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W OB AR - A B A A R B SRR K R U L BRI S AR, R A A B T 3 A7 (Response surface methodology ,
RSM) H1[#) Box-Behnken H.0A1 5T (BBC) , RABERN HL A1) R L Ko i 2 S0 5 R i 28 0, A e 2R B3 o3 S i o (LT Je
B . MR ST 25 R, XS T COD L BR AR A 4142 16 P15 U 5 S 3R LU 48128 6.0 (m/m ) (IS4 2.0 L min™ BT 4R 20 A
HelE 750 mg- L7, LA COD £ BRE X 92% L) o X T B (Total nitrogen, TN) A 2555, 43R0 L5150 (m/m ) B H 1.5 Lomin™ . J)
AR AL 750 mg- LB, S BRAE AT iR e KAB (53%) o TR T AR ER A9 B, S 42F0 LU 1 6.0 (m/m) (W< 1.5 Lemin™ HIIRE
FHE 600 mg- L7 A, I8 96 h I AT IEF 100% 1Y L BREE . i — 25X A Wi A & 9, B0 46 45 14043 A W< 1.5 Lemin™ 4]
R AR 900 mg- L AN HL B 4.0 (m/m) SRS A 1.0 Lemin™ WA 2 E IR IE 750 mg- L 250 HL A5 4.0 Gm/m) B, B 25 ) 2k =
T, LIRS 1.63~1.64 g- L' WFSEFRIWT i aek w57 A1 AT DAL AL e i L AR AR R & & FR B K AR R 120 0 XEFOR TR Y B A
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SRR VK UR L LD I 5 35 8 FR0H P /K s S DA A 5 3 SR Tl A s e o T 7%
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Optimization of microalgae—bacteria symbiosis system for the advanced treatment of livestock wastewater us-
ing response surface methodology

ZENG Hui—qing, LIU Qiang, XIAO Cong-liang, GUO Yuan—tao, SUN Sheng—jin, XIN Jia—qi, LI Kun”

(School of Resource Environment and Chemical Engineering, Nanchang University, Key Laboratory of Poyang Lake Environment and Re-
source Utilization, Ministry of Education, Nanchang 330038, China)

Abstract: In order to achieve the optimized parameters for nutrient removal from livestock wastewater using the microalgae—bacteria symbi-
osis system, the Box—Behnken central combination design (BBC) of response surface methodology (RSM) was used. The selected experi-
mental variables were inoculation proportion (IP), aeration rate (AR ), and initial ammonium nitrogen (NH;=N) concentration and the re-
sponse value was pollutant removal efficiency (RE). The results of RSM showed that the optimal conditions for chemical oxygen demand

(COD) removal were: activated sludge to microalgae IP at 6.0(m/m), AR at 2.0 L-min™" and initial NH;=N concentration of 750 mg L.
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with the highest COD RE over 92%. For total nitrogen (TN ) removal, the best RE of 53% was achieved when IP was 5.0(m/m), AR was 1.5
L+min™', and initial NHi=N concentration was 750 mg-L™". For phosphate removal, the RE reached 100% in 96 h with the IP at 6.0, the AR

at 1.5 L-min"', and the initial NHi=N concentration of 600 mg- L. Further testing on biomass production showed that the highest yield of
microalgae(1.63~1.64 g-L™") was achieved with AR at 1.5 L+-min™', initial NH{~N concentration of 900 mg-L™, and IP at 4.0(m/m) or AR
at 1.0 L+min™", initial NH:~N concentration of 750 mg- L™, and IP at 4.0(m/m). The results showed that RSM could be utilized for the opti-
mization of livestock wastewater treatment by the microalgae—bacteria symbiosis system. There were different optimal parameter combina-
tions for different targeted pollutants. Considering all parameters that influence the pollutant REs, the optimized parameter combination can
be selected. The microalgae—bacteria consortia harvested from the wastewater treatment process can be further utilized as biomass resourc-
es, which will bring good economic value and further raise the application prospects of the process.

