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Abstract — A reactor model was developed for the wastewater denitrification in the fluidized bed biofilm reactors with sand
and activated carbon particles as support media. The biofilm model proposed by Boaventura and Rodrigues was modified
based on the reaction scheme of two consecutive zero-order reactions. The reactor model also includes mass transport of nitrate
and nitrite through the liquidilin arcund bioparticles. The effects of liquid-phase mixing in the reactors were also taken
account for by assuming the plug flow and the perfect mixing. Thin biofilms formed on the sand support media were fully pen-
etrated by both nitrate and nitrite. On the other hand, the partial penetrations of both species were predicted to dccur in thi

biofilms on

the activated carbon support particles. The removal rates of nitrate and nitrite in the case of full penetration we

determined by the biomass quantity of the biofilm, while the surface area of bioparticles determined those in the partial pen-
etration. In the case of partial penetration, the effective diffusivity in the biofilm, the liquid-bioparticle mass trahsfer an
liquid-phase mixing in the reactor play an important role in determining the volumetric removal rate of nitrate and nitrite.

Key words:

Denitrification, Fluidized Bed Biofilm Reactor, Penetration Depth, Effective Diffusivity, Liquid-Bioparticle Mass

Transfer, Liquid-Phase Mixing

1.M E A AAG8-A) (electron accepta® ZH-g3h] oju} WEE, oE-E,

A ol e HAEFA (electron donnofA AFEE S QT

H F] f717 Aoz vAE 98 Halut 7lialel ofa) ey g9 3= quR] AL AT olgRe dx #F S48 9

ol HAR Wt (o1}, UM Hive 5 AU ofF) g FEAEE dam dvh 75 A4S 9 A9 gAhges
2bakglo] o}dAg A4S AR A Aag WItHE S}, 2aldAd) olg}zlgof| Alg-d Fibel 23 AAFFA T 212t A8 & )

A ARE AR 59U 93 T oHAEAE AR g whe e w7 W FAEES B AR E S flo] B2 6t

HEH 02 yiovdd) o) AEAIR WEl] b2 AARTH(EEE)): SEEE JEIY2, 3], welr] F7HR9) 2718AHE AYE] &Y

- - e Ao] gtk 53] ®& v EAAE vehz vhgr] o] vl

NO; ~ NO, ~ N, el B9 BAS 9T 5 Y AL 2719 DA A 55

7|4, AL © o)Al o]ee o] oux WAL 93 BETY Z AET Wg7)e A Gt 5833 gIri4, 5].
5% AE 937 ]oA 9 H4 @dall] AEYPA FAHE 2
TE-mail: issuh@konkuk.ac.kr = 2 A= AR S GA B4 9 9ker] A E A Fet

