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| i1 5t/ = 7N e b P 71 S = 7S
BOENEREER], B R M RFRN, 154
TR Tz, ERMPRIE & T
B e R /NTF 150 um £, KR IESE H e 75 K
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KR EL ELARAE 5~10 mm Y5 ] P A BRAE HEAT 5 42 1)
Rk, AR R TR ER I, N T
G W R4 X6] Bl AL 25 DA T B i I s, s 2
R B4R N(8+0.5) mm AP K .
1.3.2 EfLFIMFGRIMmIE  DoKiE. BEA
B Bt 5t IR Te N L R A ), T
SV SRk G LA 5y, R SR AR S
TR VRIS 26 25791 5 34 FLAEL 43 2 TR 55 Pl o B o 2 i
URCIA, AL EEAE R4 5 = Rl AL 5
Bebt, DASEER AR bR ASOR o
1.3.3 BB EE R H % S8 EER K
HiTBu5 TR B TR . AR R Begh iR
SR THRER N IEZR R, FHRFEERFES A
AR ST BEE R R RN S5, 6:4. 7:
3. 8:2 A1 9: 15 TGN 400, 450+ 500+ 550 C

1600 °C; kegsid BN 1050, 1100, 1150, 1200 C
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Table 1 Orthogonal experimental factors and levels

No. m(fly ash) : m(municipal sludge) Preheating temperature/°’C  Preheating time/min Sintering temperature/’'C ~ Sintering time/min  Heating rate/(‘C ‘min")

1 5:5 400 2
2 5:5 500 5
3 5:5 600 10
4 5:5 450 20
5 5:5 550 30
6 6:4 600 2
7 6:4 450 5
8 6:4 550 10
9 6:4 400 20
10 6:4 500 30
11 7:3 550 2
12 7:3 400 5
13 7:3 500 10
14 7:3 600 20
15 7:3 450 30
16 8:2 500 2
17 8:2 600 5
18 8:2 450 10
19 8:2 550 20
20 8:2 400 30
21 9:1 450 2
22 9:1 550 5
23 9:1 400 10
24 9:1 500 20
25 9:1 600 30

1050 5 5.0
1200 25 7.5
1100 20 10.0
1250 15 15.0
1150 10 12.5
1200 15 12.5
1100 10 5.0
1250 5 7.5
1150 25 10.0
1050 20 15.0
1100 25 15.0
1250 20 12.5
1150 15 5.0
1050 10 7.5
1200 5 10.0
1250 10 10.0
1150 5 15.0
1050 25 12.5
1200 20 5.0
1100 15 7.5
1150 20 7.5
1050 15 10.0
1200 10 15.0
1100 5 12.5
1250 25 5.0

m is mass.
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K-Alpha, ZE[ED X o-Hr i i Al G Bk R T C
Ca.P.O JL WA R X FHLATHU(XRD,
H A HE 2%, DMAX-2600, H A, Cu #E, 40 kV, 5°~80°,
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(a) Selection of pore-forming components (b) Selection of binder (c) Optimization of furnace slag addition

Note: Formulations 1-3 are trial formulas used in preliminary screening to verify the general validity of the optimization principles for the hole-enlarging

components and slag dosage.

K1
Fig. 1

x2 PMNESETEXFMRNREDSB(v)
Table 2 Mass fractions (w) of major chemical components
in ceramsite raw materials

w/%
Raw materials SiO, ALO3 Fe O3 CaCOs3 MgO
Fly ash 44910 31360 6.521 7.600 1.450
Municipal sludge ~ 32.470  21.230  11.140 6.731 2.230
Slag 31.460 17.030  2.570 34.980 8.410
Cement 20.320 6.780 3.470 63.210 2.540

THUROOP W R S5 M L ok B P R R 1) S K, AR
il LESH, ERNE 4. Hh, Kavg 5%
DR ZRAEXT KSR BREEPERE P20 BiAE, R R
AN [] K] 255 e P e 5 M 2 B 11 KN o

* 3 oR, 25 AFgRiBRBEPERe = 7 w3,
1 5 14 SRR 255108 75.41%H1 68.39%),
M 124 8+ 16+ 4+ 2. 25 5 NRE LI R E ) HRE
. WEMHMEWRREGRE MR D E,
1050~1250 °C [ P 5 B 14 B 52 47 AH 9% (1050 °C
B IZIRFE T JFURHIUR 2 1 5 S Ia mL, SLEyT
K [AIBEHE K. FLBR ST A EFR T2, e gl i s
i, ARER NG LY FeaOs KBRS b B it

IR F MR 40y 5 5 B ARk

Optimization of ceramsite composition and addition.

