B
Acta Pedologica Sinica

DO1:10.11766/trxb202309210395

B, SKkoCE. R T )RR R A RIS FO T A S B VA RS 1 0], LR, 2024,

GE Xinfei, ZHANG Wenjun. In situ Dissolution Kinetics of Ammonium Nitrogen Interacting with Precipitated Calcium
Phosphate Determined by Atomic Force Microscopy[J]. Acta Pedologica Sinica, 2024,

BTN EHRR RN RS AR T RS TS B0 S o)

HE

S, KE

(AR F IR S5 RE, BB 430070)

78 B PR AR i B 5 30T FLAE SR LR R O AR, LR o DA I e R v e D e
BAEAE, UL m DU A BN E SO R BEAL = R A R OGsE . H AT, KR ZE L AR CUE R 7 &AExT
W AE S A B (R HE R o SRTAT, Al RORE b SO R I 25 W A LA ) B0 SR B AT R B = o A 7 3k
F A3 LB RS (BEIRESS (DCPD). BB (HAPY) 1ENMERF R, WHE 5 MR
# (0.5. 5. 50 500 1 000 mmol-L™) %, FIFHE AL T 71 st AL 88 T AR ZAEA InAKCSE R,
DCPD Fll HAP (¥R TH VA ) 712 . 45 SRR W, S B 1A N 3R 5l DCPD 2 11 LA = FE bt (K7 2 v A

EBEE R IR =, DCPD RIHAMEE R EW. 454 DCPD RIHAMN € BRI, RIMEFL
i A 0.5 mmol- L™t 3 % 1 000 mmol-L, %5 H % A4 5 B A 27.00 mg-kg™ &2 #5486 %5 145.0 mg-kg™t X T HAP
M5, BRI R % 1000 mmol-L™, HAP RIHES L TAAE, A H B S, ELE H B R
95.00 mg-kgt, SHBAKEBEHIFEAY (3.00 mg-kgD. S TACERISN 12 Sk g AR, AR B
T DCPD Z e fAHEAEH 77 (230.6 pN) REH KT H 5 HAP Z (8 AHEAEH 77 (154.0 pN) . XK I EAR
PH 25 776N Rl B RR A5 3R 1T O 45 A 0 26 S 038, I R IR T /KAL IS AR FE BRI e SR P 2 1
RIS ER . AT RAEGUK R R RAE 7B RRS R IE MRl 1%, JHER 7 S i i 2R s g
FI5FHLE, A SRR P it 434 e - SR L A 4R L T BB

KEIR: BAAEG BRRRES: JRALVAM: SR TR EAERN

FESES: S1585 XRKFRERE: A

In situ Dissolution Kinetics of Ammonium Nitrogen Interacting with Precipitated
Calcium Phosphate Determined by Atomic Force Microscopy

GE Xinfei, ZHANG Wenjun'

(College of Resources and Environment, Huazhong Agricultural University, Wuhan 430070, China)

Abstract: [Objective] The increase in global food demand and the consumption of phosphorus (P) fertilizer in