368



369

252 8 8 & g
€3 e <& o =
EZ>
58S
140ddNs . 1M0ddNs 5% E
SO NN \ N T N =58
NN N NN SN e NN N e -
5 o35
/ ] EsE
4 ¥ - o =
m.\w , b4 \s\\\ ] mm(C\
s s { U s - 289
= = % 3 = 02 8
L 48 K , E =/ /' S & geE
% \\‘ ~ y«.ﬁ -
~ ~ % - ~ = 7 S g2
= = - = w =¥ Sg3 ®o A %
283 4 ¥4 ¥R
N , 5383 . = o= =
\\,x\/ P pmﬂ% @ @ @ @
- ol 285 &%
< * < el ; < ‘s .mhw,o.h
- & o h fa 4 @ -~ 2 S o C 895
= z z z & R
, - sEgs
> v L 28 L5 85
g2 o & .3
zZ388E ST 2|z o
o A | I
nu.u fl um_d f2 f2
8
G = h SRS =) 8 ® < S & Ppdraesy u
QT gy OF X B o AT T = <A s oo ™ Mo e DD o L
SH o Mar s 4R L 5 ol W o 5 o - S o oW oy
S a e @R = Mo o = W RN Eq@
o P m L X o E.Em Lﬁ% 0 - I Ho ) 1 o do
Ergad®ydeow - Ca z 4 IR R
Mo BN g e T o o) Az - T BT ET X
T maﬂzixrww%@ o TaT i “la' B s T ol S
27 = = A <2 ol © <° e ° o e NERE = N
SET L b g - @l -7 E g R S R
V‘._;JI.Aﬁ;o i sl B X o T ~ < T B Mﬂmmo‘AL‘ur;ané ﬂ.,.ﬂwwl/
8 X mwx F 0 ok T o SO o Lo P T _ ¥R g o O
BN Z poa or o oo ot B g T W R & YA LT Ew
s AU T YT E P % ) LA O TSI 8 gl =8
U pr Zo B owm oL o =0 =) K O N M (A s S NE
= — — - . ~ - J
%ﬁ;%%%%@wﬁwd W@ ﬂﬂ% 5 2 % uuwwhﬂwmeﬁ %d
IR i T T W Lol PR CeHANT TR @
TG R I - W T I e AR RIS
HE o E o o] N iy W o A B o R SR SRS R
u— RN =0 X o < K T =) 2 0% =
o g Mo M o= T W W R 1N & 2 E . X A S S A i
R RLWT R R z N B2 K noimoﬂwmgugéﬁw
e N o A ﬂw‘lE U‘.# S BT 1_|L:A A‘._‘Ul ) m g E‘.ﬁ ‘IEJ|‘mW o JX(
hﬂﬁizwuuxwwﬂ%mgl N Lo R S BT ox o GoIfgn Blx
f =l i ! [ - )
wgo_._swruxu:wlﬂz & go %o G R e A~ OR ga oy . %&l]mﬁchﬁrkd
moﬂmw ﬂoﬁﬁgv%mm 0 uLEﬁ ﬂ__“_..____msme&me © X H oo Zlz g & mﬂﬂ%ﬁ%’m% m O
N N T T ~ 9 il R R " = I W_s - s % o) oy Mo 2
ott%ize%%ﬂmnﬁ%ﬂusm o mﬁﬂl&ﬂlm ' L o= S L S Mimﬁmiﬁﬁme%mﬁm
%mﬂ:ﬁﬂ%x w8 S me e T G, I E e © ap s wﬂmu]mnﬁwru%%wrﬁo% .
MM%W@?%WE%Q Ko <° woﬁToume_. ZIx Z|% X ZlZ o _ vm mﬂoxﬁﬂluTJLtmOT
TESpmmm B gy K W beg Sogiv B3 SIS Hor T B A S BEoTIgRrLR
mcﬂaﬂ%%%u%o oF N W Q@ dmT O al mowum s 2 gl zd_d&%awwwﬂ&&effr%
SHET N RHT TG oo %0 ol & WA E e R W

(7c)

X

at x
HWAHAK KONGHAK Vol. 39, No. 3, June, 2001

Coxd, ~ CdxO-

iy _ fhp

(6a)

=1

at x



g7
(13)

el

=
-

skl 4 (13pF 2ol o

< A=A
[

el

A)
7] §A=REe AT, e o

=2A

pil

& Ade 2

0

ol o

dg

Z
<

ol xe] =4
+apksl(Nlb_le)

dN,,

A

(7d)
(7e)
, df/dx=0

]

2l

A=

at x= x'
at x= x'

T

1)

