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Synthesis of mesoporous 2-line ferrihydrite/)-Al,O; hybrid adsorbent
for the effective adsorption of phosphate for water remediation
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Abstract—A 2-line ferrihydrite/ - ALO; hybrid adsorbent (Fh/-AlO; hybrid adsorbent) precipitated on 10 wt% of »-
ALO; seed for the effective adsorption of phosphate in water was synthesized from wastewater containing ferric sul-
fate. The use of y-Al,O; seeds for particle initiation made it possible to prepare larger particles that would allow a lig-
uid to flow through. The synthesized Fh/y-ALO; hybrid adsorbent was characterized by X-ray diffraction, *’Al-MAS
NMR, N, adsorption/desorption, SEM analysis, and EpHL measurements. The adsorption performance of phosphate
on the synthesized Fh/-ALO; hybrid adsorbent was evaluated by batch and column tests at phosphate concentration
below 10 ppm, which corresponds to the actual phosphate concentration of natural systems. The adsorption mechanism
suggested by the batch test was in good agreement with the Langmuir adsorption model, with a maximum adsorption
capacity of 33.2 mg/g. On the other hand, the experiment with the column obtained a maximum adsorption capacity
of 33.6 mg/g for a volumetric flow rate of 10.25 BV/min and an influent phosphate concentration of 4.75 ppm on 0.5 g
of adsorbent. The Fh/j-Al,O, hybrid adsorbent was shown to have superior adsorption characteristics to those of other
previous research in terms of cost, adsorption efficiency, contact time, maximum adsorption capacity, and desorption
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efficiency of 95% from the experimental condition based on the surface characterization of the adsorbent.
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INTRODUCTION

Ferrihydrite (Fh) is generally a poorly crystalline Fe(III) hydrox-
ide whose particles have nanometric dimensions. Due to its poor
crystallinity, X-ray diffraction patterns consist of low intensity and
broad reflections. On the basis of the number of peaks observed
in XRD patterns, two different ferrihydrites are defined as 6-line
and 2-line. The 6-line ferrihydrite is more ordered and XRD pat-
tern consists of 6 well-defined peaks, but 2-line ferrihydrite is very
poorly crystallized and the XRD pattern consists of two broad peaks
[1]. Typically, the crystallite size is between 1.5 and 10 nm [2].

These structures are determined by the size difference of the
constitutive particles. A previous study showed that poorly crystal-
lized 2-line Fh material consisted of smaller particles with a corre-
spondingly larger surface area than 6-line Fh material, which is
more ordered and relatively well-defined six peaks. In its ideal form,
this structure contains 20% tetrahedrally and 80% octahedrally
coordinated iron [3].

Based on this result, the 2-line Fh structure has found wide-
spread use and has a high affinity and capacity for the adsorption
of a variety of ions such as chloride, nitrate, and phosphate dis-
solved in water [4-6], metals such as copper and zinc from build-
ings and downpipes [7], arsenic in ground and drinking water [8],
heavy metals (Cr, U, Cd, Pb) [9-12] and toxic elements (Sb, V, Mo,
Se) [13-16] in industrial wastewater, offensive odors (H,S, ozone,
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THMs, siloxanes) [17-20], and fluorine [21].

The high adsorption ability of the 2-line Fh structure has resulted
in its becoming known as a healing agent for environmental reme-
diation.

In terms of the removal of dissolved nutrients to prevent eutro-
phication in water, various methods, such as filtration, chemical pre-
cipitation, ion exchange, and biological treatment, have been sug-
gested but the most promising method is adsorption technology
because of its simplicity, low cost, high efficiency; and facile opera-
tion and maintenance.

In adsorption technology, various adsorbents such as tourma-
lines [22], clay [23], magnetite [24], zeolite [25], fly ash [26], and iron
oxide [27], have been used to remove phosphate. These adsorbents
have their advantages and disadvantages under the similar phos-
phate solution, as shown in Table 1.

