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Abstract To address the dual challenges of waste steel slag urgent resource utilization and high requirements on
cost and control accuracy of phosphorus removal agents used in rural domestic wastewater treatment, the waste-
to-resource strategy was adopted to develop the alkali-modified steel slag as a phosphorus removal medium. The
alkali-modified steel slag composite medium was optimized via NaOH activation and granulation, and its surface
properties were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-
transform infrared spectroscopy (FTIR). A bench-scale filter column packed with the prepared medium was then
applied to remove phosphorus from the effluent of a biological treatment unit. The effects of hydraulic retention
time (HRT) and medium particle size on total phosphorus (TP) removal were investigated, and the economic
feasibility was evaluated. The results showed that the rough and porous structure generated by alkali modification
shortened the diffusion path of phosphate ions and improved the accessibility of active sites. Once transported to
the medium surface, phosphate was immobilized primarily through ligand exchange and localized chemical
precipitation, while the crystalline framework of the medium remained stable throughout the adsorption process.
As the medium particle size decreased from 15-20 mm to 3-5 mm, the TP removal efficiency increased
progressively, reaching 80.0% for the 3-5 mm medium. Considering the potential clogging risk associated with
fine particles, mechanical strength, and phosphorus removal efficiency, the 5-10 mm medium was recommended
for engineering application, with a TP removal efficiency of 57.5%. For the 5-10 mm medium, extending the HRT
from 0.5 h to 5.0 h increased the TP removal efticiency from 7.5% to 99.0%. At an HRT of 2.5 h, the TP removal
efficiency reached 68.0%, and the effluent TP concentration remained consistently below 0.30 mg/L, meeting the
Class I limit of 0.5 mg/L specified in the Discharge Standard of Rural Domestic Sewage for Hebei Province
(DB13/2171—2020). The laboratory-scale preparation cost was estimated at 7.67 yuan/kg, and the cost is
expected to be further reduced after large-scale production. This medium not only has the circular economy

advantage of treating waste with waste, but also exhibits great potential for engineering application.

Key words alkali-modified steel slag composite filler; phosphorus removal filter column; adsorption
performance; hydraulic retention time (HRT); rural domestic sewage
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Table 1 Factors and levels of the orthogonal experiment

ESEN RS 1A /g IKiR/g Tkt /g
1 50 20 5
2 70 25 10
3 90 30 15

JA SR GG R, WIARFE B8 Jy 40 r/min, IR0 R P 088 5 V08055 BN o e PR T 10% 1 28 187K
DA G Rit% s Bl KRG PR 2 15 vmin, FEEUCAMINE S 10% 80 2808K, AU AR ER S BEAE FL R iR 1]
RHER. R G EURPRAAI A % 3~5 mm BB iU, B FER FERYT 7d, B3KEN3~5
mm AT AR S A 3R, BB RAE A o SO R e S5 T B I SR R A R AR (BRI AT B
Bt HARBH K TESEBARREALE, HIFFHAE 3~5 mm (KR SR S AR, T3 HRR .

FRERZ) 0.5 g N E G IR 50 mL B0 & T, AWK 50 mg/L FBEER — A58 (KHPO.) &
W S0mL, KHEFRIKT, 88 130 v/min, 7F 28 °CFHR¥ 24 ho P 524 0.45 pm JE B Hh I8 HURE,
W5E TP WREE . DASR AR (K R0k 1) & 2
1.3 BREELECLIR Bl I
1.3.1 SR PR

FREX 0.5 g BBk A3 2 A H0R 2 58 T 94> 100 mL B0, IIAHIGEWRE A 0 mg/L 2 mg/L. 5
mg/L. 10 mg/L. 20 mg/L. 40 mg/L. 60 mg/L. 80 mg/L. 100 mg/L f] KH,PO, ¥ 50 mL, ¥ H B T#2

=



i, #3809 130 r/min, 7E 28 °C TR 24 he /KFEL 0.45 pm JEAMIES, W@ TPIREE. DAAHIF & AF
BB A U AN OB A o BB 2
1.3.2 W Bt 3l 7 2
FREL S g Bt aNvE 2 A 3R 1000 mL #EFE R . IIAWIZRIRE N 50 mg/L. pH A 7§ KH,PO,L &
7 1000 mL. K H B FREAR S, 7628 'C R LA 130 r/min FIEE IR - 4 HIEE H A S min, 10
min. 30 min. 60 min. 120 min. 240 min. 480 min. 720 min. 1 440 min 12 880 min i HUFE, KFEL
0.45 pm JEMEAMIESS , WIE TP K. LA [ S fF- 5 B o eSO v ORI 0 R 2
L4 BHEETSHMR ARG
1.4.1 503 E
R 5% [ AR S 2 7 B A B A ST o AR A AR T V5 K AJO AR AL BB T K K R AR, AT
FEBTH IR T /MR KRR B e A (1) o WRHHIEFEEAE 8 om, FEw 40 em, JEFEE R BN S
FE 10 em (ZRFEZ . JREE 25 em BERNZE (1000 @), ARFLEA 1~2 om FLAR A 960D, 4 AREEAIR — 5L
ISR, K pH N 7~8, JRFLREEAERFE SR (£)20~25°C) o DUERLZE LR T K 47 B
FE, JU HRT 9 0.5, 1.0 2.5 A1 5.0 hiif, 0BRSS REBE KR B 23 14079 2.51 L/hy 1.26 L/h, 0.50 L/h A1
0.25 L/h, Bk HARFE K& 73 A28 60.3 L/d. 302 L/d 12.1 L/d f16.0 L/d. ki mika ) HRT 40— %

B HN2.5h, XN EAEREZ N 0.50 L/h, Bk HAABEKEZ) R 12.1 Ld.

