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Consistency in pupil s´ expl anations about combustion.
Teresa  Pri e t o.  F a cul t a d de  Educa t i on,  Uni v ersi da d of  Má l a ga .

Espa ña .
J.  R od W a t son &  Just i n D i l l on.  Cent re  f or  Educa t i ona l  S t udi es,

K i ng´s  Col l ege ,  Uni v ersi t y  of   London.  UK .

AB STRACT

Th i s pa per report s some f i ndi ngs of  a  st udy  on 14- 15 y ea r  ol d  pupi l s´
i dea s a bout  combust i on.   Pa t t erns i n pupi l s´ expl a na t i ons  a cross a
ra nge  of  quest i ons a re  descri bed a nd a na l y sed,  i n order   t o ga i n
i nsi gh t  i nt o t h e  consi st ency  or  i nconsi st ency  of  t h e i r  expl a na t i ons.
D a t a  h a v e  been col l ect ed by   a  quest i onna i re  surv ey  wh i ch  uses
ma i nl y  open quest i ons,  some of  wh i ch  a re  genera l   quest i ons a bout
combust i on a nd ot h ers wh i ch  use  speci f i c exa mpl es.  R esponses  h a v e
been a na l y sed usi ng sy st emi c ne t wok s.   Ca t egori es f rom net work s
h a v e  been combi ned t o produce   pa t t erns of  expl a na t i ons t h a t   coul d
be  consi dered a s t h eori es.   Th e  genera l  ch a ra ct eri st i cs of  t h ese
t h eori es,  t h e   consi st ency   wi t h  wh i ch  t h ey  were  used,  a nd
i mpl i ca t i ons f or  t ea ch i ng  a nd  l ea rni ng a re  di scussed.

IN TRODUCTION

Th i s pa per expl ores t wo genera l  concl usi ons t h a t  a ppea r t o be
i mpl i ci t  i n much  of  t h e  resea rch  l i t e ra t ure  a bout  pupi l s´ a l t e rna t i v e
f ra mework s a nd t h e  di f f i cul t i es of  promot i ng more  sci ent i f i c
expl a na t i ons f rom pupi l s.  Th ese  t wo concl usi ons a re  t h a t  pupi l s t end
t o be  i nconsi st ent  i n t h e i r  expl a na t i ons,  a nd t h e  a ppa rent l y
conf l i ct i ng concl usi on t h a t  pupi l s´ a l t e rna t i v e  f ra mework s a re
robust  a nd di f f i cul t  t o ch a nge .

Cl ough  a nd D ri v er  ( 1986)  expl ored t h e  consi st ency  i n t h e  use  of
pupi l s´ a l t e rna t i v e  f ra mework s a cross di f f erent  a rea s of  sci ence .
Th ey  f ound t h a t  pupi l s t ended t o use  si mi l a r  a l t e rna t i v e
f ra mework s t o one  a not h er ,  but  t h a t  i ndi v i dua l s were  not  a s
consi st ent  i n t h e i r  use  of  a l t e rna t i v e  f ra mework s a s t h ey  were  i n t h e
use  of  sci ent i f i c expl a na t i ons.  Pa ri s ( 1992) ,  i n h er  st udy  of  pupi l s´
underst a ndi ng of  a ci ds a nd ba ses,  a l so f ound t h a t  pupi l s were  more
i nconsi st ent  i n t h e  use  of  a l t e rna t i v e  f ra mework s t h a n sci ent i f i c
expl a na t i ons.  S i mi l a rl y ,  i n t h e  f i e l d of  combust i on B ouJa oude  ( 1991)
cl a i ms t h a t  pupi l s´ underst a ndi ngs a bout  burni ng “were  f ra gment ed,
i nconsi st ent  a nd a t  v a ri a nce  wi t h  sci ent i f i c k nowl edge”.
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On t h e  ot h er  h a nd ma ny  resea rch ers h a v e  rea ch ed t h e  concl usi on
t h a t  pupi l s´  a l t e rna t i v e  concept i ons a re  v ery  robust  a nd resi st a nt  t o
ch a nge .  Th i s a ppea rs t o cont ra di ct  t h e  i nconsi st ent  use  of
a l t erna t i v e  f ra mework s.  I f  pupi l s a re  wi l l i ng t o sh i f t  i n t h e i r
expl a na t i ons f rom t h e  use  of  one  a l t erna t i v e  f ra mework  t o a not h er ,
wh y  a re  so re l uct a nt  t o use  sci ent i f i c expl a na t i ons? .

I n t h i s pa per pupi l s´ expl a na t i ons of  combust i on a re  exa mi ned t o
expl ore  wh et h er  t h ey  use  a l t e rna t i v e  expl a na t i ons consi st ent l y .
W h ere  t h ere  i s a ppa rent  i nconsi st ency  i n pupi l s´ expl a na t i ons,
t h ree  possi bi l i t i es a re  expl ored:

1.  Th e  pupi l s h a v e  a n underl y i ng ra t i ona l e  f or  t h e i r
expl a na t i ons,  wh i ch  i s not  i mmedi a t e l y  a ppa rent  t o t h e
resea rch er .  I t  i s possi bl e  t h a t  a ppa rent  i nconsi st ency  i n pupi l s´
expl a na t i ons i s si mpl y  i nconsi st ency  wh en v i ewed f rom a
sci ent i f i c perspect i v a .  Pupi l s´ expl a na t i ons ma y  seem consi st ent
wh en v i ewed f rom t h e  pupi l s´  perspect i v e .
2.  Th e  v ery  na t ure  of  a n a l t erna t i v e  t h eory  gi v es r i se  t o
expl a na t i ons wh i ch  a ppea r i nconsi st ent  f rom a  sci ent i f i c
perspect i v e .  Th e  pupi l s do not  see  t h e  need f or  a n expl a na t ory
t h eory  a s powerf ul  a s t h e  sci ent i f i c one ,  a nd so a re  sa t i sf i ed wi t h
l ess powerf ul  t h eori es wh i ch  do not  t a k e  i nt o a ccount  some a spect s
of  t h e  ph enomenon of  combust i on.
3.  Th e  pupi l s ma y  be  i n a  st a t e  of  t ra nsi t i on f rom one  t h eory  t o
a not h er .  Th e i r  l ea rni ng ma y  be  produci ng concept ua l  ch a nge  i n
wh i ch  t h ey  a re  t ry i ng t o a ccommoda t e  new i dea s.

B l a ck  a nd S i mon ( 1992)  t a l k  a bout  pupi l s´ " t h eori es"  a nd sci ent i st s´
t h eori es a s be i ng l i k e  t wo i sl a nds,  a nd t h a t  t h e  t ea ch er´ job i s t o
bui l d bri dges be t ween t h e  t wo i sl a nds.  F rom a  resea rch er´s
perspect i v e  t h e  probl em of  i nconsi st ency  ma y  si mpl y  be  t h a t  we
h a v e  f a i l ed t o v i si t  t h e  pupi l s´ i sl a nd a nd h a v e  si mpl y  v i ewed i t
f rom a f a r  ( i t ems 1 a nd 2 a bov e) ,  or  t h a t  we  a re  see i ng t h e  t ra f f i c
a cross t h e  bri dges be t ween t h e  i sl a nds ( i t em 3) .

I n t h i s pa per t h e  expl a na t i ons of  150 pupi l s a ged 14 a nd 15 y ea r ,
a bout  some a spect s of  combust i on,  a re  st udi ed usi ng a  quest i onna i re .
Th e  wa y  i n wh i ch  t h e  underl y i ng t h eori es h a v e  been ext ra ct ed f rom
t h e  e l ement s of  t h e i r  expl a na t i ons i s descri bed,  a nd t h e  possi bl e
consi st ency  or  i nconsi st ency  wi t h  wh i ch  t h e  st udent s a ppl y  t h e i r
i dea s i s a na l y sed.  Th e  resul t s obt a i ned a re  di scussed i n t e rms of  t h e
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na t ure  of  a ny  i nconsi st ency ,  a nd t h e  ch a nges t h a t  must  be  brough t
a bout  t o promot e  more  sci ent i f i c expl a na t i ons of  combust i on.

CH ARACTERISTICS OF  TH E EX PLAN ATION S OF  TH E STUDEN TS
DESCRIB ED IN  TH E LITERATURE

D ri v er ,   Guesne ,  a nd Ti bergh i en ( 1985 ( a ) )  descri be  a  number of
genera l  ch a ra ct eri st i cs of  t h e  expl a na t i ons of  pupi l s:

*  Expl a na t i ons a re  gui ded by  di rect l y  observ a bl e  ch a ra ct eri st i cs
of  t h e  si t ua t i on a nd wh a t  i s not  percept i bl e  i s i gnored.
*  Pupi l s h a v e  a  l i mi t ed f ocus,  t h a t  i s ma ni f est ed i n:
     ( a )  a  t endency  t o i nt erpre t  t h e  ph enomena  i n re l a t i on t o t h e
a bsol ut e  propert i es or  qua l i t i es of  object s i nst ea d of  consi deri ng
t h e  i nt era ct i on be t ween t h e  e l ement s of  a  sy st em.
     ( b)  a  t endency  t o f ocus on ch a nges a nd not  on t h e  st a t e  of
equi l i bri um.  F or  exa mpl e ,  i f  t h ere  i s no mov ement  t h ere  i s no
f orce ;  or  ga ses exert  pressure  onl y  wh en t h ey  mov e .
*  Pupi l s use  l i nea r  ca usa l  rea soni ng,  a nd do not  consi der  a l l  t h e
re l ev a nt  v a ri a bl es i n t h e  probl em a nd re l a t i onsh i ps be t ween
t h em.
*  Pupi l s do not  di f f erent i a t e  cl ea rl y  be t ween di f f erent  concept s
( e . g.  h ea t i ng a nd burni ng) .  S i mi l a rl y  t h e i r  use  of  l a ngua ge  i s a l so
l ess preci se  t h a n t h a t  of  sci ent i st s.  Pupi l s of t en use  t h e  sa me
word t o mea n ma ny  t h i ngs.  On t h e  ot h er  h a nd st udent s use  ma ny
words t o mea n t h e  sa me t h i ng.
*  Pupi l s´ expl a na t i ons a re  cont ext  dependent :   di f f e rent  wa y s of
expl a i ni ng a re  of t en used f or  di f f erent  si t ua t i ons wh i ch  a re
exa mpl es of  t h e  sa me ph enomenon.

Andersson ( 1986( a ) )   descri bes t h e  na t ure  of  pupi l s´  ca usa l
rea soni ng.  H e  cl a i ms t h e  exi st ence  of  a  common core  i n st udent s’
expl a na t i ons a nd predi ct i ons a bout  ma ny  di f f erent  ph enomena ,
wh i ch  h e  ca l l s t h e  “experi ent i a l  gest a l t  of  ca usa t i on”.   Th e
experi ent i a l  gest a l t   of  ca usa t i on  st a rt s t o be  bui l t  by   a n
i ndi v i dua l  a t  a  v ery  ea rl y  a ge  a nd i s  ba sed on t h e  si mpl e
experi ence  of  ch i l dren.  I n essence ,  a n a gent  exi st s ( t h a t  ca n be  a
ch i l d or  a n i nst rument )  wh ose  di rect  or  i ndi rect  a ct i on a f f ect s a n
object  produci ng a  t y pe  of   ch a nge .   Th e  essent i a l  e l ement s a re  a ge nt -
i nst rume nt - o b je ct .
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 Gut i errez &  Ogborn ( 1992)  used t h e  model  of  K l eer  a nd B rown a s a
more  dev e l oped ca usa l  f ra mework  f or  a na l y si ng a l t erna t i v e
concept i ons.  Th i s descri pt i on  of  wh a t  i s i nv ol v ed i n ca usa l
rea soni ng cont a i ns  f i v e  ba si c e l ement s:  1)  dev i ce  t opol ogy :  a
represent a t i on of  t h e  st ruct ure  of  t h e  ph y si ca l  sy st em;   2)
env i si oni ng:   work i ng out  f rom t h e  st ruct ure  h ow t h e  sy st em coul d
work ;   3)  ca usa l  model :  t h e  resul t  of  env i si oni ng;  4)   runni ng:
i nma gi ni ng wh a t  t h e  ca usa l  model  woul d do a nd 5)  epi sodes:
di v i si ons of  t i me  wi t h i n wh i ch  t h e  expl a na t i on st a y s t h e  sa me.

