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ABSTRACT: Layered double hydroxide functionalized biochar and hydrochar composites are
environmentally friendly and low-cost adsorbents for the removal of phosphate from aqueous
solutions. In the present study, Mg-Al layered double hydroxide functionalized apple wood biochar
and hydrochar were prepared and their phosphate adsorption characteristics were examined through
batch experiments. Moreover, important factors affecting adsorption including initial phosphorus
concentration (25-200 mg/L), contact time (5-120 min), ionic strength (deionized water, and 0.001,
0.01, and 0.1 mol/L KCI), pH (3-10), and adsorbent dosage (1, 2, 3, and 4 g/L) were investigated.
Based on the results, the phosphate adsorption by Mg-Al layered double hydroxide modified biochar
and hydrochar were comparable with Mg-Al layered double hydroxide and were greater than biochar
and hydrochar. As expected, phosphate adsorption was decreased by increasing solution pH
and ionic strength. The highest phosphate removal was attained at pH 4, adsorbent dosage of 4 g/L,
and in the presence of deionized water as a background solution. Determination of adsorption
characteristics of the adsorbents revealed that the phosphate adsorption mechanism involved
a combination of electrostatic attraction, interlayer anion exchange, and formation of surface
complexes. The Mg-Al layered double hydroxide modified biochar and hydrochar composites
as cost-effective and efficient adsorbents suggest alternative biochar- and hydrochar-based composites
for the phosphate removal from contaminated waters that could be used as P-fertilizers.
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INTRODUCTION

It is generally believed that managing and controlling to recover phosphorus (P) from aquatic ecosystems using
phosphate levels can be crucial in many ways. In fact, it is efficient and cost-effective methods and its reuse as
a strategic goal of sustainable environmental management a P-fertilizer [1]. A destructive consequence of P delivery
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into surface waters can be eutrophication that starts
at dissolved P concentration of 0.02 mg/L. Eutrophication
interferes with the natural functions and the structure
of aquatic ecosystems, raises water treatment costs, and may
help formation of harmful algal blooms [2]. Also, the mine
resources of P fertilizers can be exhausted due to over-
fertilization. On the other hand, since non-renewable rock
phosphate resources are limited, which will make its value
go up when not enough P fertilizers are available to ensure
future food security [3]. The recovery of lost phosphate
protects environmental water quality and improves food
security by minimizing supply risks.

Quite many technologies (e.g. biological P uptake,
adsorption, and chemical precipitation) have been developed
for this purpose among which adsorption is considered
as a high-performance method because of its convenience,
high selectivity, easy application and no secondary
contamination [4]. Several different sorbents such as metal
oxides [5], engineered biochar [6], engineered
hydrochar [7] and layered materials [8] have been used to
eliminate phosphate from contaminated waters. Layered
double hydroxides (LDHSs) are brucite like octahedral
sheets with anion or oxyanions and water molecules in the
interlayer space and have high ability to remove anions,
especially phosphate from water. The general formula of
these layered inorganic compounds can be presented as

[Mi My (oH), ] [AL .mHzo}F

1-x X x/n

, where M%

and M?* are divalent and trivalent cations, respectively.
x/n IS an interlayer anion with charge n, and x

is M* /[M>" +M>"] ratio where the value of x falls
in a range of 0.17 to 0.33 [9]. The content and nature of
M?* and M3* cations strongly affect the adsorption
capacity of LDHs [10]. Das et al. [10] reported that
the LDHs prepared from Mg and Al cations demonstrate
a greater adsorption capacity than other LDHs. LDHs have
been used for adsorption of phosphate because of their
high positive charge, easily exchangeable interlayer
anions, and great specific surface area [11]. However,
the wide application of LDHs is inhibited because of problems
including low renewability, high cost, difficult disposal
after using [12], and difficult particle separation [13].
In addition, LDHs in bulk or granular forms have low
hydraulic conductivity or high diffusion resistance [13].
Therefore, they are not suitable for filtration systems.
However, when the nano-sized adsorbents such as LDHs
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are attached to larger particles such as biochar or
hydrochar, their environmental applications would be
highly beneficial [9]. Also, these composites have
agricultural and environmental advantages such as soil
fertility improvement and carbon sequestration.

Biochar is a pyrogenic recalcitrant porous material
produced from biomass heating in an oxygen-limited
medium. Hydrochar is an energy-dense solid produced
Through Hydrothermal Carbonization (HTC). Biochar and
hydrochar have a great potential for carbon sequestration
and have been employed as soil conditioners or stable
adsorbents because of their stable porous structures,
oxygen-containing functional groups and easy to produce
and use [14]. Xiao et al. [15] interpreted the biochars
applications such as adsorbents, fertilizers and carbon
fixators. Also, Lian and Xing [16] reviewed the
morphology, fractions and molecular structure of biochar
and the role of biochar physicochemical properties
in its stability and sorption behavior. Advantageous properties
and features such as stable carbon matrix, environmentally
friendly, low cost, high porosity, high specific surface
area, and easy preparation and operation qualify biochar
and hydrochar as matrix for stabilizing LDH flakes and
creating LDH-biochar and LDH-hydrochar composites.
Hence, some novel composites from biochar, hydrochar
and LDHs nanoparticles have lately been prepared
for adsorption of phosphate [17-19], nitrate [20], and
arsenic [9]. For instance, Li et al. [18] and Wan et al. [19]
prepared a Mg/Al-LDH modified biochar by immersing
a biochar produced from sugarcane leaves and bamboo
in MgCl; and AICI; solution at pH 10. Tan et al. [21]
synthesized the LDH flakes on biomass and then prepared
a LDH-biochar by pyrolyzing the LDH pre-coated
biomass. These engineered biochars proved to offer a high
removal potential for anions from aqueous solutions.
Wan et al. [19] revealed that the P-loaded LDH-biochar had
potential application as a slow-release P-fertilizer without
application of any chemical P-fertilizer. Therefore,
these novel adsorbents can be used for removal of P from
contaminated waters and potentially can be used as slow
release P-fertilizers for surmounting the eutrophication
of water resources as well as exhaustion of P resources
challenges. The adsorption conditions such as ionic
strength, pH, and adsorbent dosage, are associated
with adsorption mechanisms and could affect the adsorption
capacity of the adsorbents.
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Many researchers have investigated the effects of ionic
strength, pH, and adsorbent dosage on phosphate adsorption
with different adsorbents [22,23]; nevertheless, there is
notably not a wealth of literature on adsorption
characteristics of LDH-biochar and specially LDH-
hydrochar composites for the phosphate. Such an
investigation can offer insights and provide information
on how to produce high-efficiency LDH-biochar and LDH-
hydrochar composites involved in development of biochar
and hydrochar technologies. The present study in addressing
such a gap employs self-assembly co-precipitation method
in order to prepare Mg/Al-LDH-biochar (LDH-biochar) and
Mg/Al-LDH-hydrochar ~ (LDH-hydrochar)  composites
for phosphate removal from aqueous mediums.