F COs2 CO. SO, AUk, Fkizisk /i A g AR
S, SRR BRIl RINRSEL
PG, NI BRI PR BB, g &5 By [ 5% g
LB BB B LR R S B ROR - BR T R B 4B,
PR Cay Few Mg %570 % o il it PLIEIRIA E
5 4 J@ T4k & WD [ FE AR (Ksp):CaHPO4=1x107;
Ca3(PO4)2= 2x107%% Mg3(PO4)2= 1.04x1072%; FePOs=
2.0x1033) 2L B, BEAE BN AIER:, 2H 57 1A
SN RS B A, BT BRBAE R R R PR . IR
S F b PR e Re ST P S T, T R B R HERR
HEAAE K RIS EFLBUR AL, i
IR e RE . AREFCER Y, Wk BT S HEAR 2 FE B
RERETERES, &N TREE AR TS
SRAKMEFETE R = FLBR, 32 1 3 5 B e g 201
W e 1) 6 TR 28 06) R 2 19 1100 2 T e P AR UOCAY

S &8 U > 5% 45 B ) > Ui 6> T ARG B > k) L
B> F s 8] o LA IS I B A 2 S HON R K : 5
Je =7:3, P 600 °C/5min, K45 1050 “C/5 min,
FiRIEZ 5 C/min. MbT7FRMLTHR 1 SLIBH. %
I 1) 6 B4 B s 1l 25 B R IK 90.77%, 83 R T IEACSE
B e ) 25 k.

F=3 EXEWER
Table 3 Results of the orthogonal experiment

No. 1 2 3 4 5 6 7
Result 75.41 -4.37 41.27 -2.84 12.89 0.23 45.11
No. 8 9 10 11 12 13
Result -1.30 6.37 53.55 30.92 -0.15 17.94
No. 14 15 16 17 18 19
Result 68.39 14.70 -1.97 34.14 43.86 4.98
No 20 21 22 23 24 25
Result 45.24 12.84 48.95 7.75 37.38 -5.14
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Table 4 Range analysis results
ltem Level m(fly ash): Preheating Preheating Sintering Sintering timg/ Heating rate/
m (municipal sludge)  temperature/C time/min temperature/C min (‘C-min")
K value 1 122.36 134.62 117.44 290.15 160.32 138.29
2 103.95 113.67 123.67 199.92 132.17 120.80
3 131.78 102.52 109.51 84.17 109.52 109.32
4 126.24 96.42 114.27 23.28 112.49 94.20
5 101.78 138.89 121.24 —11.40 71.63 123.51
Kavg 1 24.47 26.92 23.49 58.03 32.06 27.66
2 20.79 22.73 24.73 39.98 26.43 24.16
3 26.36 20.50 21.90 16.83 21.90 21.86
4 25.25 19.28 22.85 4.66 22.50 18.84
5 20.36 27.78 24.25 —2.28 14.33 24.70
Optimal level 3.00 5.00 2.00 1.00 1.00 1.00
R 6.00 8.49 2.83 60.31 17.74 8.82
Repetitions per level 5.00 5.00 5.00 5.00 5.00 5.00
Number of replicates per factor level 5.00 5.00 5.00 5.00 5.00 5.00
m is mass.
22 PRREARIEAMRSR DG

AR CI/T 299—2008 (7K Ab 3 AN T Pk i AL )
IR I B A 125 2% A T o) 8 K SR A B R 1) A 3
PERE, KESEE 5, S4RER, ZERATS
H35) i R ARE

x5 MRREMRSKCER A IFRER B MR IR
XfEE

Table 5 Comparison of performance index of fly ash

ceramsite and artificial ceramsite for water

treatment
Parameter Standard value Measured value
Sum of crushing and abrasion loss (Ciy/%) <6 0.238
Clay content (Cy/%) <1 0.541
HCl-soluble content (Ci,./%) <2 0.792
Porosity/% =40 50.31
Specific surface area/(cm? g ') =0.5x10* 0.9694x10*

