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> Two out of three individuals worldwide may be living in a

water-stressed condition by 2025, 1if global water
consumption patterns continue without an immediate
solution. Based on a strategy of creating more water
resources, water recovery is a viable means of offering
more qualified water for specific usages. However, low
carbon emission during water recovery become a necessary
consideration when facing the challenge resulted from the
global climate changes and extreme weather. Since regarded
as a green technology and sustainability, constructed



wetlands (CWs) receive massive attentions. Their
application and development are depressed because of low
level of dissolved oxygen (DO) and mass transportation
barrier. Although DO can be leveled up by artificial
aeration, 1t depresses denitrification which is also
restrained by the low carbon source. Consequently, nitrate-
nitrogen accumulates in the effluent and decreases total
nitrogen removal. In addition, low removal of phosphorous
1s always found in CWs. In the earlier proposal submitted
to MOST, innovative strategies; complex recirculation, zero
valent iron (ZVI), and an in-tank intermittent aeration
will be used to improve pollution removal efficiencies of
horizontal subsurface flow (HSSF) constructed wetlands.
Internal recirculation installed in the mid part of HSSF CW
increases removal efficiencies of organic and nitrogen
contained pollution by pumping water back to aeration area
located in the entrance. A counter-direction circulation
flow induced be internal recirculation will maintain the
anaerobic environment in latter CW. When installing ZVI
wall, their oxidation improves the activities of
denitrifying microbial which enhances removal efficiencies
of nitrate-nitrogen and total nitrogen. Ferrous ion in the
effluent recirculates into the aeration area and promotes
phosphorous removal by sedimentation with phosphate. This
report focuses on the effects of the internal recirculation
on the pollutants removal efficiencies of HSSF CW due the
financial support limitation of MOST. The water quality
parameters; biochemical oxygen demand (BOD), total Kjeldahl
nitrogen (TKN), ammonia-nitrogen (NH3-N) ~ nitrite-nitrogen,
nitrate-nitrogen (NO3 - -N), total nitrogen (TN), and total
phosphorous(TP), were used to evaluate the variation
characteristics of pollution removal in HSSF CWs with or
without the modifications of artificial aeration and
internal recirculation. According to the experimental
results, 1t showed that the average BOD removal ratios
could be significantly improved from 53.8-76.0 % in the
control system to 82.0-97.1 % in the experimental system
(p<0.05). A significant improvement occurred when
recirculation ratio (recirculation flow rate : influent
flow rate) >3. The removal ratios of NH3-N, TKN, and TN
were also significantly improved from 15.1-78.1%, 18.2-

7. 2%, 19.4-74.5% to 98.3-98. 6%, 93.4-94.0%, 71.6-81. 0%,
respectively. However, an accumulation of NO3 - -N would
take place when the influent concentration of TKN was large
than the denitrification capacity of HSSF CW. A significant
improvement was still observed in the removal of TN. As for
the removal of TP, no significant improvement was supported
by the experimental results. Based on the above discussion,



o M

1t concluded that the modification of artificial aeration
and internal recirculation on HSSF CW could significantly
improve the removal efficiencies of organic and nitrogen
contained pollutants.

Horizontal subsurface flow constructed wetlands; artificial
aeration; internal flow rectification; biochemical oxygen

demand; ammonium-nitrogen
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Two out of three individuals worldwide may be living in a water-stressed condition by 2025, if global
water consumption patterns continue without an immediate solution. Based on a strategy of creating more water
resources, water recovery is a viable means of offering more qualified water for specific usages. However, low
carbon emission during water recovery become a necessary consideration when facing the challenge resulted
from the global climate changes and extreme weather. Since regarded as a green technology and sustainability,
constructed wetlands (CWSs) receive massive attentions. Their application and development are depressed
because of low level of dissolved oxygen (DO) and mass transportation barrier. Although DO can be leveled up
by artificial aeration, it depresses denitrification which is also restrained by the low carbon source. Consequently,
nitrate-nitrogen accumulates in the effluent and decreases total nitrogen removal. In addition, low removal of
phosphorous is always found in CWs. In the earlier proposal submitted to MOST, innovative strategies; complex
recirculation, zero valent iron (ZV1), and an in-tank intermittent aeration will be used to improve pollution
removal efficiencies of horizontal subsurface flow (HSSF) constructed wetlands. Internal recirculation installed
in the mid part of HSSF CW increases removal efficiencies of organic and nitrogen contained pollution by
pumping water back to aeration area located in the entrance. A counter-direction circulation flow induced be
internal recirculation will maintain the anaerobic environment in latter CW. When installing ZV1 wall, their
oxidation improves the activities of denitrifying microbial which enhances removal efficiencies of nitrate-
nitrogen and total nitrogen. Ferrous ion in the effluent recirculates into the aeration area and promotes
phosphorous removal by sedimentation with phosphate. This report focuses on the effects of the internal
recirculation on the pollutants removal efficiencies of HSSF CW due the financial support limitation of MOST.
The water quality parameters; biochemical oxygen demand (BOD), total Kjeldahl nitrogen (TKN), ammonia-
nitrogen (NHs-N) -~ nitrite-nitrogen, nitrate-nitrogen (NO3™-N), total nitrogen (TN), and total phosphorous(TP),
were used to evaluate the variation characteristics of pollution removal in HSSF CWs with or without the
modifications of artificial aeration and internal recirculation. According to the experimental results, it showed
that the average BOD removal ratios could be significantly improved from 53.8-76.0 % in the control system
to 82.0-97.1 % in the experimental system (p<0.05). A significant improvement occurred when recirculation
ratio (recirculation flow rate : influent flow rate) >3. The removal ratios of NH3-N, TKN, and TN were also
significantly improved from 15.1-78.1%, 18.2-77.2%, 19.4-74.5% to 98.3-98.6%, 93.4-94.0%, 71.6-81.0%,

respectively. However, an accumulation of NO3 -N would take place when the influent concentration of TKN
was large than the denitrification capacity of HSSF CW. A significant improvement was still observed in the
removal of TN. As for the removal of TP, no significant improvement was supported by the experimental results.
Based on the above discussion, it concluded that the modification of artificial aeration and internal recirculation
on HSSF CW could significantly improve the removal efficiencies of organic and nitrogen contained pollutants.

Keywords: Horizontal subsurface flow constructed wetlands; artificial aeration; internal flow rectification;

biochemical oxygen demand; ammonium-nitrogen
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&t DO 2 &= 5 f2eplivm 2 I3 m g > 1Y ;R”ﬁ B8 i 3 - Zhang et al. (2010a)ﬂqr R TR
PRSI Bk R A4 Tl 2 P Bk gy 2 “f v d 68.3%3%
% 89.1% -~ By 4 ,%iﬁ 7 d 73.9%3% = 5 86.0% o
B3 222 4 (2009) 12 -3 Hinst A 1 BR¥ B FRF 2 AR F HALF (total
nitrogen ; TN)Z KT PR R 2 FH o B3 s F o u L 68%fr55% - d Ry B2 FEHRERE RS
BT FORREBT R > A PR BRI THEBTERMNBRRRS Eo B RERSE M F R
FERELIARBAFEARLLY > ARG FHRLE FORRBREST S 1 ﬁﬁ'ﬁrﬁﬁi BRI AE
MR TP RF TR A LIRS LR i R PR R TN sp o TN ¥
(01002 ¢ > A F - HE AR R ARG EAEL TN 55 5 77.3% 0 NHe-N 2 %% 3 5 04.9%
- H AR MRS R G FEEZ TN 2 % & % 85.3% > NH3z-N 2 “,% FL 97T T7% 3% - H ~phiv v
POREH s o b P T AT g Bk Y R F 0 BT R ¥ 2ok e FRe-HEAERRARF PR
¢ PO 3 ",% F 5 659% %= H ARG RBRF FeY POS “,% F 5 69.4% > = —*‘Ff A3 P
3

B U AP

Kl AA

-L,»t"
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& Fﬁ“**ﬁ4lm'iﬁ%@ﬁﬁi%$?%ﬁé*F%”ﬁé’d%wwpx
i&ﬁéV$b PERE o R HEBR AR RL G U T ARRF B RT3 AR
ﬁoi*%%ﬁia’2&?%%1ﬁﬁﬁ%mlmﬁ’a%&§m¢Wﬁﬁﬁﬁﬁ%’¢d”
2 A E MR TRB 2B 0 B IR T 2T URG I 2 f L3 prd] > Fla H
RSP T EARE O SRR RTRF A F ot AP TR TR AR 2 41 Rk
Ay FFR A L EE o RRFIEGZANRS FIRE A T2 TS A SR R
AAPTA TR ek T S AR E o U RE L R SOMp MR 5 AR et AR

