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Phosphorus (P) limits plant growth particularly in strongly acidic soils due to P fixation. P availability to a plant
is a functional concept of time rather than a measurable quantity. Therefore, a method that can estimate P
availability over time is required. This research work was intended to synthesize a nanocomposite material
that can monitor soil P desorption kinetics. To this effect, a binary sorbent system filled in a dialysis
membrane tube was developed. Accordingly, calcined and amorphous powder samples of Fe—Al binary
mixed oxides were synthesized by a gel-evaporation method and characterized by XRD, FTIR, TGA-DTA,
SEM-EDX and BET techniques. The performance, as a phosphate sink, of crystalline hydrous ferric
aluminum oxide (HFAO) and hydrous amorphous ferric aluminum oxide (HAFAO) each filled in a dialysis
membrane tube (DMT) was evaluated. A single hydrated ferric oxide (HFO) suspension filled in dialysis
membrane tubes (DMT) designated DMT-HFO was used as a benchmark. For the aqueous system, the
sorption capacity of the DMT-HFAO was found to be 260% (mg mg‘1 phosphate) whereas the
amorphous congener (DMT-HAFAO) was approximately 200% (mg mg~* phosphate) times that of DMT-
HFO during the 24 h equilibration. For the soil solution system, the phosphate desorbed by the DMT-
HFAO was about 520% (mg mg~* phosphate) compared with a single system, DMT-HFO, in 168 h. For
the desorption experiment carried out with soil solution, the data fitted fairly well with first order kinetics
for both sorbents (R* = 0.946-0.998), the amount adsorbed by DMT-HFAO being greater than DMT-
HFO. The soil data fitted an intra-particle diffusion model fairly well for both sorbents (R = 0.98-0.992)
with rate constants, kp, following the order: DMT-HFAO > DMT-HAFAO > DMT-HFO. The DMT-HFAO

approach also showed better fit to the two component first order model (R = 0.994 & 0.997) indicating
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Accepted 20th July 2023 that the modified method has promising potential for a long-term phosphate desorption kinetics study

from soil, the implication of which is important both from agricultural and environmental perspectives.
DOI: 10.1039/d3ra04000c However, correlation of the P adsorbed by this sink method with actual plant P uptake in various soils

rsc.li/rsc-advances should be carried out to validate the universality of this technique.

use of P in agriculture is compulsory not only to overcome the
consequences of progressive depletion of P rock reserves on

1. Introduction

Phosphorus (P) is a non-renewable resource, considered as one
of the global environmental challenges in the decades to come."
Phosphorus is inefficiently used in agriculture, the production
of which is expected to peak by 2035.> Hence, a more efficient
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agricultural production but also to circumvent the challenge of
advanced deterioration of water quality. However, efficient use
of P fertilizer should rely on more precise prediction of available
P to plants in soil.>*

Phosphate availability is a function of chemical equilibrium-
controlled solubility and rate limited processes and no simple
direct measurements are available.” Most methods for available
P determination attempt to quantify P solubility using different
extractants, but few relate this to P supply rates that are relevant
to plant uptake. Plants obtain P from the soil solution plus P
that enters the solution (via desorption), through its roots or
root symbionts during the period used to define availability.®
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Desorption can be studied by adding materials that bind
phosphate strongly, keeping the solution concentration low so
that desorption from the soil particles can continue.” Van der
Zee et al. (1987)° proposed the use of Fe-oxide impregnated filter
paper strips (Fe-oxide strips) as a promising method to study
the short term (Myers et al., 2005)° P release kinetics of soils.
However, this method was found to be less applicable for long-
term desorption studies.”*® Use of dialysis membrane tube fil-
led with hydrous ferric oxide (DMT-HFO) for studying long-term
P dynamics has been proposed previously."'**

The phosphate sink in the aforementioned cases is hydrated
ferric oxide which is an example of single component system.
However, considerable number of reports has shown that
excellent and efficient phosphorus adsorbents are all charac-
terized by high iron, aluminum, calcium and manganese
contents."**® Thus, substrates with high contents of these
materials can be efficient phosphate sinks in immobilizing
phosphate from soils and water bodies. The surface character-
istics studies of composited metal oxides are given importance
because they imitate the natural systems like soils more closely
than their individual congeners.>*" Accordingly, various ions
such as Al(m), Cr(m), Cu(u), La(v),Mn(w), Si(w), Ti(wv), and
Zr(iv)'®?2° had been introduced into iron oxide to form bime-
tallic oxide adsorbents for phosphate sorption. However, the
sorption studies in many of the studies mentioned above were
carried out via batch or column study by placing the sorbent in
aqueous system containing the target analyte. The batch or
column approach has a limitation of using the sorbent repeat-
edly as recovering the sorbent is difficult when naked sorbent is
in direct contact with the matrix. Furthermore, it would be more
complicated when one attempts to perform similar study in soil
solution. To circumvent these shortcomings, placing the
sorbent in membrane bags that are selective to the target ana-
lyte (phosphate in our case) is critically important. To the best of
our knowledge, no work has been reported on phosphate
sorption or desorption study using amorphous/crystalline
binary Fe-Al mixed oxide sorbent filled in dialysis membrane
tubes placed in aqueous or soil solution system.