EXPERIMENTAL SECTION
Materials

Analytical grades AICl;.6H,0, MgCl,.6H,O, NaOH,
and KH2PO4.H.O were purchased from Merck Company,
Germany. The wood feedstock for producing biochar
and hydrochar was obtained from pruned parts of an apple
orchard in Miandoab, West Azerbaijan Province, Iran.
The apple wood was chipped into 2 mm pieces, then was oven
dried overnight at 80 °C after washing with deionized water.

Adsorbent production and preparation

Biochar was produced via slow pyrolysis of apple
wood feedstock at 600 °C for 1 h in the presence of Argon (Ar)
gas flow [9]. Hydrochar was produced via hydrothermal
carbonization (HTC) of apple wood feedstuck at 180 °C
for 12 h [7]. The prepared biochar and hydrochar were then
ground to attain 0.5-1.0 mm size particles in order
to eliminate the residual ash [24]. After being washed
with deionized water, they were immediately oven-dried
overnight at 105 °C before use [18].

LDH-biochar and LDH-hydrochar composites were
manufactured by co-precipitating mixed solutions of
MgCl2.6H20 and AICIs.6H.0 [17,18,19]. In fact, 10 g
biochar or hydrochar was added to 100 mL of a solution
containing 0.03 mole of MgCl; and 0.01 mole of AIClI;
under stirring. Subsequently, the pH of the mixture
was setted to 10 with 1.0 M NaOH solution. The obtained
dispersion was aged in a sealed bottle at 80 "C for 3 days,
and oven dried overnight at 80 °C after washing
with deionized water. Finally, the synthesized composites
were ground to attain 0.5-1.0 mm size particles.
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For synthesizing of the LDH particles, a solution
containing AICI;.6H,0 and MgCl..6H,O with a Mg/Al
molar ratio of 3 was added into NaOH solution within
a few seconds under stirring and N purging. Then separated
and washed with deionized water in several rounds.
The aqueous dispersion was then hydrothermally treated
inan HTC reactor at 180 °C for 24 h [25], and finally dried,
ground and sieved to 0.5-1.0 mm diameter range.

Characterizations

The surface morphological characteristics of LDH,
LDH-biochar, and LDH-hydrochar were analyzed
employing a scanning electron microscopy (MIRA3-FEG-
SEM). The X-Ray Diffraction (XRD) analysis was performed
using a PW1730 X-ray diffractometer (Philips
Electronic Instruments), with CuKa radiation (A=0.15419 nm)
over a 20 range of 5-70°. The XRD results were analyzed
by X’Pert highscore software. Using these analytical tools
have also been reported in characterizing similar
composites in the literature [17,18]. The specific surface
area (Sger values), mean pore diameter (MPD values)
and total pore volume (TPV values) of biochar, hydrochar,
LDH, LDH-biochar, and LDH-hydrochar samples
were measured using a BELsorp- mini Il analyzer (BEL
Japan Inc., Osaka, Japan). To determine the pH and EC, 1g
of each biochar, hydrochar or the adsorbents mixed with
10 mL of deionized water was shaken on a mechanical
shaker for 2 h and then measured with a pH meter
(HANNA, pH 209, Italy) and EC meter (RS232
Conductivity/TDS meter 8301, Taiwan), respectively [14].
Point of Zero Charge (PZC) of the LDH, LDH-biochar,
and LDH-hydrochar was determined using 0.1 and 0.01 M NaCl
solutions and 1 g/L adsorbent suspensions (pH adjusted
between 6 and 13 by 0.1 M NaOH and 0.1 M HCI) [26].

Batch adsorption experiments

The phosphate standard solutions were prepared
in 0.03 mol/L KCI solution using KH2PO,4. Adsorption
experiments were performed under following conditions:
time intervals of 5-120 min, phosphate initial
concentration range of 25-200 mg/L, ionic strength
(deionized water and 0.001-0.1 mol/L KCI), pH of 3-10,
adsorbent dosage of 1-4 g/L, and at room temperature
(22.0 = 0.5 °C). 0.1 mol/L solutions of KOH or HCI
were used to adjust the solution pH. All experiments
were carried out in triplicate.
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For the Kkinetic experiments, 0.1 g of adsorbent
was added into a set of 100 mL Erlenmeyer flask containing
50 mL of 0.03 mol/L KCI solution with P concentration
of 50 mg/L. The flasks were shaked on a shaker (at 170 rpm)
for different times (5-120 min). Then, the flasks
were picked up and the dispersions were filtered by a microsyringe
(0.22 pm). To determine the phosphate concentration
of the filtrate at a wavelength of 880 nm, a Philler Scientific
SU6100 spectrophotometer (USA) was employed.
The amount of P adsorbed by the adsorbents (ge, mg/g)
was calculated using the Equation 1.

q, - o) @

In which, V (L) is the volume of phosphate solution,
m (g) represents the adsorbent mass, C; and C. (mg/L) are
the initial and equilibrium concentrations of phosphate,
respectively.