modern agriculture have caused P accumulation in extensively managed croplands. Most of the accumulated P
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deposits exist in sparingly soluble or insoluble species, leading to their low availability, which is almost impossible
to use directly by plants or microorganisms. Therefore, improving the utilization of soil accumulated P is not only
one of the effective ways to enhance the utilization efficiency of P fertilizers but also relieves the increasing tension
of P resources. At present, a large number of macroscopic field experiments have revealed the synergistic
promoting effect of nitrogen (N) on P activation and uptake. However, in the N and P interaction, in-situ
observation of dissolved N interacting with precipitated P has been lacking. [Method] Herein, Ca-P precipitates
with different solubilities, namely sparingly soluble (DCPD) and insoluble (HAP), were selected as test materials.
Taking aqueous solution as control, five NH,CI concentrations (0.5, 5, 50, 500, 1,000 mmol-L™) were set as N
sources. The in-situ dissolution kinetics of DCPD and HAP at different N levels were directly observed by atomic
force microscopy (AFM). AFM-based dynamic force spectroscopy (DFS) technique was employed to characterize
the interaction between ammonium cations and DCPD/HAP surfaces at the molecular scale. [Result] The result
showed that the surface dissolved immediately, accompanied by the formation of triangular etch pits, following the
addition of NH,Cl. When increasing the NH4CI concentration, the surface dissolution rate of DCPD was
significantly promoted. The quantitative results further exhibited the dissolved P mass was significantly increased
from 27.00 mg-kg™ to 145.0 mg-kg™ with the increase of NH,CI concentration from 0.5 mmol-L™ to 1 000
mmol- L. By contrast, the surface morphology of HAP almost remained constant without obvious dissolution even
if the NH,CI concentration was up to 1 000 mmol-L™. The dissolved P mass was 5.00 mg-kg™, which was not
significant compared with the dissolved P mass of 3.00 mg-kg™ in aqueous solution. AFM-based DFS results
showed that the interaction force between ammonium cations and DCPD (230.6 pN) was significantly greater than
that between ammonium cations and HAP (154.0 pN). Due to the difference in binding strength of ammonium
cations on Ca-P surfaces at the molecular level, the hydration layer of mineral surfaces is destroyed at different
degrees. As a result, the surface dissolution kinetics of DCPD and HAP were significantly different when regulated
by ammonium cations. [ Conclusion] This research provides method guidance for in-situ observation of nanoscale
dissolution kinetics of different Ca-P minerals. It also illustrates the enhanced interface dissolution on negatively
charged DCPD induced by ammonium cation to release available P, thus improving the continuous P supply
capacity in soils.

Key words: Ammonium nitrogen; Calcium phosphate; In situ dissolution; Atomic force microscopy; Interaction
effect

PR AN AR RGAE T DI BREIETR 7, B A A RMEMAEK R E L F R REEFR TR
—, R BR B AR A S mRRL R A, R RNLIX, R B R AR
i OS8R B E 4, BARTIBIN S 5 IR oy K AR FAREAE T, 8 W B B O G
J5 A R, P EUBEAL I 24 R R AT 10%~25%0), e Ak g b, Tk
WREE 55 LIRS R A G, I FF RIS (Ca-P) Vg, FEQIEITENIIIY K 5 i
(1) TG 58 T RS T UE RURE. CACP), LA K 5 JHIZ I AR A T2 RS 1 F s 1k ) B R U5 (CaHPO,-2H,0,
DCPD). g =45 (Caz(PO,),, TCP). TR /\55 (Cag(HPO4)2(PO4)s5H,0, OCP) LA K XEVE 152
WA (Cagg(PO,)s(OH)z, HAP) 200, SHH 41F T CalP BE/R Lk, o7 Ft) I B IR 6 I ek ik
55, WRREEEUNCE, I BAE g, R v R £k S T A R 0 7 SR VA M IR B A,
X B PTIE A W BEIR B W 7 L e T — /M E R B KRB o DRI, T R0 20 43 b 2
R, SCBIBEIRTZ) . PEREEATT YR, RO AT R R B A L

T LR FHUTIE R ) Ca-P 4%, R AHRBR 2238 43 WA I - B A HLBR IS Ve 2545 B 11
V. EnlEE R 25, BRI, RS A RV ACRNE & S, ZERRME g ik
TR W TR P 1398 b 30 PR e I ek /D e g e g s T o, RO 4 i e S 2 B

http://pedologica.issas.ac.cn



B
Acta Pedologica Sinica

mi IR R A . TR SRR B, R s b A MERE A L, RV S TR S
s SEECEIRI A IESD,  ATTE Bk 3G WU I JCH LR AR (L 02,

b B AT R v IR 0 R PRI L 3R AR A B RN B0 AR AR R 0 s )
ERHR OG- GRUMEE 52 T 3 2 R TS5 WAL Y R4 22, AH K 22 08 PP e 00 ROBE IR AR PR3 338l 2 1)
FIRRCR b, MR R E T, AN R A & ZOIE B N o] B B2 136 A 38 e 2 5 B RO T 5 AT SR s
Z. Bk, AREFFESE T g W BRIV A, EDHEETER) DCPD (Cap-P) HIMERS
PE HAP (Cayo-P) AR KL, DAIAFEIREE S E (NH,CD R R A E 1 20K, it
JEF 77 AR (1 SR A S B W8, TEGN K R ERFT T A RN UIE AKX AN )T 25 i I 05 10 JER 1 V5 i
1R, DA DRI B B e A R A A R A R

