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Immobilized bacteria-induced mineralization for nitrogen and
phosphorus removal and utilization of swine manure wastewater
resources

LIANG Chunlai, ZHOU Xiaotong", ZHAO Hui'", YAN Huaxiao'", LIU Shaokun', HAN Mingming',
YU Xue', LI Zechi', WANG Xihan', SU Yuan', ZHAO Wenwen', WANG Shuqi', WANG Yongxin',
HAN Zuozhen®

1 Department of Biological Engineering, College of Chemical and Biological Engineering, Shandong University of
Science and Technology, Qingdao, Shandong, China

2 College of Earth Science and Engineering, Shandong University of Science and Technology, Qingdao, Shandong,
China

Abstract: [Objective] To explore the nitrogen and phosphorus removal efficiency of different
immobilization strategies and mineralization methods of Bacillus licheniformis ZXT for high
nitrogen-phosphorus wastewater, clarify the optimal mineralization conditions and carrier
mechanism of action, and provide technical support for the green treatment and recovery of
complex high nitrogen-phosphorus wastewater resources such as swine manure wastewater.
[Methods] Four systems—free bacteria, chemical precipitation, activated carbon fiber (ACF)
immobilization, and polyvinyl alcohol-sodium alginate-carbon powder (PVA-SA-CP)
immobilization—were compared for their mineralization effects under Mg: N: P molar ratios of
0.6:1: 1, 1: 1: 1, and 1.4: 1: 1. Characterization techniques including X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FT-IR) were
employed to analyze mineral properties. The application potential of the systems was verified with
actual swine manure wastewater. [Results] The ACF immobilization system exhibited the optimal
efficiency. Under the Mg:N:P ratio of 1:1:1, after seven days of cultivation, the final concentration
of NH," was only 0.59 mg/L (removal rate: 99.81%) and the final concentration of PO,’” was as
low as 0.03 mg/L (removal rate: 99.99%), both meeting the national discharge standards
(GB 8978—1996), with the formation of regular crystalline long plate-like struvite (i.e., magnesium
ammonium phosphate, MAP). The PVA-SA-CP immobilization system showed significantly
weaker removal effects under the same ratio, with final concentrations of NH," and PO4>~ being
5.07 mg/LL and 0.45 mg/L, respectively. The chemical precipitation method failed to meet the
standards, as the final concentration of NH4" ranged from 38.90 to 48.01 mg/L (removal rate:
84.70% - 87.61%) within 24 h. Free bacteria achieved the removal rates of 99.97% for NH;" and
99.92% for PO4>~ in actual swine manure wastewater after eight days of cultivation, with final
NH," and PO,’" concentrations of 0.15 mg/L and 0.05 mg/L, respectively, which complied with the
discharge requirements. [Conclusion] Due to its developed microporous structure and good
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biocompatibility, ACF can efficiently enrich bacteria and promote the regular assembly of
extracellular polymeric substances. The mineralization with ACF-immobilized B. licheniformis

ZXT is the optimal choice, with Mg:N:P=1:1:1 as the best mineralization ratio. This technology

can achieve efficient purification of high nitrogen-phosphorus wastewater and recovery of nitrogen
and phosphorus resources, thus having important application value in actual wastewater treatment.

Keywords: microbial mineralization; struvite process; magnesium ammonium phosphate; swine

manure wastewater

BEASAUR AL AR A (A 35 A5 1) 3 5 g B 2 4
P ATFICER, IR PRI A BROM B 22 4 1 AN A] 1
A R RN MY, Rk IR A
A, R H i A e . FRE R
R, R ARG, il T
SR AR 2 BB, 3 fe A B DR A T R A
MG E R E S . SHFEE, TR A™5A
AT RO K BRI K HEA KA, 5™
TR BB, IR K A AR ST 51 B
TRFK A AT 1 — 28 BRI i v Ul P K
T FE IR K 83 52 A A A s Ay 2 K 3 B ) —
RAFFFEAMET, HARF o5 E BRI . V5P
ZHE, MUSAREENA . B E R
2¢ 7% %18 (chemical oxygen demand, COD), it
TR BT . FREAPUAE R ABUR A -
1300 N7 | 1= o NI 1 7 0 = 5 D S S R e =
FERA: AR AR e A ks e, i
ACHEIN T AR BMERE 5 A

