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H 7.95. ZEAREEA R IEFF B S E AL, SEM ML B M5 B A £ AT B £ &, FT-IR 947
BREET S M BEAT L AR K 1000 cm™ A= 2 850 em ™ AL e B AR R A T MRS, (454 ]
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Isolation of efficient phosphorus-solubilizing bacteria capable of
activating the nutrients of coal gangue from Shenfu mining area
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2 College of Geology and Environment, Xi’an University of Science and Technology, Xi’an 710054,
Shaanxi, China
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Mining and Technology (Beijing), Beijing 100083, China

Abstract: [Background] Coal gangue, the solid waste produced during coal mining, has
abundant microorganisms and nutrients on its surface. [Objective] In this study, we isolated
efficient phosphorus-solubilizing bacteria from the surface of coal gangue and further
investigated the activating effects of the strains on nutrients under various culture conditions,
aiming to provide genetic resources and theoretical support for ecological restoration via the
“coal gangue-microbe-plant” pattern. [Methods] The culture medium with lecithin as the
phosphorus source was utilized to screen the phosphorus-solubilizing bacteria on the surface of
coal gangue. The phosphorus-solubilizing ability of each strain on coal gangue was determined
based on the ratio of the phosphorus solubilization zone diameter to the colony diameter (D/d).
The strain with the best phosphorus solubilization effect was selected and purified. Scanning
electron microscope (SEM) and Fourier Transform infrared spectroscopy (FT-IR) were
employed to characterize the coal gangue before treatment and after treatment under the
optimized conditions. Furthermore, the interaction between the strain and coal gangue was
investigated. [Results] Four phosphorus-solubilizing strains were isolated and they were
identified as Pseudomonas based on molecular biological evidence. The strain with the best
phosphorus-solubilizing effect showcased a D/d ratio of 3.77, a colony diameter ranging from 2
to 4 mm, a milky white color, and Gram-negative characteristics. Following 24 hours of culture,
the fermentation broth showed the maximum ODsoo value of 1.70 and pH 7.95. This strain
significantly enhanced the activation of nutrients in coal gangue. SEM results indicated that the
strain adhered to the coal gangue surface. FT-IR results indicated that the functional groups of
coal gangue exhibited stretching vibrations at wavelengths of 1 000 cm™' and 2 850 cm™! before
and after activation, respectively. [Conclusion] After the activation by the best
phosphorus-solubilizing bacterium, the available phosphorus content in coal gangue reached up
to 22.39 mg/kg. The best nutrient activation effect for coal gangue with a particle size of
100 meshes was achieved by adding 70 mL bacterial liquid (ODe00o=1.70, solid-to-liquid ratio of
1:7) in the logarithmic growth phase. The efficient phosphorus-solubilizing strain identified in
this study not only improves the nutrient utilization efficiency but also offers a new pathway for
the resource recycling of coal gangue and ecological restoration in mining areas.

Keywords: efficient phosphate-solubilizing bacteria; activation of coal gangue; particle size;
inoculum amount
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FE DAy 3o RN Tk IOk}, FlE
FERARBE R BE I, I BRI [ He g U1, o
SRR A A i B R SE 2 B Ty
Y 15%-20%. 58 KR A AT A ™ BB IA R
MEDCAE IR 5 IR T 2 BOK AR L1
HYUY KRR, MR A A
A YA B TSR COBY, R, fe dEBEAT
ALEERA . R RSCEARRE, Bk
R AU IR A, HET, SRR R R 3
AFFETHEY . LR B R ESA R
A6 TR R I A A AL S 02 RS e i S Ty
HEA—E bR, (HEAZEEFI R L

WA AU LAY TR A . B
PEEESOLR, HRZEUIERENT PIE
FETE, FRBEA Y0 A 58 O AT A 3R 401 4k
P Ty, R R ) OG5 . B A
MAEKLFTERIGRD, FEL HPOs M
HPO, T8 M AE Py W s, it S v 1
FELL PLOs B AETEN), B4R AR P R A AL
B B S ARAIRT T, B B SR A S - A
F R T AE TS A R AR TR IR AR
e, WRFERBR, SRR XTSRS AL L
F BRI AU S WA LR, ST A
MEVE TR W & AR AR S RO, T AT v B A
HUTS WA TR R T M A~—-OH BReH, fE
s 5 SR Y AR E MG, XA AA
BB AR B i AN, IR MITE AR K
AR AR BRI NG, KA e, JfE s
HA S E WS AR, SR Wl S 1h A%
B, RHE TR MG, — Lo 5535 i ik
T MR EFE R B A
(Senotrophomonas maltophilia) . % #J T &
(Bacillus), Ff3uiE T XA A B s, fil
. P SCORE SR BURH i A2 AF B R RO A
(Stenotrophomonas maltophilia) R i B AT A7 il 5
WNERL, 45 REIIZE RS 4B LR A

