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Table 1 Water quality of centrifuged biogas slurry

2% Parameter WA Value
pH {H pH value 8.03+0.05
LR 15.51 +£0.74

Electrical conductivity/(mS-cm™)
MUE Turbidity/NTU
L COD
Chemical oxygen demand/(mg-L™)
EE TS
Total solids content/(mg-L™)

1011.40+11.32

1 620.10+£36.96

4 844.35+£73.95

% Ammonia nitrogen/(molL’l) 0.14+0.0047
ST TIC
.1940.
Total inorganic carbon/(mol-L™) 019500029
P4 >R
SIERTR VFA 0.011£0.0015

Volatile fatty acid/(mol-L™")

LRERGZE IO 200008 3HOERIN 4 MRRA IR S AZE
1.Rotary evaporation vessel 2.Condenser tube 3.Balloon flask 4.Low
temperature cooling liquid circulation pump 5.Vacuum pump

B ORERB R AR
Fig.1 Flowsheet of ammonia nitrogen separation from biogas
slurry using vacuum distillation method

1.2 RWAHE
WITFLEHT, 2 nl BB 0. 5. 10 15g/L

NaOH W 1iA#AI4E pH S 8.03£0.22. 9.98+0.19.
10.84+0.31 A1 13.14+0.25. AL 28 & IE ¥ 300 mL
LT pH BRIV, FEARIN 0.5 mL AR PR,
1E 5~20 kPa il 35~65 C A4 T 3T I B 28135 . ik
ST IR 5 RERE 10 min B 5 28 TRERE— IR, IEEE 728 K
HHECEE 5 mL VAW TR0, HE N S mL AR,
PRAUE R 48 1 72 AR B AR AN 52 HURE S o [R] B B HS B
PRI R PR R I AR o A VR EURE IS [R] 425 1 7F 1 min
DAV, EURE J5 4k B2 08 e 28 18 i 50 DL AR IE 58 R i 2
Ho 55 °CHl 65 CHM T, HTMBBAERER, &
FER% 5 min BURES> B FORR & I

I, SR NEE . KSR NaOH R4
SO E B R e, NG P A S BT =
K& TUKCF O IE 22 B Ak 536 1EY, Rae itk 2
Fime BANSHGT 3 IKEZ IR .
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Table 2 Designing of orthogonal test of vacuum distillation

R [X % Factor
Experimental JE T EH NaOH 7RIt
number Temperature/’C  Pressure/kPa  NaOH dosage/(g-L™")
1 35 (D 5 (D 0 (D
2 35 10 (2 5 (2
3 35 15 (3 10 (3)
4 35 20 (4 15 (4)
5 45 (2) 5 5
6 45 10 0
7 45 15 15
8 45 20 10
9 55 (3) 5 10
10 55 10 15
11 55 15 0
12 55 20 5
13 65 (4) 5 15
14 65 10 10
15 65 15 5
16 65 20 0
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PRIRAR B TR IR AR B 1), B ER 22 A
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WAL RS B, TR B AN 2 B BB 2, VB F NH;
WREEACR AR (1D gl

[NH, + NH; ]

1+1O4x10’?‘r3+9x10’5 7%-0.0356T+10.072—pH
K INH P B BHZIRE, mol/L; [NH3+NH, TN
WP BB, mol/L; T NIEWIRE, C.

N E R B R, I S bR AR AR

[NH,]= (D




517 CACEEE

HRIMEREIRE BT, FFRBAEEN—F
MEEh S E RO, () Frs. TR A AR
HRR AR AR LR, BRI AR SR R B 3 10— = B
N EHRKHAE R RRAR S E (mg) 1T
.
N, =N,-e™* (2)
o Ny RORWILEI ZVE R E S &, mg; N, RoR ¢ i
ZIRWE A E, mg; ¢ NIREZMEEE, h & AEA
DB RN I ERL R
W EE (b %t (3) i, R A& ERK
2L (1-e) REECNWILHE R 63%FTRESR (IR a), W]
FEAFIRRAS . 2 1R 2600 T I a gt AT e s A &
REBRE Gp MEE>EET SO ieRAA (4 fxt
(5) HATIHHE.
rzi: (3)
k
n::fY&IlYLxlooee, (4)