X RBEIE K ANEE, B kN
YAk S A s . DAk i Ak
T S B R, (EAFAE 2SR K 5
Yo 7=tk 22 B e ks Y A ) O AR G T
PTG LAY 120, BasAT MU AR,
HE A7 T 2R . A YRR A B 4%
PR 5 e Ab IR ME R HE DL B [T o i 45
JRBRUEEL R, K JRag(e . fIRFE HLAE ST EL T
P51l B AR A AT

A ) 75 5 B R L U0 UE 32 KR (microbially
induced phosphate precipitation, MIPP) A L T
BUE B o BRI A E A W i A 3h o3

WAIR B A S DR 2 7724 0 W Wl TR K e A
USRS P R A%, Esh T R b i erss . 27+
pH, PEIMIE T T Mg® . NH,"Hl PO, 44 i
T RS 2 (BB RR 486, magnesium ammonium
phosphate, MAP)!"'1 . MAP J&—F )i 5 it 25 B¢
AE, TS BRAEURE A VR AR RS AR AR TR S
b2 ik, AEWE S 8 MAP 19 5% 14 5 R
A, HGA W A RE B RIS bl Y A AR OK
JERU2U MIPP 7E B R K /U Y IR L e

LW AL RO R R T E A E
T . Zhang ZEPH A B 43 0k W A& KOG
(Shewanella oneidensis) MR-1 £ Cr(VI)AIAE
JEOK TR S S 26 A N, IR 2R EOR XL
TEMIRI RS . JTEASH Cr BT RAE, SLigs
FUET, TP MR-1 AMYUAT LUK B2 TTTE A
Bl P 2R B, i H AT LUK Cr(VD 58 42 i R
Cr(1ll), JF7E LW HIE T EA ML Cr(IID)
WAV, WIS Cr ZES WK K& &
Han 25000 F1] 1 [ 52 1k W FE 2F 460 4T 5 (Bacillus
cereus) MRR2 K 56 % & 5 F5 4b K vh & DL S B
B R B R SR, A e R T A A AR
ZEAUFT R MRR2 TER AR e 45 R 15 9% 15 d
Ja PR BE L BEE I R BR AT 4 ik
95.7%. 90.1%. 95.6%, WKtk MRR2 nJ L
AR T B RO RS T SR 4
GE IR ERUIVE . AR BRI RS
MOHR 38 0K 1% B B )8 (Pseudomonas sp.)
F330-7 TR N T30 5 7K rp U B 2 B 5 1ol
WTZE L, 78 CONFRERER R 12 B&4T,
SR SRR BR AR 5K E) 82.7% 15 88.1%,

http://journals.im.ac.cn/actamicrocn



1910

LIANG Chunlai et al. | Acta Microbiologica Sinica, 2026, 66(4)

T PR3 T I A AR HE A

SRINT,  T42 107 FH 10 25 1 ) 1 % Ak B S B
PK, EHIGRIBERR S IR . AR AR
BB vh ok B 7 55 LA K [0 g PR S5 iR 304 1%
A Wy [ 2 Al B R R S b R S A AT B
ST o Py B A 2 T VA K A T A B L E AR
SERAR b, BB E T NS N AR PR
R PR EEPE Y BRI S, OF A T4
5y 88 5 E G Al P,

I#i] 7 Tl AR Y B AR G B,
JBT BB W R A 0 M S R R AR AR .
IR EF 4 (activated carbon fiber, ACF)/fE A —Fi 4
REZ FLAT L, HAR R A Lo 2 i ARG S5 1 A2
FRAE, (EHAER mC Y, IR Y
R = I T A VAU By T T
LI 0 Tt - T 3 R B (poly vinyl alcohol-sodium
alginate, PVA-SA) MR (/K BE I, [
PEfRE . SRR ATz i, (HHECE Y
AR 2R A5 R AT BERR RS S5 eI Y R, A
T7T A A 0 A 2 A AR R DO HR L
Xt M A ZE F0HT 8 (Bacillus licheniformis)ix 28 ¥ 45
WM ESR . BRI AR, RGE AL ACF
W B 5 £k 5 PVA-SA 5 ook 2 A f 34 [ E 1k
X H A% T MAP o #2019 52w ML) BF 50 0 A T
A