S A RFREY RF HRF AT LT T LB MR T o kg TR RS

1_“
=1
%ﬁ: ‘}‘ 5
;& b e

é‘i

G gl TR dp o R G F FABLAER T o LA RPHD LT SR GL
(Coveney et al., 2002; Li et al., 2008; Liu et al., 2011) 4ezrdf +c 5 & 2 Kf:,? » H L% prrg Tﬁﬁﬂ'ﬁj’iﬁ i 2

o)
T

FERFRE I fr- RN AR ERTES LR R B2 RF IR
KE A3 EE > FP > SSFCW Rz ¥ BB RM > TR AFH R BB ”ﬁfflf"ﬂy‘;;; S TR T
Ra¥ F 83 MLF  EN KRB IFA LS - BRE ST LSRR CREHRF
£z T 0w SSFCW P 272 R F F W AR 23 5N FIF RS 2 B
ERRTE R L U SE ¥ F IR AR N TR S EE N B oNiE R
ABFRADFABL > RBPTE L DEFARF B RFF AT RERE H AR
BARZHZ Kmd R 280 R 35% RIfE AH B ALEP B85 FIME L1 Rm AT
?%ﬁﬁﬁi%ﬁ%*’*Ffﬁ*?%¢%ﬁKﬁﬁ£%i@ﬁ¢wmi£§®’%uﬁﬁwm
WA g F 2 B e T A A 1R T L ek 2 B S m#pﬁévw o

3-2 w4 1 RE T A RIT2 R @ﬁ%%**?i

ng% TMA IR E FOTL A A DR T IS £ R B ok S (Effluent recirculation)
TRGL - T AR DR G LR B BT E (iR kA wh s s S o RGR 8
foLiEr A 1R t‘*ﬁf‘&%? Bepiok P 2 A EALE MR R E KA B P EF A FE
2 (Aerobic microbial activity) *t > & ¥ % 3 BB O~ gk vE i H ik Sy 2P e s A
BAE T A LR kA2 Tz (Brix & Arias, 2005; Saeed & Sun, 2012; Serrano et al., 2011; Wu et al.,
2014; Zhao et al., 2004) - R RERFRRER S RARY 2RI F BT A ME A 1R
BEYRF T2 Fd > RO EBEE 2 2 f F(Wmazal, 2013) - 5 + > it 2 352 4 BOD ~
COD TN ~NHs*-N Z =% %2 3 % a2 F 2 gosxE o @ ¥ TSS & TP R % f o (POldvereetal.,
2010) -
- CRGREARE I Ao L B

b3t B RN A LR B RB AR T F 2 edZ BT -k 22 NHe'-N(Platzer, 1999) -
4



AT 2 8 B S A L RE TR A Ar 1 OBCR PR IRAE Y Pk SRk (T T B A s d 2 et Y
25%-30%(White, 1995) = ¥ — ¥ #f, g & SSFCW * A8 % -k » o »0# -k 4 § j7 i 3.7-5.6cm/d »
H COD £ TKN & & v g jnig 2T X5 08% » 50%z i /i3 A5 P A D o 20 » AR¥TE 4

¥ d 70.8%3 5 85%(Kantawanichkul et al., 2001) -
FES BTGB IRRF k2 0 5 0% ~ 25% ~ 50% ~ 100% ~ 150% & ¥ ;b 3% 7 VSSF > d H 2%
% 7. BOD ~ NH4+-N ~ TKN 2z_ 4 f—r & %)d 50.4% ~ 35.6% ~ 49.8%3% 4 3 4r 81.3% ~ 61.7% ~ 66.6% -
.+ (- Lk £ STATES BT S %7ﬁﬁ’kﬁ’”ﬁﬁf4#**#&7ﬁﬁﬁﬁw

FRooJ B RE RPN 2ok e BA T 4 A XSS F AR R FIW ST 2SS
_ingj, 3% o % 550z 18 T @igfén(Heetal.,ZOOG)o
dRRF P ERLFFARRFERE L - SEASERCK B2 AR HE

Ho SRR F Bk S E5R3 0 2 B HSSF CW R * 4831 2 4p B &JZ »% i (Guo et al.,
2016) > 4 E R K FRFFERFEF(RFLARFHF )L lh:lh o 74 »ck 2 BOD 4%
F 23 A wiE 89%2 97% 4 b o JLPFE S IR ITZ LT AP oAt ER L RS EE
T o 3 COD # TN 4 % 5 4wl i 47%¢ 60%p% > R 101 2 @ it (3K ik
WiE) T A e B e D 8% T1% e A R AR A L RE R R B R R AR 0 d - 2B
TSR T2 A LRE AR L A1 E Rk FAEE AT FILRAE COD 2 K (97.4%) 0 i gt d 2
Hited 3P R AR L 07.2% X P BB - Aot in BROT AR k4§ 13.3L/m%d 3
be 263L/m%d - 3 TN %% 5 Rldp i 44.8%3 5 89.9% - — Fibip #25F TN 2 % 5 1(>80%) -

) oy ek ik N
—,'ZE? }/‘-:;7 _‘E“/HL ‘/ul’E‘—L

AP ERP BT R RFIE: et T ool kRS KA F I RARL
e ?@i% CTAREHRE > TRIT AP A PR SR iR AR T AT o 3
WHRRZEIRF KD T o @ 2 R T R AR 2 o0ni > B H A VSSE 2 TN ok

oo fEH PR ? 75 B kR 2 A B § (Soroko, 2007) -

Je* HSSF+VSSF 2 % & 4 1 jR¥ AJL 74 L X3 Ik Py @ gmgmint 3 12 i 4
»ei-TN 4 2 % d 29%3% = T 66%(Ayaz etal., 2015) o @ 12wk 1, +VSSF1+VSSF2 2. & Sl 4=
RPE S R Rk IR URIEFE o d BB ETFRRIK? 7752 NO3T-N &2 Rk wgF A PR
wE Er o s TN Sopdogieitd 101 A% 311 @ #4e > A it 95 100-200%F
(Arias etal., 2005) @ >t 43+ VSSFCW i * 4=t » i ~ B Ecie o ~ oo & 4 20 8 ok (T e
bW SRR % A S AP S I U S B SR - LA IRLE SR R S SR S
# COD 4 5 5 82-87% > #dydliez 79%4p 472 5 - & = —*ﬁa TSS 2. 77-84% 70% 7 &g 77 48 0
Frito 20t TN B4k 3 iy P AT s 4o il T 27.5%35 5 38.6-50.3% - BT 2 ik P AT
B L l.%i%ﬁﬁ k= H 4 45 4 (Foladori et al., 2014) -

Je* HSSF+VSSF 7 & 5% 4 1 B3 e &R in N 4 (T HEN R e T s 45k Y 2§ 44
FOLsei 2 A Bt A u 5 03301020 gk Akt 5 11 TN A% 594 20%

H 4 66% > @ xoik® 22 NOs™-N JE & 7~ d e jiix i ™ 2. 50-60 mg/L "% % 15mg/L 2™ » pt &%
5



BT REV ARG F OB 0 A et L8 22 IR A S 0 W p 2 TSS 4G
P g2 % 2 oS (Ayazetal., 2012; Ayazetal.,2011) - @ § ¥ &k 4 f m2 5> 2§ j=d 100 3 30
L/m?d) » sz it d 0533 1% » HSSF 2 TKN » NHe" ~ NOs ~ TN 2. 4 % 355 P &3 5 4c AR5t
A%t VF @ 2 ook 4 >80 LimPd p& > dw jit 3 4o 3 VSSF 22 TKN ~ NHg" ~ NOz ~ TN 2 2 #% & &
watE ook 4§ F<60 Lim’d P % IRd i — 3% 4o 48 % (Tungsiper, 2009) - 1 »% 3% J f7)(Pathogen)
2RI 7GR 1Y VRHVE faie Fdgsd - ke dRieint L Hph e ram i
4T o4 (Ariasetal., 2003) » £9 + » H R4 % 5 Tid 99.5-99.9% 0 ik B B A KopFL
Ryv= HUARNERENA PG s BT 3 K,%ﬁ&#ujsp@,z L w TR o
% VSSF+HSSF+VSSF mxe it 1:2 2 101 2 Feivif 2 22 450k » B 2% A7 % @ in
510 1prz 4% 5% ik (Tungsiper, 2009) - ¥ — HSSF+HSSF+VSSF 2 3 #1582 i & 4 1 g ~
Bt RF 2 4B Gt @it 8 Mok o 2 TSS ~ CBOD ~ NHs™-N 2_ 4 %% 5 % 3 >+ 95% »
m TNz 3% FRF 73% 0 97 23%2 TN 2 NOx-N 2538 5 o Bgm s § (8% 4 L ardim g o
F ¥ ae £_ %] CBOD 2z % 2 *2% FERRF AR A3k (Tanneretal., 2012) - 7 feaw jivt 1121
1-2:12 VSSF+HSSF # &% &% g 3w 1:12 TN '*,éft & & if (Karathanasis etal., 2003) ° 3% ;i bt
W (<05) RIEFY 2 @23 KT vei # 2 R & T G oo F (Reese, 2005) > § kP 3 F A K& ARG
fATER P T g ardl iy £ B4 g oo 4% (Stefanakis & Tsihrintzis, 2009) - & * i § £
B A L RE iR AR K PEE I COD~BOD ~SS 2 4 f_,,\ﬂ!’,, BB @ HE e R
PORE e 2R B 2 B B5(Prost-Boucle & Molle, 2012) - B2 2Rz it i 2 0 L pFin 2 55142k 4§ 7l
R? 32 (Platzer, 1999) » imsE xR & 58 A 1 & 2 & id e it 5 1 1(Wmazal & Kropfelovd, 2015;

