were scored by using a rubric
developed by the authors. These models were also categorized into five groups in the same ways as the
explanations in the conceptual tests. The available score was 18 points, 6 points for the macroscopic features
and labelling and 12 points for the macroscopic features.

3) Students’ scores from pre- and post-conceptual tests and mental model drawings were analysed by the
use of paired-samples T-test.

4. Results and Discussion

There were two main sections of results in this study: 1) students” scores of conceptual test and mental
model drawings of electrochemistry, and 2) conceptual categories of electrochemistry.
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4.1. Students’ scores in the conceptual tests and mental model drawings
There were two types of scores in this study, those for the conceptual tests and those for the mental
model drawings.

Students' pre-conceptual test scores for the means of the first and second tiers and the totals were 12.29,
8.52, and 20.81, respectively (Table 1). After the completion of the four small-scale experiments, the means
of the post-test scores were 16.35, 14.32, and 30.68, respectively. The gains in the conceptual scores were
4.06, 5.81, and 9.87 respectively. The paired-samples T-test analysis indicated that these differences between
means of the pre- and post-conceptual tests were statistically significant in all cases. The percentage for the
means of the pre-test scores for the first tier choices (51.21%) was much higher than that for the second tier
explanation parts (35.48%). Afier the experiments, the percentage for the mean of the post-test score in the
choice part (68.15%) was still higher than that for the second tier explanation part (59.68%). This situation
arose because sometimes the students knew the answers without complete scientific conceptual explanation.
As a result, they were able to provide partial-, alternative-, or misunderstandings for their answers [14].
These improvements in the percentages of the post-test scores indicated that these small-scale experiments of
electrochemistry were effective in the enhancement of the students' conceptual understandings.

Table 1: Students” scores assessed by using conceptual test of electrochemistry and mental model drawings

Test score
Test Avai- Pre-test Post-test Change Test
lable | mean | SD % |mean| SD % |mean| SD | % T p

Conceptual test 48 |[20.81 [10.95|43.35 | 30.68 | 10.86 | 63.91 | 9.87 |2.47|20.56 | 22.22 | 0.00"
Choice (1 tier) 24 11229 447 [51.21]1635| 430 |68.15| 4.06 [1.82]16.94|12.400.00"
Explanation (2™ tier) 24 | 852|671 3548 |1432] 687 |59.68| 581 |1.89|24.19 | 17.13 | 0.00°
Mental model drawings 18 | 7.69 | 5.47 |42.74 | 12.10 | 5.49 | 67.20 | 4.40 |2.08|24.46 | 11.77] 0.00"
Macroscopic feature 6 3.05 [ 1.71 [50.81| 406 | 1.78 |67.74] 1.02 |0.71| 1694 | 7.94 [0.00
Molecular feature 12 | 465 | 386 [38.71| 8.03 | 3.75 |66.94] 339 |1.69|2823|11.18 [0.00
Total 66 |28.50|16.33 [43.18 | 42.77 [ 16.15 | 64.81 | 14.27 | 3.53 | 21.63 | 22.79 | 0.00"

" Statistical differences when performed by paired-samples T-test at 0.05 level of significance.

For the mental model drawings of galvanic cells, the students™ mean pre-drawing scores in macroscopic
(and labeling) features, molecular (or microscopic) features, and totals were 3.03, 4.65, and 7.69 respectively
and the mean post-drawing scores were 4.06, 8.03, and 12.10 respectively. The post-drawing gains in the
mental model scores were 1.02, 3.39, and 4.40 respectively. The paired-samples T-test analysis indicated that
these changes from pre- to post-drawings were statistically significant in all cases.

Students obtained a percentage for the pre-mental model score of 50.81% for macroscopic features,
much higher than the 38.71% for molecular features. An explanation of this may be that students find
molecular features difficult to understand due to their intangibility and/or invisibility [4]. However, after
involvement in the experiments, the students” percentage increase in the mean post-mental model score
regarding molecular features was 66.94%. This improvement of 28.23% compared to the 38.71% for the pre-
test indicated that the small-scale experiments of electrochemistry were effective in the enhancement of the
students' mental models at the molecular level. Although the students obtained mean post-test scores
significantly higher than the mean pre-test scores for conceptual tests and mental model drawings, these
gains were not as high as they should be.