BT, ABE LM EA m A aE
AT I ZXT A%, BIERGERTEA
[7i) [#i] 7 A AW X A= W A R B A 20 S AL
RN FEAHE: (1) AERIE KT, XL
ACF [& & 1k 5 & & I B - g 3 1R 40 - 5 By
(polyvinyl alcohol-sodium alginate-carbon powder,
PVA-SA-CP)E A& [ ELIA &R, 7E Mg:N:P A
Yo i, XK R pHL B B R
(alkaline phosphatase, ALP){% 14 . MAP 4% i ik
L ¥ LR 22 A (2) Za i
i Eﬁ,%(scanning electron microscopy, SEM), X
B 2R A7 Bt (X-ray diffraction, XRD), {i# H 7% f
21 7M1 (Fourier transform infrared spectroscopy,

P4 actamicro@im.ac.cn, 7 010-64807516

FT-IR)SFRAEF-Br, MHOW)Z M 7 2 il 1k
RZRPIVEFPLIL; (3) Wil &S AR R H T
o R S PR R K AL FE A TR PEAS X
NH,-N., PO, "-P KIAF Ca*" . Mg™ WIRIE 2k
PERE S RIS e AT, DI R AL, B
SE HL AT FRESE ) 7 7K A 3055 0 05 Rl SOR T 203 it
HE IS AR ERE

1 AR

1.1 ERAERE

A< ZF FE KT & (Bacillus licheniformis) ZXT,
FH LU 2R Bk A2 b o i A ) 5 30 25 (T ) 07
-20 °C k. [& kA kHE H ACF J PVA-SA-
CP A MAEL, LERFE R KBFETILARE S 5
TS X E ISR .

KHI LB 3G FRHSETE . Pk . SERR AR
Rifedk(g/L): FAE 5.0, BEAM 10.0, NaCl
30.0, KC12.0, /1 1.0 mol/L HCI 75 pH &
6.0, 1EMLIERE EERIN 20.0 g/L Bk 45 [F 4 5
FRIL, K AR IR R 2 150 mL AR FRIE
F37°C. 110 t/min 5555 & ODgp=1.0, fHl15H
T

THGIRE 2 AR R AR . (1) A
s 7R 5L, 78 LB WA 3E 3% 2 rh 78 i KHLPO,
(0.014 mol/L), NH4CI (0.014 mol/L) } MgCl,*
6H,O, 75 Mg:N:P ¥ i iy &t L o35k 0.6:1:1.
1:1:1 5 1.4:1:1, LA 1 mol/L NaHCO3/Na,CO; }y 2%
mixt, 1 1 mol/L HCYNaOH ¥ %5 %) i pH 5.3;
(2) FHEEKIEFEEL: mFE K AT KHoPO4.
NH,C1 & MgCL, &5t b Mg:N:P=1:1:1,

SBRFHEEAOKF R EDE G, 1380
0, TOHRARIEY) S IEAAUKEE, XHIKBE R
tE, 459N pH 8.65+0.05, [NH,-N]=(594.57+
3.26) mg/L, [POs]1=(61.81+1.98) mg/L, [Mg”']=
(5.1120.08) mg/L, [Ca®']=(62.68+2.48) mg/L. #h
7t MgCly [ 1R 2= R K th Mg* ¥ Bl 960 mg/L,
B i) i e MgeiN=1:1, DIASI S A Pt



AR | BUEDIFR, 2026, 66(4)

1911

BRI Fre AR 4 Ry e
1.2 HEFRKEENIERSEN TG E

K FH X il 3 4% 1 (p-nitrophenol, PNP) Ft 4, 72:
WMIsE ALP 3G M. B ALP 3GHEE Sy W 51
T, E4r8MiEfL 1 pmoL PNP Frs UG & .

SR 7K - UR S R 6 4 D' B VR D 2 1 4k
BRI NH, =N BTt il . SRR ot
FEVR I E B R PO MR

it FH N D IR SO 35 SO 2 7 AR &
Mg*", Ca®" ¥k,

B EBR AR Han 0527 414,
NEDFALQR) IR

ﬂzgagme6 (1)

T
-7 )
Kb TVAEBRFR(%); T HEBREAmg/(L-d)];
Co MW R e FE (mg/L) 3 C; A 72 ¢ (mg/L) 5
T, il (d).