The most pivotal aspect of adsorption technology is to design
the adsorbent such that it is appropriate for the purpose and ob-
jective of adsorption. We aimed to optimize the design of the 2-
line Fh/-Al,O; hybrid adsorbent by controlling various physical
properties such as its particle size, aftinity, PZC (point of zero charge),
specific surface area, total pore volume, and pore size distribution
to ultimately obtain an effective adsorbent for water treatment.

In the case of liquid-phase adsorption, physical properties such
as the apparent particle size, pore size, and specific surface area are
critically important because they are directly related to the adsorp-
tion capacity, the adsorption velocity, and the adsorption efficiency.
Among these physical properties, a suitable particle size is pivotal
for water treatment because a column containing small particles
would prevent the water from passing through, whereas larger parti-
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Table 1. Efficiency of phosphate removal by various adsorbents

Surface  Adsorbent . dsoMra)iion }fcilsltlliite Adsorption
Raw material Adsorbent area dosage P . phosp H efficienc Ref.
g % y
(m?/g) capacity conc. (%)
()
8 (mg/g) (mg/L)

Tourmaline, LaCl; La-modified tourmaline 15.59 108.7 5 7 90 22
Clay, Corn starch, Tablet porous material 154 439 5-50 5-9 89.08 23

CaO (TPM)
LaCl, TEOS, La,0,/SiO,/Fe;0, 47.73 278 2 5-9 >95 24

FeCl;,Fe,(SO,),
Natural zeolite, Ca(OH),-Zeolite - 6.06-8.79 10 7 97.6 25

Ca(OH),-
Fly ash, Acid-modified fly - 133 10 7.5 - 26

palygorskite ash-palygorskite 10.5
FeCl, Fe-Zr oxide 339 334 10 55 93 27

ZrOCl,

Batch test
initial phosphate
conc. of 0-10 ppm
Fhiy-Al,0,
wastovear [ V105 [ NaOH [—f  Hybrid ICP.OES
adsorbent

Column test
Initial phosphate
conc. of 4.75 ppm

Fig. 1. Flow diagram on the overall adsorption process from synthesis of Fh/j-Al,O; hybrid adsorbent to the performance test.

dles would allow the water to efficiently pass through the macrop-
ores between adsorbent particles.

Accordingly, we implemented a new idea of initially adding 3
AlLO; powder as a seed to induce the formation of larger particles
during the preparation of the Fh/y~Al,O; hybrid adsorbent with
mesopores for water treatment. The -ALO; powder, well known
as an effective adsorbent for the phosphate absorption, was used
as a seed [28].

Fig. 1 shows the flow diagram of the overall adsorption process
from the synthesis of Fh/yALO; hybrid adsorbent to the perfor-
mance test.

Many adsorbents have been studied to determine their effective-
ness for removing phosphate. In particular, GEH-104, commercial-
ized by GEH Wasserchemie GmbH, is a representative adsorbent. It
has a maximum adsorption capacity of 14.1 mg/g, as determined
by its Langmuir adsorption isotherms [29]. Other research found
the maximum adsorption of GEH-104 to be 21.88 mg/g for a phos-
phate concentration range of 1 to 5mg/L [30].

The performance of the adsorbent is determined by the adsorp-
tion affinity between the adsorbent and adsorbate as well as the
maximum adsorption capacity. The adsorption affinity is addition-
ally determined by certain factors such as the PZC of the adsor-
bent and the pH of the solution.

EXPERIMENTAL

1. Materials
Fig. 2 presents the process of synthesizing the 2-line Fh/y-ALO,

Fes(S0y); acidic
wastewater

!

Aeration

H20;

seed Mesoporous
¥—Al03

pH control

Precipitation

| Crystallization |

'

Fh/ y-Al,O3
hybrid adsorbent

Fig. 2. Process flow diagram for the synthesis of Fh/j-ALO; hybrid
adsorbent.

hybrid adsorbent in the form of a flow diagram.