RO AT A R = RS O ) . XSRS
BERT A1 B BTIRAL AR 0 1007 i S8 % 5 0k

FUHT, B A SMITSE B 3R A 5 B A
MM, FenlEfE P A KR, LAss £ 4
Fror It e P A K, R A B RO
WP Z N, DR AR A 2,
U, Yo ST e A 8 v O T 0 R R O 4 o 3
TR, REFORRAERET, WO LT
BAEIE AR | B e A 0 b Sl s WS R
Wang S5 PRI 075 1 fif 8 ol A= 40 7 5 BT 7R )
BERF A BRI AR IO, I R AT 41 5
WA, VR R A K 5 R LA ik A 4
My A 20 RS E AR, B a
0 BB i3 - S o 5 TR A T, (L
SR A AL R 18 JR o0 R T
O LA B A 2552 B RO AR R T AT e ik 220
BT 1) A A 5% T DOARERT A 2 1A 7 12 i o e 10 P
PR R ARIE o DRI, 0 06 0 SR W T2 0 A AR
WF A E IR R B BT T

AW FE LA DX BT A R SR, o0
H-2li Al RE RS e HEREAT 4175 37 D02 Ak 14 i i
WARTR L I 23 BT R AR X X T P 0 ) e e E ) % I
X REAT A A RO TS AR ROCR , SR T IR A%
TP AR A L A TR BT AS Xo fip l R 37% A J
PFORCRIE R . AWFSE B IER AW A
XA E R R AT ARAE T, T $ e HE SR
YRR

1 MR5r%

1.1 &

SRR R SR BB T 45 AR T RO AT
X, HEFITREW ST 2.87 gkg, HAUBE
11.20 mg/kg, AHLE 101.10 g/kg, Zeta HL
-9.15mV, pH8.63, HZK 1 A[HI, SiO, &kt
A FESEA AL S, b 62.08%, HIRE
ALO;. Fe,03 1 K,0, =#F B3t 31.46%.
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Table 1 The Main oxide content of coal gangue
FE ALY Primary oxides 7 i Concentration (%)
Na20 1.02

MgO 1.63

Al203 21.29

SiO2 62.08

P20s 0.11

SOs 0.77

K20 3.61

CaO 1.70

TiO2 0.91

Cr203 0.02

MnO 0.09

Fe203 6.56

1.2 EFE. EERFNEE

FRBEEABBIEERE@L: FRE
3.0, M 10.0, NaCl 5.0, ifiE 20.0, pH 7.2,
121 °CKTA 20 min. 4R BRI (g/L):
4N 3.0, A 10.0, NaCl 5.0, pH 7.2,
121 °CKTA 20 mino XEVE 1A LA [l 4 8% 57 3%
(g/L): #i%jB¥ 10.00, (NH4)2804 0.50,NaCl10.30,
FeSO47H,O 0.03 , MnSOsH,O 0.03 ,
MgS0,4-7H,0 0.30, KCI1 0.30, CaCO;35.00, B
#Elg 0.80, MEEEE 0.80, IHfig 20.00, pH 7.0,
121 °C’K B 20 min,

YA LR 20 DNA iR &, A TAY T
(B A PR F]; Taq Plus DNA R4,
BBI A Bt # AR A A

BN, B R AR BKEE
1, AEAER /A RAF pHIF, i {HE
PGS A R E] SRR G 55 B T IRO6IEL,
HER/RIR LA RAE,; ILIRERN, LiE
TR AR AR TR TAES,
Ve R BT A AR Iy A PR A |] 5 AR
(scanning electron microscope, SEM), H,F#E=
oty AR 2] SR i (Fourier transform
infrared spectroscopy, FT-IR), fii 6 7& (L 50) Bl 4%

AR
1.3 SUMBENTESE
1.3.1 BBENSSE

FREC10 g BEATAFE S, A 50 mL TG K,
P 85 9% 30 min, HU_b I MR AR BS B A RE N
10711075, 43505 0.1 mL AS[R] B B 7 B i 14
STURATAEMES A WL AR R0 B g A
BV R TR R, K AR Y BT 1% R R
A 100 mL A B R, 37 °C.
180 r/min fH IR % 85 5%, P& 2 h PO &
600 nm ZbWEOERE, FRERFENNE 24 W, FRL
R R AR TR, SREE PRI pH IHid
SEAR H R I 24 h 15 A4 KO Y pH.