1.3 W HLRERE

M Mg:N:P & 0.6:1:1, 1:1:1 Fll 1.4:1:1 p94"
AR AR S FRHE o B LUMATR 5045 2% HERb i A
FhFi, BRI IR . AR R 3R
JE, 1 mol/L NaOH 4145 pH % 8.5, &N
2= A4l . ACF fili 258 F oK & Wk 1.5 h,
120 °CHETZEE, M 1 omx1 em Jrk, FK
Bl g &FMFHF, 37°C, 110 r/min 3% 55
F% 48 h, BEJFHUH, #53E MgN:P=0.6:1:1,
L1, 1411 Mo fbii iR RE T, &ER
ACF [E b fbdl . FREL 1.2 ¢ R ZHEEE A
400 mL Z&MK Y, I, BEPE RS eV,
JEINA 8.0 g MG PRIRENI P . THATIRH 2
FiE, A 12.0 g WGHERGIHRGHS, W
mE A 492 mL 5555 48 h IR, FE09
P F OB RS RS BOR A, & T A SCE
W (4% CaCly, 3% W) h, Wi 24 ho HUH [
EALEEER, FHRBER 5% NaCl iAWk e, H#
FwEHW T, MM E Mg N:P=0.6:1:1,

T,

L1, L4 Mo e ik i, #5505
RS 4R 37°C. 110 t/min 3555 20 do H:0%
24 h BUkE . iR 3 A,
14 YRS HRIE

KRR E SOmL B0, BE 1h, 3
3%, 4°C. 8000 r/min &[> 10 min YEDTIE.
EEFIK . K GBS 3 Wk )E , Ko
FEfh TEIR TR, & R X B HEHEAR
SIRTHIRE SR . X SR A S R VE B A
20€[20°, 60°], KN 0.02°, #HFE K 8 (°)/min.
i Jade 6.5 ¥ AT 5% A S5hRUE PDF R 7 A7 L
XF, SRR R, RS B AR R 2T A
i (Fourier transform infrared spectroscopy, FT-IR)
FAEFE S AL S B & B B . B S Aok
F KBr F A, MHRIEAGEER 400-4 000 cm™,
JeIE RN 4 em™ s R E T W
(SEM)XRZLH™ W FE i 2 TRE A5 4 PR B AT A= 9
AR

2 EXR54#b

21 HEEBSHRT XA ERIR
R

2.1.1 BEFRERECEHT

K1 2T AR R AEANR] Mg:N:P L A7)
0.6:1:1, 1:1:1, 1.4 1:1) FHfLid & pH {H .
ALP TEVE R E i . DNA ., Bk E i sh 578
FEHRRIE . AF pH AR5 1T, V8 e AR R AE B 7 1
PR YA HEIR B3 B IR e BE (MAP)JE MU . )
GErE, pH PR IR B T, HFE Mg:N:P
FLB i 5 R Rt s, 1:1:1 el T pH (A R
T HABTAL . ALP IS PEARfE R, Ui i B 1A
Z T ALP [ PELESE FR I (0-3 d)y iR T, 0
H50 914 0.62. 0.75 F10.58 U/L, 2w T &%
AR, Z/E&E FREIGETRRE, Hi 11l
E A9 T Wl 5 PR AR R R KT, R L
FIF R D BE 09 &5 . LAh, .
DNA K Z Wik BE 5 ALP 1% 1 48 4k 52 30 D[] 3k

http://journals.im.ac.cn/actamicrocn



1912

LIANG Chunlai et al. | Acta Microbiologica Sinica, 2026, 66(4)

N, L1l Fefil A Rl B ey, RBE S
BE LU AR AR, UEHTAE LAY Mg:N:P Ao Al
fie HF UE 2 o WM A B A W (extracellular
polymeric substances, EPS), 1fij EPS 1 i W B BH 25
T SR AR, 2D Ak TR T
W MAP W {brskiie, XS5, WeEy)
AR SR T f A K S B 25D,
2.1.2  HLAIERAE