In view of the above facts, we hypothesized that the perfor-
mance of single component Fe-hydr(oxide) sorbent filled in
dialysis membrane tubes can be improve by using the mixed
Fe-Al hydr(oxide) sorbent filled in the same dialysis bags. The
objectives of this study were, therefore, to evaluate the phos-
phate sorption and desorption properties of the proposed
method (DMT-HFAO) and compare the performance of the
modified system with the single bench mark (DMT-HFO).

2. Materials and methods
2.1 Description of sampling sites and sampling procedure

Soil samples from two selected sites were collected randomly.
These sites (Gununo and Bishoftu) were purposely selected based
on their pH and exchangeable aluminum and hence different P-
fixing capacity of the soils. Gununo is one of districts in Wolayita
zone, Southern Nations, Nationalities and Peoples’ Region
(SNNPR), Ethiopia. It is located at 7° 58" N and 37° 35” E. Its
annual average temperature is 21.86 °C and the mean annual
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rainfall is 1200 mm. The types of soils in the area according to
FAO classification are dominantly Eutric Nitisols or according to
USDA classification Alfisols.*** Bishoftu town is located on the
escarpment of the Great Rift Valley, 47 km south of Addis Ababa,
in Oromia National Regional State. Topographically, the town is
located in tepid to cool sub-moist mid highland at an altitude of
about 1920 masl with moderate weather condition. The absolute
location of Bishoftu is 8° 44’ 40” N and 38° 59' 9” E. The average
temperature is 20 °C and the annual mean rainfall is 850 mm.
The soil types are Haplic Andosol, Vitric Andosol and Eutric
Vertisol.* There are also black land clay soils which are medium
to slightly acidic properties with majority of them are slightly
acidic whereas gray soils are neutral.* Top soil samples (0-20 cm)
were collected randomly using Food and Agriculture Organiza-
tion. (FAO) guidelines for soil sampling procedure (FAO, 2008b).
From each site, twenty topsoil samples were taken from which
composite samples were made up. The samples were then air
dried and ground to pass through a 2 mm sieve. A composite
sample of each site was used to determine the physicochemical
properties of the soils and conduct P desorption experiment.

2.2 Selected physical and chemical properties of the soils

The physical and chemical properties of the soils were deter-
mined before sorption—-desorption procedure and tabulated in
Table S1.1 The pH (KCl) of the soil samples was determined in
the soil suspension by dispersing 20 g of dried soil in 50 mL of
1 M KCl and shaking end-over-end at 20 rpm for 2 h.” Available
phosphorus was determined using Bray and Kurtz (Bray-1P)
method (0.03 M NH,F + 0.025 M HCI).** Total soil P (Py) was
determined on sub-samples of 0.3 g soil with the addition of
5 mL concentrated H,SO, and heating to 360 °C on a digestion
block with subsequent stepwise (0.5 mL) additions of H,O, until
the solution was clear.*® Dithionite citrate bicarbonate (DCB)-
extractable crystalline Fe and Al (Fepcp and Alpcg) were deter-
mined by the method of Mehra and Jackson.*” Ammonium
oxalate dark (AOD) extractable Fe,, and Al,, were determined as
described by Shang and Zelazny (2008).*® Organic C was deter-
mined by dichromate oxidation method using GENESUS-20
spectrophotometer as described in Motsara and Roy (2008).*
Particle size distribution of the soils was determined using
hydrometer method after dispersion of the soil with sodium
hexametaphosphate, Nag(PO3)s.*°

2.3 Synthesis of crystalline and amorphous Fe-Al binary
mixed oxides powders

Using gel evaporation method,* powder sample of Fe-Al (10%
mol) mixed oxide was synthesized from Fe(NOj3);-9H,O (Sigma-
Aldrich, Germany) and Al(NO;);-9H,0 (Uni-chem chemical
reagents,AR) dissolved in ethylene glicol (Baker Analytical
reagent,USA) at molar ratio of 1: 3 of total metal ion to ethylene
with addition of deionized water just enough to dissolve the
starting materials. The solution was then refluxed in a 250 mL
flask at 65 °C for 24 h to get hydrosol. The hydrosol was dried at
100 °C for 24 h to obtain xerogel. Finally, the xerogel was
grounded and calcined at 300 °C for 2 h (crystalline phase). The
calcined crystal sample is referred as calcined powder sample
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(CPS). Another sample (for amorphous phase) was also
prepared by the same procedure without calcinations and
referred as amorphous powder sample (APS) the hydrated sus-
pension of which is labeled as HFAO and HAHFAO respectively.