3

# I

VWmazal & Kropfelovd, 2011) -
Fl* 48 5 VSSF 10ip 7 SN PN R B kR A AL B RS FRE I 1] 2 id2 iR %
¥ ¢ H BOD~NH4*-N~SS z_ 4 f_, A wld 57.4%3 & 75.2%~26.9%3# & 47.9% ~56.8%3 5 67.7%
HFE g ek A b A 42 e v TE* (Assimilation) T 5§ 2 *£ 2 £ & 4] (Sunetal., 2005; Zhao
etal., 2004) o peh 3T RE VB R R R AR 0 - FrRB w AR TRV R Y B2 3 P B VSSF ki B
B m VSSF z_xr it w] L 205310 2 328 2 BOD 2 f_, d @ iz 71.8%34# 5 96.7% -
COD R|d 51.0%3 5 77.6% > NHs™-N d 19.4%3% 4c 3 70.4% > d »t3Z7 3 A 1R F 58843 § 2
L i tph 2 BOD 2 F v prd|Hplivivs 2 55 B %> i2a %2 NHs-N 2 2 "f Z(Sun

a4

etal., 2003) > jad Hp g #F MG 34.3%2 NHs -N A 1802 NOs-N 4|58 5 &> B § (7% %
Pldrd] o @ e et 201 22 101 3% 1% VSSF+VSSF+HSSF feud® % 4 Bk 2 #25 ¥ mFRF kR 2
NOs™-N % &>t H s -k ¢ (Vymazal & Kropfelova, 2011) -

_:\1\3:,,,11-&_1/3;#4_11!]:/14*7,5_%@ EAFYE
A BT R A LR R R ki AN T A A 1’%;@&;

REHT B ASREERL A f FBE RO RE BB TR R R R A TIRR § 52
6



2R TAERE R AR AR F P2 oni c INARZRFRLTF AR LA
d 3> NH4™-N 2. 2 fﬁﬁﬁ ZRUIC g i ki’%g#ﬂ%ﬁ%r# % 3 (Coveneyetal., 2002; Saeed & Sun, 2012;
Vymazal, 2007)’auﬂ“ BEXR: B4 FH AR 235 o F| o g B s B 2 VSSF
FF ook NHa =N 23 skt B 3§ & Mpl§ vb y grdm§ 7% 23817018 3¢ & H x
k¥ w3 kAL NOT-N - #rd] TN 2 4 % P AR RE R RER L2 ER o IS F SR
LGBz 3]s i~ S B IEY TR S R P AR HCE S B ‘Jntax'ff?‘ﬁﬂ PP ORR > B
BWTEY R A Y BHARTFERFTF ¥ AP LAY 2 NOsT-N ok g e
PRSI A LGRS Y R VSSFCW 2 B F sek i o lRH 2 B S ARE L LT A
FP o AEREHEEIL HSSFCW 5 A 2473 A8 B3 5 2000 M3 5 Fiha RiF 4 s @
A2 A E AR RIERRF KT U F T2 SSH AR R RN AR
PlFEE T R f o *%' SEVIE: SIS BN R SE . S L S T

L R
ALHEFELRFEH AT AN AR BRAL RS N A 1R 2 AT L

PR A AT S HRER SR O BUR R TR A LR ks G TR
RR2Ipoi L TN EER IR EOR Sl T AR R & &P

w

%k

wz

7 o
=~

4-1 R B fiHruz § P& F T

A E D N RURFIAEARREFANRE EAT N FIREE A L RER TR e B
2R 0 B 1 T R ok i s (HSSF-A)2. % fE 5 B o P kY ¥ % 8 e (HSSF-C) 4 st %
PR R i R BT BB HSSFCW e & ks a2 & 5 A A B E 20mX
0.5mx0.6m > =0 & ¥ B E R T B o HSSF-A 4 F B w0z 20cm X R F B4 B k¥ 35 >
B3R FEFEEL PR RARATRITE R EIERAE 0 5 K R4 S0em B2 @
(2 /2% 40~50mm)d & » 3 B 5 9 5 40.3% 7 PIfEE S Lok A P RR T 4T
Fl% % - & % : Hydrocotyle verticillata Thunb.) - B 1 # (C)#777 5 p i ;2. H & Bhdp R K 25 > T4
WE 2 FH ARSI IREF B Rl Ee R RF#EE 23 R T

A fRGARCTER 2 387 o 3t HSSF-A (S B2 RRF T € Flwe B ik AT M K ek o BAAT L

?‘zi’%ﬁ’@ii’iﬁﬂ'f%??' f”’#ﬁ’i/\j;%% -ifinb"



waste water

(A) (B) (€) (D)
Bl 4-1 AR F P onBont A 1 RE AR LB (A B)RF ¥ (C)R & imB~-k > (D)
oo kg o (BN FRaw i o
AL AIL R R Lk T RERORE R £ T R R LRk AT A 2 e ¥ -
WA IFY R HE 193d s 5 100.8 L/d (70mL/min) » -k 4§ j=(Hydraulic Load : HL) X
*149.82(m%m%d) » -k 4 BEFEF L 15X B RoRF R 7 fpdla w i g 2 kot
Eﬁm%ﬁﬁhﬁgﬁ,%gﬁjﬂ%Jﬁﬁﬁﬁ’ﬁﬁiﬁﬂiﬁé1Mmﬁ’ﬁﬁW@M£oa
oA J T FHE 123d> ii® 5 115.21L/d (80mlI/min) » 53-8 9 ik 4§ 7 5 160.4
(M¥md) > k4 BEPFFY5E 142 2R E pihmﬁﬁ?h»D04me"*‘/nﬁwﬂﬂ
g e 3 g r nBp A B RF R > m it L 3 B L 3456 L/d > %ﬁ
d 02 R R %%W?ﬁ%mm%\Al&%14é$zu~x$°
42 RBEHH LT L HBRE LT

ALEE ARSI CEERTIESREL SV REFLIAFRCFRE A1 T BB

i

EF-F O BRERFFOAT A2 8~ 108 FHRAFCIERFTREIHRT S 5
BHATNT A RRARRER FEFTOL 2RI 2R AR ERERAS T2 R A e

- -

LIETR 5 HERBEFRER N REFT 2 EA G R BRIGIL RS ¢ b2 28 -
RBF F »Hﬁ?\:iﬁfiﬁi'E—FDHfE“}%?(DO)‘i tERTORP)~KE-ETRELFAEPE
20 G 3 LI CRTI w

2.9 % % & 47 ¢ & % 2500m

IP'J )

_L.
m o

7_

LM&%*%%ﬁﬁ%%*ﬁ’if&?%iﬂ@ﬁéﬁﬁﬁﬁﬁ’ﬂ
AP e IATNETEE RIS E 5 F LAY CAERBE CRE o REEE T R A
172 BRIEP DRBAREERRTSL LR F o
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Bk Edm (2 5maeiR)

S-1RFpingty 743 ',f p iy 2 B

B 5.1 9777 & W 5 3EAF - i fe - F % ¥ F 2 &5 (IN) ~ HSSF-C 17 ~ HSSF-C 17k 2. BOD 2
TRIFERFERIC 2 AR NS B R B S BlAc & 51 0 £ ¢ B TpH DO %
235 582 NH3-N~ TKN ~NO2-N ~NO3z-N~ TN~ TP % -k B $-#c2 ¥ & 5% % o & HSSF-A £ HSSF-
CHrip|iH - #fp2 pHZ THE L W 5 7273 % 6.8 H k2 ﬂﬁ%’ui W e 02> - krEITRE
FIHMB R 2R FEATICRTREY P H ST - Fl“ EivRE 0 £
e FApPREIRER TR o H K Eaa £ B R R R IOATR 0 T EfE - HSSF-A 2. DO TiEiE
1.8 mg/L & HSSF-B 2. 1.0 mg/L % :#42 - HSSF-A 2. DO T35 0.9 mg/L & HSSF-B 2. 0.6 mg/L %t

SgEATR 2 e N RFET Y D FLp 2 ,%’—“‘.‘(RR)P CEEEN PR f s 7 e S8

RR.(%)=100 xcc;c (5-1.1)

0,

210
—6— 1IN

—6— HSSF-A
—A— HSSF-C

180

= e
G
o o O

Cgop (Mg L")
(=)}
o

0 40 80 120 160 200 240 280 320 360 400
Time (days)

Bl 5.1 HSSF-A( # i i 4 52) 22 HSSF-C(%f /& k)2 BOD ik & fr i % 1

S iR E S R 4l 340 BOD CNHe-N~TKN TN TP % » 2 T{ o e A 4|5 i&
R R R RIS S T B REAE- 2 B F 2 HSSFF-C 2. - 35 RRpop ~* % & 53.8%£ 76.0%>

H¥ g2 2 BOD T35 » w5 28.8mg/L 22 57.4mg/L > d # A 12 HSSFCW Jad® g -k 2_ 40 M A7 3
2 RRpop il ¥ 4P ¥t ® » 4ot Ed? F gk -k (Domestic wastewater)2. RReop /i *+ 80-90%
(Zhang et al., 2010b) ~ -3 % ! -k (Landfill leachate)z. RRgop 4 ** 75-81% (Kotti et al., 2010)% » H &
Flx Rzl k 2. HRT #73% » @ 242 3 2. HRT & 1.4-1.5d > #ru T 353 ",% FIEB )AL o @
,T*uiﬁlfﬁﬁﬁ g Fem 3o FAE- 2 BOD 53 “f_, % 82% ez ¥tPR w2 53.8%7F A ¥ H 4 (p<0.05)-
Ror Ry T 85 e HSSFCW 2 5 877 L cnd £okic o @ I % 2 3F R > B > slee g
B §if 405> H BOD T35 % 5 L3 9 OLT% > {2 ¥Rl Ti54 2 5 % 76.0% 0 2 - 2
53.8 %" 4 A F H{ 4 (p<0.05) » p* £ B thd »im BOD k& 2 B4 #r3ldez &2 o Jagl § i im k sz
BOD 2 o »icic AR $F B e 17 § A F 5 4c (p<0.05) > Bfm 7 fe 2 ik jin vt ¢ ¥ 97 A G BFR S 2k > 7
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T >3 WA A F & BOD 4 ok

