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Phosphorus Removal and Recovery from Human Urine with MAP Crystallization
ZHAO Qing-liang, LIU Zhi-gang, LI Wei>» QIU Wei» WANG Jian-fang

(State Key Laboratory of Urban Water Resources and Environment; School of Municipal & Environmental Engineering, Harbin Institute of
Technology, Harbin 150090, China)

Abstract: To realize the simultaneous removal and recovery of phosphate and partial nitrogen from stale human urine, a series of lab-scale jar
tests, adopting MgCl, * 6H, 0 as precipitant, were conducted to study the influence of the molar ratio of Mg/PO;” -P, pH, mixing speed;
reaction time and precipitation time on MAP precipitation. The experiment results showed that the molar ratio of Mg/PO; ™ -P was found to be a
very important operating parameter to affect phosphorus recovery efficiency. When the molar ratio of Mg/PO,” -P was above 1.3:1, the
phosphorus recovery efficiency was above 95% and the residual phosphorous was less than 10 mg/L in the solution. Increasing pH with 10
mol/L. NaOH solution could not increase the recovery phosphorus efficiency obviously. Without pH control; the optimal parameters of reaction
time, precipitation time and mixing speed could be set at 20 min, 2.0 h and 120 r/min, respectively. To reveal the chemical characteristics of
MAP products from human urine; three MAP product samples, with no pH adjustment and under the above optimal operation condition, were
obtained at different Mg/PO;~ -P molar ratios of 1:1, 1.3:1 and 1.5:1, respectively, and analyzed with SEM, XRD and ICP instrumentation.
These precipitates were identified as nearly pure struvite (12.62% of P> 5.71% of N and 9.91% of Mg) with the presence of trace calcium,
potassium and sodium. The contents of phosphorus, nitrogen and magnesium in the precipitates were 13.54%, 5.34% and 9.01% (Mg/
PO,”-P =1:1), 13.78%> 5.23% and 9.36% (Mg/PO;” -P =1.3:1), as well as 13.34%, 5.12% and 9.15% (Mg/PO; -P =1.5:
1), respectively.
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Table 1~ Characteristics of human stale urine in experiment
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Table 2 Experimental design of single influence factors

in MAP crystallization Curine samples 1 and 2)

B % PG|

Mylgp pH O/h  p/r*min~'  t/min
Mg/P BER e Cmpgyp) 1:1~1.5:1  JRIB pH 1.0 120 30
SR pH {H 1:1 9.25~10.5 1.0 120 30
UUBERT ¢ 1:1 R pH  0.5~5.0 120 30
PEFEIERE o 1:1 PR pH 1.0 30~200 30
VI IR ¢ 1:1 JR pH 1.0 120 5~40




10 41 AR LA MAP 45 ik [T ACRN 25 5 PRV ) 2225

1.2.2 REPE

MAP &5 i i 56 7E & N AT, & CURE i =
400 mL {8\ 500 mL ke rf 356 34 J T P Bk
AT: ORI ER 1 PRI HILG PO, -Ps NH, -N #K &%
%u pH, ARHE A 20 CO H & 3R 2 K™= W) 53 Kt B i 1)

&t PO, -P EEBITHSL T 75 1K MgCl, WA I 73

ﬁlHﬂJm QIR 2 BRI TE 73 AT % R 2K
FIH 10 mol/L¥) NaOH ¥ ¥R 45 pH, I I E3H 8 4)
il 4 PO, -P<NH, -N WKEEFI pH. @ X BT 3k 45 1 7~
YIRH 0.45 pm JEMEIEUE, IFAE 60°C LR HETLLB)
1F MAP 45 K152 B f5 A B 15 20
1.3 77k

pH A ] PHS-3CpH L HNO KM NH, -N
KA BRI BE AR 1E 7 7%, PO, -P SR FHAH B T4
Je B AR WY AR — 4 HEEHEAT SEMCS-
3400N, HITACHI, H 4 1 XRD(D/max-Rb, H 4 J\
WA EE ), — o H 1+ 19 Wi Eh R ¥ &
n A A, IF 53 5 A H ICPCOES Optima 5300DV, %
PE)FT TNM-1(Shimadzu, H 4 73 87 & & 11 1) Mg
TP+ K+ Na- Ca~Ni~Mn A1 TN.