Keywords: advanced wastewater treatment; livestock wastewater; microalgae—bacteria symbiosis; nutrient salts recovery; response surface

methodology

BB IR K R SRR R E IR LR (R A
SO ARG A B AL B HEA A SRKIRET, 22 2L
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PRI L EAMEREK PR ESRY . L5
V5 Yk B AR nT LAAT R KA Ak 15 K P A B , (ELHCE
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A P SR LK R W e 5 Rl ) e A o 2R M A
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AT U P OB R — R BT R 9 . BN —
MOLE BFRAY), A R AP RIS R i
i SRR L AR O AR R R DEOT A I 5 i
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UTAESRAT WEFE ], T Gl 15 6 1k 5 T P A R
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VFZERATC, Wik, o s A R R 25 e+
TrahEE W I E R R I E RN KA R TR A
RHE L L] 5 Tang S8 1 5 N ZA TR W50 %

B1,0.2 Lemin™ (253 J2 ¥ & 1K R I 75 19 e AR g <
i A AR I S R B, S S A IRV R 550 mg - L
i, K P A PR E R, 18 $1) 252.56 mg- L, 24
WG 2 A R 850 mg - L7 IR, PR 7K Hh 2 0T U A /)
14 150.70 mg - L7 Su S I ST 46 HY L 245 e 5 0
TGUFERN LR 521 Cmsm ) F, 95 T FE % 5 o 117 B
K R R 2% B R GR I R K E L BR R AR
93.5%+205% .91.0%+7.0%. H T, K&/ 5E 18 L
DR 220 A0 TR AL AR PR R BV E S8, A R
{14 Jey B T M) 7 AT 43 BT A2 A 2R i 7 LA S — A
ZAHR R R EL, 12 FETE H A X R R B0 R B
HOk, DLBERIFSE 38 R AR A S B g 1 1T i)
IR A, 3 g 7 7 L R 200 Aty b A T Ak
BSPRTE, i AWFIEAS IR S 8040 A vb R 28 R B S
HAPAHRAN S G AR P BTG R R 2 [0 47 7E
AHEL S, D A AR P i o T 92 2 A IR B R 5 B HL S B

AR S 3 FH S 56 5 1 I K v O S 1 /N BR g
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6 BTG K K FEEA T UL B, 2 BR T K Hp () 50k ) F1
ZR S5, R R B A R A T, A TR R .
4 000 g 5.0 10 min 23 R KA 20 8 B2 PR R , 71
TR T 0.45 pom TE AR (BE RS 2T 4R RE, Wl ) 1 0
DATINE 25 B 15 K Hh B ANV P i T A . Tk 3 5 7K
FEFEA T K BT dR AR 2 , 145 COD \NHi-N TN .PO% P,
TP .pH &, HLARIINE 25 R DL 3 1. 3R 1 Bl T
AL BB B KPR EZE AR WA, I
WPy (588.76+14.59)mg - L7, i W i = B AFETE X
JIE PR ER , vk BE O (332.592+0.249 ) mg - L', 757K
H COD H(607.89+4.55)mg- L™, pH{E } 7.95+0.01 .

R 1 EIEHLEARKRFFE

Table 1 The characteristics of digested swine manure wastewater

JK T B Water quality index & Concentration

COD/mg-L™! 607.89+4.55
NH;-N/mg- L™ 588.76+14.59
TN/mg- L™ 636.92+0.24
POY-P/mg- L™ 32.592+0.249
TP/mg- L 39.0120.00
pH 7.95+0.01
A1 5% /mS - em™ 5.63+0.21
@ /PCU 907.00+2.14
ME/NTU 205.20+2.51

1.2 EEmSELT RS

TR < 10 T P s 5 0 Ay i 03X MBS 305 U
T A s Al Ak T A5 B (1 — Ak /NBRE (Chlorella vulgar-
is, g5 A NCU-C1) , HxH 5 K i 2 2R R
HLA R A3E W 38 AR A58 14 AR K Btk
Bl PR SR TAP KR FR BRI BG-11 K557 5, &
Loy WA B SR B B - W46 U5 £k Y BE, 3 ] TAP 85
FEIE AR IS R4 (30 C) 5 3%, L IESR 3 000~
3500 Ix, 5535 & ODeso (HZ N 1; 9 KRG IR BE, 2 )
BG-11 537 51, 788 X564 4 e i #% (Photobioreac-
tor, PBR)™H 15 3% (& 1), B FR IR Ry 30 C(H =
IR, IR S S 14 WY LED 4145, J6 98 & 4 500~
9000 Ix(#56~112 wmol-m™-s™), BEXE0.1m* -m>-
min™", T LR S AR H COL & & 0.058% (m/m) , MG
260.45 wm JE ML I FIE AR A PR e A i
K% % ODsso 8 0.6~1.2 J7 , PR H T )5 2275 /K Ab R
R