2.4 Characterization

The structure of the as-synthesized powder was identified by
XRD equipped with CuKe radiation (A = 1.5405 A) operated at
40 kV tube voltage and 40 mA tube current with a scanning rate
of 4 min~* at a step scan of 0.02. The crystallite size was
determined from the XRD peaks using Scherer formula.*” The
surface functional groups of the as-synthesized samples were
determined using Fourier transform infrared (FTIR) spectrom-
eter (Spectrum 65, PerkinElmer) in the range 4000-400 cm "
using KBr pelletizer. The morphology and particle size distri-
bution of the solids were determined by scanning electron
microscopy (SEM) using a Hitachi TM1000 with backscattered
electrons detector and EDX detector. Sorption properties were
measured under N, atmosphere at —196 °C in a Micromeritics
instrument ASAP 2420 device. The isotherms were registered,
approximately 200 mg of each sample was outgassed at 150 °C
for 16 h under high vacuum. Thus, the surface areas of the
materials were estimated using the Brunauer-Emmet-Teller
(BET) method and their micropore and external surface areas
were determined by the t-plot method. Pore size distributions
were predicted by applying the BJH method. The total pore
volume was taken from the relative pressure close to unity (P/P,
= 0.98). Thermo gravimetric analysis (TGA) was performed
using a PerkinElmer TGA?7 instrument in the temperature range

of 30 °C to 900 °C under air flow at a heating rate of 20° min .

2.5 Preparation of the sorbents suspensions

Suspensions of as-synthesized calcined samples (HFAO) and
noncalcined amorphous powder samples (HAFAO) were
prepared separately by adding 5 and 10 g powders respectively to
1 L volumetric flask and filling deionizer water to the mark. The
masses of the calcined and amorphous powders are different
considering the mass loss due to removal of surface adsorbed
water and residual organic material during calcination at 300 °C.
Equivalent amount of hydrous ferric oxide (HFO) to be used as
a reference was also prepared following the procedure described
by Freese et al. (1995).” The pH of the suspensions were adjusted
to pH = 5.6 for solution containing only deionized water and to
the pH of soil for bottles containing soil solution. Twenty-
centimeter-length DMT strips (Medicell International Ltd, Lon-
don; dialysis tubing: visiting, size 3°°/32 inches, approximate
pore size 2.5-5.0 nm; membrane thickness 3 pm) were boiled two
times in deionized water for 5 min and thoroughly rinsed. Twenty
milliliter of each suspension was filled in dialysis tube each in
three replicates. During the filling of the DMTs, each type of
suspension was stirred vigorously to obtain uniform quantities of
HFAO, HAFAO and HFO for each DMT strips.

2.6 Phosphate sorption and desorption study

This experiment consists of three stages. The first stage was to
undertake a preliminary experiment to investigate possible
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leakage of the phosphate binding materials into surrounding
solution. The second stage was carried out to determine the
phosphate sorption capacity of the sink materials employed in
the dialysis membrane tubes in phosphate contaminated
aqueous systems. The last experiment was executed to employ
the DMT-adsorbent system into soil solution to study the long-
term P desorption kinetics.

A preliminary experiment was conducted by placing DMTs
filled with HFAO, HAFAOand HFO in contact with 80 mL de-
ionized water in 500 mL capped polyethylene bottles and
shaking gently for a week. This was performed to investigate
possible leakage of the sink materials (HFAO and HAFAO)
through the dialysis membrane tubes when in contact with
deionized water. Any leakage of the sorbent materials in
particular the iron component through the dialysis membrane
tubes was checked both qualitatively and quantitatively taking
5 mL of deionized water sample for analysis at the interval of
24 h for a week. For the qualitative test, NH,SCN and
[K,Fe(CN)y] were added to the acidified deionized water sample
where as AAS was used for the quantitative determination of
iron. The result of this experiment confirmed trace level leakage
of iron for amorphous sorbent (HAFAO) (Table S57).

In the second stage of this experiment, phosphate sorption
characteristics of the as-synthesized sorbents were undertaken
by placing appropriate amount of the respective sinks filled in
the dialysis membrane tubes in 80 mL of 10, 30, 50 and 100 ppm
KH,PO, solution. In the third stage of the experiment, P
desorption characteristics was studied by taking 1 g air dried
soils from Bishoftu and Gununo in 80 mL 2 mM CacCl, and
0.3 mM KClI solution taken in separate 500 mL capped plastic
bottles. Two drops of chloroform were added to the soil
suspension to inhibit microbial activity.” Both pure P solutions
and soil suspensions were kept in contact with dialysis
membrane tube (DMT) filled with as-synthesized HFAO, HAFAO
and the reference HFO as P sorbents. The aqueous solutions
and soil suspensions were shaken at 120 rpm on rotary shaker
for the intervals of 24, 48, 72, 96 and 168 h at 25 °C. At each
interval of time, 2 mL samples of soil suspensions was taken
and 2 mL deionized water was added to keep volume of solution
constant (assuming negligible change in the concentration of
P). All experiments were carried out in triplicates. At the
mentioned time interval, the DMT-HFAO, DMT-HAFAO and
DMT-HFO were changed for fresh one. Prior to changing the
DMT-sorbent system, any soil material adhering to the DMT
was rubbed off with a glass rod, to minimize loss of soil material
from the soil suspension. The sorbents were then transferred to
a separate clean polyethylene beakers. HFO and HAFAO were
dissolved by adding 1 mL conc. H,SO, while HFAO was dis-
solved by adding 7 mL. The blank was prepared by adding the
indicated volume of conc. H,SO, to 20 mL of each sorbent
suspension. Finally, samples of the dissolved HFO, HAFAO and
HFAO were taken for analysis and adjusted to final volume and
analyzed spectrophotometrically according to Murphy and Riley
(1962).** Sorption efficiency of the sorbents at each interval of
time was calculated as mg P determined per gram of the sorbent
phosphate remaining in solution at time ¢. The amount of P
sorbed, concentration of phosphate remaining in solution and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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initial P concentrations were employed in the data analysis
using isotherm and kinetics models. The adsorption capacity of
the phosphate ion is the concentration of the phosphate ion on
the adsorbent mass and was calculated based on the mass
balance principle,