W 4 BRAGEEDSHERD T 28 B WA S 77 45
FREXEN, W45 1.36x107, 0.94x10°%,
1.25x10° #1 0.45x10° CFU/mL. FREL 10 g 32 100 H
O B ERT AR A, AR 4 PR TR T
50 mL, XFHRZAANAGEIABUK R R, 37 °C
fE I 180 r/min PR 4555 3 do WAL 45 R ,
BAARZRTF 4 °C. 12 000 r/min &5.0> 10 min 35
HRREAT A0 5 SO, SR R BT L )
B v ) SR SO B o, [R) B B T AR A R AR fb i
SEIFE 1d il pHP,

1.3.2 ERERSE LIERENE

W 4 WRAGBEBHEEFD T XEV A LR [ 14 8
IR b, RO AR RORS I 2 A [R] P Ak A
P14 i Bl PEL R BT 9% /0N, DAAS [] i) B 2241
B, Waftiee st BooEnt:, FiEmeEa
12 (DYFI 7% H AR (d) B LB (D/d) . Wi 5%
HVE L ARE, MiAmEmBEE . JBAR . &£
T (AP0 . AR ERAEAR ) . IS (DG B A
AR) . BB SERHE . BRI IR IRTE R B A |
PEAT L R, Sl IR e . RS
S MR AN RE R N 5 B SR
R 5 248 PR ) 25 €, S oy (=2 [ BAPE Sh  f, o
== QB Ry 20 ) T by o =2 [RGB 25 2R
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133 E#HHDFEMFELERE
KA HE 20 DNA et £ B B
PRI DNA, #5455 E 514 27F (5'-AGAGTTTG
ATCMTGGCTCAG-3")F1 1492R (5'-GGTTACCT
TGTTACGACTT-3")%} H I K1) 16S rRNA %
NiE47 PCR ¢34, HAAL TR L2725 SCHk[29],
WP 25 S ok NCBI #4753 Fe X434, #1IH
MEGA AR R 58 Lk B o
14 BBEECETAEFZRIOEZEM
b R MR FRAE
14.1 MBHENARNEHETAFDSEKR
A
SR BREE {SCR SR 4 BE 4 43 )3t 100, 80,
32 Ml 16 HELAERYTH M, FREON FIRAR AT A
%10 g, 43905 50 mL BERIEA A INE 250 mL
HORRN , HISEARRUR AR IR RG TR 3 R
TR, RS FREE S ANEK, 37 °C. 180 r/min
Bigf 3 d BRI AT O SRR &Y &
WREETS B B F, 12 000 r/min B5.0 5 min 43
BB A SISO N, B e R A
FERUR TG, D0 JEAT Ay il . S A5
AHUR MRS &, IR AT SEM W
FZH FT-IR 20 H7 .
142 ARIEFEHENETAFSFE LN
FREL 10 g 13 100 H LR R A BERT A, 4K
UMABE 10, 30, 50, 70 F1 90 mL, JRA %
fnZ 250 mL HEE KLY, FHAE AR K R 4 RE W
REEFRIEAE XTI, AR E 5 AN ER,
37°C. 180 r/min }%35% 3 d 5, BRI AT A7
S5EWIRE i 2 505, 12 000 r/min
B0 5 min B AT A SRR N R, KA
SR BAT AR R TS, I SR A B A
B, R AR MR SR, IR A
FE#EDT SEM WLEL AT FT-IR 4317 .
143 HFApH RESESENE
AR A AR VR T4, A pH 11l
TEBERT A B RSN YR pH , JERT A R R
FHAHBE T L (v, SRR 5 o 3 o e 1R 4t

R R BB A B TR O e, A
BT 5 s R FH B 4% R B S v A Bl g, 42
R 5 R AP E ZAI E
1.4.4 BEBEEALETARE SEM Y2
FIF SEM LA R i, o ST 6 Ak
8.5 g/L A FREL KIEVE 3 WIS RN 2%AY 1%
VICE T 4 °CUkH, PEATARTRIVR BEBA BE (50%
70%. 80%. 90%. 95%F1 100%)F) L EEE K |
THE, I B RS AL AL B A SREAT AR g 3R
T P9 7 Bl T B 515 O
145 BEBEEALETA FT-IR 94
K FT-TR X i 8 v RS AL e R G RERY
HREBI AT 0T, LR E A
KFEH 3004 000 cm™', KL 64, S PER

-1
2cm .