The kinetics data of P adsorbed on LDH, LDH-biochar,
and LDH-hydrochar were fitted with Pseudo-first- (Eqg. (2)),
pseudo-second-order (Eq. (3)), Elovich (Eq. (4)), and
intra-particle diffusion (Eq. (5)) models [27]:

a,=q,(1-e“") First-order model 2
kzqzt

q, = ——*— Second-order model 3)

1+k,q,t
E \I (aB)+ N Int  Elovich model (4)
= —|In(a n

) )

g, = Ky t"* +C Intra-particle diffusion mod  (5)

In which, ge and g: (mg/g) represent the amount of
phosphate adsorbed at equilibrium time and at time t,
respectively; ki (1/min) and k2 (g/mg min) are the rate
constants of the adsorption, o (mg/mL min) is the initial
adsorption rate constant, f# (mL/mg) is related to the
activation energy for chemisorption, Kgir (mg/mL min®%)
is the intra-particle diffusion rate constant of, and C
(intercept) represents the boundary layer effect [28].

Isotherm experiments were performed through adding
0.1 g of adsorbents to a set of 100 mL Erlenmeyer flask
containing 50 mL of 0.03 mol/L KCI solution with a P
concentration range of 25-200 mg/L. The flasks
were shaked on a rotary shaker (at 170 rpm). After 2 h,
dispersions were filtered by a microsyringe (0.22 pm)

568

Azimzadeh Y. et al.

Vol. 40, No. 2, 2021

and phosphate concentration was determined as described
above. Freundlich and Langmuir isotherm models
were used to describe the P adsorption process on LDH,
LDH-biochar, and LDH-hydrochar [7,18]:

q, = K.Cr Freundlich (6)
q, = LIRS Langmuir @)
1+K_C,

where, Ke (mg®™ L"/g) and n are the affinity constant
and the linearity constant of Freundlich model,
respectively, K. (L/mg) and b (mg/g) are the bonding
coefficient and maximum adsorption capacity of Langmuir
model, and C. (mg/L) denotes the equilibrium
concentration of the adsorbate [18].

The Freundlich isothermal model depicts the non-ideal
adsorption on heterogeneous surfaces. Instead, the
Langmuir adsorption isothermal model assumes the
monolayer adsorption onto homogeneous surfaces, without
any interactions between the adsorbed molecules [29].

To explore the pH effect on the adsorption process,
0.1 g of adsorbent was loaded in a 100 mL Erlenmeyer
flask containing 50 mL of 0.03 mol/L KCI solution with
P concentration of 50 mg/L and was thoroughly mixed.
Following that adjusting the pH of dispersions at 3, 4, 5, 6,
7, 8,9 and 10 by 0.1 mol/L KOH and HCI solutions
was done. After being shaken for 2 h, the solution’s pH
of dispersions was determined using a pH meter (HANNA,
pH 209) and the P concentration of the filtrates
was measured.

To test the ionic strength influence, 0.1 g of adsorbent
was loaded in a 100 mL Erlenmeyer flask containing 50 mL
of deionized water, 0.001, 0.01 and 0.1 mol/L KCI solution
with P concentration of 50 mg/L at pH 4. After shaking
for 2 h, the P concentration of the filtrate was measured.

To test the adsorbent dosage influence, 0.05, 0.1, 0.15
and 0.2 g of adsorbent were loaded in a 100 mL Erlenmeyer
flask containing 50 mL of 0.03 mol/L KCI solution with P
concentration of 50 mg/L at pH 4. The P concentration
of the filtrates was measured after shaking for 2 h.

Statistics

All adsorption experiments were conducted with three
replicates. Data analysis (the two-sample t-test) was
performed by SPSS, Version 21 software. All kinetics and
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isothermal data were fitted using GraphPad Prizm
(Version 6.07) software, and the standard error of estimate
(SEE) and determination coefficient (r?) values of the fitted
equations were determined. The SEE for determination
of the goodness of data fit to the models was calculated
as follows [30]:

i {Z(qe —clz)”lo'5
B

SEE

®)

Where n is the number of measurements and ge and ge”
are the amount of P adsorption (mg/g) measured
by the experiment and predicted by the models, respectively.

RESULTS AND DISCUSSION
Characterization analysis

A number of physical properties of the biochar,
hydrochar, LDH, LDH-biochar, and LDH-hydrochar
samples were presented in the Table 1. The specific
surface area (Sger values) and total pore volume (TPV)
values of the LDH-biochar and LDH-hydrochar
composites increased as compared with the biochar and
hydrochar alone. The Sger value of the synthesized LDH-
biochar and LDH-hydrochar were found to be 40.94
and 26.21 m?/g, respectively (Table 1). A similar result
for LDH-biochar was reported by Wan et al. [19],
who obtained the value of 44.6 m?/g, while Li et al. [18]
reported the value of 11.41 m?g. These differences
may be related to the differences of biochar properties
and synthesis methods.