# 5.1 HSSF-A ¥ HSSF-C jk k2. Sy biit g %

Stage | Stage Il

Parameters IN HSSF-C HSSF-A IN HSSF- C HSSF- A
T(C) 26.3(5.1) 27.2 (4.9) 26.4(4.8) 26.2(4.6) 25.4(4.2) 25.1(4.6)
pH 7.2(0.2) 7.2(0.2) 7.3(0.2) 7.0(0.3) 6.8(0.2) 6.8(0.2)
DO (mg/L) 1.6(1.4) 1.0(0.9) 1.8(1.8) 0.6(0.6) 0.6(0.6) 0.9(0.9)
Caop (Mg/L) 28.8(19.6) 13.3(9.1) 5.2(4.6) 57.4(39.5) 13.8(7.5) 4.7(5.5)
RReop (%) — 53.8* 82.0* — 76.0* 91.7*
Chrgn (Mg/L) 15.3(9.3) 13.0(7.6) 0.2(0.3) 11.3(3.8) 2.5(2.6) 0.2(0.4)
RRwtgn (%) — 15.1* 98.6% — 78.1% 98.3*
Crkn (MY/L) 19.8(11.0) 16.2(10.7) 1.3(1.1) 13.6(5.1) 3.1(2.7) 0.8(0.5)
RRrin (%) — 18.2* 93.5* — 77.2* 98.3*

Cho,~ (/L) 0.42(0.69) 0.35(1.29) 0.03(0.03) 0.06(0.09) 0.01(0.01) 0.02(0.02)

Chogn (MY/L) 0.83(0.97) 0.42(0.67) 4.65(4.89) 0.19(0.16) 0.28(0.91) 1.77(1.85)
Crw (mg/L) 21.1(11.1) 17.0(10.3) 6.0(4.9) 13.3(5.1) 3.4(3.2) 2.6(2.0)
RR (%) — 19.4% 71.6% — 74.5% 81.0%
Cre(Mg/L) 6.4(5.0) 5.7(3.3) 5.1(2.8) 6.8(4.4) 4.6(3.4) 4.8(4.7)
RR1p (%) — 11.5% 20.7% — 32.3* 29.7*

PLAEEL) By s HEZRE R L 0 * 1 p<0.05 0 ** 1 p>0.05

52 F P it F A AF L LB

7 HSSF-A 22 HSSF-C CW 2. NH3-N ~ NO3 -N ~ TKN ~ TN % B8 % ¥ 4~ W/ gL >+ §] 5.2
Hip gz sz E 77 27504 5.1 ¢ > R4p B S % Bor 848 &38R 23875 NHs-N T3ER & 5
153 mg/L £ 11.3mg/L > ¥R ez L3232 FRlA W 5 151%% 78.1% pt S % 2w A 2 JplFZ T =+
£ 4p 117 (Cottingham et al., 1999; Ouellet-Plamondon et al., 2006; Nivala wt al., 2007; Zhang et al., 2010) -
MO F SRR T o PR iR AR - A F AR 2 NHs-N T35 f_,: wF A F R 98.3%11 + (p<0.05)>
Bt AT r;q @i KR T A F D ARG i HSSF CW 2 NHeN 2 5okt > @ 2238 AR f 4
BEFT 3 AR > 3 Ao & 2 T B K 204 B R K 20 38.0-68.0 % (Cottingham et al., 1999) ~ jd # %
78 }%;w}\ 2_94.1-98.6 % (Ouellet-Plamondon et al., 2006) ~ -3 % 1 -k 2. 93.0-98.0 (Nivala wt al., 2007)%

AT R 2 A % AR PEB*"TK«;J-r;ﬁFE% R gE JTIE £ 7 Rt 4 NHeeN 2 0% kit &

ARFRE-a 1} TKN @ 3 > F47— 2 2qr - 2 20 TKN T35k B » 5 19.8 mg/L ¥ 13.6 mg/L -
¥R w2 Tiad f_. J = 18.2%2 77.2%> pt 3% % o A 2. 94.2-98.5 % (Ouellet-Plamondon et al.,

2006) % 5 > e g F i ints 0 B TKN 2 2393 %4 P B ¥ 985 %1t > M7 2P 2 Rf
@R T OMF Y ARG ocH S HSSFCW 2 TKN 4 hocii » 29 4 2 AR § HSSFCW 2 97.8-
10



98.7% " & o &g £ B (Ouellet-Plamondon et al., 2006) > & & 12 o = g § 1 o & 58 7 7 i 20 KRR F
HSSF CW 2 TKN ' o%it o fit ks § 2 i in ™ 58 L 120 15 S g 3 1+

50 -
! —8—IN
40 |e I e 11 —6— HSSFA
—A— HSSF-C
< 39
[+)]
E
Z 20
z
ST
0
400
25
50 —6— HSSF-A
—A— HSSF-C
< 15
[o)]
£
Z 10
g
=z
O 5
(b)
0 ;
360 400
70 —
! —e—IN
60 | I ! o —&— HSSF-A
=SS TSI IS EEESESSTTITITTITET ===z TITSTTT —A— HSSF-C
—~ 50
2
> 40
£
~ 30
4
=
Q 20
10
0 M S
0 40 80 120 160 200 240 280 320 360 400
Time (days)
70
: —8—IN
60 | I : II —o— HSSF-A
S S b #E=s=sssssssssssssIss —A— HSSF-C
~ 50
)
@ 40
E
Z 30
z
O 9
10
0 . - =
0 40 80 120 160 200 240 280 320 360 400
Time (days)

] 5.2 HSSF-A #7 HSSF-C CW ; (a) NH3-N ~ (b) NOs =N ~ (C)TKN ~ (d)TN 2 & & Jir e 5 it

@ d NOs =N £ iRl % & mH )k B>t 120-200 p (% - :#42)F B ¥ # 4 2 T35k & 5 8.0mg/L>
2 Lo TKN kA 5 264mg/L > &yt 2w = 2 Tk R A~ % 5 05mg/ll & 11.7mg/L
3% e T TKNEERS S 129 mg/L » o pF NO3-N T3k & B % % 1.54 mg/L > &
R F i ¥ HSSF CW 22 NOs™=N e & 7 4o fodd > AZEH U R 5 NO3g™-N 3 ff e % »

st TN 2 % F2BERAGEE BB ) TN ZpME RIS ST UFRY - Bz
11

LTI TR {1

!



Lok TS R e 194 %;%E—%’#&—” 5 71.6 %(p<0.05) s @ ¥ - 2RAEPF 0 HSSF-A & sz TN T35
A F T gk 810%  fa gt PR e TN 2353 5 5 745% > = F L8 573 P 47 (p>0.05) -

53%* Em}‘!’ Eﬁ"i f’ﬁ%ﬂ

BS3 i rAFPyRf /e HBe2 TPERFFR a P2 A3 @R £ 7304 5.1
dHES Vs - B2 5 - FR2 THTP@ERER %5 64 mg/ll & 6.8 mg/ll # #r#R2 A
BoFHEEL L IR 115 % 323% o d 3041 RE P B2 AR HIE S F IR g 1
Bk s &~ it 21 e 4 $ 3P % (Kadlec and Knight, 1996) » 4p B % 41] ¢ 2w ~ 1 B ik ~ fode
o~ (Fe & 18 F RN E AU UM 5 2 & g 841 (VWymazal, 2007) 0 0 - AT A 2 RE %’g*x%w;k
o > R H 48 TP 2 f_, ¥ % if 66-93 % 0 fa g By EAEfopE 0 TP 22 f—, ot 1 10 %
12 (Behrendset al., 2007) » d AFT 7 2 % F A 1RM 2R HE LN L ARIPITET U
FoooaRF AL ¥ - BB Y o Red h IR s s 207 % 297 % ApEOTH R EZ B R o
HSSF-A >t % — 422 TP B2 A8 % 2 3% < »c % (p<0.05) > 12 W # = 102 % > g a4 F 'L > 330

SRS F 2 LB RIE G B F(p>0.05) c Flut 0 3 R g2 HSSFCW 2 TP 2 % 4 =i

BEo gy o d w A 2877 7y 8 g% (Zhang et al., 2010) -
30
L I II —8— IN
25 e e e e Ny R ——6— HSSF-A
; —A— HSSF-C
20
|
()]
E 15
o
=
O 10
5
0 2
0 40 80 120 160 200 240 280 320 360 400

Time (days)
B 5.2 F HSSF-A 22 HSSF-C CW 2z TP Jk & Frps % i

5-4 53 2 ¢

S IR ERE TN PR N E R SRS S R LR ¥ ]
i B d AP ML R E TR F i n ) sd BOD 2 3 % kil A F ek < o % (p<0.05) -
B Rt >3 LB F S BOD 4 % okil 0 10 NHa-N -~ TKN 22 TN hd pa 5 o s vt >3
HAI o L A TEEFRF RG0S NHeN ~ TKN 22 TN ¢ § ¥ 2 %2 ok
ot NOs-N 2 Frflim 5 H B\ UL > A > g2 BFL AMFRAE > T ildest - TN 22550
THFRIARR -HNTPRATEF 2o R B J v S5 7wl f 08 k507 P kS
FWEZE A oA p I S3E S HR AP TREEFLE o

12



7

RS ¥

APHA(American Public Health Association), WEF(Water Environmental Federation). 2005. Standard methods
for the analysis of water and wastewater. 21st ed. American Public Health Association, Washington,
DC.