C, — C;
= 2 X
m

9e v

where: g. = adsorption capacity of adsorbent (mg g~ '), V = the
volume of reaction mixture (L), m = the mass of adsorbent used
(g), C, = the initial concentrations (mg L") and C; = final
concentrations (mg L") of the phosphate ion.

2.7 Data analysis

The sorption/desorption data obtained were statistically
analyzed by using Statistical Analysis System (SAS Institute
2006, version 9.1.3). Analysis of variance was done using the
General Linear Model (GLM) procedure. The Tukey test was
used to determine significant differences at « = 0.05.

3. Results and discussion
3.1 Physicochemical properties of soils

Table S11 depicts physicochemical properties of the soils
studied. The large difference between their pH (Gununo 3.5 and
Bishoftu 6.8), exchangeable aluminium, DCB extractable Al and
clay content could be attributed to the different physicochem-
ical properties of the two soils. The organic carbon was low for
Bishoftu and moderate for Gununo soil. Bray I indicated highly
labile P in Bishoftu than Gununo soil. In light of these prop-
erties, Gununo Nitisol has high P fixing capacity where as
Bishoftu Andisols exhibited low P fixing capacity.

3.2 Characterization of the as-synthesized sorbents

X-ray diffraction patterns of the calcined and uncalcined Fe-Al
binary oxide systems are shown in Fig. 1. The binary system
exposed to a calcinations temperature of 300 °C (CPS) showed
better crystallinity as compared to the uncalcined (APS)
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congener, which is amorphous. Peaks shown by CPS corre-
spond to the primitive cubic system of maghemite (y-Fe,O3)
(JCPDS no. 39-1346). The weak diffraction peak observed at
35.47 can also be ascribed to the maghemite phase of the
amorphous APS. Our findings agree with results from previous
reports.'®***> No peak attributable to alumina was observed in
CPS due to perhaps the amorphous nature of alumina under the
calcinations temperature employed in this experiment (300 °C),
as crystallized alumina such as y-Al,0; and «-Al,O; could be
expected under thermal treatment with temperatures at 800 °C
and 1000 °C respectively.'®#¢

The average crystallite size of the crystalline Fe-Al binary
oxide (CPS) is found to be 21.40 nm. Our result concurs with the
report made by Tofik et al. (2016)*® the size of which was
20.94 nm for the sample of the same composition sintered at
300 °C. We also estimated the specific surface area of the as-
prepared samples using BET methods (Table S2t). The esti-
mated specific surface 4reas (m”> g~') of HFAO (CPS), HAFAO
(APS) and HFO were found to be 48.7, 11.4, and 17.1 respec-
tively. The smallest specific surface area registered by of the
amorphous binary system could be possibly due to residual
solvents (ethylene glicol) present in the uncalcined product as
evidenced in the FTIR result. In fact, the TGA/DTA curves of
these samples also supported the above assertion. The termal
stability of amorphus phase of the adsorbent (APS) was deter-
mined as shown in Fig. 2. It exhibited three distinct weight
losses. The initial loss (=23%) is between 100 and 150 °C as the
result of external water adsorbed on the surface of the sorbent
whereas pronounced loss (=30%) occurred in the temperature
range between 150 and 250 °C due to removal of trapped solvent
such as ethylene glycol from the internal pore of the adsorbent.
The third weight loss which accounts for (=5%) was observed
in the temperatura range from 250 to 350 °C possibly be due to
phase change from maghemite to haematite form of the iron
oxide. Above 350 °C, no change in weight was recorded
evidencing the conversion of the adsorbent to its corresponding
oxide forms. Contrary to the above observation, =2% weight
loss was registered up to 200 °C accounting for the removal of
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Fig. 1 XRD patterns of uncalcined (APS) and calcined (CPS) Fe—Al binary oxide powder samples.
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Fig.2 TGA/DTG plots of CPS and APS samples.

physisorbed water and the remaining 2% loss exhibited
between 200 and 550 °C signifies phase changes among the
different iron oxide forms. The significantly larger loss from the
amorphus sample justifies its smaller specific surface area
compared with the crystalline counterpart.