2 HR5E

2.1 HREEERLE

MR 2 AR I v vk, xR 1 1 SR 25
FESL 3 AT Mg: P BE R EEC mMg/p)\ SN pH Y
BT C gD~ 03T BN TAD C 0 ) LA B 438 4385 Co ) 1A B PR 35
MRS, P ilie gf R WK 1~ 5

M1 E S 2 Mg/PO; ™ -P BEJREER T 1:1 LA
I, MAP 45 5200 TR PO -P B AT BLAF ()
SR, FElRl e Ak B T 85% LA b, HBEAE Mg/
PO, -P E R LE IR 38 n, [l et B 2 19 00, >4 Mg/
PO} -PEE/REE N 1.5:1 B[ ik B 97.59% LL I 2
&, 24 Mg/PO, ™ -P FE/REL N 1.3: 1 I, HE[ml e A< 58
AR, ILE B3 PO} -P R EETE 10 mg/LLA
N, T NH, =N B R F T AR

I HI 10 mol/L NaOH 75 MAP X . pH, {E
pH< 9.75 W}, Bl A [ NV pH 138 0, #F 5 135
PO, -P IR FEZ Wi /N, SR JE BEAE pH 1) 4k 2238 T,
PO}~ -P W IR I 8 (I 2) AH A HEAN R IG 45 Lok
B> pH S 0T T PRV B3 0[] e 5% AN K, B
W PO, -P SR I B RNz ey M B 254 5 mg/LIN . BB
pH MBI, NH; -N 1892 B — H AR I, 1L L
KRAMM T 10% . 3X FEJE i TR B NH -N

6.8
26 - A
24 | a 6.7
22 |- / -
A 466 3
7. 20 |- — Eu
s 18 | 165
g = 3- o=
£ 6L —o— 18P0, P x
% —1— 28POSP |, B
z 4 —— 1BNHGN | B
12 | \ —4—25NH,;"N 4
o =463 &
ol %
® gl 462 g
6 \ §E
» 461
4+ A" 0
2 Il 1 1 Il Il 1 6 0
101 111 121 131 141 151

Mg/PO,*-PEE/K Lt

E 1 F& PO}~ -P# NHy -NRER Mg/PO;~ -P ERLLBIT K
Fig.1 Change of residual POj~ -P and NHy -N

concentration versus molar ratio of Mg/PO3 ™ -P

W R IR 1), 9 pH BB, NH, -N 46 A i
BEE, AT AE B A U0 OB S R b g K T 2k
AT e, 2 NH, -N HIBEAS .

26

466
25 |-
164 <
-~ 24 .:10
-
oy J62 E
8 23 S
X
§ 160 i
& 2r &
& 4
S L 158 4+
& Z
® | \ 156 &
—o— 1":TP04 =
—a— 28POS-
19 —A—l‘%NH4 154
—A- 2BNH'N
18 52
800 925 950 975 1000 1025 1050 1073

S NipH

2 FI& PO}~ -P 1 NHy -N ik E FE A7 pH B9 ZE 4L
Fig.2 Change of residual PO}~ -P and NH, -N

concentration versus reaction pH

R *R%"ﬁ@fﬂfﬁﬁdﬁ*ﬁ&ﬁ%%

B NH, -N R iR BE Y CO3™, IX S8 5 4~ A7 72
IR :
NH; + OH" == NH;(aq) + H,0
(pK = 9.24, 25°C) (2)
COY + H* == HCO; + H' = H,C0,

(pK, = 10.33, pK, = 6.35, 25°C)  (3)
M AEAS 23 i IR 0 2 A 38 58 1) 9% v e T, IXAE pH
FLPR 2R R R 50 1 R A R B s



2226 7N 53

F} 2% 28 &

NaOH HIAARR IF 1F 5, 19 2 A [F] pH F B0 NaOH
R WA 3CT S 2 SRR T 38D .
%3 AT ARERE pH F% 0K NaOH 2
Table 3 Amount of NaOH needed to adjust different reaction pH

R pH 9.25 9.5 9.75  10.0  10.25 10.5

NaOH/g*L='  0.08 3.2 6.6 9.6 12.8 15

M 3 F L, R 0.25 NI pH, 224
N1 3 o/ LK) NaOH, X A5 AR KRR FE B340 1 24 i ok
AR 2 1 B PO; - -P I NH, -N R, R
MAP 25 & 1225 [BDC PR 1R %0 R O 1Y pHL I
I S SN P N2 i