The higher TPV of LDH-biochar and LDH-hydrochar
than the biochar and hydrochar alone may have been
caused by deposition of LDH particles on the outer
surfaces of the biochar and hydrochar, and the lower mean
pore diameter (MPD) of LDH-biochar may be attributed
to deposition of LDH particles on the inner surfaces
of biochar. Also, the presence of LDH particles on the
biochar and hydrochar increased the LDH-biochar
and LDH-hydrochar specific surface area even more than
the LDH [7]. These results were further supported by the SEM
images of LDH-biochar and LDH-hydrochar (Fig. 2).
These results confirmed the capability of biochar and
hydrochar as matrix to stabilize LDH particles. The PZC
for the LDH, LDH-biochar and LDH-hydrochar
was determined about 12.1, 10 and 9.8, respectively.
Halajnia et al. [29] reported 12.5 for the PZC of Mg/Al-LDH.
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The pH of the LDH was 9.16 and the pH of the LDH-biochar
and LDH-hydrochar was lower than that of the LDH
(Table 1), that may be related to the lower content of
the LDH particles in the composites structure. According
to Goh et al. [35], the natural pH of LDH suspension was 9.5.
The amounts of initial materials used to produce 100 g
of LDH, LDH-biochar and LDH-hydrochar were shown
in the Table 2. The sum of used Mg and Al salts to produce
100 g of LDH, LDH-biochar, and LDH-hydrochar
were 162.6, 59.3, and 68.0 g, respectively. In addition, the yields
(weight percentage) of obtained LDH-biochar and LDH-
hydrochar per mass of the materials used (MgCl,.6H,0
and AICI3.6H,O, NaOH, biochar and hydrochar)
were 65.7% and 56.7%, while this value was 46.8%
for the LDH. Therefore, the LDH-biochar and LDH-hydrochar
were more cost-effective than the LDH because of higher
yields and lower consumption of the Mg and Al salts.

XRD

A series of intense and sharp symmetric diffraction
peaks were detected in the XRD patterns of the adsorbents
in the 20 range of 5-70°, which were shown in the Fig. 1.
All XRD patterns (except for biochar and hydrochar)
resembled the normal XRD pattern of a hydrotalcite
mineral [31]. The diffraction peaks of LDH-biochar and
LDH-hydrochar composites confirmed the formation of
LDH particles on the biochar and hydrochar surfaces [18].
These results were in line with other studies [17,18].
The location of the detected peaks and its similarity
to the LDHs compounds indicated the crystal structure
of the prepared LDH-biochar and LDH-hydrochar
composites [18]. The absence of any other characteristic peaks
could verify the fact that the LDH-biochar and LDH-hydrochar
were composite of LDH with biochar or hydrochar [32].

The presence of 012, 015, 018 and 110 peaks exhibited
a hexagonal lattice with rhombohedral 3R symmetry [33].
The interlayer d-space values (doos and dogs) Were found to
be 8.00 and 3.92 A for the LDH, while the corresponding
values were 7.83 and 3.90 A for the LDH-biochar,
and 7.61 and 3.97 A for the LDH-hydrochar, respectively.
The intensity of 003 reflection was about twice as much as 006,
which indicated a favorable layer structure for the
adsorbents [31]. The crystallographic parameter (o)
of the LDH, LDH-biochar, and LDH-hydrochar calculated from
diffraction peak of 110 [34] turned out to be 0.306 nm.
These values indicated that the LDH-biochar and LDH-
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Table 1: Physical and chemical characteristics of the biochar, hydrochar, LDH, LDH-biochar and LDH-hydrochar.

( Adsorbent Sget (M%Q) TPV (cm®/g) MPD (nm) pH EC (dS/m) PZC )
Biochar 1.05 0.0048 18.42 9.52 0.19 -
Hydrochar 2.61 0.0066 10.12 5.81 0.08 -
LDH 24.82 0.2074 33.42 9.16 0.70 12.1
LDH-Biochar 40.94 0.1667 0.16 8.81 0.58 10.0
\_ LDH-Hydrochar 26.21 0.1002 15.29 8.46 0.62 9.8 Y,
TPV: Total pore volume (p/po=0.99); MPD: mean pore diameter; Sger: specific surface area; PZC: point of zero charge
Table 2: Initial materials used for producing 100 g of LDH, LDH-biochar and LDH-hydrochar.
/ Adsorbent Initial materials Amount (g) Yield (%) \
MgCl,.6H,0 425
AICl;.6H,0 16.8
LDH-Biochar NaOH 23.2 100x100/152.1 =65.7
Biochar 69.6
Total 152.1
MgCl,.6H,0 48.7
AICl;.6H,0 19.3
LDH-Hydrochar NaOH 28.4 100x100/176.3 =56.7
Hydrochar 79.9
Total 176.3
MgCl,.6H,0 1165
AICI;3.6H,0 46.1
LDH 100x100/213.5 =46.8
NaOH 50.9
K Total 2135 /
003 006 hydrochar composites were created successfully
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Fig. 1: XRD patterns of the LDH, LDH-biochar, and LDH-
hydrochar before and after P adsorption.
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employing the co-precipitation method [17].

The similarity of XRD patterns of the studied
adsorbents (LDH, LDH-biochar and LDH-hydrochar)
before and after P adsorption suggested that P
adsorption was not along with the formation of Mg-P
minerals such as MgHPO. and Mg(H2PO4), crystals
on the surface of adsorbent which Yao et al. [6] detected
in the surface of MgO-biochar composite after P
adsorption. However, the intensity of the diffraction
peaks was decreased after P adsorption on the all
adsorbents (Fig. 1), probably due to the exchange
of phosphate with inter layer chloride [19].
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Fig. 2: The SEM images of the LDH (a), LDH-biochar (b), and LDH-hydrochar (c).

SEM analysis

The surface morphological features of the LDH, LDH-
biochar and LDH-hydrochar were shown in the Fig. 2.
The hexagonal flakes were observed in SEM images of LDH
(Fig. 2a). The presence of LDH particles on the biochar
and hydrochar surfaces was observed clearly (Fig. 2b and c).
The LDH-biochar and LDH-hydrochar surfaces and pores
were covered and filled with fine LDH particles (Fig. 2b
and c). The morphology of the LDH-biochar and LDH-
hydrochar composites were porous, fuzzy and rough
due to the biochar and hydrochar nature (Fig. 2b and c).