1.5 HIELE

& %A Excel2019 AMPREZIGHEHE, S A
Origin2021 #4728, SRJH IBM SPSS Statistics
B XS AS IR TR AR ) f Wl e O L W AR AT R R A
BIRILR T R R 5 2240 8T (Duncan K
%, P<0.05),

2 EXRE54M

2.1 SXEEREE RYTF IR & A TR A LI

SR PR B U A P Al vk A R AR R 2% 1 4
B aifb i 4 BREBE , 2396 45 BBS-A .BBS-B.
BBS-C. BBS-D, 7EXEV 1A HLRE {455 77 2
EHESR 15 d MERREVRIE R 1), Wik BBS-A £
WARE, A, KN%2-4 mm, FHHEEE
W4, ¥, ANEW . Htk BBS-B HRIE,
HHAG, K/NZY 5-6 mm, BREEEIEIE, T
RN EB . REE BBS-C IR, Hf,
K/NY) 4-6 mm, FLHEIBIEAIEEE, NEW, b
AT VIR R BBS-D iR (8, K/ 9-10 mm,
R R AA R, R, B, %
AFN ., FEARR BG40 T #itk BBS-A B
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1 fR%E5E BBS-A. BBS-B. BBS-C. BBS-D fi&

EITS R R R

A-D: itk BBS-A. BBS-B,

BBS-C. BBS-D &4 ; E-G: BBS-A. BBS-B. BBS-C. BBS-D W % e /1.

Figure 1

The colony morphology and phosphorus-solubilizing ability of phosphorus-solubilizing bacteria

BBS-A, BBS-B, BBS-C and BBS-D. A—D: The colony morphology of BBS-A, BBS-B, BBS-C and BBS-D;
E—G: The phosphorus-solubilizing ability of BBS-A, BBS-B, BBS-C and BBS-D.

AR 3 M AR AT /D R 2 IR 38 2
FRRE IR 15 d J5 689 D/ 7E 1.43-3.77 Z 0] (3 2),
4 FR TR B RE 14K 2 BBS-A>BBS-C>BBS-B>
BBS-D. D/d I K ZW#k BBS-A, D/d {0l
3.77, H5HA 3 kiR B, BRIk BBS-D
B D/d KT 163.64%.
22 EMATFENFLEEER

FIH NCBI $#4# % H 9 16S rRNA JEH 7
G, X 4 RRFEBEEUEAT IR IEPE LT, R R
Sk BW . Wk BBS-A 5 R AR A
(Pseudomonas kilonensis) strain 520-20 Fl125&
% #A. fifd 781 (Pseudomonas brassicacearum subsp.
neoaurantiaca) strain CIP 109457 7E[al—43 % I
(B 2), FGXFREGE, 5 2 R AR5k
99.46%7%11 99.45%, FIRFHAEE Ty BRI I
# ¥k BBS-B 5 jifii (K R PR M TR (Stutzerimonas
stutzeri) ATCC 17588 tH{LIM: 2 98.37%, AN I
S8 Ayt FR AR MU TR . BRI R BBS-C 5 i [ 1 o

Jitd 7 (Pseudomonas koreensis) strain Ps9-14 F15

$7 4 AL 7 (Pseudomonas moraviensis) strain
1B4 HYARIME 3514 99.79%F0 99.59%, H.A4bF
IS 5 2 o = Sy S 8N S P o /S
BBS-D 5 % 3 e 4 2 it A% VE IS M R
(Stutzerimonas chloritidismutans) strain AW-1 4b
FlH—a3 b, FFEFFIRAIM S 99.86%,
W L 7 Ry A e o3 it A 5 TR B T
2.3 EHRBERTFHE