The SEM micrographs of amorphous (APS) and crystalline
(CPS) as-synthesized binary Fe-Al mixed oxides are displayed in
Fig. S1.7 In both cases, no distinct morphology was observed.
EDX (data not shown) analyses confirmed the presence of both
metals considered in the relatively wider range: 98.0-100% (Fe),
0-2% (Al) revealing the heterogeneous nature of the sorbent.

Fig. 3 shows FTIR spectra of CPS before and after sorption of
phosphate. The peaks observed in both cases are similar. The
broad bands at 3422 and 3430 cm ' correspond to the
stretching mode of O-H group of adsorbed water molecule. The
peak observed around 1636 cm ' can be associated with
bending mode of physically adsorbed water molecule. The peak
shown at 2338 cm ™' can be assigned to carbonate due to CO,
adsorbed from air during preparation.® The peak at 1059 cm™*
observed on CPS is a characteristic of M—OH bending vibra-
tions.**® The peaks observed in the range from 550 to 640 cm ™
could be ascribed to M-O stretching frequencies.

Fig. 3 exhibits the FTIR peaks of APS before and after sorp-
tion. The major peaks seemed to be similar in both cases. The
peaks around 3360-3382 cm ' represent the voy stretching
vibration whereas the peaks observed in the range from 1655-
1670 cm ™' could be attributed to dg_on bending vibration of
adsorbed water molecules. The peaks around 2925, 2338, 1385
and 1052 cm™ " represent the C-H, C-O symmetric stretching
vibrations, w(OC,H,) of the ethylene glycol used in the synthesis
and v; asymmetric vibrations of adsorbed carbonate anions
respectively. The peak shown at 1052 cm™ ' indicates M-OH
bending vibrations whereas peaks shown at 700 and 484 cm™*
could be ascribed to M-O stretching vibrations.** We noticed
the presence of additional peak at 933 cm ™' and peaks with
enhanced intensity in the FTIR spectrum carried out after the
virgin sorbent was exposed to phosphate sorption. The addi-
tional peak exhibited could be due to asymmetric vibration of
P-0*® or P-OM modes of vibration® while the increased peak
intensity could be attributed to overlap of P-O with those of the
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COO™ and -OH groups.” Our findings indicate the sorption
of P onto the as-synthesized phosphate binding materials.

3.2.1. Sorption study. To determine the sorption capacity
of the sorbents, 10 ppm KH,PO, solution was equilibrated for
24 h the results of which are depicted in Table 1. The means are
found to be significantly different (p < 0.05) among the sorbents
DMT-HFAO, DMT-HAFAO and DMT-HFO. It can be seen that
the nano-sized HFAO extracted more phosphate than HAFAO
and HFO under the stated equilibration period. The sorption of
P by the nanocrystalline binary suspension (DMT-HFAO) was
greater than the reference (DMT-HFO) by 260%, (mg mg ',
phosphate) in turn, the amorphous counterpart was better than
the reference by approximately 200% (mg mg ', phosphate).
Among the binary oxide sorbents, the crystalline form showed
better sorption than the same sorbent in the amorphous form;
the sorption capacity of the crystalline form being higher by
about 20% compared to its amorphous rival. This difference is
more pronounced for HFAO when cumulative P extracted is
considered over intervals of 48, 72, 96 and 168 h (Fig. 4).

Fig. S2+ illustrates the total amount of P sorbed by the three
sorbent systems at 10 ppm phosphate concentration. At the
plateau, the initial concentration of 10 ppm (0.32 mmol P/L)
dropped to 4.6 x 10® and 1.5 x 10> mol P/L as the result of
sorption by DMT-HFAO and DMT-HFO respectively. This indi-
cated that for a unit mass of the sorbents, DMT-HFAO has more
sorption capacity in lowering solution P than DMT-HFO. Freese
et al. (1995)” reported that HFO dropped 0.8 mmol P/L to 2 X
107® mol L' in 68 h. In this study, HFO also dropped
0.32 mmol P/L to 1.5 x 10~> mol L™ " after 72 h. The sorption
efficiency of the HFO in the present work was lower than the
single system previously reported. Despite this difference, our
sorbent is found to be efficient in adsorbing phosphate from
aqueous system. Moreover, the binary system prepared under
the same experimental condition showed better sorption effi-
ciency than the single system. For DMT-HAFAO sorbent system,
phosphate sorption rate was almost constant for the intervals of
24, 48 and 72 h. The loss seems relatively high for the intervals
of 24-72 h and equilibrium was reached after 96 h.

Fig. 4a-c and S2f show cumulative phosphate extracted by the
three sorbents from phosphate concentration in the range from
10-100 ppm in the intervals of 24-168 h. Phosphate extracted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of CPS and APS before and after phosphate sorption.