2

X*, A&

venturé} Rodrigues[A= 4 (7b) 2 (7cp} & AAX
o] veRd 4 itk

370
at x

. —~ —~ —~ —~ —_ ~ —~ ~
-y : o d T W g ] o5
™ o B T A =o o B
| <) Ny X il
I+ T = HE E‘.ﬁ WE of =T [ i \U_I = o .CI
ﬂ% m g H Ho < NA— oy wﬁ ofp Mw_.
A £ oy T e w2 - o
. i - N, o N 3!
NN g Nl ) on - Hp H g [
@ %o ¥ @ = Ty ] e L S
H = %o < i T oo 2 ol © z
iz Ty 5 53 < i
T BN e S ook S o % = <
oW B = =0 T . e m, ™ 4
. O — a )
N ¥ B g 2 o N z g
hig all Em ali = N B A ) i i M — T = -
" Ro oo Vv A B W = o) 1M Ho R R
RN oo v - B T of m) z
o T Brk v B3 g b T mm < wgat W
F A -0 o Bas oie IRt Sa wp Sla = o
| ] e L -3 ~ B B ~Nlg 7
SeL Pe 5 §IR Y ¢ rrz Y r [P ER iy
— N Hp o h = 9 x %o — 4 N
~ of _ > A SRS ~
do T Y I g TEL 0o =30 g W T wg 4
O S - N N o =t o <% T N — o o —
= gt =< W = o1 W = _ B L oo oy I 3
J oop %O g A w_u N .- Mu_ R k1_ks i u%. =0 X m Xlag %0 ¥ *
eRTL 2w d ypn ofo BE R 2 57 67 %7 =
v o - — + 3
FTT T T o8 oavw i = L g 3 o T % B B g op
e d AT F 8 oz z Zgly 3 Wi LN 4z g o4& Z 4 ~
m Lol 1 S N I - = < s I o B m = X TP I W A +
Ho T %) ©f }w S 9= R I L e 4 m.L A PR L=
"R L Tw oz ~w s NosS oz wAPe P om%h Z2 ww !
<o R 2 Iy LU g ooy R NN ~ X oK 2z oo
—_ o~ — T =~ o~ —_ B —_ —_ o~ -
© a o o a ) mﬁ — o ™ N © o 3) O X w
O S o 2 2 2 9 < As9o 8 8§ § =Hgw
i S ~ XV .= e
= S . % x5 T T x§ T
H h N & N x X o R
= o = A A A - MR = mu_ SR
ﬂE HT | — < x Ef By % ﬂ” Jﬂo S0
S T & &5 & ¢ T 5o A B
s & ;&2 &z & ¢© LarE
= X = - o= oA W
— x " ) % o aﬁ
< x | _ ) of M & T o o U
— - oy x ) o B a+ e
iy T ) X ET N
- < & & < o B N T 4ok
x 2 T ; ) E Ly
= o~ —_— oo et
X 8 wm kr % ¥ u- o ﬂ 2T H
Ak og I _ ) 43 e
= -z M Ko .u.A ﬂ\ = = W _M__H_n uurm o mr aJ
e L x =5 N N iy oo we m% o i N_N 2o oF , )
= | X et g8 S [ N < o W X
=T =1 %) N i) Z|=z Ul ol ol g 4 [Olo o, NP
ph | | o =1) Sl B N_N + i i PO
Lf =0 — — EWE ‘Ul + ~ ©° T N U‘.# ﬂAE _/1_
~ X < T N > o 5 2 B ala aijmy my
-~ = T e o~ f o s e Mo, + S8 T ook T Hio
5 o Fog|w 38 My Lo o W | g B K- s
I ° qp o TR ) s TR <A e N A
N W o3 o NP IRy <0 S 5
= o & X o _ _ we Sl T aow xlx v Mo
3 A . 4.7 I R - O - T IR
gl o @ = D zlz zlz' o T § - 3 & S5
Ay 1" - =y B - 7 o A \Y 5K o) R
I oo SO I I I < I woo) T o — N} - @ o
S W ~ o m o W M W_m le * i el Rl - e Fe) <! HA‘I_I ~
- o W RO K N R RT I

(20)

20014 63

=

AA
ol
3

37| =

2-2.
L feter |



WMo, 2k o(Np—N,o) = 0
u dz +3Kep(Npp—Nyg) = (21)

I, N oL AT, N S% BEU s

o ].;(1 /\]-/\é ;g A

N

oflA, ob
R0 QB BHO R sk thes) o] e F gtk

Kp(Nop—Nyg) = —(k;—ky) IL (22)