0

(Cy, 1C,
t (CNH3 /CHZO)f
Refr 5,365 1 MAMEENBET: Cy, F1G, o A%

7 NH; IR HyO fREE, mol/Ls p A1 f 93 IZRIRAE
JHeA 28 R L AN B v 10 HH 0 4 B I AL 200 S PR 1 o
il

ZH A, KA S,k LR VER X IEAS IR g 45
RAEAT 537

2 HBREHH

2.1 BEXRBIBEIREEN MR
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TR COy A FFEE T I, FEGHW pH EISAT LT+ 7R
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b. Ammonia nitrogen concentration and separation factor

TE: BENASC, JEJIN S kPa.
Note: The temperature was 45 ‘C and pressure was 5 kPa.
B 2 NaOH #Ansf i3 am /B FAB R AR F M
Fig.2 Effect of NaOH dosage on ammonia nitrogen separation
performance using vacuum distillation

NaOH #IEMERERA S EAE R T ERT S,
QRN 2b Fin. AR, VEW pH BT AR TS
TR E . WIN5 g/LNaOH 5, BlERERE
A AE 0.83h Wik F| 99.37%, T AN I )
(80.62%) o [FINF, JCIBE SR TVEI pH 1H, JBEZETH
AR E EZR AR I (20 B B SR e ol
R, H—GNsh F5 w5 (o 4Rl 1.85h Gk
R0 NaOH) #1826 h" (5 ¢/L NaOH) . Xk BV pH
WA R T ORI I B B R R S . (AR
&, VW pH AT 5, S B BERS R £ R A%, 410.17h
i, S, A Ek 14.92. {B7E 0.83 h I, SV 1.88., H
BURRAETAT 0.17 h VB 2 A R %15 76.43%, =it
KRR, NI S, E K. (BLEMEREE Y, Bk
RERENM, BADBEERLTKERER, Fif S, K
g R B AR pH ER, S EFEALRERE 2.60+0.2, JR
R7E T2 AR E RS, H 5K 28R IER Z A%
RAAKI, I pH H T G PAR 0 m R A B 7]
W, FERUEIRERTI, FNE B RTA R R R R
FIE/K ([NH3]=0.6mol/L) , W HHFH<SEbital, {H18
W00 WEAR R, ERBAARALRE
(fn 7=90%) FI#R T, = kM S RIEM & B B PERE
FELEF
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2.2 BESEMNBREATSINEERMIEREAF
oA

HEFE . JE 7R NaOH #N g (VBIWILE pH ED S
R BMREINE 3 Fin. ARGESHTLEN, B
fRIE A7, 327+ NaOH 8 s AT s B 28 T 48 & .

£3 REZRBIREPIRESEN L & S BEMm
Table 3 Effect of vacuum distillation separation conditions on
values of k and S,

NaOH ) R BLE) HESEHT E R
w0 R JyeE s MIEEEL Ammonia  Determina-
NaOH P pressure Kinetics Time nitrogen tion of
rature . .
dosage/ C /kPa constant constant/h  separation  coefficient
(gL k/h! factor S, R?
45 5 1.85 0.54 2.97 0.995
45 10 0.13 7.75 47.27 0.956
0
45 15 0.15 6.58 57.31 0.593
45 20 0.05 21.88 10.94 0.475
35 5 0.78 1.29 31.47 0.903
45 5 8.26 0.12 23.89 0.998
5
55 5 15.01 0.07 24.51 0.997
65 5 19.52 0.05 22.09 0.999
0 45 5 1.85 0.54 2.97 0.995
5 45 5 8.26 0.12 23.89 0.998
10 45 5 10.54 0.09 50.39 0.999
15 45 5 12.77 0.08 49.43 0.996

e SAFROREA L BRI n=90% I FIR A BIH T S0
Note: S, means the S, value when 7 is 90%.

$RTH I ML W] B AR AR R I R . 16
E s S il A e P S 1 e | R R ER W
G AR PO K7 A5 R — 2B RO T T &
AN, BRSBTS, A ENREE
™ k Bt pH ERIFRTI NG N, FERFON pH BB, T
Wb A RS R, BT RER A EBK . 7E 5 kPa
45 CF, ERSERR EAETWbBIRAS, MK T A A
Frim RS, AT SR TR U s H 2 4 T £
10 kPa PA_EI, VEBAAE TUEIRES, K E 2RI,

ke ELROIEIN BB R SLAE R [ (o) MR E, X
RRF LI F A LR, BT Z i A e A
Bl Ak AU o (BA S RS, R R v A T E A
pH fH, JFREKETT.