Table 1 Phosphate sorption capacity by DMT-sorbent systems after
24 h equilibration time

DMT-sorbent mg P g~ " sorbent

DMTHFAO 3.00°
DMTHAFAO 2.53P
DMT-HFO 0.83°¢

LSD = 0.296, CV = 5.57

Means with different letters along the column are significantly
different.

was significantly (p < 0.05) influenced by sorbent type, initial
phosphate concentration and extraction time. The cumulative P
extracted by DMT-HFAO was 52.3 mg P g ' (sorbent) while
HAFAO and HFO extracted 12.5 and 11.3 mg P g~ (sorbent)
respectively. The remarkable sorption efficiency of DMT-HFAO as
compared to DMT-HAFAO and DMT-HFO is evidenced in this
work.

The sorption of phosphate was fast at the initial stage
tending to equilibrate after 48 and 72 h for DMT-HFO and

© 2023 The Author(s). Published by the Royal Society of Chemistry

DMT-HFAO respectively. The initially fast adsorption stage was
due to ion-exchange with surface hydroxyl ions of the sorbents.
The slow adsorption rate in the later stage represents a gradual
uptake of phosphate as the result of diffusion in the internal
matrix of the sorbents.>»** The nano-sized DMT-HFAO extrac-
ted more phosphate than HFO in the equilibration time
between 72 and 96 h. It appeared that as concentration of
phosphate in solution in equilibrium with DMT-HFAO
becomes low, DMT-HFAO extracts even more phosphate than
HFO implying its potential to desorb phosphate from soil with
low P concentration. Harvey and Rhue (2008)* reported that
Fe-Al hydr(oxide) were effective for P removal. According to
Biswas et al. (2007),>® the sorption ability of Fe-Al mixed oxide
was much higher than either of pure oxide. They also reported
that the specific surface area of mixed oxide was greater than
that of the pure oxide.

3.2.2. Isotherm models. The sorption characteristics of
phosphate by DMT-sorbent systems were analyzed using
isotherm models. We employed the most commonly used
Langmuir (1918)*” and Freundlich (1906)*® models as depicted
below. Langmuir adsorption model,

RSC Adv, 2023, 13, 22346-22356 | 22351
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Fig. 4 Cumulative P sorbed by DMT-sorbent (a-HFAO, b-HAFAO and c-HFO) at different initial concentrations of standard KH,PO, solution in

the intervals from 24-168 h. Vertical bars represent error.

C. 1 C.

. 0w 0
where C. is residual concentration in solution, g. mg of adsor-
bate per gram of adsorbent, Q, is the maximum uptake corre-
sponding to the site saturation and b is the ratio of adsorption
and desorption rates.

Freundlich model,

(1)

(2)

where ¢, is the amount of adsorbate per unit weight of the
sorbent (mg g~ "), C. is the equilibrium concentration of solute
in solution (mg L"), kg is a measure of adsorption capacity and

1
log g. = log kg + ;log C.

22352 | RSC Adv, 2023, 13, 22346-22356

1/n is the adsorption intensity, which has a lower value for more
heterogeneous surfaces.

All the three sorbent systems viz., DMT-HFAO, DMT-HAFAO
and DMT-HFO fitted better to both Freundlich and Langmuir
models with the former showing consistently better fit to the
data (Table 2, Fig. S31) evidencing the heterogeneity in the
sorption process. The lower n values in the Freundlich model
are indicators of more heterogeneous sorption. Tofik et al.
(2016)*® reported higher n value for sorption of phosphate by
direct contact of nano-sized Fe-Al mixed oxide with phosphate
solution for 24 h equilibration time.

The observed difference could be attributed to longer
equilibration and diffusion controlled P sorption in our case as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 DMT-sorbent data fitness to isotherm models

Isotherm models

Parameters

Langmuir Freundlich

R Q(mgg") b R K n
DMT-HFAO  0.980-0.993 15.9 0.72 0.986-0.994 3.6 1.6
DMT-HAFAO 0.886-0.980 7.9 0.79 0.975-0.994 1.6 1.7
DMT-HFO 0.964-0.986 4.2 0.77 0.969-0.993 0.44 1.7

direct contact of phosphate with the sink is restrained due to
the membrane tubes. This allowed phosphate to diffuse into
micropores that are not energetically equal because of hetero-
geneity.>® The higher Freundlich adsorption constant kg for
DMT-HFAO also indicated higher sorption capacity of the
sorbent as compared to DMT-HAFAO and DMT-HFO (Table 2).