4 BRFFWETA A KRR W] 3A FTR , T kR
BBS-A TE4%F 0-7 h ¥R Ai A KgHe, &
7 h JEHEAXTECER, SRR B T,
ODgoo F i EAE R 37 24 h 153 1.70, 24 h 5k
AFGE W], e 0 1l 240 T A i SR AR G R e e R
{EARFF T, 28 h Z B gs 3L ip g 3= i s o
Wb, IS, WE R TR, A
-] ; Hi#k BBS-B 7E 12 h AL FHa & il xh gtk
KM, 14-28 h b TREAKY, IF7E28 hiF
Pk BBS-B 11 ODgoo fH IR K2 1.21, 5557 28 h J5
TR ) B B W /L s TPk BBS-C U EITI AR K

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



PNELE S | AR X RO 9 T 1 20 8 S LR R A IR 20 (s A AR

2077

F*2 MBHIERAEIEE T
Table 2

The physiological and biochemical characteristics of the phosphate-solubilizing bacteria

PRSI 5 TR KN SRR ELAR B VR BLAR

Strain ID Colony  The phosphorus solubilization — {4,2%

LR

W R TE I
Morphological characteristics of the colony

diameter zone diameter to the colony Gram stain
(mm) diameter (mm) D/d result
BBS-A  2.0-4.0 3.77+0.22a G WEIERABIE, FLA6, L TE, ¥, K&V
The colony has a round shape, with an off-white color,
slightly dry surface, flat, and opaque
BBS-B  5.0-6.0  1.73+0.37bc G WY, e, K@, $imlEsE
The colony is round, light yellow in color, with a moist
surface, raised center, and opaque
BBS-C  4.0-6.0 1.96+0.21b G EIEARAR, P, RREA R, A&,
BGAT IR
The colony is irregular in shape, with a white color,
moist and glossy surface, opaque, and serrated edges
BBS-D  9.0-10.0 1.430.13c G Whpln, RMAGE, PRNE, BEGEW, L%A

|
The colony has a light brown color, glossy surface,
raised center, slightly translucent, and irregular edges

ARNG FRACERA R AL B2 6] R H] Duncan #:55,  HA 314 2 5 (P<0.05).

Different lowercase letters represent significant differences between treatments based on the Duncan test (P<0.05).

M EEAE 6 h IR FXI BRI, XT84
£ 2 20 h H4EHF 2 h J5, ODgoo fEM 1.672 FFUfi
BRI T 1.0 Z£47; Wbk BBS-D (iR
WI7E 0-6 h Z[a], AERKHEEZIE, 6-16 h Z[H]
AT A, AR, 4N R S 4R Ho
fn, 7E 16 h AR i K, 16-22 h Hi[H] 4+
Farg, 22 h ZJE AR ECE T 06 T R, 1 MERRAIC
3B B EAN R AR RS 5 24 h ATEAE KR
1 pH 224k, KEEWIHWIARE S5 pH ER2
8.64, HiF% 24 h 5w A KWK pH (HYYA
FEAR, TR BBS-D FEARIRE oK, IRIJE R PR
BBS-A. BBS-C. BBS-B,
24 EMBBESETAIRSH

E 4A B, 4 BRIEE fLAL B BOEAT A5
Wi o i 025 TR IRZH (P<0.05), 43 Bil%est Bt 2H Ak
BT ARE IR S T 154.77% . 134.85% .
112.43%F1 150.95% . B TR X B A 6 AL A5CR
IR & #k BBS-A>BBS-D>BBS-B>BBS-C, H:
T TR BBS-A TG fLRE ) ok, 1 LR AT

A7 R o i ik 22.39 mg/kg, BUORTE kAL
PR SR G SERE  EEETE T 99.91%, fRBETR
BBS-A {f LA SR & i 5 H R 0.39%.