Density/(kg-m™3) 19422
Bulk density/(kg-m™3) 473.4

Apparent density/(kg-m3) 1059.38

MR SO TS0 I 20 O O A 3 W s 2 T 52 B
MR RFIE A 0 SRS SR = AL, 1ZILR
PR B LA D B SeAE min T A E A WU A
R RTRAERAAR,  FI JER EALBR (Fer05) 5
B (C )it 1 S e S e W TRV RE TR AR B A
ARG IR S, REIE BN FLER S,
HRIB ALK R, A RBRARP R 3 B I 2 2%
$E N PR AR, AT 9™ K Pl AL [ 5 i 5 7 R 1

PR A A S PR B ok 1 2

A 5

Su

~ (b) Highmagniﬁcation

B2 AFEBOCEECT B KL SEM A
Fig.2 SEM images of fly ash ceramsite at different magnifications

NV R P E A F R IR R, SR
HJ 557—2010 (MR R BTk IR
) AT ERMERR R S0 (TCLP) . 56T ki g 2
FRAE, € HFRIGEN Cr. As. Pb. Zn. Ni, &
ICP-OES fu 45 %= H K £+ (Cr=82.793 pg/L;
As=0.152 pg/L; Pb=13.174 ug/L; Zn=82.837 pg/L;
Ni=2.721 pg/L. Fr AL E B HEKT GB/T
14848—2017 (i F /K5 EchntE) IZEFRAE, KA
WL TCFR B AU o
2.3 PRt s E R
23.1 FomEpsgm wE 3 Fos, BERINE
(RGN, PR X B P IR B 23R 0 K, (L M P e
BN BOIMEM 0g HENE] 2 g i, W B A RIE R
WL E] 80% /A, B fE I B e A = 218 1
2 TR R VAN = S B NP (A S gl 1= NN
B o R, BRI B (gmax) 12X 842.1 mg/kg
PRI B VAN B s s B0 2 A R ] 5 U
Bt I SRR R, (HE TSR R

B 20 um

(a) Low-magnification
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Fig 3 Effect of dosage on the phosphate removal performance
of ceramsite

232 pH {HMRM  pH (R AR R b i 1 I
BRAT OSBRI 3 ] 4 B, BRLE W46 pH=3~12
OBl N AR I BB RE ), SR R R pH
WA o FERR T 22 Pt 2544 N (pH=3.03~7.01), MK
B 325 551 (80.13%~84.22%), FEAE pH=4.97 ik F|Ug
{E(90.57%); bt pH E kLT = 2ok Ja R
RiFEL TWE, 16 pH=10.97 W EZE 61.12%. ZHH
5 A BRI T 45 R — B,

100
—

S - N
? 80 | —,
™~
2 60 d
.2
s
g
Z 40

20 1 1 il 1

2 4 6 8 10 12
pH value

Bl 4 pH T BERL R B RR 1 520
Fig. 4 Effect of pH on the phosphate removal performance of
ceramsite

b3 pH BRSSP AT I DL AL EEAT AR«
TERTEZ M T (pH=3~5), BURA) pH (I SE(EEE 1
Bk JE4H 70 (Un Cav Mg, Fe S5)IEH, R
H A <8 JeR B B 1 S IR AR (32 29 HoPOu) T {E R R
M AR ST T B S ML, AT S I B3 ) i 7
RIS, o e 2R T e R 51 B P REXS IR A — 58
Uik. BEE pH (HT1, B HIRES, M OH 5
TR MR 5 22 [ P 5 5 I PR 8 5, 3 B0 B 5 T o

FE SR BRAE 26 AF T (pH>10), B RL R [ 5 B AR 125 1
(HPOS2 ) Z [l i L HE AR gt — 2D i, 2 S8
W B 28 PR P 2 S A

ZE LRTIR, ARPRLIERRPE AR T BRI BER
RRRBEAE, FESHERA S MRITE 52
(1% 2 T ] s S R O
233 BT LKA T S E KER
HAEWE T CIv NOs~. S04+ HCOs™. COs%)
Al A SRR B = AR R PR S 27, A, R E
25 2 BH B PRI B RE RIS o A7 B8 56
or Aol 1k B () i AL S

BB 0 A T MR BRI e, R
M A BF 42 s 95 HE P K I N : CO32>HCO3; >S042
>NO; >Cl, X 5iX Le By FFE (I v 7XF (B 2
Bl ) () RE 9 FE AT 401280, AL A7 %o B Ao e i
RE 5 W H (40 mg/L AL T B 6.3%) . T
COs/HCO; U & Z AR B - CO> 1] 5 Bl 2H 43
FE4 AR UK Ksp UT0E s 38 /KA A2 OH-$2 sk Ak
pH, 3T s % B g i 20