APN, NG 9059 oA ds LS e,
B oI Aate BRAom Yrakn ofdite S AR
7101 R el B o el (20

9]’ 715]'0] L}ﬂ"é T M

Ksp(Ngp—Nypg) = —/2DK N +k,L (24)
AZE YA FAla) ofdAt REUE REAoR ARE whg gy
oA, AEYAL THO 29 oI A A S 2w T 2ol vERd
22 0)
T
Ksp(Nop—Nyg) = _J2lelle+«/2k2(Dlle+DZNZS) (25)
2] (25)2 BEYA THANA G oA A FT N, HAste] A
5 thE 48 4g 3
2k,D, k D,
N, = N+ E——L—2NI5+
ksz 52
H 2K? D 2k,D k,D EH
AL [22 0, v 2o, +d29Pa05, KaDa (26)
O kP20 GRS 22,0

O

O
2 (248 (26p1A19] ABEYAL HHAA HAFZEATE Nge 2
(199} (2002HE A&T F Ut} ol FLA o
FEREE A 1P A (24) B A (26)2 iU F
9l Runge-Kutta-Fehlbergd¥H-2 243l & 5= 3l
2-22. 9] =g
55 e 8719 N FAERE /P oO-w EAARS

aefsid, W] FETe] AAAL | ok d s R 4 (27)
F (28)= 2 ekl <= 9l
Ved,
0
Nip = Ny == kaa(Nyp=Ny) 27)
v
0
Ny, = Nz__gapksz(sz—st) (28)
A7IA, BEUA FHAM Y A4 B ol E A FE Ny
8l Ny A ET BES o] gsfef vt
Wg7) W FAAAE A et lno}/q AL 9 o}RAF RES} Bt
ol k3] AR A9, 0,<42,4 (1419 (22 xdHE A=Y
A mrdofafe] A 4ot OV‘*W?‘A E2s 4 (277 (28p1
7tz OidalE A (299 (30)e &g

v
0
Ny, = No—k, L EEPQ—RH 29)

kg7l Bdsl B 371
N ®YrO

Nap = Na+(ky—ky)L g QO (30)

2] (14p} 292 o] R @, <./2 9] A FET FAAT AL
&3} o] L}E}% T Atk
1

N >k, LEI_ E‘P_R 40 31

bD, Q ksllj (31)

Wk ] APdEA Tt J2<0<,2(K/Kp){1 + (D ,N,)/ (DN )}

o] 2% WEAT)E BT & g By W), AET U =it

< FiRHow RS ofAike 4] AEHT 4 (192 BHE

= AEYA

= gk
Holro] Fabdda FEE 4 270 UiYste v
A pas
= =

o] vehd % 9

N,, = b—yb’—c (32a)

A (24 EBFE FEYA EANAM] oA EYAE 4
(28)011 sk w7 W oPA A & T e TR 3lo] e

=3}
2

N,y = N9+ (,/2D;K;Nyo—k,L )H‘%—RE (33)

SN, B ERAN] B L FE N A
B FE 4 vk AEQAG FEAME obIANAL FE N

(248F (33)225Y w3} 3ol AT 4 itk

N, = NS+ (,/2D,K,N;—k,L)

VRD+ 10

szEl

(34)

267 o AL Bt 0,2, 2(k/K)TE + (O N;0/(DuN, )}
o a8 MEAIIE e e Y W, B4 D Y B AF
B o] FEHOE YA 0gy] B AL EEE 4 (329
o] FHETE ALY FHAN 0L 5ol B 4 (26)
& oFA Y40 BASA B8 A (28P) UIY3HE, W] Y of
AAEL FE Ny T3} Qo] BREG

A - I NN - R
N2b—%1+5|]— b%a+Z+CIZI (35a)

o714,
a= N2+W+%&#§H (35h)
b= ZQDZQ/%%HZ (35¢)
D1y 4 o2KiDiNys kD, (35d)
b 2 2

2-3. 4=ext 738 8

455 AT 1) ) BAFE, $87) w9 T AEYA
HAH W AR T BT QeI AT BRALA S

H

HWAHAK KONGHAK Vol. 39, No. 3, June, 2001



WE) SAstel ALY ATEE ASIelok du.
O3 55 W19 Wgr] B § AR A g,
et 47 48l W= ARk

= AEYAY AFE
_ass
8,= 607 (36)

eg=1-¢ (37)