TP TE  aA F A E E V5 U8 S B = R
TR, X & & FR At K BLAT RAFIE v o 16 TS

Ve YIE R F 2 S NAE 8 IR S5 Ve DA b 480
PEVG IR, A 5815 K AL BRI ES , 355 92 251 h . R
B2 Lemin (R, HRETHREL 24 ¢- L', {51
TR L (SVa0) N 10%~20% .,
1.3 RIEEKE

A 58 T S0 00 % 4 2 0 A S O6 AR Y RN A
(PBR)FFJ& M HA 7 d A5 K b 5, 24 B & B 4
B, B S N A S TAERELA 1 L(E 500
mm, N2 60 mm, & BEJE 2 mm) , Hl4EH BT Rk iE Sk
RAFI AR 3, LA B m i id g, e i i
VR R SR HE 2R A LED 4748 (14 W) 241
H2H A e KOG AT 35 9 000 Ix, 1636 5% F 09 % J&1 451
12 h/12 h B E R M o = R L (0TS -
600, M), 38 i ZALZHRR 2 A B4 A
3 A T R S A T R R, TR R A gk
B N 1 mm, A E A SRR NV TE 20N
JN A RS R TR, $2 i 28 S RS Ak
FEIR AW P AL SRR, T B8 i 1R 3R P i A= v 41
SR AR R RCR

IDI&%%
Ek S (N1 mm)
(0.45 um) | | — %
/1\
Il 1 tEpsrag1a w)
[ h o I A
(8 mm) |
g
()
[ | 2
i ol
SRS oll®
o|lo
OIO
(e
IR A

6 cm

1 R REREE

Figure 1 Diagram of experimental apparatus

1.4 Mo Rz Eik 5e & it

ET AT A Us (FUR L Rl ), Ak
6 K FH I 137 TT 9% 7 Box—Behnken H .Uy 2H A3 3 7
TGS , A YIS 32 ARG AL P H ARk A A PR X6
PR R 2, RS T 3/ X KR P I S
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R E S B R (Aeration rate, AR) HJ IR 2 A
e FE (NHI-N) (%59 L ] (Inoculation proportion, IP) .
UL AT B B, B A 3 [ 3k T
Hb gk, Wk 2.

&R 2 Box—Behnken iR I8 & F % 58 & 7K F
Table 2 Codes and levels for testing variables of

Box-Behnken experiments

EES e it K-F Levels
Variables Code —1 0 1
B2 /L min™! A 1 1.5 2
SRR E /mg - 1 B 600 750 900
FEF LA (mim) C 4 6 8

SRR A ) el G L AP X 38 T e A A RS2 g
R FE UG BB, 8 S I AR S A LR T i R
1000 mg- L' I ZR i K P35 B ks i i i
TE VR A 5 30 A A o e R A MR 5
SRR 1 g LTSRSl 2o O T RS 8 S o O o
JHAE R LB, He N, | LR R AR R RN 0.8 o (T IR
TGRS 0.2 g (T B8 ) s , LA R0 e filic
4.0, HoAAREAS £ K2 R E E <R EE 30 C(XE
Z2 i) IR 4 500 Ix, JEME H 12 h/12 h, pH
7.95~8.21,