DUBE I T MAP &5 & T2 MR P RSO 5
(IS M AN K, YO 5.0 h FIPLHE 0.5 h 19 LG
PO, -P WK 22 AN IS 5 mg/L, T NH," -N 3SR S
ZEWAHBIL 200 mg/LCE 3D, BIW # 11) B R A
3%, X T FE KN MAP 45 db 3B & 5 DUE, 46
10 min P55 [ R BIAIE 3] 279620 RV SE K303 I
(i) e AR A R T4 v g U [ Se e, (R b 25 1
TDTTE B A I A, DR 2745 2% 18, SRERITE N [R)
2.0~2.5 h & LERRIE B

25.5 reg — 69
—o— 18P0, P 6.
N —1— 25PO, P
25.0 \] \ —6—15NHN 6.8 ~
- ‘\ —a— 25NH,*N A
= — 67 &
&0 = -A -1 9. =
FRE ‘\A/‘ £
= . . %
&2 —— " 166 i
& 240 o 2
o / =
g O T
2 n/ 6.5 +,
4% 235+ — %
® 164 &
201 \A‘ e
A
\& e 163
22.5 L L

1 1 1 1 1 1
0 0510 1520253035 40 4550 55 6.0
YLHE T /b

3 R4 PO}~ -P#0 NHy -N iR EBEUER B A9 L
Fig.3 Change of residual PO~ -P and NH; -N
concentration versus precipitation time

XTI 4 TR, 24 SN 35 B AE 90 ~ 200
v/minfN 45 FH 5 86 T 85 1) [R5 e Bk AR DL
W, A NH, - FR 25 B DU Bt A 3 ) 348 Jom v 84 o, 3%
VAL PR R R s R ITTHI AN T 5 IR AYIN
M T 2R SR I SN B3 R 30
r/minfl 60 r/minf, WU PR g 458 £ 558 BEANGE , 443 B0
) Mg®* ANFEFI PRI T 1) NH, F1 PO}~ AR A
IR NTITRSE €W € o7 N B35 BT e | 7 N B

ORI R 5%, S H 120 o/ min PR 90040 B 45 T 1

SIS TR IS 15 min Ji5 , R RFE 4 PO, -P
(A B SE A AT A28 4K, T B 4r NH, -N Rt o
I ] A S 1T B CIEL 5D . 45 5 18 4, R A MAP T
2T PR PRt 2RI, S A — o 1 s YL I )
AR B, R A ARG O T, gk 23 X
2 ANSEEAE, X T L8 0 e 2 B B 2 (1) 3
SRAE T, ROMMGIN T N 2% R BURE  fig FE, JF HAT &
R ARG N, BRIHEFE 15 ~ 20 min 14 MAP T2
[ S R0 ) e I ISV T T

'y}
—a— 18P0 P 7.0
40 -
‘\ —u— 25POS-P
38 |- \ s 1ENHN 69 7
R —4—25NH,*-N g
3 36r ~_ ST Jes B
g L S
m \ 467 %
¥ 32 i
A 466 ¥
G, 30 Z
£ {65 3
g 28 o A ' 4%
26 - 164
\ \D i-—=“"'—________/:; ®
24 2
-46.3
2+
1 L 1 1 L 1 1 6.2
20 40 60 80 100 120 140 160 180 200 220
PEFEI#E & /r-min!

4 F4 PO}~ -P 0 NH; -NREREREEERNTH
Fig.4 Change of residual PO~ -P and NH; -N
concentration versus mixing speed
50 7.4

N o ISPOSP g,

—1— 25P04"-P

45 - A 1"%"NH4+-N 172
= . . —A—28NHMN |71 T,
240 170 @
o0 =
& 169 3
2 sl {68 X
g — TR
& Z
2 30 —16.6 +L
& A\&. fos 2
® "
L N 164 &
25 &iéi Jes ®

. .
T§D 1o
20 :
N |
1 1 1 1 | 1 |

1
10 15 20 25 30 35 40 45
R R It} [ /min

(=]
W

5 Fl4 PO}~ -P #1 NH, -N ¥R B P S 7 B (] B9 25 48
Fig.5 Change of residual PO~ -P and NH; -N

concentration versus reaction time

i 1~ 5 B PR R A% R R
LR FATEAA R, BT 5 B ) R P RARG, A (12
R LA, X 5 MAP WA (DTG (H2



10 #

AR LA MAP 45 ik [T ACRN 25 5 PRV )