Batch experiments
Adsorption kinetics

The P adsorption kinetics on the LDH, LDH-biochar,
and LDH-hydrochar was initially fast and then proceeded
slowly until reached equilibrium at 30, 60, and 30 min,
respectively (Fig. 3). The similar results for P adsorption
onto LDH-biochar composite [19] and LDH [8]
have already been reported. The adsorption rate of phosphate
by LDH-biochar was lower than the LDH and LDH-
hydrochar that may be related to heterogeneity of
the LDH-biochar surface [4,35]. The LDH, LDH-biochar,
and LDH-hydrochar removed more than 89%, 83%, and 84%
of solution phosphate at the equilibrium time, respectively.
However, the two-sample t-test revealed that there were no
significant differences between P adsorption on the LDH,
LDH-biochar, and LDH-hydrochar irrespective of the
contact time. The adsorption rates of the LDH, LDH-
biochar, and LDH-hydrochar composites were much
higher than previously reported LDHs and engineered
biochars and hydrochars [7, 24]. Yao et al. [36] showed
that the P adsorption on biochars synthesized through slow

Research Article

pyrolysis of tomato leaves reached equilibrium after 24 h.
However, Li et al. [18] and Wan et al. [19] reported that
P adsorption on the LDH-biochar composite reached
equilibrium at less than 1 h. Therefore, the presence of nano-
LDH particles on the biochar and specially hydrochar
surfaces could accelerate the P adsorption process.

The kinetic parameters of P adsorption on the LDH,
LDH-biochar and LDH-hydrochar were shown in the
Table 3. The Elovich and pseudo-first- and pseudo-
second-order kinetics models could duly account
for the adsorption data, indicating the coexistence of multiple
mechanisms in adsorption of P on the LDH, LDH-biochar,
and LDH-hydrochar. However, higher r? and lower SEE of
the pseudo-second-order model in comparison with
the pseudo-first-order model indicated that the phosphate
adsorption  process was predominantly  controlled
by chemical interactions [37]. In addition, the maximum
adsorption capacities obtained from the pseudo-second-order
model were close to the experimental results (Table 3).

It has previously been shown that the kinetics data
of phosphate adsorption on the LDHs, LDH-biochar,
and LDH-hydrochar could be best described by the pseudo-
first- and pseudo-second-order kinetic models but the data
could be better fitted to the pseudo-second-order Kinetic
model [7,8,18,19]. The k; and k2 pertain to the P adsorption
power of adsorbents. The k. values of the LDH, LDH-
biochar, and LDH-hydrochar were 0.021, 0.026, and 0.028
g/mg min, respectively, which were found to be much
greater than that of biochar (0.0005 g/mg min) [36]. The k;
values of the LDH, LDH-biochar, and LDH-hydrochar
were 0.245, 0.274, and 0.279 1/min, respectively which
were about hundred times greater than that of biochar
(0.0026 1/min) [24]. The « values of LDH, LDH-biochar,

571



Iran. J. Chem. Chem. Eng.

Azimzadeh Y. et al.

Vol. 40, No. 2, 2021

Table 3: The kinetic model parameters for phosphate adsorption simulation.

/ Pseudo-first-order Pseudo-second-order Elovich \
Adsorbent (r?]mgalxé) 3 K 3
e 2 e H 2 H 2
(mglg) | (Umin) r* | SEE (mglg) k2 (g/mg min) r* |SEE | a(mg/mLmin) | B (mL/mg) | r* |SEE
LDH 22.26 | 21.54 | 0.245 |0.811(1.006| 22.76 0.021 0.972|0.387 6337 0.561 |0.849(0.899
LDH-biochar 21.09 | 20.38 | 0.274 |0.815(0.836| 21.45 0.026 0.993]0.166 22452 0.661 |0.871(0.698
\LDH-hydrochar 21.04 | 20.51 0.279 1(0.847|0.737| 21.51 0.028 0.981|0.259 55310 0.705 0.813 O.Ey

“The maximum P adsorption in 50 mg P/L solution

22 4

20 4

LDH data

18 A  LDH-Biochar data
B L DH-Hydrochar data

P adsorbed (mg/g)

l —— Elovich model
16

T T T T 1
0 25 50 75 100 125

Time (min)

Fig. 3: Kinetics of phosphate adsorption on the LDH, LDH-biochar, and LDH-hydrochar
(P concentration = 50 mg/L, pH = 4, adsorbent dosage = 2 g/L, | = 0.03 mol/L KCI at 22 °C).
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Fig. 4: The plots of intra-particle diffusion model for
the adsorption of P onto the LDH, LDH-biochar, and LDH-
hydrochar (P concentration = 50 mg/L, pH = 4, adsorbent
dosage = 2 g/L, I = 0.03 mol/L KCI at 22 °C).

and LDH-hydrochar were 6337, 22452, and 55310 mg/mL
min, respectively, and the g values of the adsorbents were
0.561, 0.871, and 0.705 mL/mg, respectively (Table 3).
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The relationship between t*2 and g; was shown in the
Fig. 4. The relationship between t¥2 and g was not linear
within the whole adsorption time for all adsorbents
suggesting that the intra-particle diffusion model
was not capable of expressing the P adsorption kinetics within
the whole adsorption time. However, each data set
could be divided into two phases with r? more than 0.94
(Table 4), indicating that the intra-particle diffusion occurs within
the related adsorption period. The first part of the plot obtained
for each adsorbent may be related to external surface
adsorption and the second part may refer to the intra-
particle diffusion [37]. The intra-particle diffusion
was not the only operative mechanism because of every line
was not passing through the origin (Fig. 4).

