Journal of Water and Soil
https://jsw.um.ac.ir R

Research Article
Vol. 38, No. 3, Jul.-Agu. 2024, p. 399-409

Phosphorus Release Kinetics of Layer Double Hydroxides: Effect of pH and
Divalent to Trivalent Cation Ratios in the Mineral Structure

A. Hassanzadeh!, M. Hamidpour =%
1 and 2- Ph.D. Student of Soil Science and Professor, Soil Science Department, Faculty of Agriculture, Vali-e-Asr University of
Rafsanjan, Rafsanjan, Iran, respectively.
(*- Corresponding Author Email: m.hamidpour@vru.ac.ir)

How to cite this article:
Revised: 01-06-2024 Hassanzadeh, A & Hamidpour, M. (2_024). Phosphorus rele_ase kir_letiqs ofllayer
Accepted; 09-06-2024 double hydroxides: effect of pH and divalent to trivalent cation ratios in mineral
Available Online: 09-06-2024 structure. Journal of Water and Soil, 38(3), 399-409. (In Persian with English
abstract). https://doi.org/10.22067/jsw.2024.87711.1404

Received: 20-04-2024

Introduction

Layered double hydroxides (LDH) have gained considerable attention for their potential application in
agriculture, serving as a slow release sources of essential nutrients for plants. The appraising of LDH as a favorable
fertilizer is in the early development, and more studies on the nutrient release mechanism of LDH are needed to
answer the question of how LDH could replace commercial fertilizers for providing the stable nutrients for plants.
Although several studies on the release of P from LDH exist in the literature, no information regarding ratios of
divalent cation (M?*) to trivalent cation (M%*) in LDHs on phosphate release from LDHs is available. So, it is
important to raise our knowledge about various parameters like pH and time on the solubility of LDHs. This study
aimed to investigate the effects of pH and the ratios of M2*/M3*on the kinetics release of P from Mg-Al-LDH.

Materials and Methods

All the chemicals in this research, such as magnesium nitrate hexahydrate (Mg (NOgz)2.6H20) and aluminum
nitrate nonahydrate AI(NOs)3.9H,0 were of analytical grade and obtained from Merk (USA). The solutions were
made with decarbonated pure water without impurities (electrical resistivity = 18 MQcm). Two nitrate forms of
Mg-Al-LDH were synthesized using the co-precipitation method at constant pH by varying the Mg/Al ratios (2:1
and 3:1) in the precursor solution. Briefly, 50 mL of 1M solution containing nitrate salt of divalent cations
(Mg(NOs)2.6H20) and trivalent cations (Al(NO3)39H20) in the appropriate ratios (2:1 and 3:1) were added
simultaneously for 2h to 400 mL of 0.01M solution of sodium hydroxide while being stirred vigorously in a
nitrogen atmosphere. The pH was kept at 9.5 by adding volumes of 3 M NaOH. Afterward, the material was
ripened in the synthesis mixture for 2 h and centrifuged at 3000 rpm for 20 min. The precipitates were washed by
three washing-centrifugation cycles with Milli-Q water and subsequently dried at 70 °C. In this study, LDH-P was
made by ion exchange. The LDH-N were treated with 0.05 M KHPO, solutions at pH 7.2. The suspensions were
shaken end-over-end for 24h, followed by centrifugation, washing, and drying as described above. After digesting
the dried LDHSs in aqua regia (3:1 HCI/HNQO3), the total P concentration of the LDHs was determined. The
chemical composition of the synthesized LDHs was determined by graphite furnace atomic absorption
spectrophotometry (SavantAA, GBC) after acid digestion (3:1 HCI/HNQO3). Crystallization and morphology of the
LDHs were characterized via scanning electron microscopy (SEM) and X-ray diffraction (XRD). The XRD
patterns were prepared using an x-ray diffractometer (Panalytical x Pert Pro, Netherlands), at scan step time of 1s
from 20=5° to 26=70° (40KV and 30 mA), and with a step size of 0.0260, which were used to identify the mineral
phases. The phase purity was surveyed by comparing these XRD diagrams with those found in the literature. The
SEM photographs were gained on a scanning electron microscope (Sigma VP, Germany). Fourier Transform
Infrared (FTIR) spectrum was done on a Nicolet iS10 FT-IR spectrometer by utilizing KBr pressed disk technique.
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A batch study was done to determine the effect of different ratios of M2*/M3* in LDHs at different pH 6.0 and
8.0 on the release of P from LDHs. Briefly, 0.01 g of synthesized LDH were put in a centrifuge tube mixed with
10 ml of 0.03M KNOs at initial pH=6 and 8. Suspensions were shaken at a constant temperature (25+0.5 °C) and
agitation (180 rpm) by using an incubator shaker for 8h. Phosphorus concentration in supernatant solutions was
measured by vanadate yellow method at 470 nm wavelength.

In order to investigate the kinetics of phosphorus release, LDH-P1 (2:1) and LDH-P2 (3:1) were used at two
initial pHs of 6 and 8. First, 0.012 g of LDH sample was placed in 120 ml of KNOj3 electrolyte solution (with ionic
strength of 0.03 M) in an Erlenmeyer flask. The flasks were shaken for 5 to 1175 min by an incubator shaker at
100 rpm. Then the suspensions were centrifuged at a speed of 4000 rpm for 20 minutes and the phosphorus
concentration was determined by the method described previously. All experiments were performed with three
repetitions. Two equations (pseudo-second-order and parabolic diffusion) were used to fit the kinetics data.

Results and Discussion

According to the XRD patterns, the sharpness and reflection of diffraction planes (003) and (006) pertained to
layer structures. The basal spacing as calculated by Bragg’s law (n4 = 2d sin 6) were 7.94 and 8.0 A for Mg-Al-

NO; with M*2/M*3 2:1, 3:1 respectively. The XRD patterns of the LDHs exhibited a distinct characteristic
reflection (003), which indicated that the basal spacing decreased as the Mg/Al ratio decreased (higher AEC). In
addition, the decreased basal spacing is linked with a decrease in the interlayer spacing. The different basal spacing
of LDH were related to the layer charge density, the content of water, and the reorientation of anions in the
interlayer of LDH. The intercalation of phosphate anions into Mg/Al LDH is in adaptation with the change toward
lower 26 angles of the (001) reflections corresponding to the expansion of the basal distance d003 compared to the
host Mg/AI-NOs'.

Two bands of FT-IR spectrums around 3470 and 1655 cm for all synthesized LDH materials designate
stretching vibrations of the O-H group of hydroxide layers and the interlayer water molecules. The band vibration
of phosphate was perceived at 1051 cm™ and 1064 cm™, reflecting the formation of inner-sphere surface complex
(M-O-P) between dihydrogen phosphate ions and MgAI-LDH materials. It indicated that the phosphate exchange
process may be resulted in the formation of bidentate and monodentate surface complexes. According to the SEM
images, the well-crystallized and plate-like morphology were typical for layer double hydroxides. The results of
the X-ray energy dispersive spectroscopy (EDS) analysis showed, the only elements that existed in the LDH-N
were Mg, Al, N, and O, whereas Mg, Al, P, and O were detected in the LDH-P. The results showed that increasing
the pH from 6 to 8 in the presence of 0.03 M potassium nitrate background electrolyte led to an increase in
phosphorus released from both types of LDH. For example, by increasing the initial pH of suspensions from 6 to
8, the amount of cumulative phosphorus released from LDH-P1 increased from 38.59 mg kg to 41.91 mg kg™ at
equilibrium. In all studied pHs, phosphorus release from LDH-P1 in background electrolyte was lower than LDH-
P2. For example, at pH 6 and 8, the amount of cumulative phosphorus released from LDH-P2 was 1.46 and 1.33
times higher than LDH-P1 at equilibrium, respectively. The cumulative phosphorus release kinetics from the
studied LDHSs showed that the amount of phosphorus release accelerated with increasing time. Phosphorus release
from LDH continued at a higher rate from 0 to 400 minutes in the first stage and at a slower rate during 400-1175
minutes. Also, based on the results, among the studied kinetic equations, pseudo-second-order and parabolic
diffusion equations had the best fit on phosphorus release data.

Conclusion

The results of this research showed that the release of phosphorus from LDH is dependent on time, pH and the
type of LDH. Based on the results of fitting the kinetics models to the experimental data, the release rate of
phosphorus from LDH-P2 (3:1) was higher than that of LDH-P1 (2:1). Cumulative phosphorus release from LDH-
P2 compared to LDH-P1 was 46.54, 33.61% higher at pH 6 and 8, respectively.
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Table 1- Kinetics models

U yiel
Parameters

adlzo
Equation

S b J %

Kinetics models

t= (addd) Jolss (yloj
t= Equilibrium time (min)
Q= o5 olo 3 (£ 2 5 ) 03300, i e
ge= the amount of released P (mg g?) at equilibrium time

K1= rate constant pf pseudo-first order kinetic equation

| 45 yo dus
Jol 45550 44

— 1 — e~ kit
9: = qe (1= €™ Pseudo-first-order

t= (4a) Jobs ol
t= Equilibrium time (min)
G Olej 53 (P52 £S5 (shes) 0Bl jdund jlade
g= the amount of released phosphorus (mg g*) at time
0= o glej 13 ()5 2 25 o) o8l i lsie
.= the amount of released phosphorus (mg g*) at equilibrium time
ko= (4> 3 p 5 ko o p35) po> 4o 4ed (S dhilae s puo il
ko= rate constant of pseudo-second order kinetic equation (g mg?* min‘)
h= (4885 3 .5 2 p)5 o) 4l (s3lule sl =(ka0e?)
h= the initial release rate value (mg g min?)

R= (483> 10 p 5 p oS o) (Sphl (Sanisn (St dolae sy b

R= the rate constant of the parabolic diffusion kinetic equation (mg g* min%)

C= (Sahl (Sawidy dblee le 5l (550
C= Parabolic diffusion equation y-intercept

_qikyt
U= T qokyt P9d 4 ye dnd
Pseudo-second-order
q. = RtY?+C SIphl (Sanisy

Parabolic diffusion

Sols 51 I PH=A/D § j¥ge +/0 i ©lo)S o b jauwd udls,
Dilas g Chmog B Sdgll Sty dolas by Sk
) ol ol by b (giluley s b Spll (Saisy
ol A48 51 0aiiS 900 Ao po S Sy 1y S 0 Co gl
SIpbl g P> adye s (Stiw sl el )l
Soand 4ol (gilwlay Jlade &S oy LS Y Jeds ;0 LDH g4 93 2
oA s ol 45 391 st LDH-P1 & s LDH-P2 5 (h)
Sud e cpiomes ASlbe LDH-PZ 5l yide agl (gjlula,
LDH-P1 j jiw LDH-P2 ;5 () Jobs o )5 onils,
2 eSSy p)S oo YUAYS Ge PHEA 13 Jlo (ol a3l oo
LDH-P2 jgin 5 p,5kS 1 5,5 deo Vo100 & LDH-P1 jsin
G 93 )3y (g jlolny LUl oy oglis gl o .l il
aw (b 93 el Gglite Jge Cund e @ Cunl (S
aw l3Lo )3 390 pand e laS 5 Ll 13 39290 (1851
silolny a0l 50 b la STy (B gl nizmen g o

.(Sparks, 2003)

S ol U5 yawd res (jlulyy sy p PH b anslis

olie clej 2 53 PHEA 43 LDH-P29 LDH-P1 s 93 o 5
&5 2 PH 3B (F JS5) 05 5151 PH=F b dulie )3 (g ptin o
o o5 (s STy Jio Sy ol 3 Ygas o S 30
o b bl b culie e g5 Jue ol 3 09
o )0 dg290 0ud Aigigyd slag Ko wid digiyy slaylSe)
stlge JUb ShShaS sbnl Car i & Cul (S
(Novilloetal., ) 4,5 5 o595 .(Drever & Stillings, 1997)
A6 90 wuSgyuun ol awd lie &S WS i)l5S 2014
5 cland lagg on clby e oUW pH o laY
WP Gy pols Glagh e (15 PH I il cdpnS gy
oS g Sy g 3l pimd (55lole) ey Slilojl oo
@ dly ilolyy loodly j (Siiw sbJae il jslaiea;
R? Colps 3l e oy yiae 5l jolatods g s o] yaud o
ol o 03l HLiS Y Jgas j0 &S jelaslas . edlatwl RMSE 4
VL) Uil cn ke SIphl (iS5 pod 4 pe and dblee
sodls o 1y (VA= Y/YO) RMSE -y ieS o ((+/25-+/2) R?
sy Qalalietal., 2011) 4)Kon 5 Mo aizily youd (g5lols,
Ol 53 Cilize S jaud Glubyy Cepe npin
150 O 5 Sobly iy caslio ) (Sanisy dbles «lien
a8 w5, iyl s (Biyabanaki & Hosseinpoor, 2008)



Frd L Glay a5 g0 oS g oud 3 pimd o5Loldy cho puw ¢ yg9 00 g 0015 Cyu>

’g LDH-PL (A)
\

|

e
Intensity (a.u)

A
km’” '\M *JMW

);. LDH-P2 (B)
|

V

Intensity (a.u)

MM’“\,M

0 10 20 30 40 50 60 70

(4 ,5) 5 g2
P s

26 (%)

LDH-P2 (< LDH-P1 (Wl LDH-P (uSy! 57 1,55 il (6981 =Y S5
Figure 1- XRD pattern of LDH-P A) LDH-P1 B) LDH-P2

® <
3488 1051

(o 3) ol jpe Do D
Transmittance (%)

1064

3474

4000 I 35I0() I 3(;0(} I 25[00 ‘ 20'()0 ' ISIO(] Y I(]I[)(] Y S(I)(]
{Cm") e S
Wavenumbers (Cm™')
LDH-P2 (& LDH-P1 (1 LDH-P &,98 s 50,3 (ygale (5 plogi gyl i Y S5
Figure 2- FT-IR spectra of LDH-P A) LDH-P1 B) LDH-P2



VFer g0 s — 010 50 ¥ o lo YA Wl (S g ol 4,05 Fof

cpsfeV

0 F 4 6

cpsfeV

LDH-P2 () L.DH-P1 () 53 (EDS) (1! 95 3 (5551 312 giwcdiob 5 (SEM) (g pSUI g8y 1S o glias —F JSCud
Figure 3- SEM images and EDS spectra of (A) LDH-P1, and (B) LDH-P2

Li)ob cows oWE pH ;3 LDH paw 0 oS 'gyiud (slaog)S
etal., 2016; Lalley et al., 2016; Das et al., 2006; Novillo
oW 30 (Guan et al., 2020) l,lSen 4 ols5 (et al., 2014

lind ol clle g (gjk PH) NaOH Y clale a5 wls
sddde Olawd (ladss fp S Pl b olaws (glola, cel
A5 S gyaem (gloog S

o & ()b 93 (4951 S b LDH 1 jaud (gilula,
PH o ;3 .l 2959 cglds 0 luss PH o woglite oud b
4 59 LDH-P2) 28 LDH-PL jl i gjluls, caslllas 5,00
cigdy LDH-P2 jl osila, yiud i A 5 5 PH 5 &5 com0
WLDH (o)l 5)keds o9 LDH-PL jI iy plyy VY'Y 5\/$5
Gk 93 b o dlar | ilie Jolse b cow S
S olslo @l Sl Hksls 5 (AIR) ab,k 4w 4y (Mg?2)
(Everaert et al., 2016) |,Ken g <))l guls .Cowl laes PH 4
ao by (b 53 3l Cons SRl L LDH (g)lul o o ol
P Bgm 4 prie Cute )l Gl 15 bboe GRS a8yl
9o ghyY o sl sl 5 1S g0 oY

il a4y (28 53 (0l s ¢ liand 30T Loll 2
o 2 93 ) &YV 5\ &Y upay LDH-P2 5 LDH-P1 5
Gl 5 o )l e o9 bl oy 115 o LDH-P2 sl
45l asly (g ytin yaud (gjlwlay LDH-PL L awslis ;5 eSS
500 LDH (o lul s g3t lo sy 5 s IS b
Sy oyl plo il anily i85 paie o gbolay 45T, )5
ol Sae ilite SVolee wild cpl 5 3390 clay Sam
Elkhatib et al., ) siles &l puaie <o (sjboln 31 omilin i po
(1988
(A &) ace pH )3 LDHS g5 93 1 I jaud (gjluls) 359,
ol a8 ol L Liolejl gl ol oad ooly L ¥ s o
20 spoliy Slyis Yoo o [o¥ dige Jglone yoin A 47 51 pH
(el \V) Jsbs e )3 LDH g5 43y 5l otible, yind talsél 4
Mo A gy & il oy grslwge adsl PH 20380 L JUo plgisas 05
FVRY & pSokS 1 p)S il TAIDA 5 LDH-PL 5l oasla, i
Kuzawa et) olfen 5 s il (il o SohS st 5 oo
Mg-Al-LDH (2:1)  jauwd gjlula, 45" w0l olis (al., 2006
L clalie ol gl o pin QU mw 215 Jolore lawg

3o b Olawd § auSg)ud sbyg om <y 4 g e



YoV L slay a5 g0 oS g oud 3 pimd o5Loldy cho puw ¢ yg9 0 g 0013 Cyu>

A 5 :adgl pH LDH-P2 g LDH-P1 ;3 P (g5lwla, (gbrodls s ol 0315 (i3l (sla e (b sinl )b o (R2) cpmed o pud sl =Y Jou
Table 2- The kinetics parameters and coefficients of determination (r2), for the models fitted to the P released data in LDH-
P1 and P2, initial pH =6 and 8

digos Ja! 4 o asl
Sample Pseudo-first-order
qe k2 2
pH (mg ) (g mg* min) R RMSE
6 LDH-P2 57.82 2x103 0.98 4
LDH-P1 38.28 3x10°3 0.94 4.39
8 LDH-P2 57.39 2x108 0.97 4.19
LDH-P1 42.14 3x108 0.95 4.22
£9° Ao A
Pseudo-second-order
Qe k2 h )
PH (mgg?) (@mg?mint) (mgg’min) R® RMSE
6 LDH-P2 70.98 4.35%x10°% 0.21 0.98 2.89
LDH-P1 44,16 1.02x10* 0.19 096 3.25
8 LDH-P2 70.55 4.28x10° 0.21 098 3.12
LDH-P1 49.82 7.64x10°5 0.18 097 3.20
gl Sandsy
Parabolic diffusion
R c R? RMSE
(mg g* min?)
6 LDH-P2 1.66 0.86 0.99 241
LDH-P1 1.08 251 0.98 2.02
8 LDH-P2 1.64 0.86 0.99 2.12
LDH-P1 1.19 1.99 0.99 1.81
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Figure 4- The kinetics of P released A) LDH-P1 and B) LDH-P2 (solid to solution ratio = 1 g LM; electrolyte 0.03 M KNOs;
initial pH = 6; 8; temperature =25 + 2 °C.
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