2227

THE AT DA SN, J N 3k # e BT 2 BRI NH, -N ORI
PO, -P A E KD P e S BER L BRI X 322
A DR R PR JEAE A 1 NH -N R AR T PO~ -P ik
I GR D, AN Mg IS LR, NH, -N Iz
R, H pH IA B 9.2 Zi AT, 1K A 19 2 R A ) AE ik
PO R rh R B, W BT I, e RO
pH B 7, OUE IR S Y. ] )RR , 2110 5 i I 4
T, MR IR o i 1] A bt [ ) 2 P R T
TERIFEI R N4, & 158 2 51
NH, -NAI PO, -P W EEA AN [E], 2 5 4E 00 (1) PO, -P
WREEB T 1 55, (R B T 4% (R BE AR 22 9F
AR, Wi Mg/PO;~ -P BEJREL R 11, )R LI ] 20
min, YUEN ) 2.0 h, SEFEEE 120 v/min, A% pH 3
AT BT, 2 FhFE S 42 PO}~ -P R B A
HAE 24 mg/LAc A7, WAL UL, JRFE PO, -P K JE R

T
20.0um [ S-4800 33,

54800 24.8rm x2.00k SE

(a) Ma/PO - PIES =111

{b) Mg/POS

i, K MAP T2 B AR & a2

[l s R 6 o e e th ) S N RIS A PR I pH
EHEAT TR, 45 R R B pH AT AN K, A B
SN S AR 0.1 A B 22 AT 3X 5 23 il DR W 9 1)

YIRS
2.2 RS HTIRE:
FR A 5 IR 2 5% ma 3R 56 1 &5 R, SR 0 FE

120 v/min, J5 N IS [A]FAJTHE IS 18] 53530 247 20 min F1 2.0
hy AN REAT pH P75 B 448, 23 % 3 5 A i B
Mg/PO;~ -PEE/RLGN 1:141.3:1 F1 1.5:1 [ Ll b 47
SN 4 7= )i 6 B S A3 20K G ok R
RV K P A3 1 7= ) 04T SEM R XRD 43 #1 2L T
A (RN AS A [7] R AR LA AR MAP 7= b 16 18670 7%
&, AR 6. 18 7 FIZK 4 1 8P RIE 9 M4y
TR Sl ) MAP () HL - S AR A AT XRD w14
XTHEIE 8 AT R I, 4 Mg/PO;™ -P E/REL R 1:1

Hr=1.51

() M2/PO>-PHEH

PN =131

Bl 6 TFE Mg/PO; -PERIZEHTHRFEMBL

Fig.6  Micrograph of the precipitation obtained under different molar ratio of Mg/POj ~ -P

6000

6000 |- (a) Mg/PO,>-PEE/R LE=1:1 (b) Mg/PO>-PEE/R LE=1.3:1 6000 (c) Mg/PO,*-PEEJK i=1.5:1
5000 000 5000 1=
w 4000 |- g 4000 T g 4000
f=9 2] 5]
i 3000 |- 3000 & 3000
S = =
2000 2000 2000
1000 :MJ 1000 1000
0 f And M 0 AnAAddoh, 0
100 100 |- 100
80 | 80 80 |-
% 60 | % 60 [ % 60 -
?é 40 |- E 40 - ?é 20
i "L L]
o LUk i, i o 0 L uldllug il o Ll il b
10 20 30 40 50 60 70 10 20 30 40 S50 60 70 10 20 30 40 50 60 70
20/(°) 20/(°) 20/(°)

7 K[E Mg/PO;~ -P EE/R b &4 T F=49#Y XRD i E
Fig.7 X-ray diffractogram of the precipitation obtained under different molar ratio of Mg/PO; ™ -P



2228 wooos B 284
# 4 AE Mg/PO}~ -P BE/RIEEZET =ML MAPIREE/%
Table 4  Chemical composition of the pure MAP and precipitation obtained under different molar ratio of Mg/PO3 ™ -P/ %

FEih p N Mg Ca K Ni Na Mn

MAP 12.62 5.71 9.91 — — — — —

mygp =1:1 13.54 5.34 9.01 0.19 0.09 <0.001 0.12 <0.001
mygp =1.3:1 13.78 5.23 9.36 0.17 0.08 <0.001 0.12 <0.001
myp =1.5:1 13.34 5.12 9.15 0.16 0.1 <0.001 0.11 <0.001

8 Mg/P/NEERLL =1:1:1 %1 pH=9 AT &K MAP BB H
Fig.8 Micrograph of the synthetic MAP obtained under
the molar ratio of Mg/P /N =1:1:1 and pH= 9.0
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Fig.9 X-ray diffractogram of the pure MAP
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