The Fh/y-ALO; hybrid adsorbent was synthesized from acidic
ferric sulfate wastewater by using the following procedure. The fer-
ric sulfate solution was oxidized by aeration and the addition of
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hydrogen peroxide (H,O,, 30%, Merck) at 70 °C and 500 rpm. Then,
AL O, powder (anhydrous »ALO;, Merck) was added (10 wt%) to
the oxidized ferric sulfate solution as a seed for particle formation.

In the next step, the pH of the ferric sulfate solution was con-
trolled at pH 6.0 by adding an aqueous solution of sodium hydrox-
ide (NaOH, 99%, Merck). As a result, Fh particles rapidly precipitated
on the surface of the ALO; seed particles and these particles con-
tinued to grow during the crystallization step. The Fh/<ALO; hybrid
adsorbent obtained in this way was washed by deionized water
three or four times and dried at 130 °C for 24 h.

2. Adsorption Performance Test

Batch and column adsorption experiments were carried out to
measure the adsorption performance on the synthesized Fh/y-ALO;,
hybrid adsorbent.

The batch experiment was conducted at 298 K using phosphate
solutions of which the concentration ranged from 0.1 to 10 mg/L
by adding ortho-phosphoric acid (H,PO,, 85.00%, Merck) to deion-
ized water. The adsorbent (2.5 mg) was added to 10 mL of phos-
phate solution in all the batch experiments and then adequately
agitated for 5h using a roller mixer. After agitation, the phosphate
concentration of the sample was analyzed by ICP-OES after solid-
liquid separation.

The column experiment was conducted by using an adsorp-

Peristaltic
pump

—

Adsorption

0\

Peristaltic
pump

O

Desorption

Fig. 3. Schematic diagram of column adsorption/desorption appa-
ratus.

(a)

tion apparatus with a U-type column to enable the solution to pass
through the adsorbent layer continually at a constant flow rate by
applying potential energy as shown in Fig. 3.

The particle size of the adsorbent used in the column test was
classified to be in the range of 180-500 pm. A 12-mm column was
packed with 0.5g of adsorbent. A phosphate solution with an ini-
tial concentration of 4.75 mg/L, prepared from ortho-phosphoric
acid (H,PO,, 85.00%, Merck), was injected into the upper column
zone by a peristaltic pump at 298 K. The volumetric flow rate was
constantly maintained at 10.25 BV/min (3.09 mL/min).

3. Analysis

The X-ray diffraction patterns were recorded using an X-ray dif-
fractometer (XPERT-PRO MPD, Malvern PANalytical) equipped
with a CuKa radiation source (4=1.5406 A) and generator settings
of 30mA and 40kV.

The adsorbent structure was analyzed by Al MAS NMR (400
MHz Avance II+ Bruker Solid-state NMR). The chemical shift
was measured using a spinning rate of 13 kHz, a delay time of 1,
a pulse length of 0.8 pis, a radio frequency of 104.26 MHz, and AlCl,
(aq) for calibration (0 ppm).

Nitrogen adsorption and desorption analysis was conducted at
77 K using a Micromeritics (ASAP 2020) surface area and poros-
ity analyzer after the sample was automatically degassed in the
degassing port of the adsorption apparatus.

The PZCs (point of zero charges) of the j~ALO;, Fh adsorbent,
and Fh/y-Al,O; hybrid adsorbent were measured by using the pH
electrode of an Advanced Electrochemistry Meter (Orion VER-
SASTAR, Thermo Scientific). The adsorbent (1,000 m?*/L) was
added to the water by adjusting the initial pH from 1 to 13. After
shaking for 4 h, the final pH was measured by a pH meter.

The surfaces of the particles were visualized by employing field-
emission scanning electron microscopy (HITACHI, SU8220).