1 MRS T

1.1 s

ARG FT FH (AR5 W S | PR FE B B S (i) SRR A F, L SR I TR R 4l K
RGBT B 5h = H K Z& 45 A Milli-Q Advantage A10 417K £ 485 s 4
1.2 DCPD @iAEME RIS E

I B 5. 7% mEERR 84 F 5 mol- L™ (BSERER AL %5 pH 6, R 0.1 mol- L™ R A
TN R R EE RN R A B SRR A R S WU T i B RS, K 0.5 mol-L A
AN NG 135, ISR R R IR 101 &) B T =iE &M —A HRIA 3573 DCPD
f RS i) R T ) 548 (AFM, Bruker MM8, 26 [E)) | 437 ;3% (Raman, Horiba LabRAM HR800,
BRED A X-BF R AT (XRD, Bruker D8, 5[ 43 5%t DCPD 47 &1k .
1.3 DCPD FA HAP jAfE &N 1 W R AL N8R 75 3%

¥4 HL) DCPD s [ 58 75 J5 7 7 AR Ui S St i, 43 RN AS R S 3R 7K P 1 S AR
¥ (0. 0.5. 5. 50, 500, 1000 mmol-L™*, pH6.5), &R 1 /15 mks itz =, FIf DNP-10
JEF JIREr, SR AT SEI L% DCPD IS kSN 1% . %1 HAP [ S AT Mg, 26 K A il
¥ HAP JitkifE 10~15 MPa I /7 3 min, M HAP JEJK. #:5, # HAP &) [FFF: i 2 7E 3
R BEBF, 7E AFM [ E SRR, @A R S, FIFT SNL-10 #8%F, St
WMEE HAP R MIEMAEN 1% . (ERMISFRE A, HEATK DL S5y ) I8 5 kG P 6 32

(R100-E, Razel Scientific Instrument Model, 3%[E) DL 2 mL-h™ f3d R AR S it , AT £

R T R3S 13 1 2 S R ok
14 SENBIRSREEEIERANEERIESE

BT OARM R AR B W 7 R, K R G O B AR 0 B 4L 4 7 10 5 3 A 2k

(HS-(CH2)11-NH,-H,0) i St (Au-S) A B 25 & R b, Bl S fEBERRES 40

KT S35 718585 (DFS). 37125 /7R3 7E AFM (1) Force volume #5830 2647, &R
WA, T XTI 42 40 T HEAT B8 e R A0 s i R ks IEM®), DASRAS HERA ) DFS
Kl . TE pH 6.5 IR /KA -l e e AR I 605 R THIAH ELAE FH s, 1€ e /IMalU& 77 200 pN, AT
WIS B E) 1 s AR GE OARET BT EHE B 200 nm-s™, YTl BEAL O4RE B B e i R T, 3%
PR AR FIRE SR T R A AR EAE o MR RARE 2212 25 DCPD Ml HAP Ff S 3R 1, OB E
TV 20 nm-s™ #4023 910 nm-s™, ELE 444 -DCPD/HAP F B AF FIWi T, I (8 75 2 [ 5t
IR AR T (AR FIR P 2R TH A AR F (TR ) o 8 B AN R IR IO T B 2 50 7 0 Sl SR UAE 30 P f
BN TR N PR B M2k . NGRS R 7E 2x2 pum? (T BR S T IS 4. 256 2% /)-8 i
25, 2 /DI I 50 4% FH T H0H 40 A, LAMCR BRI 3R 10 = M 1) T4k R A Friddle-Noy-De