1.5 St A&

KRG« BGE B KAE , 800 0.45 m SERE LT E
ARSI T3 2 ORI 2 K W 43 BT 7 3 )1« SR
g [ 23 66 I 24 A (NHE-N) | >R FH B 2o o
PR BT i 25 A0 43 D6 6 BE A R (TND |, SR AR R 31
A3 G HE B IE B R £R (POY—P) , K FH 3t Bt R4 T it
PHIR R 43 0606 B Rk I S (TP) |, WO R 143060t
FE1H(DR6000, HACH, US) Kl . k2% 4 1 (Chem-
ical oxygen demand, COD ) % FHBR-E 7 f# 2 (HJ/T 399—
2007 ) W E"e!, LA IR Hy - 1 4 e il ke VR A a7
R 94 f# 4 (HACH, US) " il A 1.0 mL B 4% R £ %
AR R ARIE I (2+1) LA I 4.0 mL B BRAR — B BR VA W
SRIG A 2.0 mL AR If 47 B 36, & T (165«
2)°Chn #ds s R BT A 1S min, T AR SE S
BHORHEZER, (600£20) nm P TG T
@ DY (Il

p(COD)=n[k(As-Ab)+a] (1)
K :p(COD) MKFECODIE , mg- L7 sn A/KFERG BEAS
Bk MRHEM R B , mg- L' 175 As il 2 1Y

WA 5 Ab o 23 AR I E A IO BEAEL s o A T

HH AR, mg - L'

O AR ) R A < 4 R a SRS R I T,
5.0 mLIBS WS T 10 mL 2.0, SR 5 4000 g 55
> 10 min(TDL5A , % 28{ 4% ) , 7 & BIFIREA 5.0
mL JE/K F S, FESREDE 25 A4 1 I 10 TR 5 2 Bk 5 B2
5 min, $2IGEEE ST 4 000 g 250 10 min B V5
DL EE 2 H, 7E 653 nm F1 666 nm I IR
A AL Q) EMN SR a &, il R 1
Ot T R I K a th R s T R, AR
(3),

C 11=15.65%0Dess—7.34X0Dss3 (2)

C#=(13.152xC4~0.318 7)/1 000,R*=0.998 9 (3)
K : Cop WML R aWR B, mg-L7;0D, 8 A4 (nm)
AR 5 C o MM T it g L'

M) 157 1T 548 53 B < K1 Design expert 8.0.6 3443
. B 45ei%it Box—Behnken H.02H A3 56 1% 135, %
B 20 6 1) ) 1 AELAR A SRS KR AT Transform 43
Hr . Tit Sumary 434 . Model 434 L ANOVA (J5 22434 )
Diagnostics 431 . Model Graphs 4347, il 15 ANOVA 43
Brel A5 2] Z 3k [\ L5 7 B8 5 B 2 8 2 Model
Graphs 43 Hr A 45 21 3D 5 - T Wi L/ 17T

2 #ER5iTie

2.1 Na Rz Eig itk 5 m Az &

A 5% F Tl Box—Behnken H 0y 20 515 1 7 18 %)
SR TR R A T 17 21, 34N R E 34K
F(-1.0.1) 9 COD 24 & (NH;-N) TN 1 TP [ W Ji
fE 4N 3 fir7n, 31 FH Design expert 8.0.6 214X £ 17k
15 R EH A AT 5 2253 BT (ANOV A) 21 H i gk
g5 g RlH 5y B A 3R 4 B

SRR BEA T 7 25 004, FE TR R B A T B

i (F4), TS R BN, TN 2R3 TP 2 fR
R TN HT 96 h BB PAE /N T 0.05, A A
T 4 2 [ e i A Y ) RAAE M4 00 1, W I6 %L
it 5 BB A PR , Rt T R R R 43T
A HAER . Hofth Al 2 PR 78 o] 3 5 5 bk 5
M JEL I S P R 2R w4 6 S PR DR A T 40 A, HLAR 4y
Hri 2.2,