3.2.3. Kinetic models. The sorption data were also analyzed
using various kinetics models the details of which is given in
ESI.t Based on the coefficient of determination, R*, and related
parameters (Table S3 and Fig. S47), the following general trend
was observed: for first order, Elovich and intraparticle diffusion
models, the order DMT-HFAO > DMT-HFO > DMT-HAFAO was
exhibited whereas the order DMT-HFAO > HAFAO > DMT-HFO
was evidenced in the case of pseudo first and pseudo second
order models. In all the models considered in this work, the
modified technique DMT-HFAO showed better fit revealing its
superiority compared with its binary congener and the refer-
ence single system. Most of the kinetic models exhibited better
fit to the experimental data except pseudo-second order model
for all the three sorbents. The DMT-HAFAO technique showed
very poor fit to the data for the whole range of concentration
(Elovich model) where as intraparticle diffusion model fitted
poorly for low concentration range (Table S3 and Fig. S47).

Gn-HFAO (q=7.31t"%+23.74; R*=0.980)
Bi-HFAO (q,=11.98t"*+58.01; R*=0.992)
Gn-HFO (q;=1.4t"*+5.25; R?=0.986)
Bi-HFO (q,=2.98t"*+2.67; R?=0.992)
Gn-HAFAO (q,= 1.45t'+8.37; R?=0.781)
Bi-HAFAO (q,= 3.89t"*+95.97; R*=0.806)

+ & @ A 4 0

v

.

o —

10 11 12 13
t1/2(h1/2)

Sorption capacity (mg P/g sorbent)

Fig.5
data fitted to two component first order model.
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Despite this trend, intraparticle diffusion model is the one with
the highest R> values for all the three sorbents except the
sorbent system DMT-HAFAO at low concentration perhaps as
the result of leakage (Table S5t). We selected this model to fit to
desorption data generated from soil solution (see ESI}). In
addition, two component first order model was also considered
since this model was chosen to explain the desorption pattern
of long-term P fertilized soils***® or P incubated soils used to
simulate the field at glass house.**** In summary, among kinetic
models considered in this work, as shown by coefficient of
determination R*> (Table S371), the modified technique DMT-
HFAO showed better fit to first order, pseudo first order, Elo-
vich and intra-particle models revealing its superiority
compared with its amorphus binary congener and the reference
single system and hence better precision in predicting phos-
phate depletion from soil through time using DMT-HFAO.

3.3 Soil phosphate desorption by DMT-sorbents

Fig. 5a illustrates phosphate desorbed by the three sorbents
from Bishoftu (low-P fixing capacity) and Gununo (high P fixing
capacity) soils fitted with intra-particle diffusion model. The
graph clearly shows two linear sections for DMT-HFAO and
DMT-HFO which indicate series of sorption processes. The first
linear stage was a fast stage. The second linear portion was
a moderate adsorption process, where the rate of adsorption
was governed by the intra-particle diffusion in the pore struc-
ture. Some literature®***** indicated a third section due to steric
hindrance from adsorbed phosphates, but this is unlikely to
happen in our case since at each interval of time, the DMT-
sorbent was replaced by new one. Phosphate sorption ability
of the three DMT-sorbent systems of soil solution extract
revealed that they have potentials in desorbing phosphate from
soils with high and low P fixing capacities. In both soils, DMT-
HFAO and DMT-HFO data fitted the second linear portion very
well compared with DMT-HAFAO.

= DMT-HFAO-Gn (R°=0.947)

DMT-HFAO-Bi (R*=0.997)

DMT-HFO-Gn (R?=0.946)

v DMT-HFO-Bi (R*=0.998)
DMT-HAFAO-Gn (R*=0.864)

< DMT-HAFAO-Bi (R’=0.869)

< 220
200
1801 .

160 o
140 e -
1201 !
100 1
801
60 1
40
20

Cumulative P (mg P/g sorbent

20 40 60 80 100120140 160 180
time (h)

(a) P desorbed by DMT-sorbent-systems for Gununo and Bishoftu soils using intra-particle diffusion model; (b) Bishoftu and Gununo soils
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The relative amounts of P desorbed by DMT-HFAO were 52
and 46% (mg mg ™", phosphate) of the total P for Gununo and
Bishoftu soils respectively (Fig. S6T). In contrast to this, DMT-
HFO desorbed 10 and 11% where as HAFAO desorbed 18 and
30% of the total P from Gununo and Bishoftu soils respectively.
This indicated that among three sorbents, DMT-HFAO can be
a potential candidate for desorbing more P from soils with both
high and low P fixing capacity. From the positive intercepts
indicated in Fig. 5a, one could discern the rapid desorption in
shorter time. Most of the intercepts in literature were also
positive.®*"* If the rate determining step was only intra-particle
diffusion, the line would pass through the origin.*® But this was
not observed in this study indicating that the initial stage
attributed to the boundary effect. Under such case, soil P release
is rate determining step. The larger intercept for DMT-HAFAO is
an indication of greater boundary effect for HAFAO.*” The
second portion of DMT-HFAO for both soils seemed to attain
plateau.