Adsorption isotherms

The Freundlich and Langmuir isotherm models were
used to fit the batch data of P adsorption on LDH,
LDH-biochar, and LDH-hydrochar and the results
were summarized in Fig. 5. Also, the parameters of the fitted
models were shown in the Table 5. The adsorption
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Table 2: Constants and correlation coefficients of intra-particle diffusion model for phosphate adsorption
on the LDH, LDH-biochar, and LDH-hydrochar.

/ Phase 1 Phase 2 \
Adsorbent
Kait (Mg/mL min®%) C 2 SEE Kait (Mg/mL min®%) C r? SEE
LDH 2.091 117 | 0.996 0.148 0.102 212 |0.987| 0.034
LDH-biochar 1.700 124 0.983 0.263 0.109 20.0 |0.954| 0.069
\ LDH-hydrochar 1.831 12.2 0.988 0.240 0.072 20.28 |0.945 0.0Sy
Table 5: Freundlich and Langmuir model parameters calculated for phosphate adsorption.
/ Freundlich Langmuir \
Adsorbent
Ke (mg®™L"g) | 1n r? SEE | b(mg/g) | K. (L/mg) r? SEE
LDH 14.82 0.313 | 0.959 | 4.582 61.3 0.119 0.998 | 0.982
LDH-biochar 12.71 0.314 | 0.957 | 4.253 55.6 0.098 0.994 | 1578
\ LDH-hydrochar 12.22 0.304 | 0.956 | 4.0 51.71 0.096 0.993 1.59

601

45

301

LDH data
LDH-Biochar data
LDH-Hydrochar data
Langmuir model

P adsorbed (mg/g)

154

Freundlich model

0 T T T T T
0 20 40 60 80 100

Ce (mg/L)

Fig. 5: Fitting Freundlich and Langmuir isotherm models
to data of phosphate adsorption by LDH, LDH-biochar, and
LDH-hydrochar (pH = 4, adsorbent dosage = 2 g¢/L,
1 =0.03 mol/L KCI at 22 °C).

of phosphate by the adsorbents was described by
the Langmuir model better than the Freundlich model.
The maximum P adsorption capacities of the LDH, LDH-
biochar, and LDH-hydrochar calculated by the Langmuir
model (b) were 61.3, 55.6, and 51.7 mg/g, respectively.
However, the two-sample t-test showed that there were
no significant differences between P adsorption on the LDH,
LDH-biochar and LDH-hydrochar.

The maximum P adsorption capacities of the oak wood
biochar and municipal wastes hydrochar were reported
as 3.6 and 5.1 mg/g, respectively [38]. Also, the present study
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showed that the phosphate adsorption capacities of biochar
and hydrochar were 0.45 and 0.16 mg/g in initial P
concentration of 50 mg/L while those of LDH, LDH-
biochar, and LDH-hydrochar were 22.38, 21.30, and 20.75
mg/g, respectively. So, the phosphate adsorption
capacities of the biochar and hydrochar were negligible
as compared with the LDH-biochar and LDH-hydrochar
composites. In addition, compared with the previous
reports for different adsorbents [18,32,39], the LDH,
LDH-biochar, and LDH-hydrochar showed greater
phosphate adsorption capacity. Therefore, functionalizing
of the biochar and hydrochar surfaces with LDH particles
dramatically enhanced the P adsorption capacities
of the biochar and hydrochar. The amounts of Mg and Al salts
used to producing a definite mass of LDH-biochar and
LDH-hydrochar were lesser than LDH. In addition, means
comparison by t-test showed that the P removal efficiency
of the LDH-biochar and LDH-hydrochar were similar
to that of the LDH. So, utilizing the LDH-biochar and
LDH-hydrochar for purification of phosphate-contaminated
waters appears to be more cost-effective than the LDH.
In addition, the high adsorption capacity of the LDH-biochar
and LDH-hydrochar suggests the spent composites
have potential application as P-fertilizers.

The K. values of the LDH, LDH-biochar, and LDH-
hydrochar were 0.119, 0.098, 0.096 L/mg, respectively
(Table 5). The higher K, value shows the higher adsorption
ability of adsorbent in low P concentrations [40].
The n value in the Freundlich isothermal model denotes
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Table 6: Comparison of maximum adsorption capacity of various adsorbents.

Vol.

40, No. 2, 2021

4 Adsorbent T°C pH Dosage (g/L) Isotherm Kinetics (mqgn}g) Ref. )
Mg/Al-LDH-biochar 25 3.0 25 Langmuir Pseudo-second-order 53.4 [18]
FesO,@Zn-Al-LDH 25 3.0 2.0 Langmuir Pseudo-second-order 36.9
Fes0,@Mg-Al-LDH 25 3.0 2.0 Langmuir Pseudo-second-order 31.7 [32]
Fes0,@Ni-Al-LDH 25 3.0 2.0 Langmuir Pseudo-second-order 26.5

Mg/Fe-LDH 25 8.4 5.0 Langmuir - 15.5
Ca/Fe-LDH 25 8.4 5.0 Langmuir - 28.8 %9
Calcined (icg)l—:C) Mg/Al- 30 6.0 04 Langmuir Pseudo-first-order 44.3 [10]
Mg/Al-LDH 25 4.0 2.0 Langmuir Pseudo-second-order 61.3 This work
Mg/Al-LDH-biochar 25 4.0 2.0 Langmuir Pseudo-second-order 55.6 This work
\_ Mg/Al-LDH-hydrochar 25 4.0 2.0 Langmuir Pseudo-second-order 51.7 This work )

the heterogeneity of the site energies and according to the
Freundlich theory, the adsorption isotherm becomes
favorable when n < 1, unfavorable when n > 1, and linear
when n =1 [27]. The n values of the LDH, LDH-biochar,
and LDH-hydrochar were obtained as 3.19, 3.18 and 3.29,
respectively. The Kg values of the LDH, LDH-biochar, and
LDH-hydrochar were 14.82, 12.71, and 12.22 mg®™ L"/g,
respectively. The Kg constant represents the adsorption
capacity of adsorbent. The high values of Kg indicate high
adsorption capacity [29].