Ayaz, S.C. 2008. Post-treatment and reuse of tertiary treated wastewater by constructed wetlands. Desalination,
226(1-3), 249-255.

Arias, C.A., Brix, H., Marti, E. 2005. Recycling of Treated Effluents Enhances Removal of Total Nitrogen in
Vertical Flow Constructed Wetlands. Journal of Environmental Science and Health, Part A, 40(6-7),
1431-1443.

Arias, C.A., Cabello, A., Brix, H., Johansen, N.H. 2003. Removal of indicator bacteria from municipal
wastewater in an experimental two-stage vertical flow constructed wetland system. Water Sci. Technol.,
48(5), 35-41.

Ayaz, S.C., Aktas, O., Akca, L., Findik, N. 2015. Effluent quality and reuse potential of domestic wastewater
treated in a pilot-scale hybrid constructed wetland system. Journal of Environmental Management, 156,
115-120.

Ayaz, S.C., Aktas, O., Findik, N., Akea, L., Kinaci, C. 2012. Effect of recirculation on nitrogen removal in a
hybrid constructed wetland system. Ecological Engineering, 40, 1-5.

Ayaz, S.C., Findik, N., Akga, L., Erdogan, N., Kinaci, C. 2011. Effect of recirculation on organic matter removal
in a hybrid constructed wetland system. Water Science and Technology, 63(10), 2360-2366.

Behrends, L.L., Bailey, E., Jansen, P., Houke, L., Smith, S. 2007. Integrated constructed wetland systems; design,
operation, and performance of low-cost decentralized wastewater treatment systems. Water Science and
Technology 55, 155-161.

Béne, C., Barange, M., Subasinghe, R., Pinstrup-Andersen, P., Merino, G., Hemre, G.-I., Williams, M. 2015.
Feeding 9 billion by 2050 — Putting fish back on the menu. Food Security, 7(2), 261-274.

Brix, H., Arias, C.A. 2005. The use of vertical flow constructed wetlands for on-site treatment of domestic
wastewater: New Danish guidelines. Ecological Engineering, 25(5), 491-500.

Chazarenc, F., Gagnon, V., Comeau, Y., Brisson, J. 2009. Effect of plant and artificial aeration on solids
accumulation and biological activities in constructed wetlands. Ecological Engineering, 35(6), 1005-
1010.

Cottingham, P.D., Davies, T.H., Hart, B.T. 1999. Aeration to Promote Nitrification in Constructed Wetlands.
Environmental Technology, 20(1), 69-75.

Coveney, M.F,, Stites, D.L., Lowe, E.F,, Battoe, L.E., Conrow, R. 2002. Nutrient removal from eutrophic lake
water by wetland filtration. Ecological Engineering, 19(2), 141-159.

Dong, H., Qiang, Z., Li, T., Jin, H., Chen, W. 2012. Effect of artificial aeration on the performance of vertical-
flow constructed wetland treating heavily polluted river water. Journal of Environmental Sciences, 24(4),
596-601.

FAO. 2016. (Food and Aquaculture Organization of the United Nations) The State of World Fisheries and
Aquaculture-2016.

Foladori, P., Ruaben, J., Ortigara, A.R.C., Andreottola, G. 2014. Batch feed and intermittent recirculation to
increase removed loads in a vertical subsurface flow filter. Ecological Engineering, 70, 124-132.

Garcia, J., Aguirre, P., Mujeriego, R., Huang, Y., Ortiz, L., Bayona, J.M. 2004. Initial contaminant removal

13



performance factors in horizontal flow reed beds used for treating urban wastewater. Water Research,
38(7), 1669-1678.

Guo, L., He, K., Wu, S., Sun, H., Wang, Y., Huang, X., Dong, R. 2016. Optimization of high-rate TN removal
in a novel constructed wetland integrated with microelectrolysis system treating high-strength digestate
supernatant. Journal of Environmental Management, 178, 42-51.

Hamilton, S.K., Sippel, S.J., Calheiros, D.F., Melack, J.M. 1997. An anoxic event and other biogeochemical
effects of Pantanal wetland on the Paraguay river. Limnology and Oceanography, 42, 257-272.

He, L.S., Liu, H.L., Xi, B.D., Zhu, Y.B. 2006. Effect of effluent recirculation in vertical flow constructed
wetland on treatment efficiency of livestock wastewater. Water Sci. Technol. , 54(11-12), 137-146.

Jamieson, T.S., Stratton, G.W., Gordon, R., Madani, A. 2003. The use of aeration to enhance ammonia nitrogen
removal in constructed wetlands. Canadian Biosystems Engineering, 45, 1.9-1.14.

Kadlec, R.H., Knight, R.L. 1996. Treatment Wetlands. CRC Press Inc, Boca Raton, FL, USA.

Kantawanichkul, S., Neamkam, P., Shutes, R.B.E. 2001. Nitrogen removal in a combined system: vertical
vegetated bed over horizontal flow sand bed. Water Sci. Technol., 44(11-12), 137-142.

Karathanasis, A.D., Potter, C.L., Coyne, M.S. 2003. Vegetation effects on fecal bacteria, BOD, and suspended
solid removal in constructed wetlands treating domestic wastewater. Ecological Engineering, 20(2),
157-1609.

Li, L., Li, Y., Biswas, D.K., Nian, Y., Jiang, G. 2008. Potential of constructed wetlands in treating the eutrophic
water: Evidence from Taihu Lake of China. Bioresource Technology, 99(6), 1656-1663.

Liu, W, Liu, G., Zhang, Q. 2011. Influence of Vegetation Characteristics on Soil Denitrification in Shoreline
Wetlands of the Danjiangkou Reservoir in China. CLEAN - Soil, Air, Water, 39(2), 109-115.

Maltais-Landry, G., Maranger, R., Brisson, J. 2009a. Effect of artificial aeration and macrophyte species on
nitrogen cycling and gas flux in constructed wetlands. Ecological Engineering, 35(2), 221-229.

Maltais-Landry, G., Maranger, R., Brisson, J., Chazarenc, F. 2009b. Nitrogen transformations and retention in
planted and artificially aerated constructed wetlands. Water Research, 43(2), 535-545.

Nivala, J., Hoos, M.B., Cross, C., Wallace, S., Parkin, G. 2007. Treatment of landfill leachate using an aerated,
horizontal subsurface-flow constructed wetland. Science of The Total Environment, 380(1-3), 19-27.

Noorvee, A., Pdldvere, E., Mander, U. 2007. The effect of pre-aeration on the purification processes in the long-
term performance of a horizontal subsurface flow constructed wetland. Science of The Total
Environment, 380(1-3), 229-236.

Ong, S.-A., Uchiyama, K., Inadama, D., Ishida, Y., Yamagiwa, K. 2010. Treatment of azo dye Acid Orange 7
containing wastewater using up-flow constructed wetland with and without supplementary aeration.
Bioresource Technology, 101(23), 9049-9057.

Ouellet-Plamondon, C., Chazarenc, F., Comeau, Y., Brisson, J. 2006. Artificial aeration to increase pollutant
removal efficiency of constructed wetlands in cold climate. Ecological Engineering, 27(3), 258-264.

Pdldvere, E., Noorvee, A., Karabelnik, K., Maddison, M., Nurk, K., Zaytsev, I., Mander, U. 2010. A case study
of the performance of pilot scale light weight aggregates (LWA) based hybrid soil filters in Estonia.
Desalination, 250(1), 361-367.

Platzer, C. 1999. Design recommendations for subsurface flow constructed wetlands for nitrification and
denitrification. Water Sci. Technol., 40(3), 257-263.

Poach, M.E., Hunt, P.G., Reddy, G.B., Stone, K.C., Matheny, T.A., Johnson, M.H., Sadler, E.J. 2004. Ammonia
volatilization from Marsh—-Pond—Marsh constructed wetlands treating swine wastewater. J. Environ.

14



Qual., 33(3), 844-851.

Reed, S.C. 2000. Land treatment systems for municipal and industrial wastes. McGraw-Hill, USA.

Saeed, T., Sun, G. 2012. Areview on nitrogen and organics removal mechanisms in subsurface flow constructed
wetlands: Dependency on environmental parameters, operating conditions and supporting media.
Journal of Environmental Management, 112, 429-448.

Serrano, L., de la Varga, D., Ruiz, 1., Soto, M. 2011. Winery wastewater treatment in a hybrid constructed
wetland. Ecological Engineering, 37(5), 744-753.