BREH T S, BT TR, (IS8
I (At 15 kPa) » BT RONVEFREART S B R
BRI, ERAOKDER -BUNTEIL N &R S ET
B o M FZTHEIN, R R B AR MUK R A R I,
EH TR R RS B2 T RS &, PR T &
XK Z& R AR RS FE B . PRI, S, fE 2 R IR R T
e T T PR 3 o T NaOH #8480 5 E0% W pH. (8 1
s BT B RA S BENE S, T b E
S EEI ETE. M S AEAEHB R, NAZIE I A
NaOH #sfni, JFFRRAR MR . BAR, WAL X &
A SAB RIS AN S o R, D[RR R4S i & A S, AH

DAAAE I EET gk — B4k
2.3 BIESHHK

H2 3 AI%0, I R /A pH A AR — R R AR LI,
FAM PRI RS & A0S, B —3, =3 2 1]
TAZHAEAP, =35 2 MFIEAS RIS RNE 4 FiR.
NAE T JG R B A BN R R m iRk R K, R
WD BRI R B R KR R & [FR, N
KBS RERE, MRE kA /KZE R & . T AHT I ) 20 B it
LT RN, 980 2508 43 2 B R N B g A R Syl ik
BAESHOAT IR . Rk, 7EHT IERZAIREE 4
S BN A LU & B D0 S B R AR . 75 R S8 BV ik
X IEAZ RIS 45 RIEAT TR, 90% R E R FELMT
) S AERIREE AN 0.6, k EIEEN 0.4, 455%W],
R R FRKFRN: NaOH & (pH ) >k /1>
HE . 772N NaOH ¥ 15 g/L. /7 15 kPa FilifL
fE 35 Co PR RIRIGLEREW, %M T k=097,
5=395.96, fLT*& 4 Hi 3 SiIGLER. XUAML TR
TEAZIEAS RIS ] T A IE M .

TESUAI “H-RL” B w R, EIR AN
W4 pH fH, /& 5 BUEAE 3 TR R su s A S50,
itk fESRISRISFEA RS EBCRMIE T, —RRH R
TR A b A P Liu ZOmF R,
MV pH B T 10.0 32TH3) 11.0 B, EE BN Eh
LHHFERAK (RN 0.166 A1 0.160h™) . TTASHI 5T )
FRFRG SR AL . TR F, 2 NaOH
INEISE] 15 g/L i, H pH {E (13.14) Z5 T HAhwF
FTHAF AR pH JEE (9.5~11.0) B1014161 0 H 557 g
77255 B A 4 25 5 SR B AR T (R 5 R .
Rl , T 54 AN BE 747 %5 b gy 2 Al BmT B,
NaOH 8 Il & A& M BEAK o AT LLAE 7 AR 4 w1 3 54k
IRAE ORI, R EANAE kM B, oS, H
RN B, 4G & BT 7508 5 B 1 SEBR G Bl AT
PAIAA, NaOH ¥ & n] % 2] 10g/L.

RIAE-KE NaOH ¥ i PRI R 10g/L, AR pH (KA
T AT AT g5 BN R, JE R AR
R AR SRR S HOHAT AL . R SRR IR
FEFIE DT IEXHR B R 25, 03 5E AP T NI AT A
ANIERR I HARER s kB, BRI R AN
T Z IR P AT R IR AT K 28 a0 TR