WA SWERIRAREFE 3d, Mg 1dWE
SN pH, 255K 4B BiR, 4 PRigwEE S
JRRF G SN pH Y8 5L BAE R 48 n Al fa
SERE A SR, SCI T 4R B AS () A B8 TR 5% 9
pH 7E 7.56-8.22 Z[al, Bl SO A aIBG o, fi#
Wi TH BBS-A WK 1 d J5 pH {E 1 7.95 K=
7.10, % 3 KIEGIN=E 8.77,
2.5 EWEFAFSFREML
251 MBBERUCIARNEETAEZSH
SES

RIS IR A7 5% 40 5 i N BR
YA T, BT | A . AL
RS EWFERNN 100 H>80 H>32 H>16 HHY
R BT HA 3 Flkifs, 100 BRI A
TS R B i 2 M 25 57 (P<0.05), RO R4
RmT 18.71%, MM . BHLE. 28 &
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Stutzerimonas chioritidismutans strain AW-1 (NR-115115)
76“;7 Pseudomonas knackmussii B13 (NR-117756)
k2l Strain BBS-D (PV-147244)
Stutzerimonas kunmingensis strain HL22 (NR-133828)
Stutzerimonas xanthomarina strain KMM (NR-041044)

Pseudomonas songnenensis strain NEAU-ST35-5 (NR-148295)

75 Strain BBS-B (PV-147243)
100 01 Stutzerimonas stutzeri ATCC 17588=LMG 11199 (NR-103934)
Pseudomonas reinekei strain MT1 (NR-042541)
Pseudomonas soyae strain JL117 (NR-181891)
Pseudomonas glycinae strain MS586 (NR-179889)
Pseudomonas kribbensis strain 46-2 (NR-178854)
Strain BBS-C (PV-147242)
Pseudomonas moraviensis strain 1B4 (NR-043314)
Pseudomonas koreensis strain Ps9-14 (NR-025228)
76 Pseudomonas viciae strain 11K1 (NR-180948)
’—:Pseudomonas lini strain DLE411J (NR-029042)
100 g4 Pseudomonas canavaninivorans strain HB002 (NR-181810)
Pseudomonas bijieensis strain L22-9 (NR-181354)
88 Strain BBS-A CGMCC (PV-147240)
83 Pseudomonas kilonensis strain 520-20 (NR-028929)

Pseudomonas brassicacearum subsp. neoaurantiaca strain CIP 109457 (NR-116299)

93

100

0.01

2 ETEH 16S rRNA EEFFIEEN 4 KBBENRZELERN {95 NF S NEK GenBank %
STy P 0 SR T ORI SCRY SR L RIS SRR R R B (3T 100), FRR
Y SCHY SCRPFEBSR , nl SR s R IR R 70 SO B sl AR B, BUE R (2
[ 4 388 % 22 S sl A8 S R o

Figure 2 Phylogenetic tree of four phosphate solubilizing bacteria constructed based on the 16S rRNA gene
sequence of bacterial strains. The number in parentheses following each strain name represents the GenBank
accession number of the strain; The branch point numbers on the phylogenetic tree represent the support level
of that branch, with higher values (closer to 100) indicating stronger support and greater reliability; The scale
at the bottom of the tree indicates branch length or evolutionary distance, with the values representing genetic
differences or variation between the branches.
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Figure 3 Different growth characteristics of phosphate-solubilizing bacteria. A: The growth curves of four
phosphate-solubilizing bacterial strains over the cultivation period; B: The pH changes of the culture broth after
24 h of cultivation. Different lowercase letters represent significant differences between treatments based on
the Duncan test (P<0.05). The same below.

A 50 . 1 ——CK
3gl —e— Strain BBS-A 3

: —— Strain BBS-B —

—w— Strain BBS-C
—a— Strain BBS-D

H e
")
[=n
—_—

20.0 =

84+

T
——ic

15.0

fipH

8.0+

I

Iz

10.0

T
Ho

7.6 +

5.0

i
Available phosphorus content (mg/kg)
A
pH of the reaction solution

CK Strain Str;tin Strain Strain 0 1 2 3
BBS-A BBS-B  BBS-C BBS-D Time (d)
A Ab

Various treatments

0.0

4 T REBBEDE U ARG LR N& pH TR A A[ES LS BT 880 & 5
B AS[R] Rl R AT A7 i A S B IR pHL Rl P ] 28 AL R

Figure 4 Influence of different phosphate-solubilizing bacteria on the available phosphorus content of coal
gangue and changes in the pH of the reaction solution. A: The available phosphorus content in coal gangue
under different treatments; B: The temporal changes in the pH of the reaction solution during the activation
of coal gangue by different phosphate-solubilizing bacteria.
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Figure 5 The effect of phosphate-solubilizing bacteria on the nutrient content of coal gangue with different
particle sizes after activation. A—D respectively represent the available phosphorus, available potassium,
organic matter, and total nitrogen contents of coal gangue with different particle sizes after activation.
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