The phosphate concentration was analyzed by inductively cou-
pled plasma-optical emission spectrometry (ICP-OES, iCAP6000
Series, Thermo Scientific, UK). The standard solution was a com-
mercial phosphate ion standard solution of 1,000 ppm supplied by
KANTO.

RESULTS AND DISCUSSION

1. Adsorbent Characterization
The apparent particle size and pore diameter are highly import-

(b) (c)

Fig. 4. Photographic images of the samples: (a) ~AL,O; (b) Fh adsorbent (c) Fh/j-ALO; hybrid adsorbent.

February, 2021



Synthesis of mesoporous 2-line ferrihydrite/ y-Al,O; hybrid adsorbent 329

ant in liquid-phase adsorption because they determine the flow
rate and adsorption ability of the liquid. Generally, the particle size
must exceed 100 pm to ensure smooth liquid flow and the pore
diameter must be of the mesopore scale for effective adsorption.

Fig. 4(a)-(c) present photographic images of the ~ALO;, Fh ad-
sorbent, and Fh/y-Al,O; hybrid adsorbent used in this experiment.
Both the ALO; and Fh adsorbent had a particle size of less than
100 pm. Accordingly, their particle sizes were too small to allow
water to pass through the adsorbent layer. This problem necessar-
ily had to be solved to enable an effective liquid-phase adsorbent
to be developed.

To induce the formation of larger particles of the Fh/y-ALO,
hybrid adsorbent for liquid adsorption, we used j-ALO; particles
as a seed, as mentioned above in the experimental section. The addi-
tion of AL, O, particles accelerated the growth of Fh particles, which
grew larger than without the addition, as shown in Fig. 4(c).

In the synthesized Fh/j-ALO; hybrid particles, the ~ALO; par-

ferrihydrite
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Fig. 5. Conceptual diagram of Fh/j<Al,O; hybrid particle.
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Fig. 6. XRD patterns of the samples: (a) <AL O; adsorbent (b) Fh
adsorbent (c) Fh/~ALO; hybrid adsorbent.

ticles formed a core on which the Fh could accumulate, much in
the way a large snowball would form. However, the existence of a
core in the synthesized Fh/y-Al,O; hybrid particles was not appar-
ent. Eventually, it became clear that the Fh/ALO; hybrid parti-
cles had a core-shell structure as shown in the conceptual diagram
of one of these particles in Fig. 5.

Fig. 6 presents the XRD patterns of y-ALO;, the Fh adsorbent,
and the Fh/-ALO; hybrid material. The 3ALO; powder that was
used as a seed has a pseudo-crystalline phase with 26 values of 32,
38, 46, 61, and 67°, and the Fh adsorbent has a poorly crystalline
structure with two broad bands at 36 and 63° on its XRD pattern.
The Fh/p-ALO; hybrid material showed remarkable change in that
the band at 38° on the XRD pattern of »ALO; completely disap-
peared, indicating that the 311 plane of the Al lattice of »~ALO;
was replaced by the Fe lattice of the Fh material.

Fig, 7 shows the result of the Al MAS NMR analysis of -ALO;
powder and the Fh/j-Al,O; hybrid adsorbent. The magnetic Fe
nuclide of the Fh adsorbent is impossible to analyze using solid-
state NMR because of the strong magnetic field of the NMR equip-
ment. Accordingly, the Al nuclide in the core component of the
Fh/y-ALO; hybrid adsorbent was analyzed by Al MAS NMR
instead of the Fe component. In Al MAS NMR analysis, the peak
associated with the six-coordinated bonding of AlO, with an octa-
hedral structure appears in the chemical shift range of 0 to 10
ppm, whereas the peak associated with the four-coordinated bond-

QOctahedral
6.5 ppm

(b)

6.5 ppm

Tetrahedral
63.0 ppm

100 50 0 -50 -100
2"Al chemical shift (ppm)

Fig.7.” Al MAS NMR Spectra: (a) ALO; (b) Fh/)-ALO; hybrid
adsorbent.

