
Ozone removal on HVAC filters: Underlying mechanisms, model 

development, and parameter estimation 
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Model development 
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Experiments and parameter estimation 
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J&A'5!F&+*!,E,-'!1'-'%#+'5!$=!#-!,E,-'!1'-'%#+,%/!#-5!F#9!IC(('5!F&+*!#!@,(CJ'+%&4! <(,F!

%#+'!,<!QV!6!J&-
X.
7!>*'!#&%! 9+%'#J!F#9! +*'-!I%'X<&(+'%'5! +*%,C1*!#!0>\d! <&(+'%!$'<,%'!$'&-1!

4,-@'='5! +*%,C1*! '&+*'%! #! 5&'9'(X(,#5'5! ,%! ,('&4!#4&5X(,#5'5! +'9+! <&(+'%! 9'+! &-! #! 0>\d! <&(+'%!

*,(5'%!<,((,F'5!$=!#!@#4CCJ!ICJI!F&+*!#-!#&%!<(,F!,<!QV!6!J&-
X.
7!>*'!#&%!<(,F!%#+'!,<!QV!6!

J&-
X.
! +*%,C1*! +*'! <&(+'%! F#9! 4,-<&%J'5! #<+'%! '#4*! 'AI'%&J'-+! F&+*! #! $C$$('! <(,F! J'+'%!

I(CJ$'5!+,!+*'!,C+('+!,<!#!@#4CCJ!ICJI7!>*'!<#4'!@'(,4&+=!+*%,C1*!'#4*!<&(+'%!F#9!V7.b!J!9
X.
7!!

!

>*'! 5'I,9&+&,-! @'(,4&+=! <,%! '#4*! <&(+'%! F#9! 4#(4C(#+'5! C9&-1! d[C#+&,-! Q! #-5! +*'! J,5'(!

I#%#J'+'%9! (&9+'5! &-! >#$('! .7! >*'-/! +*'! +%#-9I,%+X(&J&+'5! 5'I,9&+&,-! @'(,4&+=! <,%! ,('&4! #4&5!

I#%+&4('9! F#9! 4#(4C(#+'5! C9&-1! d[C#+&,-9! P! #-5! W/! #-5! "! <%,J! >#$('! .7! ?9&-1! +*'! ,@'%#((!

5'I,9&+&,-! @'(,4&+=! #-5! +*'! #@'%#1'! +%#-9I,%+X(&J&+'5! 5'I,9&+&,-! @'(,4&+=! 5'+'%J&-'5! <%,J!

,('&4! #4&5! 'AI'%&J'-+9/! "&! <,%! 5&'9'(! I#%+&4('9! F#9! 5'+'%J&-'5! C9&-1! d[C#+&,-! P7! >*'!

#99CJI+&,-!+*#+! +*'! +%#-9I,%+X(&J&+'5!5'I,9&+&,-!@'(,4&+=!,<!,E,-'!&9! +*'!9#J'!<,%!,('&4!#4&5!

#-5!5&'9'(!I#%+&4('9! &9! %'#9,-#$('!$'4#C9'! &+! &9!#! <C-4+&,-!,<!+*'!I%,I'%+&'9!,<!,E,-'!#-5! +*'!

<(C&5! 5=-#J&49! &-! +*'! <&(+'%/! F*&4*! F'%'! (&^'(=! 9&J&(#%! 5C%&-1! $,+*! +=I'9! ,<! 'AI'%&J'-+97!

)C$9'[C'-+(=/! +*'! %'#4+&,-! I%,$#$&(&+=! <,%! 5&'9'(! 'A*#C9+! I#%+&4('9!F#9! 4#(4C(#+'5! $#9'5! ,-!

d[C#+&,-! W7! K'! #(9,! '@#(C#+'5! 5'I,9&+&,-! @'(,4&+=! #-5! %'#4+&,-! I%,$#$&(&+=! ,<! +*'! 5&'9'(!

I#%+&4('9!#9!#!<C-4+&,-!,<!+&J'7 

!

>#$('!.7!)CJJ#%=!,<!I#%#J'+'%9!#-5!9,C%4'9!<,%!0>\d!<&(+'%!'AI'%&J'-+9!N2*#,/!QVVWS7!

Parameter Symbol Value 

H,(CJ'+%&4!#&%<(,F!+*%,C1*!<&(+'%
.
! <, V7VVVYYY!J

Y
!9
X.
!

)C%<#4'!#%'#!,<!<&(+'%!<#4'
./!:
! 9;, V7VV.TYP!J

Q
!