8

= ] L ] [ 1 [ ]
g @ @ ) @ | WK
= " " R

£ [ whocht i 2.4 WM 2
h [ ] wewkits
B E#x
£
(&) d
S o

B/l s RIS B A A B R

Fig. 1 Schematic diagram of the filter column
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Table 2 Orthogonal experiment results
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Table 3 Analysis of variance
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Fig. 2 SEM images of the alkali-modified steel slag composite fillers
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Fig. 3 XRD patterns and FTIR spectra of the alkali-modified steel slag composite filler before and after phosphorus

adsorption
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Fig. 4 Isotherm model fits for phosphorus adsorption by alkali-modified and unmodified steel slag composite fillers
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Fig. 5 Kinetic model fits for phosphorus adsorption by alkali-modified and unmodified steel slag composite fillers
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Fig. 6 Variation in TP removal efficiency of filter columns packed with alkali-modified steel slag composite fillers of

different particle sizes
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Fig. 7 Variation in TP removal efficiency of filter columns packed with alkali-modified steel slag composite fillers at different

HRTs
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SRR, P PR R A (T 1.99~2.33 Ju/kg) » JRELI RIUFI TREG .

AR AIETT AR ALEE R R F BRI BN . RIRTEATZ) 0.5~1.0 Ji/kg, AR X IERERR #5191 25 1 B B2
W Bt e AR A B, 3 TR 2R SR A T ek 5 A e A R R e R PRy 1.5~3.0 Jo/kg, H
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45, 2% Ospina-Montoya 5 UEW) IR V| 4 Ca- BV S M RHNG BT 1B, S06 =8 BAR BL i T 1l
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Table 4 Cost estimation for the alkali-modified steel slag composite filler prepared in the laboratory

FAR TG BN (u/kg) AR R R FER/ (kg/kg) AR SA o/
kg)

by 0.24 0.6090 0.15
K 0.7 0.2610 0.18
e+ 45 0.1300 5.85
TR 324 0.0024 0.79
i 5 B R i % - - 0.50
SR RN %N - - 0.20
it - - 7.67

3 4

(1) BRSNS G PRI iR R A BC 77 . AV L KU SRERE R s & Loy 70:30:15 CRITR&
H 60.9%:26.1%:13.0%) , I LA 2%IEEERRAN ARG A . AT LR 4 R BURHEE DR UE A LB FE 1) [ B
HA RIS 5 Bt e

(2) SEM. XRD % FTIR FRAEFR T, BRSO 5 4 B BESROREER I 10 RERS 22 AL 45 H) 2 et i 1 it (A E
28 (XRD WA TEAmAS) BB AR SR ELAT f 5 A G M R . SO 51N CaO %535 PE2H 4@ i 4k
FUTESEIUBEAIE 2, [ FTIR B3] 1429 cm™ & 1 083 em™ ARFIEIE ) RE MRS, H67R 1 BciR Eh 2
C=0 KA H el —Si—O— @I B R HAEH 2 5 T BERR #h (4 2 R B 2

(3) SR PR o A9 52 45 B JEURL L7 (R TR AL 2 AR AN A 5 T 7K A A A B B TG H K, SECRPREAR D/
(M 15~20 mm I % 3~5 mm) AJHETF TP LBRFE 80.0%, HREHEAK/NI 55| Ki%%E, HEERH 5~10
mm KifE, TP ZRERF (57.5%) SHERE-FHREM (R IE R G KPR ENE. HRT $naeseh TP 1) 2%k
R, HRT M O.Sh 3% 5.0 h i, TP LBRZEH 7.5%3EF % 99.0%. HRT Jy2.5 h i Hi/K TP IR EREMK T
0.30 mg/L (ZEFR% 68%) , ety CRAAEG KHBARME)  (DB13/2171—2020) — 24 HE80hs #E
(<05mg/L) « FBATE, HEFFHRS HRT 4 2.5h.
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(4) AR RN, TR R A BRI S S i 4 AR 2 7.67 Jo/kg, T EERZ o3 M A S5
AFE . R DA FERHE O P A ™ )5, BRRAH BRIE T . 5RMPEA (0.5~1.0 ju/ke, Bk
R 10%~20%) FIFRL (1.5~3.0 u/kg, & minkess) 0% HERBEMRIAE L, ASIEORE DL I 5 A0 D IR
G, SR CUURIRIR” L3, B BRI TR E .
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