Fig. 5b illustrates the cumulative P desorbed from the two
soils fitted to two component first order model. In general, this
model provided a better fit to all the sorbent systems in both
soils despite the relatively lower R* values exhibited by DMT-
HAFAO (R> = 0.869 and 0.864 for Bishoftu and Gununo soils
respectively). The model assumes two different phosphate pools
from soils distinguished by different release kinetics indicated
by the change of the slope in the curve. The rate constants ku
and kg of the soils P desorption were obtained from the slope of
the plot of In P against time for each pool (Fig. S6a-d}). For
Gununo soil, rate constants for the labile pools, ks, were found
to be 0.03146 h™" and 0.03125 h™" where as the rate constants
for the less labile pool kg were estimated to be 0.00606 h™* and
0.00588 h™' for the sorbents DMT-HFAO and DMT-HFO
respectively. In analogous way, the rate constants for the
labile pools, k, were found to be 0.01937 h™" and 0.01917 h™"
where as the rate constants for the less labile pool, kg, were
estimated to be 0.00537 h™" and 0.00537 h™" for the sorbents
DMT-HFAO and DMT-HFO respectively in the case of Bishoftu
soils. For both sorbents, a more labile phosphate pool (pool A)
characterized by relatively higher phosphate release rate (ks > kg
in each case) compared to the slow labile pool (pool B) was
evidenced. The higher k, for Gununo soil is an indication of
desorption of adsorbed phosphate directly in contact with soil
solution.***® The higher and positive intercept for Bishoftu soil
indicated short sorption of available phosphate in this soil.*”

In all cases, the rate constant values for soils P desorption in
this study were less than rate constant of phosphate transport,
k through DMT (0.09 h™') that was reported by Freese et al.
(1995).” This means, it is P desorption from soils that determine
rate, not diffusion through membrane. The main difference in P
sorption capacity is the ability of DMT-HFAO to extract more P
than the other two sorbents even under very acidic soil
condition.

Phosphate desorbed from soil solutions by DMT-HFAO was
higher than the corresponding DMT-HFO and DMT-HAFAO for
both sites (Fig. 5b). The difference between the two sites may be
attributed to the difference in clay and organic matter
content.”* The highest phosphate sorption from Bishoftu soil
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by DMT-HFAO was due to low fixing capacity of the soil. The
amount of P extracted by DMT-HFAO, DMT-HFAO and DMT-
HFO comprised 52, 18 and 10% (mg mg ') of the total phos-
phate in 168 h from Gununo soil. For soil from Bishoftu site,
DMT-HFAO extracted 46% of the total while DMT-HAFAO and
DMT-HFO extracted 11 and 31% respectively in 168 h. This
indicated that DMT-HFAO has remarkable phosphate desorp-
tion capacity from soils with high P fixing capacity than DMT-
HFO and DMT-HAFAO. Freese et al. (1995)” achieved 110% P;
extraction by single component system, HFO, for the duration
of 500 h. But our binary system DMT-HFAO extracted about
520% (mg mg ') P; for 168 h and hence preferred to DMT-HFO
for long-term phosphate desorption kinetics from acid soils.
The DMT-HFAO system has also an advantage of shortening
extraction time reasonably, provided that P desorption from soil
by the system correlates with P uptake by a plant that in turn
helps to recommend fertilizer with potentially less eutrophica-
tion to which this research work is targeted.

4. Conclusion

The synthesized Fe-Al mixed oxide binary sorbent, taking the
advantages of individual oxide, has more sorption capacity than
single component, HFO. The sorption data in all the three
sorbent systems fitted to different isotherm and kinetic models.
The relatively higher Q, = 15.9 mg g™ ' and ky = 3.6 indicated
that the sorption capacity of DMT-HFAO (crystalline form) is
greater than the other two sorbents in the concentration range
studied. The new binary system, DMT-HFAO extracted about
520% (mg mg~ ', phosphate) of DMT-HFO in 168 h and hence
preferred to study phosphate desorption kinetics from acid
soils. It has also the advantage of shortening extraction time
reasonably, provided that P desorption from soil by the system
correlates with P uptake by a plant. This study evidenced the
better performance of the two component sorbent than the
single counterpart. The modified method we have designed
(DMT-HFAO) keeps phosphate in aqueous soil very low due to
its high sorption capacity as compared to the reference DMT-
HFO and its binary amorphus congener DMT-HAFAO. This
makes phosphate from less stable pools to replenish phosphate
in aqueous solution. Therefore, the modified method is useful
in predicting the time for depletion of P from slow labile P pools
of soils. This in turn helps to recommend the appropriate time
for fertilizer application, an advantage both from economic and
environmental perspectives. However, more study is required
relating the desorption parameters of this system with plant
parameters. Moreover, soils of various pH should be enter-
tained to check the universality of this system.

Abbreviations

APS Amorphous Powder Sample

CPS Calcined Powder Sample

DMT Dialysis Membrane Tube

HFAO Hydrous Ferric Aluminum Oxide

HAFAO  Hydrous Amorphous Ferric Aluminum Oxide
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HFO Hydrous Ferric Oxide

JCPDS Joint Committee on Powder Diffraction Standards
SNNRG  Southern Nations Nationalities Region

TSP Triple Super Phosphate

uv Ultra Violet

XRD X-ray Diffraction
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