Na'\ K"\ NHq" B FEA7 05 Bl b i B P B % 6
B2 (RSN, Ca2 Fl Mgt [ 3472 0 35 i a3k P bt ot
WERIUTIE, PR T RN 40 mg/L i, Bk
FIBRBETERE 2 BRI T 17.87%F1 16.17%, X F %
HEFE T Ca? Fl Mg 5 PIBERAR 55 7 K B AL
SEVUHE N, A O I O T R AT /R FR AL B0
MNP [FIER T T Bl i 2300,

J&3 5 R (HA) &2 B HE )38 85 40 3 T e ) A
IBE AR —Rm T ENEEY, FEAY
C. H. O. N&mxB, BHEZMERH, | 247
fET BRKES, F RSB R AR A% 5
X A PR PR Tl ) S o I A B S k) T g
RO BERIR AR, 7EHIREEN 10 mg/L B, P brfa ik
PERE TBE T 40%, BfAE EGEIRIRE B, PRI
B RE AR S FEAIC, X2 BRI A IR 10 B e 1 (L
FE R FE RN ) 0] 5B E 2% B, AT O HL AR
0 R R B 7 2 THI [ A7 TE TS B2,

2.4 EBWMEWRMEIHFMR

2.4.1  SEE R K H Langmuir. Freundlich.
Sips A1 D-R BAY X0} 55 5 I Bt () BdE AT A, A
SERASHILE 6.

FEARIAR BE B, Bk b (0 W B A7 R0 78 43 A
FH s AR A R W B 1 RS O B IR R, Bl TR
SN, TV TRD P AR A FEE 3, AL PR R B 2 =
bl 2 33,
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2 : 2550] o = 2
2200 27 7 2200
= < 200H 3 3
2 2 %
£ 150 & : £ 150}

g 2 150H % g
S 100 S : S 100}
g £ 100t : g
i 3 3 £ sof 3
s 5 oy : Y
< < S ol 990
< 9 < IZN % < < 9
CI- NO, SO HCO, CO,” Ca™  Mg* kK" NH,
(a) Effect of coexisiting anions (b) Effect of coexisiting cations (c) Effect of humic acid
Bl 5 JLAPE 1. R TERN M B 8 1 A 1) R T
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Preparation of Fly Ash Ceramsite and Its Phosphate Adsorption Performance
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Extended Abstract

Introduction Phosphorus (P) is an essential nutrient for aquatic ecosystems. However, excessive phosphorus discharge into surface
water is one of the primary causes of eutrophication, thus triggering algal blooms, degrading water quality, and threatening aquatic
life as well as human health. It is widely recognized that even low concentrations of phosphorus can significantly accelerate
eutrophication processes, making efficient phosphorus removal a critical issue in water pollution control. Among the existing
treatment technologies, adsorption has attracted increasing attention due to its operational simplicity, high efficiency for
low-concentration phosphorus, and limited risk of secondary pollution.

Coal fly ash is one of the most abundant industrial solid wastes that are generated in large quantities in coal-fired power plants.
Although its comprehensive utilization rate is increased, a considerable fraction of fly ash is still disposed of by landfilling or
stockpiling, posing long-term environmental risks. Fly ash is a promising precursor for the preparation of ceramic materials due to its
high contents of SiO2 and Al2O3. Moreover, the presence of Ca, Mg, and other alkaline components endows fly-ash-derived materials
with a potential chemical affinity toward phosphate species. Transforming fly ash into functional ceramsite for water treatment
therefore represents a typical “waste-to-resource” strategy.
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Previous studies explored fly-ash-based ceramsite or related materials for phosphorus removal. However, most of them focused
primarily on adsorption performance evaluation, while systematic optimization of preparation parameters and in-depth clarification of
phosphorus removal mechanisms remained insufficient. Such limitations hinder the rational design and engineering application of
these materials. In this work, fly ash was used as a main raw material, supplemented with municipal sludge, furnace slag, and cement
to prepare porous ceramsite for phosphorus removal. The adsorption behavior, comprehensive physicochemical characterization,
preparation conditions, and removal mechanism were systematically investigated.