http://pedologica.issas.ac.cn



T o R
Acta Pedologica Sinica

Yoreo (FNDY) %Y, %F DFS % 43 #7545 AN B IR 5 2 7] i) A8 1.4 A0,
15 SRS BRMIRISENSNREEESH

HERRFMT, HATEA A RBERRES (DCPD A1 HAP) HIVAMRES . 1556, FREUH[F R &
) DCPD 1 HAP £ 2 mg, & 7843t 5, BT 10 mL b i, 43750\ 9 mL #E 47K (pH 6.5)
B AN R P A S A B (0.5~1 000 mmol-L™, pH 6.5), )87 10 min & ) FH AR 5 et 0 ¥
fif R A R AT I . BRI N N 1 mL HUA MLERVER (10 %), 30s JalnA 2 mL 41
SR A 43 W A5 30 min, B ERAM-RT W46 EE T (UV-5600, i oA Es A R AR, LifE)
FE P 700 nm HEAT IO FE I 5 O,
1.6 BESH

DCPD K =M G OB E R . MITInRES . s s R DL HAP Rl = % AR 55
WfRsh 1% 28R A NanoScope Analysis 1.9 B . BT B8 kb 385 Ge it 24 45 3L
Origin 2021 #11 SPSS Statistics 25 % /FE4T

2 ZR50%

2.1 DCPD FZEMIRMIME SR

T SRR ] AFM WS M vA TEBERRES DCPD (CaHPO,-2H,0) R AT VA i 5 1151 72,
WIS & AR KRG ) DCPD dnii T AFM . SR AL RS0 R, I 4l
KR FES, DCPD FERFEM (101) K< MBI = MR E bt (& la, &l 1b),
ZMGTRA =G 7R [101]. [101]F1[100], HAFESr AN 29-55-96 I =MENMAKFR (K
la). AFM FIllEMHRESHMEE N 7.6 A (H 10), ShrEramEE £ —8, X&H DCPD
mik (101 KM R FEprdoet, SRR, & mmmmes S k7 085 em™ LBl 7
BREH (B 1d), %4 B AFIE & 1T AT R % DCPD @ik i) viPOS i 2A, bah, @it
XRD 3, 15 AT B S5 4R #ER) DCPD fafl R (PDF#11-0293) X5 (& 1e), i#k— 1
SE T A IR 5 4 DCPD ffk .

7

&

o
(=3
(=}

Terrace

76 A

ahbr

1% Height/pm
o

2 b
Step Ny e 200
HAESSI — 96°
e - 25 400}
101Jc, 55
[101]e. o
1 jm 0.0 0.2 0.4 0.6
— F13fi 8 2 Scan distance/pm

d 3 1 €) &
< . s - 5 _ A
S | kammay  o%m s - KBRS
5 DCPD  ypo g g DCPD
2 3} ~ PDF#11-0293
g g
0 o
£ 2
& g f S I
& E 58 =8
= 2( <L = -
E‘ E 1 I L
=300 450 600 750 900 1050 1200 < 8 12 16 20 24 28 32

32 # Raman shift/cm™ i 20/°

e BT BB KA BHRESS (101, DCPD) REEHEAL (a, b). “/KEBHRAMS MR G & ENE (o). figk

http://pedologica.issas.ac.cn



B
Acta Pedologica Sinica

W (d) A X SR ATHHO KA BRI USSR ZE IR AE (e). Notes: AFM characterization of (101) surface morphology of
dicalcium phosphate dihydrate (101, DCPD) (a,b) , determination of surface step height of DCPD (c), Raman spectrum (d) and
XRD characterization of crystal structure of DCPD (g).

P 1 TR EES i AR O SRALE
Fig. 1 Characterization of dicalcium phosphate dihydrate crystal

2.2 40K R B DCPD SR HBRRHY R LA B

¥ DCPD SR & £ AFM kit , @A 47K (pH 6.5) J&, M%E DCPD (101) KIfi I
[ = FR b SO AE 1R — 7 B A = A B W 7 TV AR 3 0 72 (B 2a1~P€] 2a4). 3B 0.5 m mol-L™
RIS VAT (pH 6.5) J&, =AMt & Hr iR ok < W Em R, 56 5 0. i [H i 2R i it
(16 B J7 10 R = S8 T Ff BEAR FEANAE (1 201~ 2bd) . Jlit & B R 38 R 1) 5 B o W 1, [101].
[10T]A1[100] & B FIHGE E 240 B 1.500 nm-s™. 3.700 nm-s* 1 7.800 nm-s™ 35141 % 4.200
nm-s*, 8.900 nm-s™ 1 16.30 nm-s™ (/& 3a). 4 & HLALIREZ M 0.5 mmol-L™ 42 4% 5 mmol-L ™ i,
T A L (B 2c1~F 2c2). [, 5 0.5 mmol-L™* &b E1% T 1 G I ROBARLL, 5
mmol- L™ S 45 5 R T A AR L T 2 GBI I BOR , R I i i AR B B i vk (&l
2c1~F 2¢2). Mtk — b AL B A5 500 mmol-L i, ANMUHEL T ORS00 = A ke, T
HIE BT RIR B R 1 Bk — B Rna (K 2d~K 2e). EARVERZ, BIERLEKRE A F] 500
mmol-L™, = ARy e, RSB A R U = AR (B 2c~ 2e).
ORI, M E IR EERE 45 1 000 mmol-L™ B, U i = A 300 2 R A4 T AR, Bk
A A mE M. =MEMAESE (K 2f1~E 2f2). RE=MBIMITEMR IR A T 8,
{EL A 0 ) VPR O AR A BN 2, S A A T e ) TR i R AN Ak R B A — B R - (&
21~ 2f2) . sERAMIERM, EEIREE M 5 mmol-L™ 4 1 000 mmol- L™t B, il i 5
M 3.800 nm-min™ B EHIEINE 19.80 nm-min™ (E 3b). SUk[FER, T E M 0.3000
pm2-min? & EHE % 2.925 pmZmin?® (& 3c).

http://pedologica.issas.ac.cn



N
Acta Pedologica Sinica

d1) pH 6.5 d2)

y
50 mmol-L-! NH,CIl y ;
/ !

1 'u‘m (\

W TUKABERRESS (101 FEAHIFEK (al~ad). 0.5 mmol-LT & 4k4% (bl~b4). 5mmol-L™ & fk#% (cl~c2). 50 mmol-L™*
SAkHE (d1~d2). 500 mmol-L™ &fk4%s (el~e2). 1000 mmol-L™* AW (F1-2) (pH 6.5) FhEALVA RSN /1A M T 1 S4%
BESE . Note: AFM imaging of in situ dissolution kinetics of (101) surface of dicalcium phosphate dihydrate (DCPD) in the
presence of water (al-a4), 0.5 mmol-L™* NH,CI (b1-b4), 5 mmol-L* NH,CI (c1-¢2), 50 mmol-L* NH,CI (d1-d2), 500
mmol-L*NH,CI (e1-e2), 1 000 mmol-L* NH,CI (f1-f2) (pH 6.5).
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Fig. 2 In situ characterization of the surface dissolution of dicalcium phosphate dihydrate
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B AR AR P s e S (n=3), *AIARFKS FEER R A FIAL B ] 22 74 3% (P <0.01), Note: Quantification of
retreat velocity of three steps (a), etch pit deepening (b), and density of (101) surface of dicalcium phosphate dihydrate (DCPD)

(c). Data are presented by mean + standard deviation (SD) of all the experiment (n = 3). ** and different uppercase letters
indicate significant differences between treatments at P < 0.01.
P 3 Tl 0% 20 T v 2 Y 5 B
Fig. 3 Quantification analysis of the surface dissolution of dicalcium phosphate dihydrate
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Fig. 4 In situ characterization of the surface dissolution of hydroxyapatite
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The schematic of dynamic force spectroscopy (DFS) detecting interactions between ammonium cation and calcium phosphate
surface (a), representative force-distance curves of interactions between ammonium cation and calcium phosphate surface (b) and
representative rupture force-loading rate curves of interactions between ammonium cation and calcium phosphate surface derived

from DFS fitting (c). ** indicates significant differences between treatments at P < 0.01.
B 5 BEAR MV IR % 2 o AR LA A SR A 2R AIE
Fig. 5 In situ characterization of interactions between ammonium cation and calcium phosphate surface
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Fig. 6 Quantification of P mass dissolved from DCPD/HAP in the presence of different concentrations of NH,CI (pH 6.5)
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