Gut i errez e t   a l .  sa y  t h a t  a n a ccept a bl e  expl a na t ory   model ,  wh en
run,  must  sa t i sf y  t h e  const ra i nt s of  co ns i s t e ncy ,  wh i ch  requi res t h a t
t h e  model  does not  suf f er  i nt erna l  cont ra di ct i ons,  co rre sp o nd e nce ,
wh i ch  requi res t h a t  t h e  model  predi ct s wh a t  a ct ua l l y  h a ppen,  a nd
ro b ust ne ss ,  wh i ch  requi res t h a t  t h e  model  cont i nues t o correspond t o
t h e  f a ct s wh en t h e  cont ext  i s modi f i ed t o a not h er  si mi l a r  one .

Ogborn a nd B l i ss ( 1990)  i n t h e i r  pa per “ A  psy ch ol ogi c of  mot i on”
use  si mi l a r  rea soni ng t o expl a i n h ow pupi l s´ “common sense  i dea s” of
mot i on a re  dev e l oped by  ch i l dren t h rough  i nt era ct i on wi t h  t h e i r
i mmedi a t e  env i ronment ,  t o produce  l ogi ca l l y  consi st ent  expl a na t i ons
of  mot i on.  Th e  expl a na t i ons t a k e  t h e  f orm of  ca usa l  sch emes wh i ch
become successi v e l y  more  e l a bora t ed a s a  ch i l d dev e l opes.  A
concl usi on f rom a l l  t h ese  pa pers a bout  t h e  t y pe  of  rea soni ng used by
pupi l s i s t h a t ,  a l t h ough  i t  i s not  sci ent i f i c,  i t  i s i nt erna l l y
consi st ent  wh en v i ewed f rom t h e  perspect i v e  of  t h e  pupi l s.

A  possi bl e  expl a na t i on f or  t h e  pupi l s´ a l t e rna t i v e  f ra mework s be i ng
di f f erent  i n na t ure  f rom sci ent i st s´  expl a na t i ons,  i s t h a t  pupi l s a re
l i mi t ed by  t h e i r  st a ge  of  genet i c epi st emol ogi ca l  dev e l opment .  Pozo,
Puy  a nd S a nz,  ( 1992)   compa re  pupi l s´ “t h eori es” wi t h  sci ent i f i c
t h eori es.  S ci ent i f i c t h eori es  a re  expl i ci t ,  coh erent ,  genera l ,
deduct i v e ,  a re  ba sed on a  compl ex mul t i pl e  ca usa l i t y  a nd a re
l ook i ng f or   t h e  t rut h .  Th ose  of  t h e  pupi l s a re :  i mpl i ci t s,
i ncoh erent s,  speci f i c,  i nduct i v e ,  a re  ba sed on t h e  si mpl e  l i nea r
ca usa l i t y  a nd a re  l ook i ng f or  use f ul ness i n ev ery da y  l i f e .  Th ese
a ut h ors re l a t e  some st ruct ura l  ch a ra ct eri st i cs of   st udent s’  i mpl i ci t
t h eori es,  t h a t  a re  di f f erent  f rom t h e  sci ent i f i c t h eori es,  t o t h e  l ev e l
of  cogni t i v e  dev e l opment  of  pupi l s,  a nd i n pa rt i cul a r  t o t h e  l a ck  of
dev e l opment  of  f orma l  t h ough t  i n t h e  pupi l s.  Cert a i n
ch a ra ct eri st i cs of  pupi l s´ t h eori es a ct  a s a ct ua l  epi st emol ogi c
obst ruct i ons t h a t  must  be  ov ercome:   t h ey  a re  one- wa y  ( a gent - object )
l i nea r  ca usa l i t y ;   wrong st ra t egi es of  qua nt i f i ca t i on or  no
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qua nt i f i ca t i on a t  a l l  ( qua l i t a t i v e  descri pt i on) ;  t ra nsf orma t i ons
wi t h out  conserv a t i on,  or  f ocusi ng on wh a t  i s t ra nsf ormed but  not  i n
wh a t  i s conserv ed.

I n a na l y ses of  t h e  t y pes of  expl a na t i ons gi v en by  pupi l s i n di f f erent
a rea s of  ph y si cs,  Monk  ( 1990,  1991)  h a s compa red t h e  proport i ons of
pupi l s´ a t  di f f e rent  a ges gi v i ng di f f erent  t y pes of  a l t e rna t i v e
expl a na t i ons a nd sci ent i f i c expl a na t i ons,  wi t h  t h e  proport i ons of
pupi l s a t  t h e  sa me a ges wh o woul d be  expect ed t o be  a  cert a i n l ev e l s
of  genet i c epi st emol ogi ca l  dev e l opment .  Th e  si mi l a ri t y  be t ween
f i gures i s st r i k i ng l endi ng support  t o cl a i ms ( Monk ,  1990)  t h a t :

“( i )  t h ere  i s a  genet i c epi st emol ogi ca l  st a ge  re l a t ed ce i l i ng t o
t h e  cogni t i v e  processi ng on t h e  pa rt  of  pupi l s;
( i i )  pupi l s ca n benef i t  f rom t ui t i on such  t h a t  t h e i r  perf orma nce  on
t est  i t ems ca n be  i ncrea sed t o t h e  l i mi t  se t  by  t h e i r  t h en current
st a ge  of  genet i c epi st emol ogi ca l  dev e l opment ”.

S i mi l a rl y   Eck st e i n a nd S h emesh  ( 1993)  h a v e  dev e l oped a
ma t h ema t i ca l  model  t o descri be  t h e  pa t t ern i n proport i ons of  pupi l s
of  di f f erent  a ges gi v i ng di f f erent  t y pes of  a l t e rna t i v e  a nd sci ent i f i c
expl a na t i ons of  mot i on.   Th e  ma t h ema t i ca l  model  a l so a ppl i es t o
t h e  l ev e l  of  genet i c epi st emol ogi ca l  dev e l opment  of  pupi l s,  a nd
a ga i n i mpl i es t h a t  t h e  t y pe  of  expl a na t i on gi v en by  pupi l s i s
cont rol l ed by  t h e i r  l ev e l  of  cogni t i v e  dev e l opment .

Ch i ,  S l ot t a  a nd Leeuw ( 1992) ,  a nd Ch i  ( i n press)  propose  a  di f f erent
expl a na t i on of  pupi l s´ a l t e rna t i v e  concept i ons,  a nd t h e  di f f i cul t i es
of  ch a ngi ng pupi l s´ concept i ons t o more  sci ent i f i c ones.  Th ey  propose
t h a t  k nowl edge  ca n be  di v i ded i nt o v a ri ous di st i nct  ont ol ogi ca l
ca t egori es.  Th e  t h ree  ma jor  ont ol ogi ca l  ca t egori es a re  ma t t er ,
ev ent s a nd a bst ra ct i ons.  Ent i t i es wh i ch  a re  ca t egori sed i nt o one
ont ol ogi ca l  ca t egory  h a v e  cert a i n a t t r i but es t h a t  di f f erent i a t e  i t
f rom ot h er  ont ol ogi ca l  ca t egori es.  R e i ner ,  Ch i  a nd R esni ck  ( 1988)
gi v e  ma ny  exa mpl es f rom ph y si cs wh ere  pupi l s h a v e  i ncorrect l y
ca t egori sed sci ent i f i c processes ( const ra i nt - ba sed ev ent s)  a s
ma t eri a l s.  Th i s l ea d t o consi dera bl e  di f f i cul t i es f or  pupi l s i n
dev e l opi ng sci ent i f i c concept s.  F or  exa mpl e ,  t h e  process of
“h ea t i ng” ma y  be  cl a ssi f i ed i ncorrect l y  a s a  subst a nt i a l i sed
ma t eri a l  “h ea t ”.  H ea t i ng i s a  process wh i ch  h a s propert i es such  a s
h a ppeni ng duri ng a  pa rt i cul a r  t i me ,  a nd be i ng ca used by  cert a i n
i nt era ct i ons,  wh erea s h ea t  ca n be  ga i ned or  l ost ,  ca n t ra v e l  a l ong a
met a l  ba r ,  or  ca n be  l ost  duri ng burni ng a nd a ccount  f or  t h e  wei gh t
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l oss i n ma ny  burni ng processes.  Ch i ,  ( i n press)  a rgues t h a t
concept ua l  ch a nge  wi t h i n a n ont ol ogi ca l  ca t egory  ( non- ra di ca l
concept ua l  ch a nge)  i s much  ea si er  t h a n concept ua l  ch a nge  a cross
ont ol ogi ca l  ca t egori es ( ra di ca l  concept ua l  ch a nge) ,  a nd t h a t  i ndeed,
concept ua l  ch a nge  a cross ont ol ogi ca l  ca t egori es i s “nea rl y
i mpossi bl e  t o a compl i sh ”.  “Th ere  a re  no concre t e  opera t i ons t h a t
ca n t ra nsf orm a  ph y si ca l  object  such  a s a  cup,  i nt o a n ont ol ogi ca l
di f f erent  ent i t y ,  such  a s a  drea m.  Li k ewi se ,  t h ere  i s no
psy ch ol ogi ca l  l ea rni ng mech a ni sm t h a t  ca n modi f y  a  concept  f rom
one  ont ol ogi ca l  ca t egory  i nt o a not h er .  N o mech a ni sm of  a ddi t i on,
de l e t i on,  genera l i za t i on,  di scr i mi na t i on,  speci a l i za t i on,
procedura l i za t i on a nd so f ort h  ca n ch a nge  t h e  mea ni ng of  a  concept
f rom one  ont ol ogi ca l  ca t egory  t o a not h er . . . ”  .  I t  i s suggest ed t h a t
t h e  ra di ca l  concept ua l  ch a nge  needed t o dev e l op a  concept  i n a
di f f erent  ont ol ogi ca l  ca t egory ,  ma y  t a k e  pl a ce  by  dev e l opi ng a  new
concept  wi t h i n t h e  correct  ont ol ogi ca l  ca t egory ,  wh i ch  ma y  coexi st
wi t h  t h e  ol d concept  i n t h e  i ncorrect  ont ol ogi ca l  ca t egory .

Th e  di v i si on of  concept ua l  ch a nge  i nt o t wo t y pes h e l ps t o sol v e  some
of  t h e  cont ra di ct i ons i n t h e  l i t e ra t ure  be t ween resea rch ers such  a s
La wson ( 1988)  wh o ma i nt a i ns t h a t  ma ny  bi ol ogi ca l  concept s a re
a cqui red t h rough  a  process of  a ccre t i on,  a nd ot h er  a ut h ors wh o h a v e
f ound pupi l s´ a l t e rna t i v e  concept i ons robust  a nd di f f i cul t  t o ch a nge .
Th e  f ormer i s cl a ssi f i ed a s concept ua l  ch a nge  wi t h i n a n ont ol ogi ca l
ca t egory  ( non- ra di ca l  concept ua l  ch a nge)  a nd t h e  l a t t er  a cross
ont ol ogi ca l  ca t egori es ( ra di ca l  concept ua l  ch a nge) .  I t  a l so gi v es
some i nsi gh t  i nt o t h e  i ssue  of  consi st ency  or  i nconsi st ency  of  pupi l s´
expl a na t i ons.  Pupi l s´ expl a na t i ons of  concept s or  “ent i t i es”  wi t h i n
a n ont ol ogi ca l  ca t egory  ma y  wel l  be  consi st ent  but  pupi l s ma y  dra w
on concept s f rom di f f erent  ont ol ogi ca l  ca t egori es ( e . g.  “h ea t ” a nd
“h ea t i ng”)  t o a nswer di f f erent  quest i ons,  wh i ch  t o t h e  sci ent i st
a ppea r t o be  a bout  t h e  sa me concept .  F rom t h e  pupi l ´s  perspect i v e
t h e  a nswers coul d be  consi st ent ,  but  not  so f rom t h e  sci ent i st s´
perspect i v e .

MODELS OF  PUPILS´  UN DERSTAN DIN G OF  COMB USTION  IN
TH E LITERATURE

A number of  st udi es h a v e  been ca rri ed out  wh i ch  h a v e  a t t empt ed t o
sy nt h esi se  f i ndi ngs a bout  pupi l s´ expl a na t i ons of  combust i on by
a ppl y i ng genera l  cr i t e r i a  t o cl a ssi f y  t h e  responses t o a  v a ri e t y  of
quest i ons  ( Andersson,  1986 ( b) ;  Andersson,  1990;   Meh eut ,   S a l t i e l ,
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a nd Ti bergh i en,  1985;  Meh eut ,  1982;   Pf undt ,  1981;  Pri e t o,  W a t son
a nd D i l l on,  1992) .