\#4'!@'(,4&+=
./m
! 7, V7.bQ!J!9

X.
!

3'#4+&,-!I%,$#$&(&+=!$'+F''-!,E,-'!#-5!,('&4!#4&5
Q
! $D9, L7Vh.V

XR
!

)C%<#4'X(&J&+'5!5'I,9&+&,-!@'(,4&+=!,<!,E,-'!+,!,('&4!#4&5
n
! "E, T7Q!4J!9

X.
!

_,(+EJ#--!@'(,4&+=!<,%!,E,-'
Y!
! F"G, Y7WVh.V

R
!4J!9

X.!

),C%4'9e!.7!N2*#,/!QVVWS/!Q7!N],&9'!#-5!3C5&4*/!QVVQS/!Y7!N8#-,X3C&E!'+!#(7!.bbYS7!!!
:!
9;!O!#MRh)

Q
/!F*'%'!<&(+'%!5&#J'+'%/!)/!O!RTJJ`!

m
!7!O!<M9;,`!!!!

n
8#(4C(#+'5!C9&-1!d[C#+&,-!W7!

 

 

RESULTS!
B9!9CJJ#%=!,<!+*'!I#%+&4('!J#99/!I#%+&4('!9C%<#4'!#%'#/!#-5!,E,-'!%'J,@#(!'<<&4&'-4=!#II'#%!

&-!>#$('!Q7!!Z'I,9&+&,-!@'(,4&+&'9!<,%!,('&4!#4&5!#-5!5&'9'(!I#%+&4('9!#%'!(&9+'5!&-!>#$('9!Y!#-5!

R/!%'9I'4+&@'(=7!

!

!

!

!

!

!

!

!

!

!

!



>#$('! Q7! )CJJ#%=! ,<! 'AI'%&J'-+9! #-5! ,E,-'! %'J,@#(! '<<&4&'-4&'9! <,%! 0>\d! <&(+'%9! (,#5'5!

F&+*!,('&4!#4&5!,%!5&'9'(!'A*#C9+!I#%+&4('9!N2*#,/!QVVWS7!

\&(+'%! \&(+'%!B1'! 0#%+&4('!]#99! )C%<#4'!B%'#/!9E!

DE,-'!3'J,@#(!

d<<&4&'-4=/!!!

!! N5S! NJ1S!o!V7Y!J1! NJ
Q
S! NUS!

DB.! V! .P7.! V7VPW o! V7VV.P! bQ!

DBQ! T! .W7W! V7VWQ o! V7VV.W! bR!

DBY! ..! .R7R! V7VPY o! V7VV.P! bP!

DBR! V! Q7R! V7VVb o! V7VV..! RL!

DBP! T! Q7L! V7V.. o! V7VV..! RR!

DBW! ..! Y7.! V7V.. o! V7VV..! Yb!

Z.! V! .Y7L! .7.! V!

ZQ! T! .V7W! .7.P! YW!

ZY! ..! .Q7.! V7bT! WP!

ZR! V! W7.! V7Rb! QW!

ZP! T! R7L! V7YL! P.!

ZW! ..! R7R! V7YP! TV!

ZT! .P! R7.! V7YQ! TY!

ZL! V! T7b! V7WY! WQ!

Zb! T! W7b! V7TR! RT!

Z.V! ..! T7.! V7PW! TW!

Z..! .P! T! V7PW! bT!

Z!O!5&'9'(!'A*#C9+/!DB!O!,('&4!#4&5`!?-4'%+#&-+&'9!<,%!9C%<#4'!#%'#!,<!,('&4!#4&5!#%'!4#(4C(#+'5!

$#9'5!,-! +*'!C-4'%+#&-+=!<,%!I#%+&4('!J#99!J'#9C%'J'-+9!,<!V7Y!J1/!9C%<#4'!#%'#9!<,%!5&'9'(!

'A*#C9+! I#%+&4('9! #%'! $#9'5! ,-! #-! #@'%#1'! @#(C'! ,<! 9I'4&<&4! 9C%<#4'! #%'#9! IC$(&9*'5! &-! +*'!

(&+'%#+C%'/!#-5!+*'!J#99!,<!I#%+&4('9!(,#5'5!,-+,!+*'!<&(+'%7!!?-4'%+#&-+&'9!F'%'!-,+!4#(4C(#+'5!

<,%!5&'9'(!I#%+&4('!9C%<#4'!#%'#7!

!

>#$('! Y7 8#(4C(#+'5! @#(C'9! ,<! 5'I,9&+&,-! @'(,4&+=/! +%#-9I,%+X(&J&+'5! 5'I,9&+&,-! @'(,4&+=! #-5!