XRD BT s, 4k 5 53R ) % 7~
Py AAZE G . 45 & B K S TR AR K I AR 1B
EES, BB EY LY iR Ve =
FetE S0 b 2 M ARG, WE 2A 7
N, AZER R R AN MgiN:P L (0.6:1:1,
111, 1.4:1:1) T35 B2 ataifE-R i (PDF#
7120891 G, AR B HAb A AR, KU
TEBRAUE AL 2 A . WA 2B Fos, UiFe

e b SlFEwE ke d. 15 ) Yn EE RV R R EAETE: 571k 6 d B9
A pH e 0.6:1:1 g 1:1:1 g 1.4:1:1 B _ ‘
ALP activity——0.6:1:1—— 1:1:1——1.4:1:1 W Protein FUDNA © Polysaccharide
14.0 ¢ 1200 )
i ™ S
00l & —— |
8.0 — = 7o T T 1 T 9 ;
T _ T 1100 8§ %
B )
2005
4.0 - 3
g
5
0.0 LML TR 1R MLk RER K00 10 10 Mk B LT 400 : : : ' -
123456789101112131415 0 1 2 3 4 5
t/d Concentration (<107 pg/cell)
Bl HFEEERERRIMg:N:PELGITH i fZhpH, WM BMEREEET A REIINREATKET
% (B)
Figure 1 Changes in pH, alkaline phosphatase activity (A), and extracellular polymeric substance component

concentrations (B) during mineralization in free bacterial system under different Mg:N:P ratios.
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XRD phase analysis of products from chemical mineralization (A) and free-living bacterial
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Mg:N:P ratios.
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Figure 5 The influence of two immobilization methods on pH (A) and ALP activity (B) in different magnesium-

nitrogen-phosphorus ratio mineralization systems.
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Figure 6 The XRD analysis of mineralization induced by two immobilization methods in different magnesium-
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under different Mg:N:P ratios; B: XRD patterns of minerals induced by PVA-SA-CP immobilized bacterial beads

under different Mg:N:P ratios.
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Figure 8 SEM characterization of mineralization induced by immobilized bacteria on ACFs under different
magnesium-nitrogen-phosphorus ratios. A; — Ajz: Low-magnification SEM images showing the overall
morphology of minerals formed under different Mg:N: P molar ratios; B;—B;: High-magnification SEM images
revealing the detailed surface morphology and crystalline structure of rod-shaped minerals; C, — C;: High-
magnification SEM images illustrating the surface texture and structural evolution of irregularly shaped mineral

aggregates.
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Figure 9 SEM characterization of ACF under different Mg:N:P ratios. A;—Aj;: Low-magnification SEM images
of ACF scaffolds under different Mg: N:P ratios; B;—B;: Medium-magnification SEM images revealing surface
coverage and texture of ACF fibers; C; — C;: High-magnification SEM images showing detailed interactions

between ACF fibers and attached microbial/mineral phases.
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Figure 10 SEM characterization of mineralization induced by immobilized bacteria on PVA-SA-CP under
different magnesium-nitrogen-phosphorus ratios. A; — As: Low-magnification SEM images showing the overall
surface morphology of PVA-SA-CP immobilized pellets under different Mg:N:P ratios; B; — B;: Medium-
magnification SEM images revealing the surface roughness and mineral deposition distribution on the
immobilized pellets; C; —Cs;: High-magnification SEM images displaying the detailed crystal morphology and

microstructure of induced minerals.
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Bl 1:1:1E R TPVA-SA-CPEIKHISEMRAE
SEM characterization of PVA-SA-CP immobilized bacterial beads at a 1:1:1 Mg:N:P ratio. A: Overall

Figure 11

morphology of the PVA-SA-CP immobilized bacterial bead showing the ellipsoidal shape with rough surface

texture; the dashed circles indicate the regions magnified in (B) and (C), respectively (Scale bar: 1 mm); B: Cross-

sectional view of the internal porous structure of the immobilized bacterial bead, revealing a honeycomb-like

cavity with interconnected fibrous networks (Scale bar: 100 um); C: Surface morphology at higher magnification

displaying the rough and wrinkled texture with aggregated crystalline deposits (Scale bar: 20 um); D: Detailed

view of the crystalline structures observed on the bead surface, showing distinct layered and prismatic

morphologies indicative of mineral precipitation (Scale bar: 20 pum).
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