PR 2oy BRI R A AR, B pH {E R
FE ISR, RS EA S &, M VFA &
B RS & R R,
B, R 28T R VR R R . IROBEER ) R T AR A
LR B R R AL R K, 5 B i i iR e
BB WA B S R B BRERE KR
MR BN R BRI, HHEEANZ M
e, AHFRAIER) TR . Ao, BHER
KEETEAT, Wb VEA S0 [N, 7RI pH
EAT, FOE MR 30 COy /D AT
i bERENY, BRI pH E Y A RA
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Table 4 Orthogonal experiment results and range analysis of ammonia nitrogen separation results
e RS o e N R N
Ex;fr%%njrltal i [E71 NaOH F/n & iﬁ ﬁ k Arfkﬁ(tﬁfrﬁli;gcen kkdiﬁif S,S*ldi)r%if Cofjp?eﬁjeflﬁsive
number Temperature 4 Pressure B NaOH dosage C Kinetics 1 separation factor §," membership membership score
constant/h
1 1 1 1 0.30 16.02 0.0051 0.0118 0.0099
2 1 2 2 0.16 61.23 0.00094 0.1288 0.0777
3 1 3 3 0.82 397.64 0.02049 1 0.6082
4 1 4 4 0.88 356.79 0.02202 0.8942 0.5453
5 2 1 2 8.26 23.89 0.2397 0.0322 0.1152
6 2 2 1 0.13 47.27 0 0.0927 0.0556
7 2 3 4 1.36 386.21 0.03626 0.9704 0.5967
8 2 4 3 0.87 243.88 0.02176 0.6018 0.3698
9 3 1 3 25.39 47.72 0.7448 0.0938 0.3542
10 3 2 4 13.76 57.14 0.4018 0.1183 0.2317
11 3 3 1 1.01 11.46 0.0259 0 0.0103
12 3 4 2 0.24 119.86 0.0033 0.2807 0.1697
13 4 1 4 34.04 46.62 1 0.0739 0.4443
14 4 2 3 23.13 45.35 0.6781 0.0877 0.3238
15 4 3 2 9.86 34.77 0.2869 0.0603 0.1509
16 4 4 1 1.72 21.81 0.0469 0.0268 0.0348
K 1.2403 0.9229 0.1099
K, 1.1374 0.6889 0.5136
K3 0.7660 1.3663 1.6561
Ky 0.9540 1.1197 1.8181
% Range 0.4743 0.6773 1.7082
K Factor sequence C>B>4
ff75 % Optimization CiB3A,

2.4 DBEFHIMNBREED B NFEHHFN

BTk SARWIIIRETC R, R 5 RNFAF IR
pH i NIAFEEA K. LRI . pH (L EEAH [H
BT, WA R BB ER % G AR, =
RIS AR [k AEEEAT RS L, KB RE R AN
7 B 273 15 7 3 S LB AR s S 1) B 22 5 . B3R 5
R, FEARTRIELEE AN pH BT, 075 58 T e s 728 it

P ERED B k HERT AR R B, 1%
JEBAE TR AT, BRI B IR IRB I e H
FRERME, R pH 2608, IR A& TEA L BE FHELIK
NPT H I kAR BRI, BB 2R AR R
B> B I T v AT 3R AT S R 0 A 5T SRR A 1 7 I
6], B E R BRI RIXL i Has a4k
@I A pH B I REAT BE— 2 5Tt

RS DEEGX LEMENEE

Table 5 Effect of separation conditions on values of k and 7

L

YeE R EL

Vid-F s pH {4 TR E77 et RSLE) F7 5B k I ) B T o SR
. . . Gas-liquid ratio/ R 0 . Determination
Separation conditions  pH value = Temperature/’C  Pressure/kPa U Kinetics constant/h Time constant/h . 1 Reference
(L-L" -min") coefficient R
PRIR B
. 11.04 76~102 15 0.012~1.21 0.83~86.96 [14]
Thermal stripping
AR 11.43 70 s 0.250 0.0359 27.8 0.73 [10]
Biogas stripping 13.86 70 0.375 0.1124 8.9 0.95
IR 11.0 37 1.0 0.0452 22.10 0.97 3]
Air stripping 9.0 37 10.0 0.1656 6.04 0.97
AR 11.0 50 2.0 0.160 6.25 0.98 [16]
Air stripping 10.0 50 14 0.864 1.16 0.99
D o 10.84 35 0.82 1.22 0.71 .
{)EQJj‘_ﬂ v ENGI
Vacuum distillation 13.14 35 0.97 1.03 0.77

3 &
1) ISR B b B R B AT, HIEW
¥ pH EIETAE R T INE & 30— RN 5) 7

B o MERESEET (S, R h iRk
Yipi (40 COp) W& & . BPRIS b Al g ks 28 v ml i

PAFBGRIR L EOK, FTRARAA A .