Soroko, M. 2007. Treatment of wastewater from small slaughterhouse in hybrid constructed wetlands systems.
Ecohydrology & Hydrobiology, 7(3—-4), 339-343.

Stefanakis, A.l., Tsihrintzis, V.A. 2009. Effect of outlet water level raising and effluent recirculation on removal
efficiency of pilot-scale, horizontal subsurface flow constructed wetlands. Desalination, 248(1-3), 961-
976.

Sun, G., Gray, K.R., Biddlestone, A.J., Allen, S.J., Cooper, D.J. 2003. Effect of effluent recirculation on the
performance of a reed bed system treating agricultural wastewater. Process Biochemistry, 39(3), 351-
357.

Sun, G., Zhao, Y., Allen, S. 2005. Enhanced removal of organic matter and ammoniacal-nitrogen in a column
experiment of tidal flow constructed wetland system. Journal of Biotechnology, 115(2), 189-197.

Tang, X., Huang, S., Scholz, M., Li, J. 2009. Nutrient removal in pilot-scale constructed wetlands treating
eutrophic river water: assessment of plants, intermittent artificial aeration and polyhedron hollow
polypropylene balls. Water, Air, and Soil Pollution, 197(1-4), 61-73.

Tanik, A. 2010. Wastewater as resource. Scientific research publishing, CA. USA.

Tanner, C.C., Sukias, J.P.S., Headley, T.R., Yates, C.R., Stott, R. 2012. Constructed wetlands and denitrifying
bioreactors for on-site and decentralised wastewater treatment: Comparison of five alternative
configurations. Ecological Engineering, 42, 112-123.

Tao, W., Wang, J. 2009. Effects of vegetation, limestone and aeration on nitritation, anammox and denitrification
in wetland treatment systems. Ecological Engineering, 35(5), 836-842.

Tungsiper, B. 2009. Nitrogen removal in a combined vertical and horizontal subsurface-flow constructed
wetland system. Desalination, 247(1-3), 466-475.

UNEP. 2000. Overview GEO 2000: global environment outlook, United Nations Environment Programme
(Kenya).

\Voeks, R.A., Rahmatian, M. 2004. The providence of nature: Valuing ecosystem services. International Journal
of Environmental and Science and Technology, 1, 151 —163.

VWmazal, J. 2007. Removal of nutrients in various types of constructed wetlands. Science of The Total
Environment, 380(1-3), 48-65.

Vymazal, J. 2013. The use of hybrid constructed wetlands for wastewater treatment with special attention to
nitrogen removal: A review of a recent development. Water Research, 47(14), 4795-4811.

Vymazal, J., Kropfelova, L. 2015. Multistage hybrid constructed wetland for enhanced removal of nitrogen.
Ecological Engineering, 84, 202-208.

Vmazal, J., Kropfelova, L. 2011. A three-stage experimental constructed wetland for treatment of domestic
sewage: First 2 years of operation. Ecological Engineering, 37(1), 90-98.

Wallace, S., Higgins, J., Crolla, A., Kinsley, C., Bachand, A., Verkuijl, S. 2006. High-rate ammonia removal in
aerated engineered wetlands. in: the 10th International Conference on Wetland Systems for Water

15



Pollution Control. Lisbon, Portugal.

White, K.D. 1995. Enhancement of nitrogen removal in subsurface flow constructed wetlands employing a 2-
stage configuration, an unsaturated zone, and recirculation. Water Science and Technology, 32(3), 59-
67.

Wu, S., Kuschk, P., Brix, H., Vymazal, J., Dong, R. 2014. Development of constructed wetlands in performance
intensifications for wastewater treatment: A nitrogen and organic matter targeted review. Water Research,
57, 40-55.

Zhang, L.Y., Zhang, L., Liu, Y.D., Shen, Y.W., Liu, H., Xiong, Y. 2010. Effect of limited artificial aeration on
constructed wetland treatment of domestic wastewater. Desalination, 250(3), 915-920.

Zhao, Y.Q., Sun, G., Allen, S.J. 2004. Purification capacity of a highly loaded laboratory scale tidal flow reed
bed system with effluent recirculation. Science of The Total Environment, 330(1-3), 1-8.

ES R &{% » 20090 RF B LD BN A LIBRFREREFY AR I F S FER(F AT R
27(1) » 6-10

s mgae s MiGAH ~IERAZF g 2020100 A1 RFHZ LSRG A TIRE T E T
F2RE 2010 BAGERIEFE P EANRERE LT € o

16



17



i 1 = gL,

Theme Number: 1l Sub-topic: _Advances in Water & Wastewater Treatment

Pollution degradation in constructed wetlands with artificial aeration and internal
recirculation

Jih Ming Chyan #*, Chien Jung Lin 2, Wen Xue Zhuang 2, Floradelle Aboga Vega ®, Rose Marie O. Mendoza °

a Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science, Tainan 71710,
Taiwan (E-mail: mjmchyan@mail.cnu.edu.tw;_cjlin@mail.cnu.edu.tw; love83720@gmail.com)

b Department of Environmental Science and Engineering, Adamson University, Ermita 1000 Manila, Philippines (E-mail:
efav_2012@yahoo.com.ph; rosey1926@gmail.com)

*Corresponding author
Jih Ming Chyan, Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science,
Tainan 71710, Taiwan (E-mail: mjmchyan@mail.cnhu.edu.tw)

Abstract

The pollutant removal efficiencies of a constructed wetlands (CW) has been constrained because of low
oxygen transportation for a long time. Artificial aeration inevitably became an effective modification for
improving the pollutant removal efficiencies. However, higher dissolved oxygen depressed the denitrification
process which mainly recognized as the main removal mechanism responsible for the nitrogen contained
pollutant. In this study, a modified system including artificial aeration and internal recirculation was embedded
in a horizontal subsurface flow (HSSF) CW (CW-A). An aerobic environment isolated from the other anaerobic
area was simultaneously formed in the same reaction tank, which implies a more integrated solution of
pollutant removal. A control system (CW-C) with the same dimension was also established. The aquatic plant,
Hydrocotyle verticillata Thunb., was planted in both HSSF CWs. The inflow came from the sewage system of
university campus mixed with the wastewater from an industrial area nearby. The parameters of water quality;
biochemical oxygen demand (BOD), ammonia-nitrogen (NHs-N), total Kjeldahl nitrogen (TKN), nitrite-nitrogen

(NO2"-N), nitrate-nitrogen (NO3s-N), total nitrogen (TN) and total phosphorus (TP) were used to evaluate the

pollutant removal efficiencies of both system. Based on the experimental results, it showed that the average
removal ratios of BOD increased from 59.1 % (CW-C) to 79.0 % (CW-A). The average removal ratios of
NHs-N, TKN, and TN for CW-A were 98.7%, 91.3%, and 70.2 %, while those results for CW-C were 15.3 %,
19.5%, and 20.7%, respectively. It implies that artificial aeration and internal recirculation could effectively
improve the removal efficiencies of BOD and nitrogen included pollutants. However, no significant influence
on the removal of TP was observed. The effect of the recirculation ratio (Qrc) between flow rates of the
influent and recirculation on the pollutant removal were investigated and no significant difference was found in
the results of Qrec =3 and Qrec =29.1. These confirm that this innovative revision in this work could totally
improve the removal efficiencies of BOD and nitrogen in HSSF CW.

Keywords: Horizontal subsurface constructed wetland, Artificial aeration, Internal recirculation, Biochemical
oxygen demand, Ammonia-nitrogen, Total phosphorus

Fig. 1. Laboratory setup of HSSF CW with artificial aeration and internal recirculation.

Fig. 2. Concentration variations of BODs in; (A) CW-A, (B) CW-C.

Fig. 3. Concentration variations of NHs-N, TKN, and TN in; (A) CW-A, (B) CW-C.

Fig. 4. Concentration variations of TP in; (A) CW-A, (B) CW-B.

Fig. 5. Comparisons of BOD concentration with different recirculation ratios: (A) Qrec =3, Qrec =29.1
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To purify wastewater from different pollution sources, an ecosystem
including 3 tanks of sedimentation, aeration, internal recirculation
and aquatic plant, and post aeration and adjustment were designed
in this work. An innovative and integrated function was composed
of contact aeration, internal recirculation, and purification by
subsurface flow and aquatic plant which removed pollutants by
biological, physical, and chemical mechanisms. Organic pollutant,
nutrient, suspended solid could be effectively removed. This system
was especially recommended for the treatment of aquaculture and
domestic wastewater. Due to their low cost in construction and
maintenance, easy operation, this system possessed high potential in
commercial market.
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(2) Rk 2 (Wastewater treatment)

(3) R & a2k si(Hybrid treatment systems)

(4) 378~ 4 3 o JI2 (Treatment of emerging pollutants)
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(6) # ¢ % 32 (Concentrate management)
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(4) #8221 %= -kdZ(Municipal and industrial effluent treatment)
(5) &k IR % (Sludge processing and disposal)
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Pollution degradation in constructed wetland with intermittent aeration and rectification

Jih-Ming Chyan 2*, Chien-Jung Lin 2, Yueh-Jun Li &, I-Ming Chen 2

a Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science, Tainan 71710,
Taiwan (E-mail: mjmchyan@mail.cnu.edu.tw; cjlin@mail.cnu.edu.tw; liyc8283@gmail.com; imchen@mail.cnu.edu.tw)