4,-+%&$C+&,-!+,!+,+#(!%'9&9+#-4'!<%,J!$&/!"HE/!<,%!,('&4!#4&5!4#I+C%'5!,-!9J#((!94#('!<&(+'%97!

, "), :5, "HE, ,
\&(+'%!

! NJ!9
X.
S!h.V

XQ
! NJ!9

X.
S!h.V

XQ
! NUS! !

DB.! ! .7P! .7b! Q.! !

DBQ! ! .7P! .7b! Q.! !

DBY! ! .7b! Q7W! QP! !

DBR! ! Q7R! Y7T! YR! !

DBP! ! .7L! Q7Y! QY! !

DBW! ! .7P! .7b! Q.! !

]'#-! ! I3J, K3L, KM, !

!

>*'!J'#-!5'I,9&+&,-!@'(,4&+=!,<!,E,-'! +,!,('&4! #4&5! &9! #II%,A&J#+'(=!,-'! +,! +F,!,%5'%9!,<!

J#1-&+C5'!1%'#+'%!+*#-!5'I,9&+&,-!@'(,4&+&'9!,<!,E,-'!+,!#!F&5'!%#-1'!,<!&-5,,%!9C%<#4'9/!%3+3/!

V7VVV.P! g! V7VVVTP!J! 9
X.
! NK'94*('%/! QVVV! #-5! %'<'%'-4'9! +*'%'&-S7! ! >*'! ,@'%#((! 5'I,9&+&,-!

@'(,4&+=! <,%!,E,-'!#-5!5&'9'(!I#%+&4('9! %#-1'5!<%,J!V7VVV.Y!X!V7VVQ.!J!9
X.
!F&+*!#-!#@'%#1'!

@#(C'!,<!")!O!V7VVVTW!J!9
X.
/!9'@'%#(!,%5'%9!,<!J#1-&+C5'!(,F'%!+*#-!+*#+!,<!,('&4!#4&57!!>*'!Z.!

9#JI('!%'J,@'5!-,!,E,-'!<%,J!+*'!#&%!<,%!C-'AI(#&-'5!%'#9,-9!#-5!F#9!5&94#%5'57!!!

!

!



>#$('! R7! 8#(4C(#+'5! @#(C'9! ,<! 5'I,9&+&,-! @'(,4&+=/! 9C%<#4'X(&J&+'5! 5'I,9&+&,-! @'(,4&+=/!

4,-+%&$C+&,-!+,!+,+#(!%'9&9+#-4'!<%,J!"E/!#-5!%'#4+&,-!I%,$#$&(&+=!<,%!5&'9'(!'A*#C9+!I#%+&4('97!

\&(+'%! ,
"),

NJ!9
X.
Sh.V

XR
,

,
"E!

NJ!9
X.
Sh.V

XR
,

"HE!
!

NUS,
,

$,

NXSh.V
XW!

Z.! ! V7VV! ! X! X! ! X!

ZQ! ! .7Qb! ! .7YV! bb7P! ! .7RP!

ZY! ! Y7W.! ! Y7WW! bL7P! ! R7VT!

ZR! ! Q7VP! ! Q7VT! bb7.! ! Q7YV!

ZP! ! W7QW! ! W7RY! bT7R! ! T7.R!

ZW! ! ..7R! ! .Q7.! bP7Q! ! .Y7R!

ZT! ! .Y7W! ! .R7R! bR7Y! ! .W7.!

ZL! ! P7.Q! ! P7QY! bT7L! ! P7L.!

Zb! ! Q7LW! ! Q7Lb! bL7L! ! Y7QQ!

Z.V! ! L7Rb! ! L7L.! bW7R! ! b7Tb!

Z..! ! QV7L! ! QQ7L! b.7Q! ! QP7R!

]'#-! ! N3O, , J3P, QN, , J3Q,

!

>*'!@#(C'9!,<!")/,"E/!#-5,$ #%'!-,+&4'#$(=!*&1*'%!<,%!5&'9'(!'A*#C9+!I#%+&4('!9#JI('9!W/!T/!.V/!

#-5!..7!>*'9'!9#JI('9!F'%'!#1'5!(,-1'%!+*#-!+*'!,+*'%9/!*3%7/!9#JI('9!F'%'!J#&-+#&-'5!<,%!#!

(,-1'%! I'%&,5! $'<,%'! $'&-1! 'AI,9'5! +,! ,E,-'7! ! \&1C%'! .! 9*,F9! #! I(,+! ,<! +*'! %'#4+&,-!

I%,$#$&(&+=!,<!5&'9'(!'A*#C9+!I#%+&4('9!@'%9C9!+*'!#1'!,<!+*'!<&(+'%97!!!