2.2 MR E S Hrds R

R8s 5 A5 TR 3 A7 25 T5] 3% 5 A P T o) o7 {1 ) J
S A3 X [ U 2w X L 1 i) TR A T 40T
PRITAS A L) =t D W) i 2 AR 9 52
LR A8
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%3 Box—Behnken /LA &R I IE T SR EiR 45 R
Table 3 Box—Behnken design(BBD) and experiments results of the RSM analysis
[H % Variables Wi 37 {Ff Response/%
A= - N [
Phal WO WA BMIE oD MR mmamk CODJSh Rk @Rsoh g
AR/L-min NHi-Nfmg-L* IPGmim)— RE- - NHENRE - INRE 00060 g NHi-N 96 h RE TN96h RE TP 96 h RE
1 1.5 900 4 91.34+0.15 77.04+0.59 52.34+3.39  81.05+0.07 71.66+2.98 30.82+1.13  97.75+0.61
2 1.5 750 6 91.05+0.04 67.14+0.45 44.32+1.92  92.37+0.07 53.54+4.77 33.28+0.79  73.99+0.05
3 1.5 600 8 91.96+0.18 82.04+0.89 18.53+3.38  92.34+0.36 68.93+2.39 20.50+3.84  97.83+0.12
4 2 750 8 92.86+0.15 69.30+0.89 37.57+1.69  92.23+0.26 47.60+1.49 31.13+5.76  84.78+0.13
5 2 600 6 93.22+0.26  69.27+1.19 46.56+0.45  89.23+0.11 55.25+1.79 46.88+3.16  97.89+0.36
6 1.5 750 6 91.17£0.26  67.26+£0.59 45.43+1.36  92.46+0.33 46.47+0.30 30.90+2.71 68.31+£1.09
7 1.5 750 6 93.10+0.11 67.93+1.19 46.87+1.58  92.09+0.07 50.41+5.25 38.50+2.03  66.02+0.05
8 1.5 900 8 90.65+0.33  74.86+0.01 44.03+0.79  78.12+0.11 56.42+0.59 39.88+0.90  98.19+0.10
9 1.5 600 4 92.04+0.11 85.91+1.07 47.00+2.26  91.76+0.51 72.78+1.43 50.51+1.58  97.82+0.10
10 1 750 4 90.46+0.07 69.71+£0.00 37.62+4.07  92.90+0.11 44.81+0.89 29.96x1.13  65.37+0.85
11 1 600 6 92.44+0.26 72.81+0.01 44.67+0.90  84.08+0.15 70.16+2.09 45.17+1.81 97.19+0.49
12 2 900 6 93.71+0.15 78.13+1.34 50.04+1.69  85.20+0.18 61.53+0.75 35.81£5.76  98.52+0.05
13 1 750 8 89.89+0.11 70.96+0.24 33.82+4.07  92.80+0.15 50.22+1.07 31.26£0.45  61.89+0.19
14 1 900 6 92.24+0.14 79.70+0.30 53.34+2.48  84.85+0.07 63.23x1.19 19.79£0.90  98.54+0.48
15 1.5 750 6 93.05+0.18 68.50+0.12 46.64+1.81  91.79+0.04 51.20+3.34 39.03+2.48  74.00+0.17
16 2 750 4 90.21+0.18 74.06+0.89 45.83+2.94  92.92+0.15 57.23+0.89 41.81+4.29  53.64+0.49
17 1.5 750 6 90.90+0.04 68.97+0.30 48.03+0.45  92.06+0.11 50.22+0.75 40.23+1.13  74.13+0.05
H:REFRERRFE, TR,
Note: RE represents removal efficiency. The same below.
R4 WMEEHESH
Table 4 ANOVA results for the RSM
M) 17 TR 1 A B R’ FAE P1E B
Response Fitting equation of quadratic regression df  R-Squared F-value P-value Significant
COD RE  91.85+0.62A-0.22B+0.17C+0.17AB+0.80AC-0.15BC+0.20A+0.84B*~1.20C* 9 0.694 7 1.77 0.2320 not significant
NHi-N RE 67.96-0.30A-0.038B—1.20C+0.49AB-1.50AC+0.42BC—-0.97A’+7.99B°+4.02C* 9 0.7320 2.12 0.166 5  not significant
TN RE 46.26+1.32A+5.38B-6.10C-1.30AB-1.11AC+5.04BC+0.31A’+2.08B*~7.86C* 9 0.860 6 4.80 0.025 3 significant
TP RE  1.65+0.87A+12.07B+3.20C+3.99AB+2.02AC+3.10BC+1.37A’+76.94 B*-1.00C’ 9 0.998 8 656.70  <0.000 1 significant
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Figure 2 Response surface graph with COD removal efficiency as response value
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Figure 3 Response surface graph with NHi=N removal efficiency as response value
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Figure 4 Changes of NH; =N concentration with time in different experimental groups
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Figure 5 Response surface graph with TN removal efficiency as response value
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Figure 6 Response surface graph with TP removal efficiency as response value
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Figure 7 Changes of microalgae biomass with time in different experimental groups
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