Andersson ( 1990)  descri bes a  ca t egori sa t i on sy st em wh i ch  ca n be
a ppl i ed t o pupi l s responses t o a  v a ri e t y  of  quest i ons concerni ng bot h
ch emi ca l  a nd ph y si ca l  ch a nge .   Th e  ca t egori es a re  ( a )
di sa ppea ra nce ,  ( b)  di spl a cement ,  ( c)  modi f i ca t i on,  ( d)
t ra nsmut a t i on a nd ( c)  ch emi ca l  i nt era ct i on.   Th ese  a re  i l l ust ra t ed
a s f ol l ows:

( a )  Di sa p p e a ra nce
W h en a sk ed a bout  t h e  wei gh t  of  exh a ust  ga ses produced wh en
pet rol  i s burnt  i n a  ca r  ( Andersson &  R enst rom,  1983)  some pupi l s
a nswer t h a t  some of  t h e  pe t rol  i s used up i n t h e  ca r  a nd di sa ppea rs.
( b )  Di sp l a ce me nt
An exa mpl e  i s of  pupi l s expl a i ni ng t h e  di sa ppea ra nce  of  wa t er  f rom
a  puddl e  on t h e  f l oor ,  by  sa y i ng t h a t  t h e  wa t er  h a d penet ra t ed t h e
f l oor ,  i . e .  i t  h a d been di spl a ced t o a  di f f erent  pl a ce .
( c)  Mo d i f i ca t i o n
Meh eut  e t  a l .  ( 1985)  gi v e  exa mpl es of  pupi l s expl a i ni ng t h e  burni ng
of  a l coh ol  a nd t h e  boi l i ng of  wa t er  i n t e rms of  modi f i ca t i on of
l i qui d a l coh ol  t o a l coh ol  v a pour a nd l i qui d wa t er  t o st ea m.
( d )  Tra nsmut a t i o n
S ome ch a nges a re  descri bed i n t e rms of  t ra nsmut a t i on of  subst a nce
i nt o energy ,  of  energy  i nt o subst a nce  or  of  one  subst a nce  i nt o a  new
one ,  f or  exa mpl e  i ron wool  be i ng t ra nsmut ed i nt o ca rbon duri ng
combust i on.
( e )  C h e mi ca l  ch a nge
I dea s of  ch emi ca l  ch a nge  a re  a ppl i ed correct l y  t o exa mpl es such  a s
pet rol  burni ng,  but  a l so i ncorrect l y  t o ph y si ca l  ch a nges ( Osborne  &
Cosgrov e ,  1983) .   S ome pupi l s t h i nk  t h a t  t h e  bubbl es of  st ea m a re
oxy gen a nd h y drogen ga ses.

Meh eut  e t  a l .  ( 1985)  dev e l oped a  wa y  of  ca t egori si ng t h e  responses
of  st udent s ( a ged 11- 12)  ba sed on t h e i r  i dea s of  conserv a t i on.   Th ere
a re  some si mi l a ri t i es wi t h  Andersson’s ca t egori sa t i on sch eme but
Meh eut  e t  a l .  a l so i ncorpora t e  t h e  na t ure  of  t h e  combust i bl e
ma t eri a l  i n t h e  ca t egori sa t i on sy st em.   Pupi l s responses ca n be
di v i ded i nt o t wo groups a ccordi ng t o t h e  na t ure  of  t h e  combust i bl e
subst a nce .   Th e  f i rst  group i ncl udes responses a bout  met a l s,  wa x,
wa t er ,  a nd a l coh ol ,  wh i ch  a re  sa i d t o mel t  or  ev a pora t e ,  ra t h er
t h a n burn,  or  usi ng Andersson’s t e rmi nol ogy ,  a re  modi f i ed.   Th e
second group i ncl udes responses a bout  wood,  ca rdboa rd,  pa per,
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a l coh ol  a nd a i r ,  wh i ch  a re  seen t o burn a nd be  ch a nged i nt o a not h er
subst a nce  or  not h i ng.   Usi ng Andersson’s ca t egori es,  t h ese  subst a nces
di sa ppea r or  a re  t ra nsmut ed.   An i mport a nt  f ea t ure  i n t h e
ca t egori sa t i on of  Meh eut  e t  a l .  i s t h a t  duri ng t ra nsmut a t i on ea ch
subst a nce  i s t ra nsmut ed sepa ra t e l y .   S t udent s of t en f a i l  t o rea l i se
t h a t  ma t t er  i s i nt era ct i ng.

Th e  rol e  of  oxy gen a nd a i r  i s not  dea l t  wi t h  a dequa t e l y  i n e i t h er
Andersson’s or  Meh eut ’ s model .   One  di f f i cul t y  i n i nt erpre t i ng
responses t o quest i ons desi gned t o e l i ci t  st udent s underst a ndi ngs of
t h e  rol e  of  oxy gen a nd a i r  i n combust i on i s t h a t  not  a l l  st udent s
h a v e  a  good underst a ndi ng of  t h e  na t ure  of  a i r  ( R usse l  e t  a l . ,  1991;
B rook s &  D ri v er ,  1989) .   B rook s a nd D ri v er  report ed t h a t  ev en a t
a ge  16 a bout  t h ree  qua rt ers of  pupi l s t h ough t  t h a t  a i r  h a d zero or
nega t i v e  wei gh t .   Pupi l s ma y ,  t h ere f ore ,  conserv e  ma t t er  i n t h e i r
expl a na t i ons of  ch emi ca l  rea ct i ons,  but  not  necessa ri l y  conserv e
ma ss.

I n a n ea rl i e r  pa per ( Pri e t o,  W a t son a nd D i l l on , 1992) ,   we  descri bed
h ow t h e  ca t egori es of  Andersson a nd of  Meh eut  were  dev e l oped t o
produce  opera t i ona l  de f i ni t i ons of  t h ree  ca t egori es of  pupi l s´
expl a na t i ons of  combust i on,  t o f i t  our da t a .  Th e  ca t egori es were  
Modi f i ca t i on,  Tra nsmut a t i on a nd Ch emi ca l  R ea ct i on.  Th e
D i sa ppea ra nce  ca t egory  of  Andersson i s subsumed under
t ra nsmut a t i on a nd exa mpl es of  D i spl a cement  were  not  f ound i n our
da t a .  Th e  t h ree  ca t egori es a re  def i ned i n t a bl e  1.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
_ _

TAB LE 1
OPERATION AL DEF IN ITION S OF  PUPILS'  EX PLAN ATION S

1.  Rol e of  oxy gen/  i nt era ct i on

C:
C1:  Pupi l s recogni se  t h a t  t h e  combust i bl e  subst a nce  a nd oxy gen/a i r
i nt era ct .  
C2: Th e  rea ct i on i s i rrev ersi bl e .

T:
T1: Th ere  i s no i nt era ct i on be t ween t h e  combust i bl e  subst a nce  a nd t h e
oxy gen/a i r .
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T2:  Oxy gen/a i r  ma y  or  ma y  not  be  recogni sed a s necessa ry  f or
combust i on t o t a k e  pl a ce .
T3: B urni ng i s a  dest ruct i v e  process.
T4:  Th e  dest ruct i v e  process ma y  re l ea se  or  l i bera t e  subst a nces f rom
t h e  combust i bl e  subst a nce .  
T5:  B urni ng i s i rrev ersi bl e .

M:
M1: Oxy gen/a i r  i s not  i nv ol v ed i n t h e  ch a nge .  
M2:  Th e  ch a nge  i s rev ersi bl e .

2.  F l a me/ fi re

C:
C3: Energy  ch a nges ma y  be  observ ed but  a re  not  expl a i ned.
C4:  Th e  f l a me/f i re  i s ev i dence  of  a  ch emi ca l  rea ct i on.  
C5: Th e  f l a me cont a i ns bot h  t h e  combust i bl e  subst a nce  a nd oxy gen/a i r
rea ct i ng.

T:
T6: Th e  f l a me/f i re  i s a n a ct i v e  a gent  of  ch a nge .
T7:  Ai r/oxy gen ma y  be  needed t o ‘ f eed t h e  f l a me’  or  ‘k eep i t  a l i v e ’ .  
T8:  Ai r/oxy gen i s t ra nsmut ed by  t h e  f l a me/f i re  or  i s consumed by  i t .  
T9:  Ma t t er  ma y  be  t ra nsmut ed i nt o h ea t .  
T10:  F l a mes cont a i n onl y  t h e  combust i bl e  subst a nce  or  oxy gen/a i r  or
possi bl y  bot h  but  wi t h  no i nt era ct i on.

M:
M3: Th e  f l a me/f i re  i s a  source  of  h ea t  t o ma k e  t h e  modi f i ca t i on
occur.

3.  Product s a nd rea ct a nt s

C:
C6: Th e  product s cont a i n t h e  rea ct a nt s i n a  di f f erent  ch emi ca l
combi na t i on.  
C7:  Ma ss i s conserv ed prov i ded t h a t  pupi l s t h i nk  t h a t  ga ses wei gh
somet h i ng or  ga s i s not  ‘ l ost ’  t o t h e  a t mosph ere .  
C8:  Propert i es a re  not  conserv ed.

T:
T11:  S ubst a nce  i s ch a nged f rom one  subst a nce  t o a not h er  or  i nt o
not h i ng duri ng combust i on.
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T12:   Oxy gen/a i r  ma y  be  t ra nsmut ed sepa ra t e l y  i nt o a  product .
T13:   Oxy gen ma y  be  needed but  does not  i nt era ct  i n a  ch emi ca l  sense .
T14:  Ma ss ma y  i ncrea se ,  decrea se  or  st a y  t h e  sa me ( beca use  t h e
t ra nsmut ed product s a re  di f f erent  f rom t h e  rea ct a nt s) .  
T15:  Propert i es a re  not  conserv ed.  
T16:  Propert i es ma y  be  subst a nt i a l i sed a nd t h ere f ore  be  i nv ol v ed i n
t h e  t ra nsmut a t i on.

M:
M4:  One  subst a nce  ch a nges t o a  di f f erent  f orm of  t h e  sa me subst a nce .
M5:  S ubst a nce  i s conserv ed.  
M6:  Ma ss ma y  be  conserv ed,  but  t h i s depends on wh et h er  di f f erent
f orms of  t h e  sa me subst a nce  a re  consi dered t o wei gh  t h e  sa me.
M7:   S ome propert i es a re  conserv ed.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
_ _

I t  ca n be  seen t h a t  t h e  t wo a l t erna t i v e  f ra mework s “Tra nsmut a t i on”
a nd “Modi f i ca t i on” sh a re  ma ny  of  t h e  ch a ra ct eri st i cs of  pupi l s
a l t erna t i v e  expl a na t i ons descri bed i n t h e  l i t e ra t ure  rev i ewed
ea rl i e r .  Th e  a l t erna t i v e  f ra mework s f i t  t h e  descri pt i ons i n t h e
f ol l owi ng wa y s:

*  Th ere  i s a  h ea v y  dependence  on i mmedi a t e l y  observ a bl e
ch a ra ct eri st i cs of  combust i on ( D ri v er  e t  a l .  1985( a ) ) .  Oxy gen or
a i r ,  wh i ch  ca nnot  be  seen,  pl a y  no rol e  i n i nt era ct i ng wi t h  t h e
combust i bl e  subst a nce  i n Tra nsmut a t i on ( T1,  T2,  T7,  T8,  T12 a nd
T13) .  a nd pl a y s no rol e  i n Modi f i ca t i on a t  a l l  ( M1) .  Ga seous
product s a nd wei gh t  ch a nges a re  uni mport a nt  i n Tra nsmut a t i on
( T14)  a nd Modi f i ca t i on ( M3)  expl a na t i ons a nd rece i v e  l i t t l e
a t t ent i on f rom t h e  pupi l s.
*  Th e  l i mi t ed f ocus of  t h e  t wo a l t erna t i v e  expl a na t i ons ca n be
seen i n t h e  ma i nl y  descri pt i v e  na t ure  t h a t  t h ey  sh a re  ( D ri v er  e t
a l .  1985( a ) ) .  Th e  expl a na t i ons h a v e  predi ct i v e  v a l i di t y ,  i n t h a t
t h ey  a l l ow pupi l s t o predi ct  wh a t  ch a nges wi l l  occur i n wh a t
t h ey  perce i v e  a s si mi l a r  ci rcumst a nces,  but  t h ey  f a i l  t o go bey ond
t h e  i nmedi a t e l y  percept i bl e .  As predi ct i v e  expl a na t i ons
Tra nsmut a t i on f unct i ons wel l  on t h e  t y pes of  exa mpl es of
ma t eri a l s t h a t  pupi l s norma l y  gi v e  a s exa mpl es of  burni ng,  i . e .
ca rbon/h y drogen ba sed ma t eri a l s such  a s wood,  pa per,  pl a st i c,
cl ot h  a nd l i v i ng t h i ngs.  Modi f i ca t i on f unct i ons wel l  on exa mpl es
of  burni ng t h a t  pupi l s i ncorrect l y  perce i v e  a s si mi l a r  t o ch a nges
of  st a t e  such  a s a  ca ndl e  or  a  met a l  burni ng ( mel t i ng)  a nd a l coh ol
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burni ng ( ev a pora t i on) ;  under not  t oo cl ose  scrut i ny  t h e  ori gi na l
subst a nce  re f orms a f t er  burni ng a s a  sol i d product  ( f reezi ng)  or  a s
a  l i qui d ( drops smel l i ng of  a l coh ol  condensi ng on a  col d surf a ce
f rom a n a l coh ol  f ra me) .
*  Li nea r  ca usa l  rea soni ng i s used i n bot h  ca ses ( D ri v er  e t  a l .
1985( a ) ;  Andersson,  1986( a ) ) .  I n Tra nsmut a t i on t h e  f l a me or  f i re
i s a n a ct i v e  a gent  of  ch a nge ,  wh i ch  a ct s on t h e  combust i bl e
ma t eri a l ,  a nd perh a ps t h e  oxy gen sepa ra t e l y ,  i n a  dest ruct i v e
process t o produce  a  product  wh i ch  i s compl e t e l y  di f f erent  f rom
t h e  rea ct a nt ( s)  ( T3,  T5,  T6,  T11,  T12,  T14,  T15) .  I n Modi f i ca t i on
t h e  h ea t  or  f i re  a ct s on t h e  combust i bl e  subst a nce  ( M4)  t o  ch a nge
i t  i nt o a  di f f erent  v ersi on of  t h e  sa me subst a nce  ( M4,  M5,  M6,
M7) .
* B ot h  Tra nsmut a t i on a nd Modi f i ca t i on ca n be  ca t egori sed i nt o t h e
sa me ont ol ogi ca l  ca t egory  ( Ch i ,  i n press)  a s Ch emi ca l  rea ct i on,
i . e ,  t h e   “const ra i nt  ba sed ev ent s” ca t egory ,  but  t h e  concept  of
h ea t /h ea t i ng wh i ch  i s used wi t h i n t h e  Tra nsmut a t i on
expl a na t i on,  i s cl a ssi f i ed i ncorrect l y  by  some pupi l s.  S ome pupi l s
subst a nt i a l i se  h ea t  ( T9) ,  i . e .  ca t egori se  i t  a s a  “ma t t er” i nst ea d
of  a s a  “const ra i nt - ba sed ev ent ”.
*  Th e  i mpreci se  use  of  concept s a nd l a ngua ge  ( D ri v er  e t  a l .
1985( a ) )  i s v ery  ev i dent  i n t h e  pupi l s´ responses,  but  l ess ev i dent
i n t h e  opera t i ona l  de f i ni t i ons a bov e  wh i ch  t ry  t o a v oi d
a mbi gui t y .  N ev ert h e l ess t h e  ev i dent  conf usi on be t ween t h e
concept s of  burni ng a nd h ea t i ng a re  obv i ous i n t h e  Modi f i ca t i on
expl a na t i on.
*  Th e  ment a l  model l i ng of  combust i on a s " Tra nsmut a t i on"  or  a s
" Modi f i ca t i on"  requi res onl y  concre t e  opera t i ona l  t h i nk i ng a s
compa red wi t h  “Ch emi ca l  R ea ct i on” wh i ch  requi res f orma l
opera t i ona l  t h i nk i ng ( Monk  1990,  1991) ,  a nd t h i s ma y  expl a i n t h e
l ow number of  pupi l s wh o gi v e  “Ch emi ca l  R ea t i on” expl a na t i ons.
Th e  ment a l  model l i ng of  combust i on a s Modi f i ca t i on i nv ol v es t h e
rev ersi bl e  t ra nsf orma t i on of  a  subst a nce  wi t h  cert a i n propert i es
( e . g.  sol i d propert i es)  i nt o t h e  sa me subst a nce   wi t h  some
di f f erent  propert i es ( e . g.  l i qui d propert i es)  a nd i s ch a ra ct eri st i c
of  ea rl y  concre t e  opera t i ona l  t h i nk i ng.  Combust i on a s
Tra nsmut a t i on i nv ol v es a n i ncrea se  of  t h e  product  a t  t h e  expenses
of  t h e  combust i bl e  subst a nce ;  i . e .  t h e  sy st em cont a i ns onl y  t wo
component s wh i ch  a re  pol a r  opposi t es on t h e  sa me sca l e :  l ess
combust i bl e  subst a nce ,  more  product .  Th i s i s ch a ra ct eri st i c of  l a t e
concre t e  opera t i ona l  t h i nk i ng.  I n ment a l l y  model l i ng combust i on
a s Ch emi ca l  R ea ct i on,  t h e  t h i nk er  must  h a v e  a  model  t h a t
cont a i ns a t  l ea st  t h ree  component s ( i . e .  combust i bl e  subst a nce ,
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oxy gen a nd product ) ,  a nd t h e  re l a t i v e  ra t i os of  t h ese  co- v a ry  i n a
di rect  a nd i ndi rect  f a sh i on.  Th i s coul d be  i nt erpre t  a s requi r i ng
t h e  compensa t ory  t h i nk i ng t h a t  i s one  of  t h e  ch a ra ct eri st i cs of
f orma l  opera t i ona l  t h ough t .

RESEARCH  METH ODS

A quest i onna i re ,  wh i ch  cont a i ned ni ne  quest i ons,  a l l  of  t h em open
a nd one  a l so cont a i ni ng  a  f i xed response  i t em,  wa s dev e l oped
t h rough  a  seri es of  f our pi l ot  st udi es wh i ch  i nv ol v ed a bout  150
pupi l s i n S pa i n a nd Engl a nd.  Th e  ma i n f oci  of  t h e  quest i onna i re
were :  t h e  process;  t h e  product s,  i ncl udi ng a spect s of  conserv a t i on;
a nd t h e  exa mpl es of  combust i on t h a t  pupi l s gi v e .  Th e  quest i ons
wh i ch  a re  t h e  f ocus of  t h i s pa per a re  gi v en i n a ppendi x 1.   Th i s
pa per a na l y ses da t a  f rom 150   spa ni sh  st udent s a ged 14 a nd 15.   Th i s
number a l l ows pupi l s wi t h  si mi l a r  t y pes of  expl a na t i ons t o be
grouped t oget h er .  Th i s a ge  wa s ch osen a s a l l  t h e  pupi l s woul d h a v e
st udi ed some e l ement a ry  ch emi st ry  i ncl udi ng combust i on.  Th e  pupi l s
were  se l ect ed f rom sch ool s t o gi v e  a  sa mpl e  wh i ch  wa s
represent a t i v e  of  t h e   popul a t i on a t  t h a t  a ge .

Th e  responses t o t h e  quest i onna i re  were  a na l y sed a s descri bed be l ow:

1.  Th e  responses were  a na l y sed by  dev e l opi ng sy st emi c ne t work s
( B l i ss,  Monk  a nd Ogborn,  1983)  t o ca pt ure  t h e  mea ni ngs of  t h e
responses i n a  sy st ema t i c wa y .
2.  Th e  ne t work s were  a na l y sed t o i dent i f y  i ndi ca t ors of  di f f e rent
ca t egori es of  t h i nk i ng,  a nd t h ese  i ndi ca t ors were  used t o modi f y
Andersson´s ( 1990)  ca t egori es a nd t o genera t e  t h e  det a i l ed
descri pt i ons of  di f f erent  ca t egori es of  t h i nk i ng,  gi v en i n t a bl e  1
( Pri e t o e t  a l . ,  1992) .
3 .  Th e  det a i l ed descri pt i ons were  used t o ca t egori se  pupi l s´
responses quest i on by  quest i on.
4.  Th e  consi st ency  of  pupi l s´ use  of  di f f erent  expl a na t ory  model s
wa s exa mi ned,  a nd t h e  pupi l s were  di v i ded i nt o di f f erent  groups
a ccordi ng t o t h e  consi st ency  of  t h e i r  responses.
5.  A  det a i l ed qua l i t a t i v e  a na l y si s of  t h e  responses of  pupi l s i n
t h e  di f f erent  groups wa s ca rri ed out  t o exa mi ne  t h e  na t ure  of
consi st ency /i nconsi st ency  of  ea ch  group.
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RESULTS

De v e l o p i ng sy st e mi c ne t w o rk s .
Th e  f i rst  st a ge  i n t h e  a na l y si s of  t h e  da t a  wa s t o dev e l op sy st emi c
net work s,  t o ca pt ure  t h e  essence  of  t h e  responses t o open quest i ons,
i n a  wa y  t h a t  a l l owed a spect s of  t h e  responses t o be  qua nt i f i ed.  An
exa mpl e  of  a  ne t work  i s gi v en by  t h e  one  f or  quest i on 1( a )  a nd ( b)
sh own i n f i gure  1.  Th e   exa mpl es of  pupi l s´ responses gi v en be l ow
sh ow h ow responses a re  encoded.

Pupi l  70
1a ) :  “I t  i s a  combust i on process t h a t  h a ppens t o a  subst a nce .  I t
goes f rom a  st a t e  t o a not h er ,  e . g.  a  l ea v e  i s t ra nsf ormed i nt o
a sh es,  f rom l i qui d t o ga s" .  1b) :   " I t  ev a pora t es”.

Th i s a nswer h a s been coded a s f ol l ow:

“I t  i s a  combust i on process t h a t  h a ppens t o a  subst a nce”:  1 . 11
“I t  goes f rom a  st a t e  t o a not h er ,  e . g.  a  l ea v e  i s t ra nsf ormed i nt o
a sh es”:  1 . 36
“f rom l i qui d t o ga s.  1b)  I t  ev a pora t es”:   1 . 41

Pupi l  32
1a ) :  “I t  i s a  ch emi ca l  rea ct i on t h a t  h a ppens wh en a  subst a nce
ga i ns such  h i gh  t empera t ure  t h a t  i t  ca nnot  st a nd i t " .  1b) :
" Ch a nges t o a not h er  subst a nce”.

Th i s a nswer h a s been coded a s f ol l ow:

“I t  i s a  ch emi ca l  rea ct i on”:  1 . 12
“t h a t  h a ppens wh en a  subst a nce  ga i ns such  h i gh  t empera t ure  t h a t  i t
ca nnot  st a nd i t ”:  2 . 5
“Ch a nges t o a not h er  subst a nce”:  1 . 32
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N                 Code

Chemical

Synonimous

Changes to
something
different

Changes no
necessarily
to something
different

Deteriorates

Disappears

Requirements

Something 
is liberated

-Heat                                                                                         10
-Energy                                                                                       2
-Fire                                                                                            17
-Combustible substance                                                     1
-Smoke                                                                                        5
-Light                                                                                          3

- Combustible material                                                   12
- Oxygen                                                                                     4
- Air                                                                                              2
- High temperatures                                                           3
- Heat                                                                                          5
- Fire                                                                                           49
- Other substances                                                                1

- Is used up                          6
- Disappears                   14
- Disintegrates               15

- Is destroyed                    3
- Is decomposed              10
- Loses properties           2
- Becomes less                   3
- Deteriorates                  3

- Evaporates                      5
- Melts                                   7
- Turns to powder            1
- Changes colour              5
- Gets hot                             5
- Expands                             3
- Changes  form                8
- Changes state                6
- Changes appearance 1

-Comp. with oxygen     1
- Another substance     15
- Gas                                       5
- Carbon Dioxide            1
- Smoke                                 2
- Ash                                    65
- Carbon                             10

- Its burns

Nature of 
change

                       88               1.20

             1.31 
             1.32
             1.33
             1.34
             1.35
             1.36
             1.37

             1.41
             1.42
             1.43
             1.44
             1.45
             1.46
             1.47
             1.48
             1.49

    1.51
    1.52
    1.53
    1.54
    1.55

    1.61
    1.62
    1.63

    2.1
    2.2
    2.3
    2.4
    2.5
    2.6
    2.7

    3.1
    3.2
    3.3
    3.4
    3.5
    3.6

Figure 1. Network for question 1 (a& b). 