V

P

.V

.P

QV

QP

YV

V R L .Q .W

\&(+'%!B1'!N5#=9S

3
'#
4+
&,
-
!0
%,
$
#$
&(
&+
=
/!
"
!!

NX
Sh
.
V
XW
!!
!

!
\&1C%'! .7! 3'#4+&,-! I%,$#$&(&+=! @97! <&(+'%! #1'! <,%! 0>\d! <&(+'%9! (,#5'5! F&+*! 5&'9'(! 'A*#C9+!

I#%+&4('97! B-! #99CJ'5! 9I'4&<&4! #%'#! ,<! LV! J
Q!
1
X.
/! #-5! "H! O! Q7YTh.V

XQ!
NJ! 9

X.
S! F#9! C9'5! +,!

4#(4C(#+'!%'#4+&,-!I%,$#$&(&+=7!

 

DISCUSSION!
>*'! +%#-9I,%+X(&J&+'5!5'I,9&+&,-!@'(,4&+&'9!,$9'%@'5! &-! +*&9!9+C5=!F'%'!,-'! +,! +F,!,%5'%9!,<!

J#1-&+C5'!*&1*'%!+*#-!+=I&4#(!"5!<,%!,E,-'!,-!&-5,,%!9C%<#4'9/!&7'7/!V7VVVQ!g!V7VVQ!J!9
X.
!N6#&!

#-5!l#E#%,<</!QVVVS7! !>*'9'! %'9C(+9!#%'! %'#9,-#$('!4,-9&5'%&-1! +*#+! +*'!#&%!@'(,4&+=! <(,F&-1!

+*%,C1*!+*'!GHB8!<&(+'%9!F#9!V7Q!J!9
X.
/!,-'!,%!+F,!,%5'%9!,<!J#1-&+C5'!*&1*'%!+*#-!+=I&4#(!

#&%!@'(,4&+&'9!&-!&-5,,%!9I#4'9!,<!V7VVY!g!V7VY!J!9
X.!
N6#&!#-5!l#E#%,<</!QVVVS7!!!

!

>*'!#@'%#1'!4,-+%&$C+&,-!,<!9C%<#4'!%'#4+&,-!%'9&9+#-4'!+,!,@'%#((!%'9&9+#-4'!F#9!,-(=!QPU!<,%!

,('&4! #4&5/! F*&4*! &9! 1'-'%#((=! [C&+'! %'#4+&@'! F&+*! ,E,-'! 5C'! +,! #-! &-+'%-#(! 4#%$,-X4#%$,-!

5,C$('!$,-57! ! a-!4,-+%#9+/! +*'!#@'%#1'! %'9&9+#-4'!4,-+%&$C+&,-!,<!9C%<#4'!%'#4+&,-9! <,%!5&'9'(!



I#%+&4('9!F#9!bTU!,<!+*'!,@'%#((!%'9&9+#-4'!+,!5'I,9&+&,-7!!?-(&^'!,('&4!#4&5!I#%+&4('9/!9C%<#4'!

%'#4+&,-!^&-'+&49!&9!+*'!(&J&+&-1!<#4+,%!&-!+*'!%'J,@#(!,<!,E,-'!+,!5&'9'(!'A*#C9+!I#%+&4('97!!>*'!

%'#4+&,-! I%,$#$&(&+&'9! ,<! 5&'9'(! 'A*#C9+! I#%+&4('9! %#-1'5! <%,J! .7Rh.V
XW
! +,! Q7Ph.V

XP
/! F&+*! #-!

#@'%#1'! @#(C'! ,<! L7bh.V
XW
7! ! >*&9! #1%''9! %'#9,-#$(=! F'((! F&+*! +*'! %'#4+&,-! I%,$#$&(&+&'9! ,<!

@#%&,C9! +=I'9!,<! 9,,+/! &-4(C5&-1! <%#4+#(! 4#%$,-! 9,,+/!$,O!.V
XT
/! 4#-5('! 9,,+/! $,O!T7Ph.V

XW
/! #-5!

#4+&@#+'5!4#%$,-/!$,O!Q7.h.V
XP
!N2*#,!'+!#(7!QVVT/!#-5!%'<'%'-4'9!+*'%'&-S7!!!!

!

a+!#II'#%9!+*#+!+*'!%'#4+&,-!I%,$#$&(&+=!&-4%'#9'9!#9!+*'!#1'!,<!5&'9'(!I#%+&4('9!&-4%'#9'97!>*&9!&9!