2) IERZRMRMIRIER, 3 M EERIESHNEE S
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REFZMA K T 0B . NaOH s > 7)> i

.77 %8 5 NaOH 7R In & 15 g/LJE /7 15 kPa AR 35 C.
AT S, HFIE 395.96, RS A4 RIS
WRE K

3) FHEEAWE . JH AR 2SR SEROR, EAE

[ 1) pH 261, 7 R TR 28085 S/ 2 2 RerE
BRI T RS B s R R B — W NLB) 15
(k=0.97 h™") , H. k {EA% &hdad 3 A g i el 28 330471
FT o U R R AR TV A AR S R R B AR
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Ammonia nitrogen separ ation performance and kinetics from biogas
dlurry using vacuum distillation method

He Qingyao, Wang Wenchao, Liu Lu, Yu Ge, Yan Shuiping™
(College of Engineering, Huazhong Agricultural University, Wuhan 430070, China)

Abstract: Due to high ammonia nitrogen concentration, biogas slurry can contribute to air and water pollution through
volatilization of free ammonia. Additionally, high ammonia nitrogen concentration may result in high phytotoxicity to plant
germination and growth when biogas slurry is put into agricultural or horticultural applications. So ammonia nitrogen in biogas
slurry should be removed. Conventional methods for removing ammonia nitrogen are based on gas or thermal stripping.
However, these methods have low ammonia nitrogen removal rate and are time-consumed. Due to the higher ammonia mass
transfer driving force ascribed to the lower ammonia partial pressure in gas phase, vacuum distillation has the advantages of
high ammonia nitrogen removal kinetics constant and short time required. Furthermore, ammonia can also be recovered and
enriched to act as the valuable carbon dioxide (CO,) absorbent to upgrade biogas. Therefore, in this study, ammonia nitrogen
separation from biogas slurry by using vacuum distillation method was conducted in a rotary evaporator. And the key
operating parameters including sodium hydroxide (NaOH) dosage, temperature and pressure were investigated and optimized.
The first-order rate constant (k), ammonia nitrogen removal time constant (7), ammonia nitrogen removal efficiency () and
ammonia nitrogen separation factor (S,) were adopted to evaluate the ammonia nitrogen removal performance. Results showed
that when raw biogas slurry without pH adjustment was vacuumed, CO, loading of biogas slurry reduced from 0.15 to 0.08
mol CO,/L under the conditions of 45 °C and 5 kPa. But the first-order rate constant and ammonia nitrogen separation factor
were low and ammonia nitrogen removal time constant was very high. Increasing NaOH dosage to elevate the initial pH value
of biogas slurry was positive for enhancing the first-order rate constant and ammonia nitrogen separation factor. Additionally,
if high first-order rate constant value was targeted, high removal temperature and low operating pressure should be required.
However, it will lead to the decrease of ammonia nitrogen separation factor value. So, the orthogonal tests were conducted in
this study to optimize the operating parameters in order to obtain high the first-order rate constant and ammonia nitrogen
separation factor values simultaneously. The results showed that the importance order for ammonia nitrogen removal
performance was ranked as pH value > pressure > temperature. And when NaOH dosage was 15 g/L (pH=13.04), removal
temperature was 35 °C and pressure was 15 kPa, the comprehensive ammonia nitrogen removal performance was the best
among all the experiments in the orthogonal tests. Under these optimal operating conditions, the first-order rate constant was
0.97 h', and ammonia nitrogen separation factor was about 395.96 when 90% of the total ammonia nitrogen was removed. It
implied that when biogas slurry with high pH value was vacuumed, relatively high ammonia nitrogen removal performance
may be achieved, and aqueous ammonia solution with higher concentration may be recovered as well to act as the potential
CO, absorbent to upgrade biogas. In addition, compared with the conventional ammonia nitrogen removal methods like
thermal stripping (maximum first-order rate constant was 1.21 h™") and gas stripping (maximum first-order rate constant was
0.86 h™), vacuum distillation had a higher first-order rate constant value at the similar conditions. It meant that vacuum
distillation method may achieve a relatively higher ammonia nitrogen removal rate and lower time required to reach the same
removal efficiency. It should be noted that the first-order rate constant could be enhanced through adjusting temperature and
pressure. These results reported in this study may provide a reference for the future research aiming at ammonia nitrogen
separation from biogas slurry with high removal efficiency and low energy consumption.

K eywords:. separation; kinetics; optimization; biogas slurry; vacuum distillation; ammonia nitrogen removal
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