Approximately the same values of r? for two models
confirmed that the phosphate adsorption process on
the LDH, LDH-biochar and LDH-hydrochar was controlled
by multiple processes (Table 5). The similar results
have also been reported by some previous researchers [8,18].

The Table 6 presents a comparison of phosphate
adsorption capacity values for different synthetic
adsorbents. The phosphate adsorption capacities obtained
for the LDH, LDH-biochar, and LDH-hydrochar
composites in this study were greater than many of
the similar adsorbents reported in literatures (Table 6).

The powdered LDHs are not favorable materials to be
used as an adsorbent in practical applications because
of various problems [12,13]. In addition, synthesis of
LDH-biochar and LDH-hydrochar required lower amounts
of Mg and Al salts than LDHs, which make it more cost-
effective [19]. Therefore, the LDH-biochar and LDH-
hydrochar seem to be more favorable adsorbents than
the LDH, biochar, and hydrochar in waste water
purifications [13,19].
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Effect of pH

The P adsorption on the LDH, LDH-biochar,
and LDH-hydrochar was significantly affected by initial
solution pH (pH;) and the adsorbed phosphate decreased
with increasing pH from 3.0 to 10 (Fig. 6a). The ideal pH
for LDH, LDH-biochar, and LDH-hydrochar was 4.0.
The similar results have also been reported for P adsorption on
other similar adsorbents [18,37]. Krishnan and Haridas
[41] reported that the optimum pH to reach the maximum
adsorption of phosphate by coir pith was 3.0. They
explained that different pH values may change relatively
dominant phosphate species in solution and anions
tendency onto the adsorbent sites. In general, the HPO4*
and H.PO,4~ are the dominant P species in the pH range
of 3-10, but the concentration of H,PO.  decreases
with increasing solution pH. The H,PO4~ is more easily
adsorbed on the adsorbent surface because of a lower
adsorption free energy than HPO4> [41]. On the other
hand, protonation of adsorbent surfaces at pH values lower
than zero point charge (pHzc) leaves more positively
charged surfaces, which increases the adsorption of
phosphate anions on LDH particles.

Increasing electrostatic repulsion between more
negatively charged surface sites and phosphate anions
at pH values above pHg, leads to lower phosphate
adsorption. In addition, the competitions between phosphate
species and OH" ions at higher pH values would also
reduce the adsorption of phosphate by the adsorbent [18].
The initial solution pH had slightly more effect
on the LDH-biochar and LDH-hydrochar than LDH because
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Fig. 6: Negative correlation of phosphate adsorption with solution pH (a) and the effect of initial solution pH on the equilibrium
(final) solution pH (b) (P concentration = 50 mg/L, adsorbent dosage = 2 g/L, | = 0.03 mol/L KCl at 22 °C).

of slightly more slope of their regression lines (Fig. 6a).
This may be due to the slightly more pH buffering capacity
of LDH-biochar and LDH-hydrochar (Fig. 6b). This could
be related to the presence of organic matter in LDH-
biochar and LDH-hydrochar composites. However, means
comparison by t-test for paired samples revealed that no
significant differences were observed between P
adsorption on the LDH, LDH-biochar and LDH-hydrochar
regardless the pH levels.

Linear regression models were significantly fitted
(r>0.90™) to P adsorption (mg/g) and final solution pH (pHs)
in different initial solution pH levels (Fig. 6a and b). These
relationships can be used to forecast the P loading
on the adsorbents and final solution pH in different pH values.
It was found that for LDH, LDH-biochar, and LDH-hydrochar
the equilibrium pH (final pH) was generally higher than
the initial pH (Fig. 6b). This could be explained by the acid-base
properties of the LDH functional groups, which caused
the protonation or deprotonation process [18]. The protonation
due to creating more positively charged surface is in favor
of phosphate adsorption. Higher equilibrium pH than initial
pH concerns the release of the adsorbent hydroxyl groups
into the solution [5]. Several studies have shown that higher
final pH is due to the partial dissolution of LDHs [10,39].
Thus, the increase in pH after adsorption of phosphate may
indicate that the P adsorption on the LDH, LDH-biochar,
and LDH-hydrochar may be mainly controlled by chemical
interactions.
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Effect of ionic strength

The ionic strength (1S) of the solution could influence
the adsorption process through affecting the adsorbate
activity and adsorbate Diffuse Double Layer (DDL)
thickness [35]. The adsorption of phosphate on the LDH,
LDH-biochar, and LDH-hydrochar depended on
the solution ionic strength (Fig. 7). This may explain
the reason why electrostatic mechanisms such as ion exchange
play a significant role in the phosphate adsorption
on the LDH, LDH-biochar and LDH-hydrochar [35].

lon exchange is one of the main electrostatic
mechanisms of phosphate adsorption on the LDHs.
Increasing ionic strength leads to a decrease in activity
coefficient of phosphate ions, and eventually P adsorption
[22]. However, the phosphate removal percentage
with LDH, LDH-biochar, and LDH-hydrochar at 0.1 M KCI
was considerable (86%, 79%, and 76%, respectively).
This confirms the higher binding affinity of phosphate ions over
chloride ions for active sites. The similar results
have been reported by previous studies [11,35,42]. Also,
the less important effect of ionic strength on the P adsorption
by LDH compared to that by LDH-biochar and
LDH-hydrochar could explain that the role of electrostatic
mechanisms on P adsorption by LDH was less important
than by the LDH-biochar and LDH-hydrochar. Means
comparison by t-test revealed that there were no significant
differences between P removal efficiency of the LDH,
LDH-biochar  and LDH-hydrochar  irrespective
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Fig. 7: Phosphate removal by LDH, LDH-biochar, and LDH-
hydrochar under different concentrations of potassium
chloride (P concentration = 50 mg/L, pH = 4, adsorbent dosage
=2g/Lat22°C).

of the solution ionic strength. The phosphate removal
efficiency by the LDH, LDH-biochar and LDH-hydrochar
at different levels of ionic strength could be predicted
by regression equations presented in the Fig. 7.

