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Abstract

To reveal the structural evolution characteristics and potential impacts of CANDAN-HAP particle
sludge during the mineralization enhancement process under low substrate conditions, using dif-
ferent operational stages of the particle sludge as the objects, methods such as VSS/SS determina-
tion, body-type microscopes, scanning electron microscopes (SEM), energy-dispersive X-ray analy-
sis (EDS), and X-ray diffraction (XRD) were employed to analyze the macroscopic appearance, mi-
croscopic crystal morphology, element distribution, and mineral phase changes of the particles. The
results showed that during the 92-day operation, the nitrogen removal function of the system re-
mained stable overall, and phosphorus removal increased as pH increased from 7.5 to 8.1. With
mineralization enhancement, the VSS/SS of the particle sludge decreased from 76.3% to 52.0% and
33.8%, and SVI decreased, indicating that the accumulation of inorganic components promoted the
densification of the particles and the improvement of their sedimentation performance. The parti-
cle surface gradually changed from a relatively uniform biological appearance to a bleached, rough-
ened, and nodular deposition composite appearance. The SEM-EDS results showed that the surface
of the particles gradually developed from a dense microbial aggregation structure to Ca-P-enriched
deposition, and in the later stage, large-area plate-like crystal accumulations were formed. XRD
semi-quantitative analysis indicated that the integrated area of the main HAP characteristic peak
region at 31°~33° in Stage III increased by approximately 8.7% compared with Stage II, suggesting
enhanced relative diffraction signals of HAP-related crystalline phases. Overall, the surface miner-
alization of low-substrate CANDAN-HAP particles underwent a phased evolution path from weak
deposition, local enrichment to crystal maturity; moderate mineralization was beneficial for parti-
cle densification and phosphorus fixation, but the later accumulation of surface crystals might en-
hance structural heterogeneity and bring potential mass transfer and brittle failure risks.
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B BAE S AT AT INE . SERBCTE . BORZE MR A B BT T S . PR ARk E T KE
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Figure 1. Long-term nitrogen and phosphorus removal performance and operating conditions of the low-substrate CANDAN-
HAP system: (a) Changes in influent and effluent NO;-N , effluent NO,-N and nitrate removal rate; (b) Changes in influ-

ent and effluent NH,-N, COD concentration and ammonia nitrogen removal rate; (c) Changes in operating pH and temper-
ature; (d) Changes in influent and effluent phosphorus concentration and phosphorus removal rate
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Figure 2. Changes in particle size distribution, sludge composition and settling performance of granular sludge at different
operation stages
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Figure 3. Stereomicroscope images of granular sludge at different stages
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Figure 4. SEM images of the surface microstructures of granular sludge at different stages: (al) (a2)
Stage I, 10 um, 1 um; (b1) (b2) Stage II, 10 pm, 1 um; (c1) (c2) Stage III, 10 um, 1 um
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Figure 5. EDS elemental distribution maps of typical deposition regions in granular sludge at stage
Il and stage 111
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K 53°~55°2k A7 B UL B BATE g, X EeIgf7 5 Hydroxyapatite £ Carbonated Hydroxyapatite ({45 PDF
R FEANE R, PR R BN Ca-P 50, SRR AR EDIA . SHE
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HAP H 5 5t AH ARG AT 46545 5 ik — 53555 9] [10]
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Figure 6. XRD patterns of granular sludge at stage 11 and stage Il with standard PDF reference cards
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[FIE, B B = b AE A X ] e RS Ak 3 T B B, 6B JS JRE drh HAP AH G diAH B A RHE 56 BT
5o

454 SEM A1 EDS &5 AT LLE H, BrB RN R JE CHILREE Ca-P B M1 RITR, kB =5
b E B R AR Sk, IFEERE Ca F1 P {5 5155, XRD 28 B 45 B 5005 £
HEE, RUMKIEF CANDAN-HAP Sk i5 e o (1) Ca-P JUAR FFAR45 B AE 20 B A4S & R sRAACIR S, 17
JEBEE pH BEEER TR ISR, B4 ) HAP AH G S AN 26 2 5 R B AR 7 1) Kk JE[11].
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S5, BB = 3R R R A 0 DR T AR HE AR A T B8-S SURURE R [ I 1 38 5 A0 2 (] 3 A AN 380, AT 3
SER SR E[10] [12]0 456 BT IRRLAR 20 A1 vh 40 /NORE B8 (B0 T BB, i AR AL 2 vl 6 Il B i s A 350
bifaEt, 2R AEEEET Y E L. R E SN AR . ik, K5 CANDAN-HAP
FBORLTS e I S AR T RERE 9. TR DA Ca-P R JZ & 5 HAP MICRAHTE o, FrE =g —A 5%
WA R R RE RFRIEE 1) 7 A I 5
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RIL ) 2 #F T CANDAN-HAP FRL5 Y [ 20 i 2 9t i dlih Ca? Rl PO JLAZFT iR e , T A& %2
FERMBELS TR REE . JREE pH TR SR KR R 2 B AL s 3L [F 52 o A FEH, 7K NH; -N
HINO; -N S 4ERFAEL 30 mg/L, 14 R BERAE T AR UL I 5 fr 2 At o 5 v i ot Bl iy R ff Ak SR AH L, RS
JR AT T A AR SR ARG AR, SN A B AR AR SR I RE pH Bk TEHLEREE LK CO,/
HCO;, IR ST 1 1F F nT REAT 885 . DALk, 7EIZ470I, BRI MR RFAE7E Ca2* R POY , BURLE 2 RH
I AN FEAT T REAS /& LASCHRER BRI HAP AR Pud e R, 16 3 BRI IR S I N LUTAR B 45 ot
Ca-P HIOKIAFA & .

BEAIZAT pH B B—1 7.5 SRR EM B K 7.8 B =1 8.1, AR Ca-P i M LR+,
HAP BAZ AN i R A K IR 307 22 25 AF A3 B 0 - pH T s — 7 TR BB R £h 1 B 5 55 Ca?* S5 B TS,
F—IiH K Ca-P YTVEN MU a5 iz ae 22, (A3 SR A/ B GS FL FE I Ca-P A& AP I SR A2 (1)
HAP oG i AR AL . X 5 AR SOWER B 1 L BR 252 . VSS/SS 74k I F# DL & XRD RREUESE s AH — 5L,
Vi B pH B R TR SN K T CANDAN-HAP 14 207 10 186 5 1) 55 340 3 s R 25 .

MR EPS MUY IREE Gy Ca-P kxR Mt 1 B E A . EPS W REL . o dk | MR
SE ARSI Ca?, FEEBURL R LRSS T E £ X . PO 5 5P, FikiREH %
ST Ca-P WG YIAR . B IS AT HEE, X ST aa YR X IR T JE— 204 E IR A%l S AR AR A i, T
AT A%t S A T B R R R R IZ ARV, e 2T A O T AR R0 SR AR HERR . DRI, BB
TR AR B I BRIR B A TR GURR FTEAR N Ca-P K BRI 4G k% ) = 0 AR IE I A5 L, T Bt =K
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