Combustion                       11                  1.11
Chemical Reaction       5                   1.12
Chemical  Change        1                    1.13
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S ome of  t h e  codes a re  more  use f ul  t h a n ot h ers i n ga i ni ng i nsi gh t  i nt o
t h e  pupi l ´s t h i nk i ng.  Th e  cl a use  “I t  i s a  ch emi ca l  rea ct i on” ( pupi l
32)  coul d be  t a k en t o i ndi ca t e  a n underst a ndi ng t h a t  one  ch emi ca l  i s
seen t o be  rea ct i ng wi t h  a not h er .  Th i s mea ni ng i s not ,  h owev er,
cl ea r  f rom t h e  rest  of  t h e  response .  S i mi l a rl y  “I t  a  combust i on
process” ( pupi l  70)  coul d be  t a k en t o mea n t h e  rea ct i on of  a
combust i bl e  subst a nce  wi t h  oxy gen.  Th e  rest  of  t h e  response  sh ows
cl ea rl y  t h a t  t h i s i s not  t h e  ca se  wi t h  a  ch a nge  of  st a t e  be i ng gi v en
a s a n exa mpl e  of  combust i on.

De v e l o p i ng o p e ra t i o na l  d e f i ni t i o ns .
Th e  second st a ge  i n t h e  a na l y si s di d i n f a ct  rest ore  some of  t h e  da t a
l ost  i n t h e  codi ng on t h e  ne t work s.  Th e  codes genera t ed i n t h e
net work s were  used se l ect i v e l y  t o genera t e  t h e  opera t i ona l
def i ni t i ons of  pupi l s´ expl a na t i ons gi v en i n t a bl e  1.  Th e  pupi l s´
responses were  t h en re - exa mi ned i n t h e  l i gh t  of  t h e  opera t i ona l
def i ni t i ons t o a l l oca t e  ea ch  response  t o a  ca t egory  of  pupi l s´
expl a na t i ons.

One  di f f i cul t y  i n a l l oca t i ng responses t o a  ca t egory  of  pupi l s´
expl a na t i ons wa s t h a t  i t  wa s of t en di f f i cul t  t o deci de  wh et h er  a
response  sh oul d be  ca t egori sed a s Tra nsmut a t i on ( T)  or  Ch emi ca l
R ea ct i on ( CR ) .  Th e  response  gi v en f or  pupi l  32 a bov e  i s a n exa mpl e
of  t h i s.  Th e  use  of  t h e  words “Ch emi ca l  rea ct i on” ma y  be  a n
i ndi ca t i on of  CR  but  t h i s i s a mbi guous.  Th ere  i s a  ment i on of  ch a nge
t o a not h er  subst a nce  but   no ment i on of  oxy gen or  a i r .  Th i s response
h a s,  t h ere f ore  been ca t egori sed a s i nt ermedi a t e  be t ween CR  a nd T a s
X .  Ot h er  responses a re  not  a mbi guous but  cont a i n a spect s of  bot h  CR
a nd T expl a na t i ons.  Th ese  h a v e  been a l so cl a ssi f i ed a s X .

S omet i mes pupi l s gi v e ,  i n di f f erent  pa rt s of  t h e i r  responses,  bot h
Modi f i ca t i on expl a na t i ons a nd Tra nsmut a t i on/Ch emi ca l  R ea ct i on
expl a na t i ons,  e . g.  pupi l  70 a bov e .  S uch  responses rece i v ed a  doubl e
cl a ssi f i ca t i on,  X  a nd M  i n t h e  ca se  of  pupi l  70;  T a nd M i n t h e  ca se
be l ow:

Pupi l  3
1a ) :  " I s wh en a  subst a nce  burns" ,  1b) :  " I t  becomes a sh es or  a
di f f erent  t h i ng h a ppens t o i t .   F or  exa mpl e ,   i f   i t  i s wood i t  t urns
i nt o a sh  a nd i f  i t  i s pl a st i c i t  mel t s"  .
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I n spi t e   of  t h ese  di f f i cul t i es i n i nt erpre t a t i on,  t h e  opera t i ona l
def i ni t i ons h a v e  a l l owed a  h i gh  degree  of  re l i a bi l i t y  t o be
a ch i ev ed i n a l l oca t i ng responses t o pa rt i cul a r  ca t egori es of
expl a na t i ons.  A  10%  sa mpl e  wa s coded by  t wo i ndependent  coders
a nd 94%  re l i a bi l i t y  be t ween coders wa s a ch i ev ed.

S ome I nt erest i ng exa mpl es of  responses f or  ea ch  of  t h e  ca t egori es of
expl a na t i on a re  gi v en be l ow:

C h e mi ca l  R e a ct i o n
Th ere  a re  f ew responses wh i ch  ca n be  cl a ssi f i ed a s CR .

Pupi l  72
9:  " c)  B eca use  t h e  ma gnesi um wi t h  t h e  oxy gen ma k e  some k i nd of
mi xt ure  wh i ch  wei gh s more" .

I nt e rme d i a t e
Th e  t wo exa mpl es be l ow sh ow pupi l s wh o a re  st a rt i ng t o t a k e  i nt o
a ccount  t h e  i nt era ct i on be t ween t h e  combust i bl e  subst a nce  a nd
oxy gen.  Th e  second st udent ´s  use  of    words  a s “combust i on”  a nd “
“rea ct i on”  i ndi ca t es some progress i n t h e  use  of  sci ent i f i c  l a ngua ge .

Pupi l  51,
1a ) :  " I s t h e  ch a nge  t h a t  h a ppens t o a  body  wh en i t  i s cont a ct  wi t h
t h e  oxy gen" ,   1b) :  " Usua l l y  gi v e  of f  f umes a nd ge t s sma l l er  a nd
sma l l er"

Pupi l  102.
1a ) :  " I s a  k i nd of  combust i on t h a t  needs t h e  presence  of  oxy gen t o
rea ct  wi t h  a nd produce  f i re " ,  1b) :  " I t  i s decomposed a nd i s
conv ert ed i nt o a sh "

Tra nsmut a t i o n
Pupi l s usi ng t h i s t y pe  of  expl a na t i ons a re  usua l l y  a wa re  of  t h e
requi rement  of  oxy gen i n burni ng but  do not  see  i t  a s i nt era ct i ng wi t h
t h e  combust i bl e  subst a nce .  S omet i mes t h ey  see  i t  a s necessa ry  t o
f eed t h e  f i re  or  t h e  f l a me

Pupi l  79
6b& c) :  " Th ere  i s no oxy gen,  t h e  f i re  h a s a bsorbed i t . "

Pupi l  80
6b& c) :  “ . . . t h e  ca ndl e  i s a bsorbi ng t h e  oxy gen t o f eed t h e  f l a me. . . ”
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Mo d i f i ca t i o n
Pupi l s usi ng Modi f i ca t i on expl a na t i ons,  i n spi t e  of  t h e  f a ct  t h a t
t h ey  a re  conserv i ng t h e  subst a nce ,   a ppea r t o h a v e  l i t t l e
underst a ndi ng of  conserv a t i on of  wei gh t .  W ei gh t   i s of t en seen a s
be i ng dependent  on t h e  f orm of  t h e  subst a nce  wi t h  sol i ds,  powders,
l i qui ds a nd ga ses h a v i ng di f f erent  wei gh t s.

Pupi l  50
9:  " e )  I t  coul dn’ t  i ncrea se  beca use  i t  ch a nged i nt o powder a nd
powder does not  wei gh  a ny t h i ng" .

Th ey  a l so somet i mes subst a nt i a l i se  h ea t  or  energy :  a bsorbi ng h ea t
ma y  ma k e  a  ma t eri a l  h ea v i er :

Pupi l  35
9:  " I  h a v e  ch osen d)  beca use  I  t h i nk  t h a t  i n ge t t i ng h ea t  t h e
ma t eri a l  ca n i n some wa y  i ncrea se  i t s wei gh t " .

Pupi l  46
9:  " d)  H ea t  of  t h e  f l a me ma k es i t  ge t  h ea v i er"

CLASSIF ICATION  OF  RESPON SES TO EACH  QUESTION .

Th e  a l l oca t i on of  a nswers t o ca t egori es i s sh own i n t a bl e  2.

Ta bl e  2.  Al l oca t i on of  a nswers t o ca t egori es ( n = 150) .

Q1( a & b) Q5 Q6a ) Q6( b& c) Q7 Q9

CR 2 1 1 1 6 43

X 10 2 17 24 14 3

T 106 140 20 95 73 40

T + M 13 0 2 0 0 1

M 3 0 65 10 1 21

N o code 16 5 3 11 9 28

B l a nk 0 2 42 9 47 14

Th e  pa t t erns t h a t  ca n be  seen i n t h e  t a bl e  a re :

*  Tra nsmut a t i on wa s t h e  most  commonl y  used t y pe  of  expl a na t i on
i n quest i ons 1,  5 ,  6( b& c)  a nd 7.
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*  Modi f i ca t i on i s onl y  i mport a nt  i n t h e  ca se  of  t h e  ca ndl e  ( Q6)
a nd t o some ext end t h e  ma gnesi um ( Q9) .
*  Th e  sci ent i f i c t h eory  Ch emi ca l  R ea ct i on i s l i t t l e  used but  some
pupi l s use  some e l ement s of  i t  ( X ) .

Th e  ext end t o wh i ch   pupi l s used one  or  more  t y pes of  expl a na t i ons
i s i ndi ca t ed i n t a bl e  3.

Ta bl e  3.  Combi na t i ons of  di f f erent  t y pes of  expl a na t i ons used by
pupi l s ( % ,   n = 150) .

( M) N o ( M) Tot a l
( CR )  a nd/or  ( X )
+ ( T)

box 1
28

box 2
22

50

( T) box 3
34

box 4
16

50

Tot a l 62 38 100

Al l  pupi l s used a  Tra nsmut a t i on t y pe  of  expl a na t i on on a t  l ea st  one
occa si on,  a nd 16%  of  pupi l s ( box 4)  use  onl y  Tra nsmut a t i on
expl a na t i ons.  About  t wo t h i rds of  t h e  pupi l s ( boxes 1 a nd 3)  use
Modi f i ca t i on expl a na t i ons,  a l t h ough  most  of  t h ese  ( 50%  of  t h e  t ot a l
sa mpl e )  use  Modi f i ca t i on expl a na t i ons onl y  once .  H a l f  of  t h e  pupi l s
ga v e  a t  l ea st  one  response  t h a t  i ndi ca t ed some underst a ndi ng of  a
ch emi ca l  rea ct i on ( boxes 1 a nd 2,  CR  or  X ) ,  but  a l l  of  t h ese  pupi l s
a l so used Tra nsmut a t i on expl a na t i ons,  a nd usua l l y  t h i s k i nd of
expl a na t i on wa s used more  of t en.

I n t h e  next  sect i on t h e  responses of  pupi l s a re  consi dered i n more
det a i l  i n order  t o sh ed l i gh t  on wh et h er  t h e  pupi l s were  respondi ng
i n a  consi st ent  or  i nconsi st ent  wa y .

CON SISTEN CY  AN D IN CON SISTEN CY  IN  PUPILS´  RESPON SES.