The formation of surface complexes is pH dependent,
but ion exchange is dependent on ionic strength [22].
Considering the effects of both pH and ionic strength on P
adsorption on the LDH, LDH-biochar and LDH-
hydrochar, it could be concluded that the formation
of surface complexes and ion exchange are the main
mechanisms of P adsorption by the studied adsorbents.
Wan et al. [19] revealed that the predominant adsorption
mechanisms of LDH-biochar were surface adsorption and
interlayer ion exchange at low P concentrations, and
precipitation of phosphate at high P concentrations.
Li et al. [18] showed that combination of electrostatic
attraction, anion exchange, and surface inner-sphere
complex formation constituted the phosphate adsorption
mechanisms of LDH-biochar.

Effect of adsorbent dosage

The effect of adsorbent dosage (solid-to-solution ratio)
on phosphate adsorption by LDH, LDH-biochar, and
LDH-hydrochar was shown in the Fig. 8. The phosphate
removal rate (%) increased but the phosphate removal
amount (mg/g) decreased with increasing adsorbent
dosage (Fig. 8). All adsorbents that were examined
removed more than about 97% of solution phosphate
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at an adsorbent dosage of 4 g/L (Fig. 8a), which was
the optimum solid-to-solution ratio for adsorption
of phosphate. The similar results have been reported
by previous researchers [20,32].

Increasing phosphate removal with increasing solid-to-
solution ratio is related to increasing active adsorption
sites. Also, decreasing P removal with increasing solid-to-
solution ratio is because of the fact that some adsorption
sites remained unsaturated in high adsorbent levels [20].

The means comparison by t-test showed that there were
no significant differences between P removal efficiency of
the LDH, LDH-biochar and LDH-hydrochar irrespective
of the adsorbent dosage. In addition, the exponential
and polynomial equations were well fitted (r>>0.99™)
to the data (Fig. 8a and b). So, these models can be used
to predict the P removal efficiency and P adsorption
at different adsorbent dosages and to achieve a given
loading of phosphate by adsorbent in purification
of wastewaters [19]. Wan et al. [19] reported the similar
relationship (r>=0.986™) between equilibrium phosphate
concentration and solid-to-solution ratio.

CONCLUSIONS

The Layered Double Hydroxide (LDH), LDH-biochar,
and LDH-hydrochar composites were successfully
prepared using the co-precipitation method. The SEM
images revealed the deposition of the LDH particles
on the biochar and hydrochar matrices. The adsorption of
phosphate by the LDH, LDH-biochar, and LDH-hydrochar
decreased with increasing the solution pH and ionic
strength. The phosphate removal rate increased
but the phosphate removal amount decreased with increasing
the adsorbent dosage. The pseudo-second-order kinetic
model was best fitted to the phosphate adsorption kinetics data.
The LDH, LDH-biochar, and LDH-hydrochar exhibited
rapid P adsorption, which reached equilibrium after about
30, 60, and 30 min, respectively. The maximum adsorption
capacities of the LDH, LDH-biochar, and LDH-hydrochar
calculated from the Langmuir model were 61.3, 55.6, and
51.7 mg P/g, respectively at the pH 4. However, the P
removal efficiency of the LDH-biochar and LDH-
hydrochar was similar to the LDH under different contact
times, P concentrations, solution pH values, adsorbent
dosages and ionic strengths. Considering all evidence,
the present study could show that the phosphate adsorption
on the LDH, LDH-biochar, and LDH-hydrochar was controlled

Research Article



Iran. J. Chem. Chem. Eng.

O LDH, Y=-2714X"2+21.2X+56.257, r"2=0.991**
BLDH-B, Y=-2 532X"2+22 334X+48 338, 1"2=0.995**
ALDH-H, Y=-2.956X"2+25.332X+42.457, r"2=0.992%+

95

85

75

P removal (%)

e

0 1 2 3 4
Adsorbent dosage (g/L)

55

Modeling of Phosphate Removal by Mg-Al Layered ...

Vol. 40, No. 2, 2021

®LDH, Y=2869X"2-22476X+56.516, 1"2=0.996**

BLDH-B, Y=2464X"2-19 408X+50.616, r°2=0996+*

ALDH-H, Y=2133X"2-17 43X+47.12, r2={ 998++
40

34
28

22

P adsorbed (mg/g)

16

(b)

0 1 2 3 4
Adsorbent dosage (g/L)

10

Fig. 8: Effect of LDH, LDH-biochar, and LDH-hydrochar dosage on removal (a), and P adsorption
(b) (P concentration = 50 mg/L, pH =4, 1 =0.03 mol/L KCl at 22 °C).

by the surface electrostatic interaction, anion exchange,
and surface inner-sphere complexation processes.
The results confirmed that the LDH-biochar and
LDH-hydrochar composites could be efficient and
cost-effective adsorbents for the removal of phosphate from
aqueous solutions. Also, the synthesized LDH-biochar and
LDH-hydrochar composites have the potential use
as P-fertilizers because of their high amount of P.
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