TLYA AL Fragolr A AFEFE Richardson-Zakid#2-2
o]-§-ote] MgfE uH YA FLHAEE u2HE ALE F vk

wuy =g (38)
n=(4.4+ 18c'g/DC)Re['°'l for 1< Re<200 (39)
714,

log(u/u) = —d/Dc (40)
Re = utdppL/pL . (42)

TSRS YA CoRNE ARt & itk

B"ag_pg_pLd |j/2 (42)

AEPAre] FEAIE 4 (4301 93 AHEET10):

Cp = 17.1Rg*" (43)

[e] =
T pE AESledo) dtiA] (42)] AEUA e U AET RS
W2 5E AGE vk AET e U AETNE AT o
A 9] FFek et w719 SAzA ne}
5% % 9t} 1,000-1,140 kg/ie] 22 28 U gho] HALEATHI0-
12]. 2 Ao E 1,020 kg/me] BEU 3l dw gk 2] (432 A

o}
|le] AEYAe] SEIAEEE A=

3 4/3 B
okedor_ BV %0 0 g (3
=2+059F—kR L
Op 0- "™ 5 0 B.oo (*4)

A7NA, FE5FAIxY BA DEAEF G R AREE e FiElE
specific power group &’ 3dg/3pL/pL% 2] (45)} 7ol Aakeirh:

Eél/3d4/3p|_|:|_ tCort *rdppy . 3rud,p 2
§ w0020 0300 Oy s *

3. XA}

)

wef 2 BIUAAE AW DA ALS T 55 AR 98]
2 A9 GAs) A48T W, U5 AAPALEE L 43 4
A9 Walh A W o A AAN WA F5
TES) Aste], BEUAL FEI 59, BET 2D, B
7] BAAG 9 g NP EFEAL GA 2eiste] FHwAL
WL A FA A H83 W87) 54 W $AEAL Table

| el sl

st5t=8t w39 HM3E 20014 6

<]

o

¢

|

)

Table 1. Reactor characteristics and operating conditior8

Reactor diameter; 5 cm
Reactor height; 200 cm
Support media
Sand
Diameter; 0.455 mm
Density; 2.61 g/crh
Activated carbon
Diameter; 1.274 mm
Dry density; 1.34 g/cfh
Wet density; 1.51 g/ctn
Liquid flow rate
1.458 ni/d for sand
0.99 n#¥/d for activated carbon
Effective diffusivity of nitrate and nitrite in biofilfA
0.090 mm/min
Kinetic constants in biofilfd
k;; 82.4 mg-N/L of biofilm min
k,; 31.7 mg-N/L of biofilm min

(a) unless stated otherwise in the text.
(b) Boaventura and Rodrigues[7]
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Fig. 2. Influences of the effective diffusivity on the nitrate(close sym-
bols) and nitrite(open symbols) concentration profiles along the

height of the FBBRs with (a) sand as support media, the biofilm
thickness of 10Qum, and the flow rate of 1.458 rifd; and (b)

activated carbons as support media, the biofilm thickness of 400

pm, and the flow rate of 1.458 rid.
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Fig. 3. Influences of the liquid-bioparticle mass transfer on the nitrate
(close symbols) and nitrite(open symbols) concentration profile
along the height of the FBBRs with (a) sand as support medi
the biofilm thickness of 150um, and the flow rate of 1.458 rid;
and (b) activated carbon as support media, the biofilm thick
ness of 50Qum, and the flow rate of 0.99 n¥/d.
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Fig. 5. Effects of the influent nitrate concentration on the volumetric
nitrate(close symbols) and nitrite removal rate(open symbols) in

the FBBRs with the height of 200 cm, (a) sand as support media

and the biofilm thickness of 20qum at the flow rate of 1.458 n¥
d; and (b) activated carbon as support media and the biofilm
thickness of 60qum at the flow rate of 0.99 ni/d.
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Co : drag coefficient
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