Th e  si mpl est  group t o consi der  i s t h e  group of  pupi l s i n box 4 i n t a bl e
3 ( 16% )  wh o a re  cl ea rl y  consi st ent  i n t h e i r  responses,  usi ng onl y  one
t y pe  of  expl a na t i on.  An exa mpl e  of  a  pupi l  wh o consi st ent l y  used
Tra nsmut a t i on expl a na t i ons i s gi v en be l ow:

Pupi l   62
1a ) :  " W h a t  I  underst a nd by  burni ng i s wh en a  ma t eri a l  i s a bl e  t o
produce  h ea t  wi t h  a not h er  ma t eri a l  wh i ch  h e l ps i t  t o produce
f l a mes" .  1b) :  " I t   consumed" .
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5:  " Y ou ge t  a sh es a nd resi due" .
6a ) :  " W a x h a s been consumed a nd t h e  f l a me h a s been ext i ngui sh ed
beca use  of  l a ck  of  oxy gen" .
6b& c) :   " Th e  a i r  h a s been consumed a nd t h ere  i s no suppl y  of
oxy gen.
7:   " I t  i s ma de  of  di f f erent  pa rt s of  h ea t  wi t h  di f f erent
i nt ensi t i es" .
9 :   " B eca use  a  ma t eri a l  a s burns i t  di sa ppea rs a nd a l l  t h a t  i s l e f t
i s a  powder t h a t  wei gh s l ess t h a n i n i t s ori gi na l  st a t e " .

Use  o r  no n- use  o f  Mo d i f i ca t i o n e xp l a na t i o ns .
N o pupi l s used onl y  Modi f i ca t i on t y pes of  expl a na t i ons.
Modi f i ca t i on i s a l wa y s used i n combi na t i on wi t h  a  di f f erent  k i nd of
expl a na t i on ( boxes 1 a nd 3,  i n t a bl e  3) .  F rom a  sci ent i st ´s
perspect i v e  pupi l s a re  be i ng i nconsi st ent .  F rom a  pupi l ´s perspect i v e
t h ey  ma y  i n f a ct  not  be  so.  Th e i r  l a ck  of  preci si on i n t h e  use  of
l a ngua ge ,  t h e i r  l a ck  of  dev e l opment  of  cert a i n concept s,  a nd t h e i r
l a ck  of  di scr i mi na t i on be t ween concept s,  a l l ows t h em t o use  t h ese
expl a na t i ons wi t h out h  probl ems.

S ome of  t h e  a ppa rent  i nconsi st ency  a ri ses f rom t h e  l a ck  of
dev e l opment  of  a ppropi a t e  sci ent i f i c l a ngua ge  i n t h e  pupi l s a nd t h e
correspondi ng l a ck  of  dev e l opment  of  cert a i n concept s.  Pupi l s
somet i mes f a i l  t o di st i ngui sh  be t ween h ea t i ng a nd burni ng:

Pupi l  11,
1a ) :  " I s somet h i ng  t h a t  h a ppens wh en  t h e  ma t eri a l  i s a t  such  a
h i gh   t empera t ure  t h a t  i t  ca n not  st a nd i t  a nd a  spa rk  jumps out
a nd t h en i t  begi ns t o burn.  I f  we  a re  t a l k i ng a bout  met a l s,  t h ey  do
not  burn,  t h ey  mel t ”.

I n t h i s response  burni ng i s t a k en t o mea n bot h  burni ng a nd h ea t i ng.
Mel t i ng of  met a l s i s e l i ci t ed i n response  t o a  quest i on a bout  burni ng,
not  h ea t i ng,  a nd t h en ci t ed a s a n exa mpl e  of  somet h i ng t h a t  does
not  burn.  Th i s l a ck  of  preci si on i n t h e  use  of  l a ngua ge  ma y  i n f a ct
re f l ect  a n underl y i ng l a ck  of  dev e l opment  of  t h e  concept s of  burni ng
a nd h ea t i ng.

S i mi l a rl y  burni ng a nd h ea t i ng a re  conf used by  some pupi l s i n
response  t o quest i on 9,  wh i ch  i s a bout  t h e  burni ng of  ma gnesi um.  Two
k i nds of  Modi f i ca t i on expl a na t i on a re  gi v en:  “Ma gnesi um“ wh en
h ea t ed expa nded so t h a t  i t  wei gh  more” a nd wh a t  pupi l  113 sa y s:
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Pupi l  113
9:  " e )  I f  y ou burn ma gnesi um i t  wi l l  wei gh t  t h e  sa me,  i t  i s l i k e
h ea t i ng a  l i t re  of  wa t er ,  a t  t h e  end y ou h a v e  a  l i t re  of  wa t er  but
v a pour”.

Th i s conf usi on be t ween h ea t i ng a nd burni ng a l l ows pupi l s  t o gi v e
expl a na t i ons of  burni ng,  of  a  Modi f i ca t i on t y pe ,  wh en t h ey
underst a nd “burni ng” t o mea n “h ea t i ng”.  Th i s t y pe  of  expl a na t i on
ca n coexi st  wi t h  expl a na t i ons i n wh i ch  a  more  conv ent i ona l
underst a ndi ng of  t h e  word burni ng i s used.

A re l a t ed probl em i s t h a t  pupi l s f a i l  t o di st i ngui sh  be t ween
combust i on a nd ch a nge  of  st a t e .  An exa mpl e  i s pupi l  3  ( seen bef ore ) :
1a ) :  " I s wh en a  subst a nce  burns" ,  1b) :  " I t  becomes a sh es or  a
di f f erent  t h i ng h a pens t o i t .   F or  exa mpl e ,   i f   i t  i s wood i t  t urns
i nt o a sh  a nd i f  i t  i s pl a st i c i t  mel t s"  .

I n ma ny  wa y s  percept i ons a bout  burni ng a l coh ol  a nd boi l i ng wa t er
ov er  a  bunsen burner  a re  si mi l a r :  a  f l a me i s seen,  h ea t  ca n be  f e l t ,
t h e  v ol ume of  l i qui d ge t s l ess a nd a  v a pour i s f ormed.  Th ere  a re  a l so
si mi l a ri t i es be t ween burni ng wa x i n a  ca ndl e  a nd mel t i ng a  bl ock  of
i ce .  I n t h i s ca se  t h e  concept s of  ch a nge  of  st a t e ,  a nd burni ng,  a re  not
wel l  dev e l oped a nd become conf used,  beca use  t h e  pupi l s do not  use
a dequa t e  cr i t e r i a  t o di st i ngui sh  be t ween t h em.

A f a ct or  wh i ch  a ppea rs t o cont rol  wh i ch  t y pe  of  expl a na t i on i s t h e
na t ure  of  t h e  combust i bl e  ma t eri a l .  Th e  present  st udy  conf i rms t h e
resul t s of  Meh eut  e t  a l .  ( 1985)  i n sh owi ng a  grea t er  t endency  t o use
Modi f i ca t i on expl a na t i ons wi t h  wa x a nd met a l .  Th ere  i s,  h owev er,
i nsuf f i ci ent  da t a  i n t h e  present  st udy  t o sh ow wh et h er  pupi l s
di scri mi na t e  be t ween di f f erent  combust i bl e  subst a nces i n a  consi st ent
wa y :  t h ere  a re  t oo f ew di f f erent  t y pes of  combust i bl e  ma t eri a l
i ncl uded i n t h e  st udy .

Th ere  a re  a  number of  st udi es i n t h e  l i t e ra t ure  i n wh i ch
Modi f i ca t i on expl a na t i ons ca n be  i ndent i f i ed i n pupi l s´ responses.
Th ere  a re  i ndi ca t i ons f rom t h e  l i t e ra t ure  t h a t  t h i s t y pe  of
expl a na t i ons,  a s wel l  a s be i ng dependent  of  t h e  na t ure  of  t h e
ma t eri a l  be i ng burnt ,  i s a l so a ge  dependent ,  wi t h  i t s use  decrea si ng
wi t h  a ge .   S ome resul t s a re  summa ri sed be l ow i n t a bl e  4.  I f  st udent s
sa y  t h a t  t h e  subst a nce  mel t s or  ev a pora t es on h ea t i ng/burni ng,  or  i f
t h e  a ut h or ma i nt a i ns t h a t  t h e  st udent s consi der  t h a t  t h e  i ndent i t y
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of  t h e  subst a nce  h a s been conserv ed,  t h i s h a s been t a k en a s a n
i ndi ca t or  of  t h e  Modi f i ca t i on ca t egory .

Ca ut i on i s needed i n i nt erpre t i ng t h a  da t a  present ed i n t a bl e  4,
beca use  t h ey  a re  f ew st udi es a nd beca use  t h e  quest i ons used t o e l i ci t
t h e  responses,  a nd t h e  wa y  t h a t  t h ey  h a v e  been a sk ed v a ri es f rom
st udy  t o st udy .  N ev ert h e l ess i t  a ppea rs t h a t  t h e  use  of  t h i s t y pe  of
expl a na t i on does  decrea se  wri t h  a ge .  Presuma bl y  a s pupi l s use  of
l a ngua ge  dev e l ops a nd a s t h e i r  undest a ndi ng of  t h e  concept s
i nv ol v ed i n combust i on becomes more  soph i st i ca t ed,  t h ey  f orm a
more  genera l i sed v i ew of  combust i on,  i n wh i ch  t h ey  di st i ngui sh
burni ng f rom h ea t i ng,  a nd combust i on f rom ch a nge  of  st a t e .

Ta bl e  4.  Use  of  Modi f i ca t i on model .

S t udy

Met a l s    
Meh eut  e t  a l .
( 1985) .
S a nma rt i
( 1989)
Th i s st udy
S a nma rt i
( 1989

W a x     
Meh eut  e t  a l .
( 1985)
B ouJa oude
( 1991)
Th i s st udy

Age

11- 12

13

14- 15
18- 19

11- 12

12- 13

14- 15

S a mpl e  si ze

        102

          54

        150
         59

       102

        20

      150

S ubst a nce

i ron

copper

ma gnesi um
copper

ca ndl e  wa x

ca ndl e  wa x

ca ndl e  wa x

%  Usi ng
Modi f i ca t i on

82- 88

46

18
12

82- 97

60

43

Use  o f  C h e mi ca l  R e a ct i o n,  I nt e rme d i a t e  a nd  Tra nsmut a t i o n
e xp l a na t i o ns .
50%  of  t h e  pupi l s gi v e  responses wh i ch  i ncl ude  Tra nsmut a t i on
expl a na t i ons a s wel l  a s expl a na t i ons t h a t  i ndi ca t e  some a spect s of
Ch emi ca l  rea ct i on or  I nt ermedi a t e  expl a na t i ons ( boxes 1 a nd 2 i n
t a bl e  3) .  Most  of  t h ese  pupi l s seem t o be  usi ng Tra nsmut a t i on
expl a na t i ons most  of  t h e  t i me ,  but  a t  t h e  sa me t i me  a re  begi nni ng t o
i ncorpora t e  a spect s of  Ch emi ca l  R ea ct i on expl a na t i ons i n t h e i r
responses.  An exa mpl e  i s gi v en wi t h  pupi l  64:
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Pupi l  64:
1a ) :  " S omet h i ng burns wh en i t  h a s got  f i re " .  1b) :  " D ependi ng on
t h e  subst a nce ,  a  grey  or  bl a ck  powdered subst a nce  rema i ns" .
5:   " Y ou dest roy  i t " .
6a ) :  " I f  t h e  ca ndl e  i s sma l l  i t  i s consumed.  I f  t h e  ca ndl e  i s bi g,
t h e  oxy gen i s consumed bef ore" .
6b& c) :   " Th e  oxy gen i s be i ng consumed a nd t h e  cont a i ner  i s f ul l  of
ca rbon di oxi de" .
7:  "  Of  gunpowder t h a t  a s i t  i s burni ng re l ea ses ni t rogen" .
9:  " c) " .   N o expl a na t i on.

Th i s pupi l  ch oses t h e  correct  opt i on f or  quest i on 9,  wh i ch  expl a i ns
a n i ncrea se  i n wei gh t  of  ma gnesi um by  i t s rea ct i on wi t h  oxy gen.  Th e
i dea  of  i nt era ct i on i s not  so cl ea r  i n response  t o quest i on 6:  t h e
ca ndl e  i s consumed a nd t h e  oxy gen i s consumed a nd repl a ced by
ca rbon di oxi de ,  but  i t  i s not  cl ea r  wh et h er  t h ese  a re  t wo
i ndependent  processes of  Tra nsmut a t i on or  wh et h er  t h ere  i s
ch emi ca l  i nt era ct i on be t ween t h e  t wo subst a nces.  Th e  responses t o
quest i ons 1 a nd 5 a re  Tra nsmut a t i on wi t h  t h e  combust i bl e  subst a nce
be i ng t ra nsmut ed t o a  dest ruct i on product .  W h en a sk ed a bout  t h e
rol e  of  oxy gen i n combust i on t h i s pupi l ,  t h ere f ore ,  ca n ch oose  t h e
correct  opt i on i n a  mul t i pl e  ch oi ce  quest i on ( Q9) ,  h a s di f f i cul t y  i n
a rt i cul a t i ng t h e  rol e  of  t h e  oxy gen i n a n open f orma t  quest i on a sk i ng
a bout  t h e  oxy gen ( Q6)  a nd f a i l s t o consi der  oxy gen i n t h e  ot h er
quest i ons wh ere  h e  i s not  speci f i ca l l y  a sk ed a bout  i t .  I t  a ppea rs
t h a t  t h i s pupi l  i s st ruggl i ng t o i ncorpora t e  t h e  rol e  of  oxy gen i nt o a
Tra nsmut a t i on model ,  wh i ch  di d not  prev i ous t a k e  oxy gen i nt o
a ccount .