Korean J. Chem. Eng.(Vol. 38, No. 2)



330

S.-J. Yoo

Table 2. Physical properties of the j-ALO;, Fh adsorbent, and Fh/)<ALO; hybrid adsorbent

. Fh/y-AlL O,
Property Unit 7-ALO; Fh adsorbent hybrid adsorbent
BET surface area m’/g 131 276 219
Langmuir surface area m’/g 168 356 283
Total pore volume cm’/g 0.24 0.20 022
Average pore size nm 7.28 2.84 4.03

ing of AlO, with a tetrahedral structure appears in the range of 40
to 80 ppm as was previously demonstrated [31-36].

Our analysis revealed that the »-ALO; structure contained both
six-coordinated and four-coordinated bonding because peaks were
detected at chemical shifts of 6.5 ppm and 63.0 ppm, as shown in
Fig. 7(a). However, formation of the Fh/»-ALO, hybrid adsorbent
was accompanied by a structural change of ~Al,O;. The tetrahe-
dral AlO, structure disappeared after the synthesis of the Fh/<ALO;,
hybrid adsorbent. This indicates that the Fe nuclide of the Fh
adsorbent replaced the Al nuclide bound to the tetrahedral struc-
ture of -AlLO; particles.

Ultimately; the »~ALO; not only acts as a seed to accelerate nucle-
ation and growth, but also acts as a bridge to form a chemical bond
between the »~Al,O; and Fh particles. Accordingly, we confirmed
that the Fh/y-Al,O; hybrid adsorbent was not merely in a physi-
cally mixed state but that it involved chemically stable bonding.

The use of j~ALO; as a seed to form a large snowball of the Fh/
7-ALO; hybrid adsorbent has many advantages: it increases the
nudeation velocity and growth rate of precipitation, it allows micro-
structural characterization, and has a larger particle size with mes-
opores appropriate for water treatment.

The N, adsorption and desorption analysis in Table 2 shows
that the »~ALO; exhibited a microstructure with a Langmuir sur-
face area of 168 m’/g, BET surface area of 131 m’/g, total pore vol-
ume of 0.24 cm’/g, and average pore diameter of 7.28 nm. The
microstructural characterization showed that the Fh adsorbent
had a Langmuir surface area of 356 m’/g, BET surface area of 276
m’/g, total pore volume of 0.20 cm’/g, and average pore diameter
of 2.84 nm.

The microstructural characterization of the synthesized Fh/y-
AlL,O; hybrid adsorbent shows that it had a Langmuir surface area
of 283 m’/g, BET surface area of 219 m’/g, total pore volume of
0.22 cm’/g, and average pore diameter of 4.03 nm.

As mentioned, the Langmuir surface area of the Fh adsorbent
was 356 m’/g, whereas that of the Fh/y-ALO; hybrid adsorbent was
283 m’/g. The average pore diameter of the Fh/j-ALO, hybrid adsor-
bent appeared to be larger at 4.03 nm than that of the Fh adsor-
bent at 2.84 nm. Thus, the average pore diameter of the Fh/ALO,
hybrid adsorbent was 1.19 nm larger than that of the Fh adsorbent.

The Fh adsorbent had an apparent particle size of less than 100
pm, which is unsuitable as it would not allow the water to pass
through the adsorption layer.

Fig. 8 and Fig. 9 show the N, adsorption/desorption isotherms
and pore size distribution for samples of the »~ALO;, Fh adsorbent,
and Fh/»-Al,O, hybrid adsorbent. The N, adsorption-desorption
isotherms are plotted in Fig. 8. The pore size distributions, deter-
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pH;

Fig. 10. PZCs of »ALO;, Fh adsorbent, and Fh/»Al,O; hybrid ad-
sorbent by EpHL measurement [38,39].

mined by the BJH method, are plotted in Fig. 9.