Methods Fly-ash-based ceramsite was prepared by a disc granulation method. Fly ash was mixed with municipal sludge as a
pore-forming component, furnace slag as a functional additive, and cement as a binder. After granulation with deionized water, green
pellets with a controlled particle size were obtained and subjected to preheating and high-temperature sintering. To optimize the
preparation process, a Taguchi L25 (5°) orthogonal experimental design was employed, considering six factors, i.e., fly ash-to-sludge
ratio, preheating temperature, preheating time, sintering temperature, sintering time, and heating rate. Phosphate removal efficiency
was selected as an evaluation index to determine the optimal preparation parameters.

Batch adsorption experiments were conducted using simulated phosphate solutions prepared from potassium dihydrogen
phosphate. The effects of dosage, initial pH value, coexisting ions, and humic acid were systematically investigated to evaluate
adsorption adaptability under different water chemistry conditions. Adsorption isotherms were analyzed using the Langmuir, the
Freundlich, the Sips, and the Dubinin—Radushkevich models, while adsorption kinetics were interpreted using pseudo-first-order,
pseudo-second-order models, i.e., Elovich, and intraparticle diffusion models.

The physicochemical properties and adsorption mechanisms of the ceramsite were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). In addition, the leaching risk of heavy
metals was also assessed using standard toxicity characteristic leaching procedures to evaluate environmental safety.

Results and Discussion The results of orthogonal experimental analysis reveal that sintering temperature is the most dominant
factor affecting phosphate removal performance, following by sintering time and heating rate. The excessively high sintering
temperature leads to pore collapse and crystallization of stable mineral phases, thereby reducing adsorption capacity. The optimal
preparation conditions obtained are a fly ash-to-municipal sludge ratio of 7 : 3, preheating at 600 ‘C for 5 min, sintering at 1050 C
for 5 min, and a heating rate of 5 ‘C/min. Under the optimal conditions, the ceramsite achieves a phosphate removal efficiency of
90.77%, which is significantly higher than that of all orthogonal experimental groups.

The SEM images show that the optimized ceramsite has a rough surface with abundant interconnected pores, originating from
the thermal decomposition of organic matter in municipal sludge and gas evolution during high-temperature reactions. The XRD
patterns indicate that mullite and anorthite are the dominant crystalline phases, while Ca- and Mg-containing components are retained
in reactive forms. The results of batch experiments demonstrate that phosphate removal efficiency increases with increasing dosage
but decreases under strong alkaline conditions. The ceramsite maintains effective phosphorus removal in a wide range of pH values,
with optimal performance under weakly acidic to neutral conditions.

The coexisting anions exhibit varying degrees of inhibition on phosphate removal, following a decreasing order CO3>~ >
HCOs3;™ > SO4*~ > NO3~ > CI-, whereas common monovalent cations show a negligible influence. In contrast, the presence of Ca?* and
Mg?* significantly enhances phosphate removal due to additional precipitation reactions. Humic acid notably suppresses adsorption
via competing for active sites and altering phosphate speciation.

Adsorption isotherm analysis shows that the Langmuir and Sips models both fit the experimental data, while the Sips model
provides a better physical interpretation, indicating a heterogeneous surface adsorption. The kinetic analysis reveals that the
pseudo-first-order model can describe the adsorption process, indicating that surface reactions are dominant the rate-controlling step.
The XPS spectra confirm the formation of Ca- and Mg-phosphate species on the ceramsite surface after adsorption, showing that
phosphate removal occurs based on a synergistic mechanism involving physical adsorption and chemical precipitation.

The results of leaching tests indicate that the concentrations of heavy metals released from the ceramsite are well below
regulatory limits, having its environmental safety for water treatment applications.

Conclusions A fly-ash-based ceramsite was prepared using municipal sludge and furnace slag as auxiliary components for efficient
phosphate removal in water. The ceramsite exhibited a high removal efficiency, a broad pH value adaptability, and a stable
performance under complex water chemistry conditions via systematic optimization of preparation parameters and comprehensive
adsorption studies. The phosphate removal mechanism was dominated due to the synergistic effect of surface adsorption and
Ca/Mg-induced chemical precipitation. Moreover, the ceramsite showed a negligible heavy-metal leaching risk, indicating a good
environmental compatibility. This study could provide a feasible approach for the large-scale resource utilization of fly ash and offer a
promising adsorbent for phosphorus control in aquatic environments.
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