4.2, Students’ conceptual categories in regard of electrochemistry

The students were categorized into five groups regarding their explanations in the conceptual tests and
information expressed in their mental model drawings. Prior to their involvement in the four small-scale
experiments of electrochemistry, their explanations were categorized mostly in PU+MU (32.26%), MU
(25.81%), and NU (25.81%) as shown in Table 2. After the experiments and as a result of their post-

conceptual test explanations the students moved to the more correct conceptual understanding categories of
88



ganInasadafuuuiuiazuiunmweianlnig SULaUN TRG5680024 / 151

PU (29.03%), PU+MU (25.82%), and MU (22.58%). When asked to draw mental models of how they
understand what happens at the molecular level in galvanic cells, the categorisation of the students’
macroscopic information at the pre-stage fell mostly in PU (35.48%), MU (25.81%), and PU+MU (22.58%),
and their molecular information for the same stage was categorized mostly in MU (29.03%), NU (25.81%),
and PU (22.58%). After the experiments, their models moved to more correct conceptual understanding
categories. For macroscopic information, most were in SU {32.26%), PU (29.03%), and PU+MU (19.35%),
and for molecular information, most were categorised in SU (35.48%) and PU (22.58%).

Table 2: Frequencies and percentages of students in the five conceptual categories

Pre-test Post-test
Frequencies (f) and %

SU PU (PU+MU| MU | NU SuU PU |PU+MU| MU | NU
Conceptual tests : f 1 4 10 8 8 6 9 8 7 1
Explanation part % 323 | 1290 | 3226 | 2581 |2581] 19.35 [ 29.03 | 2581 |22.58]3.23
Mental models: f 2 11 7 8 3 10 9 6 5 1
Macroscopic feature % 6.45 | 3548 | 2258 | 2581 | 9.68 | 32.26 [ 29.03 | 1935 |16.13] 3.23
Mental models: f 2 7 5 9 8 11 7 6 6 1
Molecular feature % 6.45 | 22.58 | 16.13 | 25.03 |2581| 3548 [ 22.58 | 1935 |19.35]3.23

Most students provided more complete macroscopic information than melecular information at both the
pre- and post-stages as the former is not difficult to understand due to images shown in learning materials
and more obvious observations of changes in the experiments. The reason for the students” higher post-stage
score may be due to the fact that after the experience of the experiments, the students obtained relevant
information by observations of the experiments, leading to modification of their mental models to provide
more reasonable explanations of what happens at the molecular level of given galvanic cells. However, some
students’ modified models may still contain misconceptions [1].
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Fig. 2: Examples of students” pre- (left) and post-Mental model drawing (right) for a given galvanic cell.
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5. Conclusion and Implications

The study results indicated that the small-scale experiments of electrochemistry based on inquiry
learning approach was effective to enhance students’ conceptual understanding and mental models of
corresponding concepts. The students’ obtained the post-conceptual test score statistically higher than the
pre-test score. In addition, their post-mental model score was statistically higher than the pre-model score.
The majorities of the pre-experiment scores were from the choice part of the conceptual test and from the
macroscopic part of the mental models. However, after performing corresponding experiments, their post-
experiment scores in the explanation part of the conceptual test and in the molecular part of the mental
models played more important role than in the pre-experimental scores. Prior to performing corresponding
experiments, the majority of students were in the partial understanding with specific misunderstanding
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(PU+MU) to no understanding (NU) categories. After performing the experiments, the majority them moved
to the partial understanding (PU) to partial understanding with specific misunderstanding (PU+MLU)
categories, which were better scientific conceptions. This indicated that the corresponding experiments can
enhance students' conceptual understanding and mental models of electrochemistry.

This study may have implications for chemistry instructors in that teaching or directing students to
perform an experiment might be not enough to help students understand important concepts at the molecular
level. Chemistry instructors might consider using a simulation, animation, or other visualization tools to help
students visualize concepts at the molecular level and then connect these concepts to the corresponding
macroscopic procedure or features. As a result, students may achieve a complete and lasting conceptual
understanding [10]. Students’ mental models of a specific process contain rich relevant information that can
be used in designing an animation or simulation to support students” acquisition or mental model [15].

6. Further Study

The information about students' conceptual understanding of electrochemistry and mental models of
galvanic cells will be used in the design of a molecular animation to support students' understanding of
electrochemistry. The small-scale experiments incorporated with corresponding molecular animation will be
implemented to investigate how they impact students' conceptual understandings and mental models of
clectrochemistry. Alternative conceptions prior to and after the implementation will be indentified.
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