*Corresponding author
Jih-Ming Chyan, Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science,
Tainan 71710, Taiwan (E-mail: mjmchyan@mail.cnu.edu.tw)

Abstract

In this study, an intermittent aeration with rectification system and a bio-gravel wall installed at the end of CW
were used to in a free water surface (FWS) CW to improve the removal of pollutants. The flow rectification
system was designed to depress a negative effect of the turbulence induced by aeration. A FWS CW (CW-A)
only planted with cattail was established as a control system whose experimental results could be compared
with those results of CW-B with aeration, rectification and bio-gravel wall. The emergent plants, cattail, are
planted in both FWS CWs with the same dimension and influent conditions. The inflow comes from the
sewage system of university campus. From the experimental results of first stage whose hydraulic loading and
average influent concentration of biochemical oxygen demand (BOD) were 0.15 m/d and 7.02 mg/L,
respectively, it showed that, for a continuous aeration, the average removal rates of BOD, ammaonia-nitrogen
(NHs-N), total Kjeldahl nitrogen (TKN), and total phosphorus (TP) of CW-B were 52%, 92.1%, 90.2%, and
16.6%, respectively, while the corresponding results of CW-A were 10.8%, 48.7%, 57.9%, and 14.8%. The
continuous aeration did effectively increase the removal efficiency of FWS CW except that the average
NOs™-N concentration in the effluent of CW-B was 8.53 mg/L. In CW-A, it was only 0.69 mg/L. As for the
second stage, the aeration of CW-B was operated from 09:00 to 17:00 and no addition aeration was supplied
at the rest period. During this experimental period, the average removal rates of CW-A were -8.8% for BOD,
12.5% for NHs-N, 26.2% for TKN, -3.9% for TP, respectively, while the corresponding results of CW-B were
20.5%, 22.6%, 37.0%, and -22.1%. The intermittent aeration obviously depressed the positive effect of
aeration on the removal of BOD, NHs-N, TKN, and TP, however, NOs™-N in the effluent of CW-A and CW-B
were only 0.11 mg/L and 0.12 mg/L, respectively. In the third stage, the results of hourly monitoring program
showed that NOs™-N in CW-B decreased to a stable level 8 hrs later after the aeration ceased. It implies that
the optimum period without aeration was 8 hrs.

Keywords: Free water surface constructed wetland, intermittent aeration, Rectification, Biochemical oxygen
demand, Ammonia-nitrogen, Total phosphorus

Fig. 2. Laboratory setup of FWS CW with intermittent aeration and bio-gravel wall.
Fig. 2. Concentration variations of BODs in; (A) CW-A, (B) CW-B.

Fig. 3. Concentration variations of NHs-N and TKN in; (A) CW-A, (B) CW-B.

Fig. 4. Concentration variations of TN in; (A) CW-A, (B) CW-B.

Fig. 5. Hourly variations of DO, NHs-N, and NO3z™-N concentration in CW-B.

Fig. 6. Concentration variations of TP in; (A) CW-A, (B) CW-B.

Table 1. Statistic results of BODs in; (A) CW-A, (B) CW-B.

Table 2. Statistic results of TKN, NHz-N, NO>,™-N, NO3z™-N, and TN, in; (A) CW-A, (B) CW-B.
Table 3. Statistic results of TP in; (A) CW-A, (B) CW-B.
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Pollution degradation in constructed wetland with artificial aeration and bio-gravel

Jih-Ming Chyan 2*, I-Ming Chen 2, Ming-Hsiu Yu 2, Chien-Jung Lin 2

a Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science, Tainan 71710,
Taiwan (E-mail: mjmchyan@mail.cnu.edu.tw;_cjlin@mail.cnu.edu.tw; liyc8283@gmail.com; imchen@mail.cnu.edu.tw)

*Corresponding author
Jih-Ming Chyan, Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science,
Tainan 71710, Taiwan (E-mail: mjmchyan@mail.chu.edu.tw)

Abstract

An artificial aeration and a bio-gravel wall are installed in a free water surface (FWS) constructed wetland (CW)
to improve the removal of pollutants in this study. The bio-gravel wall not only plays a rectification system to
depress the negative effect of the turbulence induced by aeration but offers a microbial system with fixed film
to increase pollution degradation performance. A FWS CW (CW-A) only planted with a cattail was established
as a control system. When compared with the results of CW-A, the performance of the experimental system
(CW-B) with aeration and bio-gravel wall can be investigated. The cattail are planted in both FWS CWs with
the same dimension and influent conditions. The experiments based on an inflow of campus wastewater
includes 2 stages with hydraulic loadings (HL) of 0.148 m/d and 0.066 m/d. From the experimental results of
first stage whose average influent concentration of biochemical oxygen demand (BOD) was 7.23 mg/L, it
showed that, for a continuous aeration, the average removal rates of BOD, ammonia-nitrogen (NHs-N), total
Kjeldahl nitrogen (TKN), and total phosphorus (TP) of CW-B were 66.8%, 97.3%, 94.1%, and 22.4%,
respectively, while the corresponding results of CW-A were 5.3%, 35.2%, 42.0%, and 11.6%. The continuous
aeration did effectively increase the removal efficiency of FWS CW except that the average NOs;™-N
concentration in the effluent of CW-B was 9.46 mg/L. In CW-A, it was only 0.54 mg/L. As for the second stage,
the HL of CW-B decreased from 0.148 m/d to 0.066 m/d. During this experimental period, the average
removal rates of CW-A were -0.8% for BOD, 80.5% for NHs-N, 76.2% for TKN, 26.1% for TP, respectively,
while the corresponding results of CW-B were 62.3%, 99.6%, 98.3%, and 23.2%. A lower HL obviously
increased a higher increase of the performance of CW-A than those of CW-B. However, NO3;™-N in the effluent
of CW-B was decreased from 9.46 mg/L to 3.75 mg/L. No obvious positive effect of aeration and bio-gravel
wall was found in removal of total phosphorous (TP) of FWS CW.

Keywords: Free water surface constructed wetland, Aeration, Bio-gravel, Biochemical oxygen demand,
Ammonia-nitrogen, Total phosphorus

Fig. 3. Laboratory setup of FWS CW with artificial aeration and bio-gravel wall.

Fig. 2. Concentration variations of BOD in; (A) CW-A, (B) CW-B.

Fig. 3. Concentration variations of NHs-N and TKN in; (A) CW-A, (B) CW-B.

Fig. 4. Concentration variations of TN in; (A) CW-A, (B) CW-B.

Fig. 5. Effects of aeration on relationships between influent loading rates and removal loading rates of BOD

and NHz-N in FWS CWs.
Fig. 6. Concentration variations of TP in; (A) CW-A, (B) CW-B.

Table 1. Statistic results of BOD in; (A) CW-A, (B) CW-B.

Table 2. Statistic results of TKN, NHz-N, NO,™-N, NOs™-N, and TN, in; (A) CW-A, (B) CW-B.
Table 3. Statistic results of TP in; (A) CW-A, (B) CW-B.
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International Conference on Challenges in Environmental Science &
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1.Jih Ming Chyan*, Chien Jung Lin, Yueh Jun Li, I Ming Chen, (2017)
“Pollution degradation in constructed wetland with intermittent aeration
and rectification”, Nov. 06-10, Kunming, People’s Republic of China.

2.Jih Ming Chyan*, | Ming Chen, Ming Hsiu Yu, Chien Jung Lin, (2017)
“Pollution degradation in constructed wetland with artificial aeration and
bio-gravel”, Nov. 06-10, Kunming, People’s Republic of China.
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s TRL I " A s e A
1. Jih Ming Chyan*, Chien Jung Lin, Shi Che Huang, Yueh Jun Li, | Ming Chen, Delia
B. Senoro, (2018), “Enhancing pollutants removal in free water surface constructed
wetland by intermittent aeration and flow rectification”, J of Cleaner Production, (SCI
2017 Impact factor: 5.651)

IvwmdHme 2 RWERY IR HD A ;; International Biodeterioration &

Biodegradation (SCI 2016 Impact factor: 3.562), # < F 4T ;

2. Jih Ming Chyan*, Chien Jung Lin, Ming Hsiu Yu, I Mlng Chen, (2017), “Pollution
degradation in constructed wetland with artificial aeration and bio-gravel”, (SCI 2017
Impact factor: 3.562).
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P B a R 2 F 2w fz (Resources & Wastes: Management and Recovery of
Materials and Energy) ~ 7 § & % @ 38 I# £ & 32 (Air Pollution: Prevention and
Treatment) ~ X 4 & -k #7 & 4 i /& (Sustainable Catchments & Renewable Energy) ~
i 2 A B AT 4 73 (Cleaner Production & Emerging Sustainable Practices) -
AR B B E 5 g %R i 22 R % (Appropriate Technology for Sustainability &
Climate Change Adaptation / Mitigation) ~ 2 ¥ A 27 2 = % ju ik $ = 2 (Soil
Sustainability and Contaminated Soils & Sediments) % ~ < AA %2 7 IR & ¥+
3
1.7% 5% 2 3 f H e * (Applications of Membrane Technology & Nano-

Technology) :

(1) -k z2 (Water treatment)

(2) Rk 2 (Wastewater treatment)

(3) R & 2k ¥i(Hybrid treatment systems)

(4) #7877 4 J2 (Treatment of emerging pollutants)