Two more  exa mpl es wh i ch  sh ow si mi l a r  e f f ort s t o i ncorpora t e
oxy gen i nt o a  Tra nsmut a t i on model  a re :

Pupi l  51
1a ) :   " I t  i s a  ch a nge  wh i ch  occurs t o a  body  i n cont a ct  wi t h
oxy gen" .  1b) :   " N orma l l y  smok e  i s ev ol v ed a nd i t  ge t s l ess ev ery
t i me" .

Pupi l  102
1a ) :   " I s a  f orm of  combust i on wh i ch  requi res t h e  presence  of
oxy gen t o be  a bl e  t o rea ct  wi t h  a nd produce  f i re " .  1b) :  " I t
decomposes a nd i s conv ert ed t o a sh es" .
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Pupi l  138 be l ow uses i dea s of  i nt era ct i on but  t h i s t i me  t h e
i nt era ct i on i s be t ween a i r  a nd t h e  f l a me:

S t udent  138:
6a ) :  b l a nk
6b& c) :  " Th e  a i r  i s a bsorbed by  t h e  f l a me a nd wh en t h e  a i r  h a s
f i ni sh ed t h e  f l a me goes out "
7:  " Oxy gen a nd ma t eri a l s f rom t h e  ma t ch " .

Th e  pupi l  h a s i ncorpora t ed i dea s of  i nt era ct i on i nt o a
Tra nsmut a t i on model  by  v i ewi ng oxy gen/ a i r   a s  necessa ry  t o
i nt era ct  wi t h  t h e  a ct i v e  a gent  of  ch a nge ,  t h e  f l a me,  i n order  t o
a l l ow burni ng t o t a k e  pl a ce .  A  si mi l a r  expl a na t i on of  t h e  rol e  of
oxy gen i s gi v en by  pupi l  79:

Pupi l  79:
6b& c) :  " Th ere  i s no oxy gen,  t h e  f i re  h a s a bsorbed i t " .

I n some pupi l s t h ere  seems t o be  some progressi on t owa rds t h e
Ch emi ca l  R ea ct i on expl a na t i on i n t e rm of  t h e  l a ngua ge  used.  S ome
pupi l s i ncorpora t e   sci ent i f i c l a ngua ge  such  a s combust i bl e ,  ch emi ca l
rea ct i on,  combust i on,  i nt o wh a t  a re  essent i a l l y  Tra nsmut a t i on
responses:

Pupi l  95
1a ) :  " A  ch emi ca l  rea ct i on wh ere  t h ere  a re  a  “combust i bl e " ,  a i r
a nd  somet h i ng t h a t  consumes t h e  combust i bl e ,  f i re  i n t h i s ca se ,
a nd a sh es i s t h e  subst a nce  t h a t  i s l e f t  f rom t h i s rea ct i on,  i t  i s
wh a t  rema i ns”.  1b) :   " B ecome a sh es" .
5 :   " Y ou ge t  a sh es wh i ch  i s t h e  resul t  of  t h e  ch emi ca l  rea ct i on
f rom wood a nd f i re " .
6a ) :  b l a nk
6b& c) :   " As t h e  pl a ce  i s cl ose  t h ere  i s a  combust i on wi t h  l i t t l e
a mount  of  combust i bl e  ( a i r)  a nd a s i t  i s f i ni sh ed t h e  f i re  goes
out " .
7 :   " F i re " .
9 :  " e )  B eca use  t h e  ma gnesi um h a s been burnt  a nd t h e  rest  of  t h e
ga ses t h a t  a re  produced by  t h e  f i re  a re  t a k i ng of f  wei gh t " .

I t  t h ere f ore  a ppea rs t h a t  t h e  pupi l s i n boxes 1 a nd 2 i n t a bl e  3 a re
i nconsi st ent  i n t h e i r  use  of  expl a na t ory  model s.  S ome of  t h e
i nconsi st ency  does not ,  h owev er,  a r i se  f rom i l l ogi ca l  or  a d h oc
t h i nk i ng,  but   f rom a  st ruggl e  t o come t o t e rms wi t h  t wo mut ua l l y
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excl usi v e  expl a na t ory  model s.  I t  ca n be  seen t h a t  some of  t h e  pupi l s
expl a na t i ons a re  a t t empt s t o i nt roduce  new i dea s f rom t h e  Ch emi ca l
R ea ct i on model  i nt o a  Tra nsmut a t i on model .  I t  a ppea rs t h a t  f or
ot h er  pupi l s t h e  k i nd of  expl a na t ory  model  used depends on t h e
cont ext  of  t h e  quest i on a nd t h e  wa y  i t  i s f ormul a t ed.  Perh a ps some
pupi l s h a v e  more  t h a n one  expl a na t ory  model  f or  combust i on i n
t h e i r  memori es,  a nd ca l l  up f or  di f f erent  model s t o use  i n di f f erent
ci rcumst a nces.

DISCUSSION

I n t h i s sect i on t h e  na t ure  of  t h e  concept ua l  ch a nge  wh i ch  pupi l s
must  undergo a nd  i mpl i ca t i ons f or  t ea ch i ng a re  di scussed.  An
exa mi na t i on of  pupi l s´  expl a na t i ons ( see  t a bl e  1)  rev ea l s t h a t
cert a i n a spect s wh i ch  a re  norma l l y  present ed i n sci ent i st s´
expl a na t i ons of  ch emi ca l  ch a nge  a re  compl e t e l y  a bsent :

*  Pupi l s f a i l  t o ment i on i mpercept i bl e  product s such  a s ga ses.
Ev en pupi l s wh o t a l k  a bout  t h e  combust i bl e  subst a nce  i nt era ct i ng
wi t h  oxy gen,  usua l l y  t a l k  a bout  a n a sh  a s t h e  product  a nd f a i l  t o
ment i on ga seous product s.  Oxy gen i s ra re l y  ment i oned
spont a neousl y :  pupi l s usua l l y  onl y  ment i on oxy gen i n response  t o
di rect  quest i ons a bout  i t s rol e .
*  Th e  wei gh t  of  rea ct a nt s a nd product s,  a l t h ough  pl a y i ng a n
i mport a nt  rol e  i n sci ent i st s´ expl a na t i ons,  h a s a  mi nor rol e  i n
pupi l s´ expl a na t i ons.  Th i s i s not  surpri si ng a s ma ny  pupi l s of  t h e
a ge  of  pupi l s i n t h i s st udy  f a i l  t o rea l i se  t h a t  ga ses h a v e  wei gh t ,
or  ev en t h i nk  t h a t  t h ey  h a v e  a  nega t i v e  wei gh t  ( B rook s a nd
D ri v er ,  1989;  S t a v y  a nd S a t ch e l ,  1985) .  Th i s precl udes ev en
pupi l s wi t h  a  rea sona bl e  underst a ndi ng of  ch emi ca l  rea ct i ons
f rom dra wi ng concl usi ons f rom mea surement s of  wei gh t .  F or  pupi l s
usi ng Tra nsmut a t i on expl a na t i ons t h ere  i s no necessi t y  f or  a
product  t o wei gh t  more ,  t h e  sa me o l ess t h a n t h e  rea ct a nt ,  beca use
i t  si mpl y  becomes a  di f f erent  subst a nce .
*  Pupi l s ma k e  no ment i on of  a t omi c or  mol ecul a r  pa rt i cl es.  Th i s
coul d expl a i n wh y  a t t empt s t o ch a nge  pupi l s concept i ons by
t ea ch i ng a bout  pa rt i cl es h a v e  f a i l ed ( e . g.  Meh eut  e t  a l .  1985) .
Th e  pupi l s ma y  see  no re l a t i on be t ween t h e i r  expl a na t i ons a nd
expl a na t i ons i n t e rms or  pa rt i cl es.

A  compa ri son of  t h e  Modi f i ca t i on expl a na t i on wi t h  t h e  Ch emi ca l
R ea ct i on expl a na t i on ( t a bl e  1)  rev ea l s t h e  f ol l owi ng di f f erences:  I n
Modi f i ca t i on t h ere  i s no rol e  f or  oxy gen ( M1) ,  t h e  process i s
rev ersi bl e  ( M2) ,  t h e  f l a me/f i re  i s t h e  source  of  h ea t  t o ma k e  t h e
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modi f i ca t i on occur ( M3)  a nd t h e  product  i s t h e  sa me subst a nce  a s t h e
rea ct a nt  ( M4,  M5,  M7) .  I n ch emi ca l  rea ct i on oxy gen i nt era ct s wi t h
t h e  combust i bl e  subst a nce  ( C1) ,  t h e  process i s i rrev ersi bl e  ( C2) ,  t h e
f l a me/f i re  i s ev i dence  of  a  ch emi ca l  rea ct i on ( C4)  a nd t h e  product  or
product s a re  a  di f f erent  subst a nce  f rom t h e  rea ct a nt s ( C6,  C8) .

Of  t h e  pupi l s´ model s present ed i n t h i s pa per,  Modi f i ca t i on i s t h e
most  pri mi t i v e  model :

*  I t  requi res t h e  l owest  l ev e l  of  cogni t i v e  processi ng.
*  I t  depends on se l ect i v e  a nd i na ccura t e  observ a t i on:
Modi f i ca t i on ca n onl y  be  ma i nt a i ned f or  ca ndl e  wa x i f  t h e  ca ndl e
i s observ ed burni ng f or  a  l i mi t ed t i me ,  so t h a t  t h e  di sa ppea ra nce
of  t h e  wa x i s not  a ppa rent .
*  I t  expl a i ns t h e  most  l i mi t ed ra nge  of  observ a t i ons:  f or  exa mpl e
i t  does not  expl a i n t h e  rol e  of  oxy gen,  wh erea s Tra nsmut a t i on ca n
expl a i n oxy gen a s be i ng t ra nsmut ed sepa ra t e l y ,  or  a s be i ng needed
t o “f eed” t h e  a ct i v e  a gent  of  ch a nge ,  t h e  f l a me.

Th e  f a ct ,  t h a t  Modi f i ca t i on expl a na t i on coexi st  wi t h  Tra nsmut a t i on
or Ch emi ca l  R ea ct i on expl a na t i ons,  i ndi ca t es t h a t  pupi l s a re  not
l i mi t ed t o t h i s model  beca use  of  l i mi t a t i ons i n t h e i r  cogni t i v e
processi ng power ( c. f .  Monk  1990,  1991) .  N ev ert h e l ess,  pupi l s h a v e
t o sh i f t  f rom a  model ,  wh i ch  i nv ol v es l i nea r  ca usa l  rea soni ng,  t o one
t h a t  i nv ol v es t h e  i nt era ct i on of  t wo ch emi ca l s t o f orm a t  l ea st  one
product ,  of t en more .  Th e  modi f i ca t i on expl a na t i on,  l i k e  Ch emi ca l
R ea ct i on,  f a l l s i nt o t h e  ont ol ogi ca l  ca t egory  of  expl a i ni ng a
“const ra i nt - ba sed ev ent ” ( Ch i ,  i n press) .