4,-9&9+'-+!F&+*! +*'!5C#(! &JI'5#-4'!J,5'(! I%,I,9'5!$=!)+%,JJ'-!#-5!j#J'-9! N.bbTS! +*#+!

4,-9&5'%9! +*'! 9C%<#4'X(&J&+'5!5'I,9&+&,-!@'(,4&+=!,<! #! 5&'9'(! 'A*#C9+! I#%+&4('! #9! #! 4,J$&-'5!

%'9&9+#-4'!,<!+F,!(#='%9!,<!J#+'%&#(`!#!9,(&5!&--'%!(#='%!F*&4*!&9!9C%%,C-5'5!$=!#-5!9#+C%#+'5!

$=!#!(&[C&5!,C+'%!(#='%!,<!9'J&X@,(#+&('!,%1#-&4!4,JI,C-59!N)HD89S7!>*'!5'I,9&+&,-!@'(,4&+=!

&-4%'#9'9!5C'!+,!'@#I,%#+&,-!,<!('99!%'#4+&@'!)HD89/!F*&4*!5'4%'#9'9!+*'!+*&4^-'99!#-5!+*C9!

+*'! %'9&9+#-4'! ,<! +*'! (&[C&5! (#='%7! ! >*&9! 9C11'9+9! +*#+! C9'5! GHB8! <&(+'%9! +*#+! *#@'! (#%1'!

#J,C-+9!,<!5&'9'(!'A*#C9+!,%!,+*'%!4,J$C9+&,-!I#%+&4('9!F&((! &-4%'#9'!5'I,9&+&,-!@'(,4&+=!#9!

+*'!<&(+'%!#1'97!!!

!

CONCLUSIONS 

K'! 5'@'(,I'5! #! J,5'(! <,%! ,E,-'! %'J,@#(! $=! <&(+'%9/! F&+*! I#%#J'+'%! '9+&J#+'9! $#9'5! ,-!

IC$(&9*'5! 5#+#! #-5! #! 9'%&'9! ,<! 'AI'%&J'-+9! &-@,(@&-1! <&(+'%9! 4*#(('-1'5! F&+*! ,('&4! #4&5!

I#%+&4('9!,%!5&'9'(!9,,+7! !DE,-'!5'I,9&+&,-!@'(,4&+&'9!<,%!,('&4!#4&5!#-5!5&'9'(!I#%+&4('9!F'%'!

,%5'%9! ,<!J#1-&+C5'!1%'#+'%! +*#-! +=I&4#(! @#(C'9! <,%! &-5,,%!J#+'%&#(97! !>*'!J'#-!5'I,9&+&,-!

@'(,4&+=!<,%!,('&4!#4&5!F#9!.7L!4JM9/!F&+*!J#99!+%#-9<'%!%'9&9+#-4'!#44,C-+&-1!<,%!TPU!,<!+,+#(!

%'9&9+#-4'! +,!5'I,9&+&,-/!,-!#@'%#1'7! !>*'!J'#-!5'I,9&+&,-!@'(,4&+=! <,%!5&'9'(!I#%+&4('9!F#9!

V7VTW! 4JM9! F&+*! J#99! +%#-9<'%! %'9&9+#-4'! #44,C-+&-1! <,%! ,-(=! YU! ,<! +,+#(! %'9&9+#-4'! +,!

5'I,9&+&,-/!,-!#@'%#1'7!!Z'I,9&+&,-!@'(,4&+=!&-4%'#9'5!F&+*!#1'!,<!5&'9'(!I#%+&4('9/!9C11'9+&-1!

+*'! &JI,%+#-4'! ,<! '@#I,%#+&,-! ,<! F#+'%! #-5! ('99! %'#4+&@'! 9'J&X@,(#+&('! (&[C&59! <%,J! 9C4*!

I#%+&4('97!!>*'!%'9C(+9!9C11'9+!+*#+!,E,-'!%'J,@#(!,-!<&(+'%9!4#-!$'!I%'5&4+'5!F&+*!^-,F('51'!

,<!+*'!4,JI,9&+&,-!#-5!9C%<#4'!#%'#!,<!5'I,9&+'5!I#%+&4('97!!)&J&(#%(=/!^-,F('51'!,<!+*'!,E,-'!

%'J,@#(! '<<&4&'-4=! #-5! 9C%<#4'! #%'#! ,<! 5'I,9&+'5! I#%+&4('9! 4#-! $'! C9'5! +,! '@#(C#+'! +*'!

5'I,9&+&,-!@'(,4&+=/!#-5!+*'%'<,%'!+,!I%,@&5'!&-9&1*+!&-+,!+*'!4,JI,9&+&,-!,<!I#%+&4('9!&-!<&(+'%!
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