(5) ‘kFHRE I * (Water reuse)

(6) # ¢ % 1= (Concentrate management)

(7) ¥ &+ 4z(Resource recovery)

(8) % %3 (Environmental protection)

(9) i3 % F# i (Pollution prevention)
2.0k ¥ Bk LA A TR B ¥ e 22 (Water & Wastewater: Pollution Prevention &

Treatment) :

(1) £iE-k TRk 2 (Advances in water & wastewater treatment)

(2) 4k * -k 2 (Potable water treatment)

(3) = % % -k ~ % k&g -k 2 % i (Industrial, pure and ultrapure water

production)
4 ik ¢ 221 %= -k &2 (Municipal and industrial effluent treatment)
(5) 7k 2 E k% (Sludge processing and disposal)

(6) k=% 2 @R ¥ (Health impacts from water pollution)
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(7) -k~%% #2425 (Mitigation of water pollution incidents)
(8) k™% z it (Water pollution dispersion modelling)
TRE RPN P RS kR g =g v jz(Resources & Wastes: Management and
Recovery of Materials and Energy) :
(1) #F& 4 52 vic& g * (Recovery and recycling of materials and products)
(2) &3 425 & F iRz s k(Energy from waste and alternative resources)
(3) A + & £ (Waste minimization)
(4) A # 4 ¢ 1= . (Waste management: systems and processes for energy and

material recovery and waste treatment; disposal)

() HHER& 23 T AR+ ¢ 2 (Solid and Hazardous Waste Management)

(6) A 445 32 K3 ~ 4k (727 ¢ 12 (Landfill and waste repository design,
operation and management)

(7) 2 ¥4 v & { 41 * (Land remediation and recovery)

. g B #2 &2 (Air Pollution: Prevention and Treatment) :

(1) =g B(Methods and technologies)

(2) # 4= %2 4 F g 3 (Conversion of gaseous pollutants to biofuels)

(B) = F & & #HHi#(Cross boundary air quality and dispersion modelling)

(4) 7§ & %% 2 3gp1E ) (Prediction and mitigation of incidents)

(®) % F & % 2 i B ¥ (Health impacts of air pollutants)

CARK Bk L 4 5 R (Sustainable Catchments & Renewable Energy) -

(1) # -k 32 (Catchment Management)

(2) kFRATR 2" § K 7~ (Water Sensitive Urban Design)

(3) % = W T2 (Storm Water Harvesting)

(4) k=2 z FFHHciesE(Water pollution dispersion modelling)

(5) =7 ¥ i&(City Operations)

(6) 2+ Hkrz 4 i Jh(Biotechnology and bioenergy)

(7) B 4 ik si(Wetland eco-Systems)

_

(8) A it /& (Sustainable Energy)



(9) £ 2 & k2 AL s (Technical Advancements in Renewable Energy)
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(2) # 2 4 & 41* (Utilization of renewable materials)
(3) A M &% 4 7 5%(Sustainable consumption and green practices)
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(1) = ~ Hs(Low cost technologies)
(2) £]#7#(Innovative technologies)
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Pollution degradation in constructed wetland with intermittent aeration and rectification
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Abstract

In this study, an intermittent aeration with rectification system and a bio-gravel wall installed at the end of CW
were used to in a free water surface (FWS) CW to improve the removal of pollutants. The flow rectification
system was designed to depress a negative effect of the turbulence induced by aeration. A FWS CW (CW-A)
only planted with cattail was established as a control system whose experimental results could be compared
with those results of CW-B with aeration, rectification and bio-gravel wall. The emergent plants, cattail, are
planted in both FWS CWs with the same dimension and influent conditions. The inflow comes from the sewage
system of university campus. From the experimental results of first stage whose hydraulic loading and average
influent concentration of biochemical oxygen demand (BOD) were 0.15 m/d and 7.02 mg/L, respectively, it
showed that, for a continuous aeration, the average removal rates of BOD, ammonia-nitrogen (NHs-N), total
Kjeldahl nitrogen (TKN), and total phosphorus (TP) of CW-B were 52%, 92.1%, 90.2%, and 16.6%, respectively,
while the corresponding results of CW-A were 10.8%, 48.7%, 57.9%, and 14.8%. The continuous aeration did
effectively increase the removal efficiency of FWS CW except that the average NOs™-N concentration in the
effluent of CW-B was 8.53 mg/L. In CW-A, it was only 0.69 mg/L. As for the second stage, the aeration of CW-
B was operated from 09:00 to 17:00 and no addition aeration was supplied at the rest period. During this
experimental period, the average removal rates of CW-A were -8.8% for BOD, 12.5% for NHs-N, 26.2% for
TKN, -3.9% for TP, respectively, while the corresponding results of CW-B were 20.5%, 22.6%, 37.0%, and -
22.1%. The intermittent aeration obviously depressed the positive effect of aeration on the removal of BOD,
NHs-N, TKN, and TP, however, NOz™-N in the effluent of CW-A and CW-B were only 0.11 mg/L and 0.12 mg/L,
respectively. In the third stage, the results of hourly monitoring program showed that NO;™-N in CW-B
decreased to a stable level 8 hrs later after the aeration ceased. It implies that the optimum period without
aeration was 8 hrs.

Keywords: Free water surface constructed wetland, intermittent aeration, Rectification, Biochemical oxygen
demand, Ammonia-nitrogen, Total phosphorus

Fig. 1. Laboratory setup of FWS CW with intermittent aeration and bio-gravel wall.
Fig. 2. Concentration variations of BODs in; (A) CW-A, (B) CW-B.

Fig. 3. Concentration variations of NHs-N and TKN in; (A) CW-A, (B) CW-B.

Fig. 4. Concentration variations of TN in; (A) CW-A, (B) CW-B.

Fig. 5. Hourly variations of DO, NHs-N, and NO3z™-N concentration in CW-B.

Fig. 6. Concentration variations of TP in; (A) CW-A, (B) CW-B.

Table 1. Statistic results of BOD:s in; (A) CW-A, (B) CW-B.
Table 2. Statistic results of TKN, NHs-N, NO>™-N, NO3™-N, and TN, in; (A) CW-A, (B) CW-B.
Table 3. Statistic results of TP in; (A) CW-A, (B) CW-B.
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Abstract

An artificial aeration and a bio-gravel wall are installed in a free water surface (FWS) constructed wetland (CW)
to improve the removal of pollutants in this study. The bio-gravel wall not only plays a rectification system to
depress the negative effect of the turbulence induced by aeration but offers a microbial system with fixed film
to increase pollution degradation performance. AFWS CW (CW-A) only planted with a cattail was established
as a control system. When compared with the results of CW-A, the performance of the experimental system
(CW-B) with aeration and bio-gravel wall can be investigated. The cattail are planted in both FWS CWs with
the same dimension and influent conditions. The experiments based on an inflow of campus wastewater
includes 2 stages with hydraulic loadings (HL) of 0.148 m/d and 0.066 m/d. From the experimental results of
first stage whose average influent concentration of biochemical oxygen demand (BOD) was 7.23 mg/L, it
showed that, for a continuous aeration, the average removal rates of BOD, ammonia-nitrogen (NHs-N), total
Kjeldahl nitrogen (TKN), and total phosphorus (TP) of CW-B were 66.8%, 97.3%, 94.1%, and 22.4%,
respectively, while the corresponding results of CW-A were 5.3%, 35.2%, 42.0%, and 11.6%. The continuous
aeration did effectively increase the removal efficiency of FWS CW except that the average NOs;™-N
concentration in the effluent of CW-B was 9.46 mg/L. In CW-A, it was only 0.54 mg/L. As for the second stage,
the HL of CW-B decreased from 0.148 m/d to 0.066 m/d. During this experimental period, the average removal
rates of CW-A were -0.8% for BOD, 80.5% for NHs-N, 76.2% for TKN, 26.1% for TP, respectively, while the
corresponding results of CW-B were 62.3%, 99.6%, 98.3%, and 23.2%. A lower HL obviously increased a
higher increase of the performance of CW-A than those of CW-B. However, NOz™-N in the effluent of CW-B
was decreased from 9.46 mg/L to 3.75 mg/L. No obvious positive effect of aeration and bio-gravel wall was
found in removal of total phosphorous (TP) of FWS CW.

Keywords: Free water surface constructed wetland, Aeration, Bio-gravel, Biochemical oxygen demand,
Ammonia-nitrogen, Total phosphorus

Fig. 2. Laboratory setup of FWS CW with artificial aeration and bio-gravel wall.

Fig. 2. Concentration variations of BOD in; (A) CW-A, (B) CW-B.

Fig. 3. Concentration variations of NHs-N and TKN in; (A) CW-A, (B) CW-B.

Fig. 4. Concentration variations of TN in; (A) CW-A, (B) CW-B.

Fig. 5. Effects of aeration on relationships between influent loading rates and removal loading rates of BOD
and NHz-N in FWS CWs.

Fig. 6. Concentration variations of TP in; (A) CW-A, (B) CW-B.

Table 1. Statistic results of BOD in; (A) CW-A, (B) CW-B.
Table 2. Statistic results of TKN, NHs-N, NO>™-N, NOs™-N, and TN, in; (A) CW-A, (B) CW-B.
Table 3. Statistic results of TP in; (A) CW-A, (B) CW-B.
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