I n order  t o bri ng a bout  t h e  concept ua l  ch a nge  requi re ,  pupi l s h a v e  t o
l ea rn t o di st i ngui sh  be t ween h ea t i ng a nd burni ng,  a nd t o di st i ngui sh
bet ween burni ng a nd ch a nge  of  st a t e .  Th e  compa ri son of  t h e  t y pes of
pupi l s´ expl a na t i ons di scussed a bov e  suggest s t h a t  pra ct i ca l
exerci ses need t o be  const ruct ed i n wh i ch  pupi l s ca re f ul l y  compa re
h ea t i ng,  a s a  process i n wh i ch  h ea t  i s suppl i ed f rom a n ext erna l
source ,  wi t h  burni ng,  i n wh i ch  h ea t  i s ev ol v ed f rom t h e  rea ct a nt s.
S i mi l a rl y  ch a nge  of  st a t e  f rom sol i d t o l i qui d,  or  f rom l i qui d t o ga s
must  be  compa red wi t h  combust i on.  Th i s compa ri son suggest s t h a t
more  a t ent t i on needs t o be  pa i d t o compa ri ng t h e  product s of  t h e
rea ct i on wi t h  t h e   rea ct a nt  a nd wi t h  t h e  product s of  a  ph y si ca l
ch a nge  i n order  t o perce i v e  t h e  di f f erences.  I t   a ppea rs t h a t  re l y i ng
on v i sua l l y  obv i ous a t t r i but es of  rea ct a nt  a nd product s i s
i nsuf f i ci ent  f or  ma ny  pupi l s,  f or  t h em t o rea l i se  wh et h er  t h e  process
i s rev ersi bl e  on cool i ng.
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A si mi l a r  compa ri son of  Tra nsmut a t i on a nd Ch emi ca l  R ea ct i on
expl a na t i ons rev ea l s t h a t  t h e  di f f erences be t ween t h ese  t wo model s
a re  much  more  subt l e  a nd t h a t  t h e  concept ua l  ch a nges needed t o
mov e  f rom Tra nsmut a t i on expl a na t i ons t o a  Ch emi ca l  R ea ct i on
expl a na t i on coul d be  more  di f f i cul t  t o a ch i ev e .  I n t h e  Tra nsmut a t i on
model  burni ng i s a  dest ruct i v e  process ( T4)  i n wh i ch  t h e  combust i bl e
subst a nce ,  a nd oxy gen i f  i t  i s ment i oned,  a re  t ra nsmut ed sepa ra t e l y
( T1,  T2)  i nt o sepa ra t e  product s ( T11,  T12) .  Th e  rol e  of  oxy gen i s
uncl ea r  ( T2)  but  i t  somet i mes seen a s i nt era ct i ng wi t h  or  f eedi ng t h e
f l a me ( T7,  T8,  T10) .  Th e  f l a me/f i re  i s t h e  a ct i v e  a gent  of  ch a nge
( T6) ,  a nd h ea t  ma y  be  subst a nt i a l i sed so t h a t  ma t t er  ca n be
t ra nsmut ed i nt o h ea t  a nd v i ce - v ersa  ( T9) .  Th e  product  of  combust i on
of  t h e  combust i bl e  subst a nce  i s a  di f f erent  subst a nce  f rom t h e
rea ct a nt  a nd so h a s di f f erent  propert i es ( T11)  a nd i t  ma y  wei gh  l ess,
t h e  sa me,  or  more  t h a n t h e  rea ct a nt .  I n t h e  Ch emi ca l  R ea ct i on
model ,  oxy gen i nt era ct s wi t h  t h e  combust i bl e  subst a nce  t o produce
product s wh i ch  cont a i n t h e  combust i bl e  subst a nce  a nd oxy gen i n a
di f f erent  ch emi ca l  combi na t i on ( C1,  C6) ,  a nd t h ere f ore  t h e  product s
wei gh  more  t h a n t h e  combust i bl e  subst a nce ,  a s l ong a s pupi l s
underst a nd t h a t  ga ses wei gh  somet h i ng a nd i ncl ude  ga ses l ost  t o t h e
a t mosph ere  ( C7) .  Th e  rol e  of  t h e  energy  ch a nges i s uncl ea r  ( C3,  C4) .
Th e  product s h a v e  di f f erent  propert i es f rom t h e  rea ct a nt s ( C8) .

I t  ca n be  seen t h a t  i s qui t e  di f f i cul t  t o est a bl i sh  cl ea r  cr i t e r i a  f or
di f f erenci a t e  be t ween t h e  t wo model s t h rough  experi ment a t i on.
B ot h  model s ca n expl a i n wh a t  h a ppens t o t h e  oxy gen,  a l t h ough  t h e
Tra nsmut a t i on model ´s  expl a na t i on of  wh y  i t  i s needed i s wea k er:  i t
needed by  t h e  f l a me.  B ot h  model s ca n expl a i n t h e  rol e  of  h ea t .
W ei gh t  ch a nges a re  of t en used t o re i nf orce  t h e  sci ent i st s´ v i ew of
combust i on.  Copper ca n be  h ea t ed i n a  t ube  connect ed t o ga s sy ri nges
cont a i ni ng a i r  a nd t h e  i ncrea se  i n ma ss of  t h e  copper expl a i ned i n
t erms of  t h e  decrea se  i n v ol ume of  t h e  a i r ,  Th i s experi ment  wh i ch
seems so persua si v e  t o a  ch emi st ry  t ea ch er  ca n seem ra t h er  st ra nge
t o a  pupi l  wh o be l i ev es t h a t  a i r  h a s no,  or  nega t i v e  wei gh t .  Th e
t ra nsmut a t i on expl a na t i on i s qui t e  si mpl e :  t h e  copper h a s been
t ra nsmut ed t o ca rbon,  wh i ch  be i ng a  di f f erent  subst a nce  h a s a
di f f erent  wei gh t ,  or  possi bl y  beca use  i t  cont a i ns h ea t ,  h a s a n
i ncrea sed wei gh t ;  t h e  oxi gen h a s been t ra nsmut ed t o not h i ng.

 Tra nsmut a t i on model  ca n be  used t o expl a i n ma ny  ev ery da y
observ a t i ons of  combust i on.  One  rea son f or  i t s persi st ence  ma y  be
t h a t  i t  i s a  si mpl e  model  wh i ch  requi res a  l ower l ev e l  of  cogni t i v e
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processi ng t h a n Ch emi ca l  R ea ct i on model .  Ma ny  pupi l s h a v e  y e t  t o
rea ch  t h e  st a ge  of  cogni t i v e  dev e l opment  t h a t  wi l l  a l l ow t h em t o
use  t h e  soph i st i ca t ed model  ( Monk  1990,  1991) ,  a nd ch a nge  f rom
usi ng l i nea r  ca usa l  rea soni ng t o usi ng a  model  t h a t  i nv ol v es t h e
i nt era ct i on of  t wo ch emi ca l s  t o f orm a t  l ea st  one  product ,  of t en
more .  Anot h er  expl a na t i on of  t h e  persi st ence  of  t h e  Tra nsmut a t i on
model  coul d be  t h e  f a ct  t h a t  a l t h ough  l i k e  t h e  Ch emi ca l  R ea ct i on
model  i t  f a l l s i nt o t h e  ont ol ogi ca l  ca t egory  of  expl a i ni ng a
“const ra i nt - ba sed ev ent ”  cert a i n concept s,  i . e .  h ea t /h ea t i ng,
embodi ed i n t h e  model  a re  wrongl y  cl a ssi f i ed a s ma t eri a l s i nst ea d
of  const ra i nt - ba sed ev ent s.  I n order  f or  t h i s concept  t o be  pl a ced i n
t h e  correct  ont ol ogi ca l  ca t egory  ra di ca l  concept ua l  ch a nge  ( Ch i ,  i n
press)  must  t a k e  pl a ce .

Th e  expl a na t ory  power of  t h e  Tra nsmut a t i on model  a nd t h e
Ch emi ca l  R ea ct i on model  i s si mi l a r  f or  expl a i ni ng t h e  ph enomena
i ncl uded i n t h e  model s.  I t  i s onl y  wh en a spect s t h a t  a re  not  i ncl uded
i n t h e  model  a re  emph a si sed t h a t  t h e  Tra nsmut a t i on model  st a rt  t o
f a i l ,  ( rol  of  ga ses,  qua nt i t a t i v e  a spect s  i ncl udi ng wei gh t   a nd
v ol ume ch a nges) .  Th e  Tra nsmut a t i on model  a s a n expl a na t i on of  a
dest ruct i v e  process work s wel l  wi t h  ca rbon/h y drogen ba sed
subst a nces,  but  i s l ess sa t i sf a ct ory  i n expl a i ni ng t h e  combust i on of
met a l s a nd non- met a l s,  wh ere  t h ere  i s more  subst a nce  a f t er  burni ng
a nd wh ere  a  grea t er  v a ri e t y  of  product s i s f ormed.  I t ,  t h ere f ore ,
a ppea rs t h a t  t h e  process of  concept ua l  ch a nge  f rom a  Tra nsmut a t i on
model  t o a  Ch emi ca l  R ea ct i on model  wi l l  be  a i ded by :

*  prov i di ng experi ence  of  a  wi de  ra nge  of  subst a nces wh i ch  pupi l s
observ e  burni ng,  t o i ncl ude  more  non- ca rbon/h y drogen ba ses
subst a nces.
*  i dent i f y i ng t h e  product s of  combust i on
*  emph a si si ng t h e  rol e  of  ga ses of  combust i on
*  emph a si si ng qua nt i t a t i v e  a spect s of  combust i on,  bot h  wei gh t
ch a nges a nd v ol ume ch a nges.

Th e  Ch emi ca l  R ea ct i on expl a na t i on i s ca pa bl e  of  be i ng dev e l oped t o
i ncl ude  t h ese  a spect s,  wh erea s f or  t h e  Tra nsmut a t i on expl a na t i on
t h i s i s more  di f f i cul t .  W h et h er  such  concept ua l  ch a nge  i s wi t h i n
t h e  cogni t i v e  ca pa bi l i t i es of  t h e  pupi l s i s not  cl ea r  i n t h e  l i gh t  of
Monk ´s  work ,  a nd f urt h er  resea rch  i s needed t o expl ore  t h i s.

I t  a ppea rs f rom t h e  current  resea rch  t h a t  ma ny  pupi l s were
ch a ngi ng f rom t h e  Tra nsmut a t i on model  t o t h e  Ch emi ca l  R ea ct i on
model  by  a da pt i ng t h e  Tra nsmut a t i on model  t o i ncl ude  a spect s of
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t h e  Ch emi ca l  R ea ct i on model  a nd  t h e  ext ent  t o wh i ch  t h ey  di d t h i s
v a ri ed a ccordi ng t o t h e  quest i on.  W h i t e  a nd Gunst one  ( 1992)
descri be  t h e  dev e l opment  of  concept s a s a  cont i nuous mul t i -
di mensi ona l  process,  t h a t  i n t h eory  nev er  ends.  I n ch a ngi ng f rom one
model  of  ch emi ca l  t ra nsf orma t i on t o a not h er ,  pupi l s dev e l op t h e
preci si on wi t h  wh i ch  t h ey  use  t h e  l a ngua ge ,  repl a ce  a spect s of  t h e
ol d model  wi t h  a spect s of  t h e  new,  i ncorpora t e  new concept s,  a nd
somet i mes re t a i n a spect s of  bot h  model s si mul t a neousl y .  I n v i ew of
t h e  compl exi t y  of  t h e  ch a nge  be t ween t h e  model s,  t h e  process of
ch a nge  wi l l  t a k e  pl a ce  ov er   a  subst a nt i a l  peri od of  t i me .
I nconsi st ency  i n t h e  pupi l s´ expl a na t i ons ma y ,  t h ere f ore ,  be  a n
i ndi ca t or  of  concept ua l  ch a nge .
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APPEN DIX :   COMPRESSED VERSION  OF  SELECTED QUESTION S
F ROM  TH E  QUESTION N AIRE.

1.- a) Please explain, in your own words, what you understand by the word
‘burning’.
      b) What happens to a substance when it burns?

5.-  Is anything produced when wood burns?
 Yes                                        No                                          Don’t know
 Please explain your answer.

6.     The candle in the gas jar goes out after a few 

seconds.

(a) What do you think has happened to the wax 

of the candle?

(b) What has happened to the air in the gas jar?

(c) Is anything formed that you cannot see?  

Please explain  your answer.

7.-   When a match burns, you see a flame.  What is the flame made of?

9.-  A student heated 6g of magnesium ribbon in a crucible and it burnt to form a
white powder.  At the end of the experiment the student weighed the burnt
magnesium and found that it now weighed 10g.  Why did the weight increase?
a) The oxygen of the air mixed with the magnesium, and because of this the weight
increased.
b) When the magnesium was heated, it expanded and so its weight increased.
c) The magnesium reacted with the oxygen of the air, and because of this the
weight increased.
d) The magnesium gained heat from the flame, and because of this the weight
increased.
e) The result is impossible.  The weight cannot have increased.
Please explain your choice:


