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Introduction

| application in
DH as a favorable
is needed to answer

Layered double hydroxides (LDH) have gained considerable atteh)n for their
agriculture, serving as a slow release sources of essential nutrients for plants. T isi
fertilizer is in the early development, and more studies on the nutrient r
the question of how LDH could replace commercial fertilizers for provid
several studies on the release of P from LDH exist in the literature, no inf ing ratios M2*/M3* in LDHs
on phosphate release from LDHs is available. So, it is important to raise o about various parameters like
pH and time on the solubility of LDHSs. This study aimed to investigate the effects of pH and the ratio of divalent
cation (M?*) to trivalent cation (M3*) on the kin‘silease

A\
Materials and Methods A N
All the chemical substances in this research, such esiun*l&‘xahydrate (Mg-(NO3)26H20) and
aluminum nitrate nonahydrate ARNO3).9H,0 were of analytigal grade aRéobtained from Merk (USA). The solutions

were made with decarbonated pure
Mg-Al-LDH were synthesj i

trical resistivity = 18 MQcm). Two nitrate forms of
t constant pH by varying the Mg/Al ratio (2:1 and

containing nitrate salt of divalent cations (Mg
priate ratio (2:1 and 3:1) were added simultaneously

for 2h to 400 mL of 0. i i roxide while being stirred vigorously in a nitrogen atmosphere. The
pH was kept at 9.5 by adei aOH. Afterward, the material was ripened in the synthesis mixture for
2 hand centti " The precipitates were washed by three washing-centrifugation cycles with
Milli-Q water i 70 °C. In this study, LDH-P was made by ion exchange. The LDH-N were
treated with 0.05 ns at pH 7.2. The suspensions were shaken end-over-end for 24h, followed by
centrifugation, washli as described above. After digesting the dried LDHs in aqua regia (3:1 HCI/HNO3),

the total P conce i LDHs was determined. The chemical composition of the synthesized LDHs was
determined by furnace atomic absorption spectrophotometry (SavantAA, GBC) after acid digestion (3:1 HCI/HNO3).
Crystallization and morph@logy of the LDHs were characterized via scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The D patterns were prepared using an x-ray diffractometer (Panalytical x Pert Pro,
Netherlands), at scan step time of 1s from 26=5° to 26=70° (40KV and 30 mA), and with a step size of 0.0260, which
were used to identify the eral 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.

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 KNOsat initial pH=6 and 8. Suspensions were shaken at a constant temperature (25+0.5 °C) and agitation (180
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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 §) were 7.94 and 8.0°A for Mg-AI-NO;
with M*2/M*3 2:1, 3:1 respectively. The XRD patterns of the LDHSs 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 differeat basal spacing of L related to the
layer charge density, the content of water, and the reorientation of anions in'the interlayer o he intercalation
of phosphate anions into Mg/Al LDH is in adaptation with the change toward lo

Two bands of FT-IR spectrums around 3470 and 1655 cm for all syn terials designate stretching
vibrations of the O-H group of hydroxide layers and the interlayer water band vibration of phosphate
was perceived at 1051 cm™* and 1064 cm™?, reflecting the formation of inner rface complex (M-O-P) between
dihydrogen phosphate ions and MgAI-LDH rﬁlrials. It indicateég that the phosphate exchange process may be
resulted in the formation of bidentate and mono surfa es. According to the SEM images, the well-
crystallized and plate-like morphology were typicaljfor layer roxides. The results of the X-ray energy
dispersive spectroscopy (EDS) analysis showed, the only e!Mnts isted in the LDH-N were Mg, Al, N, and O,
whereas Mg, Al, P, and O were detected in the LDH-R, 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 LDHs 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.

Conclusions

showed that the release of phosphorus from LDH is dependent on time, pH and the
ults of fitting the kinetics models to the experimental data, the release rate of phosphorus
her than that of LDH-P1 (2:1). Cumulative phosphorus release from LDH-P2 compared
o higher at pH 6 and 8, respectively.

type of LDH. Based on'the
from LDH-P2 (3:1) was
to LDH-P1 was 46.54, 33.
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Kinetics models
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Parameters

t= (aad) Jobs olo; NN

t: Equilibrium ti‘min)

0= oloj » (P)‘,Su—lﬁ‘i" by yhud
ge: the amount of released P (mg g%)
at equilibrium tim

qe = qe (1 —e™*1%)
Pseudo-first-order

qg:: the amount of released phosphorus (mg

g?) at tim
Q€= olej 3 (p5 2 £ 55, Al jhud e __Gckst 093 4 yo dund

Jols 1+ Gek,t
qe: the amount of released phosphorus
(mg g?) at equilibrium time
K= £)5) ps> 4o e (St eolas sy 208
(a3 p 5 e
Kj: rate constant of pseudo-second-order
kinetic equation (g mg* min')
h=(ais 3 p 5 2 p S ke) gl (sjlole, o

Pseudo-second-
order

! Batch experiment



h=(k2qe?)
h: the initial release rate value (mg g* min?)

R= (Suuisy (St dolee oy cls

(4833 )3 p)5 1 p5 o) Sy — Rt1/2 g s
: = +C 1L S awmisy
R the rate constant of the parabolic a SRl Faisy
diffusion kinetic equation (mg g™ min')
C=(Sdghly (Santsg dolas lae I 5 s
Parabolic diffusion equation y-intercept

Parabolic diffusion

o W

& borye) ol clalied 598 Sy oy lis LDH (shadiges @ Jily oSl
St odimd b Il ol 45 () US) adlbe YU laksgy )5 ¢ 0o (+eFg oY Ol
O sLab 3 Sl (658 13l Y (ly cob culsus (88 a5 ) b piomen Al oo LDH ool g

\a

A}
1 S DHN2 5 LDH-NL () ol
A\

P Olid L3Sl 5l de Koo )l (Everaert et al., 2022) o, 4 ),6l o (Hatami et al., 2018)

A\
a5 wlfu‘gk Sy \9@ 5Mﬂ MVE g AV o alols ol sharY o Lo

Dges

Sl ygas ol ol 031> i ¥ IS 50 adlllas 3y90 LDHS &y bgsyo dsy68 50,8 ygole it

o ol sl JsSUse oS 9y0n slmog,S iiS lils)l ,Kily 1500 5 PFV. CMT o3gie 3 s

S OWS 4sy98 50,8 yeole wwyp osps (Cheng et al., 2010; Hosni and Srasra, 2010 ) wib e (sl
bgsyo b ;5 sl o #guis 59 LDH-P2 g LDH-P1 ;> 55 0 V-5F cmly vod) em™ 5 s sib sgng
bgsye S (Shafigh et al., 2019) ) Ken 5 3uid b oo slUY o (slad 1 Sland g0l iiS il 4
bgye a5 VoYY CM™ s le,l g 36l 3939 opimen ditwdls bagpe P-O i sl 4 1) V- ¥F cmM g0 sae 4

sl 033 555 55 (ROy etal., 2023) o, Kan 5 g5y Lawsy sl so LDH sl )3 jaund 393 4



odds o3y L ¥ IS 0 LLDH-P & bgy e (EDS) 1S5l 53 4155 ilys s SEM 59,8l G oSing ySuo y3 gl
S opl ng S olidy ailedorins gyl s 4 lyd (s oad aid b OluS 5 pled (pgbal b as g5 b o]
b },,ll.ﬂ il ol @bs (Roy et al., 2023) cawl o yo)l55 55 oSy plo lawes LDH (gl (55905950

ol 45 15l e LDH-P2 4 LDH-P1 Jlilo 63 1o 3 yid yeuis &) bgyyo slacSy Jolis (EDS) ol K85

il o LDH-P 255 95 Bl oty i Sily

)\

fg LDH-P1 ()
\

|

)
Intensity (a.u)

A
W e

40 50 60 70

0 10 20 30
(a3y3) Lsgs
26 (°)

Sw W AW\

. M g
! A
S

20 30 40 50 60 70

N )
Intensity (a.u)

{ \ e
[da,2) Lo g2

20 (%)

LDH-P2 (& LDH-P1 (Gl LDH-P sl 55 )55 il (g1 :) JSu

7



Fig.1. XRD pattern of LDH-P A) LDH-P1 B) LDH-P2
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Fig.3. SEM images and EDS spectra of (A) LDH-P1, and (B) LDH-P2
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Table 2: The kinetics parameters and coefficients of determination (r2), for the models fitted‘the P released data
in LDH-P1 and P2, initial pH =6 and 8

aigod Jgl 46 5o dus
Sample Pseudo-first-order
qe k2
P (mgg") (g mg mi
LDH-P2 57.82 2x107 4
6 1N
LDH-P1 38.28 3x1073 0.94 4.39
LDH-P2 57.39 2x1073 0.97 4.19
8
LDH-P1 42.14 3x1073 0.95 4.22
“do secofidsorder
pH 4 h R’ RMSE
(mg g in"') (mg g' min")
LDH-P2 70.98 35%10°9 ‘ 0.21 0.98 2.89
6 A V'
LDH-P1 44.16 1.02x10* 0.19 0.96 3.25
-—
LDH-P2 70.55 4.28%107 0.21 0.98 3.12
8 A\
LDH-P1 7.64x107 0.18 0.97 3.20
SR (S andsy
Parabolic diffusion
\ C R RMSE
LDH-P2 . 0.86 0.99 2.41
6
LDH-P1 2.51 0.98 2.02
LDH-P2 1.64 0.86 0.99 2.12
8
LDH-P1 1.19 1.99 0.99 1.81
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