The y-ALO; seed served to enlarge the Fh particles when form-
ing the Fh/)-Al,O; hybrid adsorbent and the resultant particles
were more mesoporous. As a result, the Fh/y-Al,O; hybrid adsor-
bent had a particle diameter much larger than the Fh adsorbent.

As shown in Fig. 9, the Fh/y-ALO; hybrid adsorbent mostly
contains mesopores (4.03 nm) that are larger than the pores of the
Fh adsorbent (2.84 nm). An average pore diameter of approxi-
mately 4.03 nm would be highly useful for the adsorption of phos-
phate, which has an ionic diameter of 1.196 nm [29,37]. In summary;
we could verify that the design of the synthesized Fh/j-ALO; hybrid
adsorbent is appropriate for the effective adsorption of phosphate
ions in water.

Fig. 10 shows the EpHL (equilibrium pH at high oxide load-
ing) and PZC (point of zero charge) results obtained in previous
research [38,39] on samples of the adsorbent. The final pH value
differs from the initial value because of the uptake or release of a
proton by the surface hydroxyl groups of the adsorbent. This phe-
nomenon is visualized as a shift in pH in Fig. 10. The PZCs of the
7-ALO;, Fh adsorbent, and Fh/-ALO; hybrid adsorbent, appeared
to be 9.50, 4.30, and 4.82, respectively, as shown in Fig. 10. These
results show that the »-Al,O, adsorbent had a positive surface charge
at pH<4.45 and a negative surface charge at pH>8.97, and the Fh
adsorbent had a positive surface charge at pH<3.98 and a nega-
tive surface charge at pH>8.97. The Fh/ALO; hybrid adsorbent
had positive and negative surface charges at pH<4.84 and pH>
8.53, respectively.

In liquid phase adsorption, the adsorption characteristics of the
adsorbent depend on the pH of the solution, which varies accord-
ing to the concentration of phosphoric acid as shown in Fig. 11.
Our experiments showed that the phosphate concentration corre-
sponding to the PZC of the Fh/y~ALO, hybrid adsorbent was
4.82 mg/L. This result means that the initial phosphate concentra-
tion of 4.75 mg/L that was chosen for the column test is suitable to
support electrostatic adsorption on the Fh/j<ALO; hybrid adsor-

pH
[=2]

4.82{ Fh hybrid adsorbent, Phospheric acid conc. = 4.70 mg/L

430Y Fh adsorbent, Phosphoric acid conc. = 9.80 mg/L

0 1000 2000 3000 4000
Phosphoric acid conc. (mg/L)

Fig. 11. Variation in the pH as a function of the phosphoric acid con-
centration.

bent. On the other hand, the performance of the Fh adsorbent
with a PZC value of 4.30 was assessed by using a phosphoric acid
concentration of 9.80 mg/L. Therefore, the Fh adsorbent does not
show strong electrostatic adsorption at the initial H;PO, concen-
tration of 4.75 mg/L.

Accordingly, the adsorption mechanism must consider the rela-
tion between the PZC value of the adsorbent and the pH value of
the adsorbate as shown previously [40]. This value means that a
phosphate concentration higher than 4.70 mg/L would favor strong
electrostatic adsorption on the Fh/j-ALO; hybrid adsorbent.

Conversely, at a phosphoric acid concentration lower than 4.70
mg/L, the strong electrostatic adsorption disappears and the adsorp-
tion ability is highly reduced.

Accordingly, the higher adsorption characteristics of the Fh/y-
ALO; hybrid adsorbent are the result of the addition of »ALO;
with a PZC value of 9.50. This increased the PZC value of the Fh/
AL O; hybrid adsorbent from 4.30 to 4.82.

Finally, we confirmed the previous results by showing that the
limit of the strong electrostatic adsorption was determined by the
PZC value of the adsorbent [38,39].

The SEM photographic images in Fig. 12(a)-(c) show that the
crystal structure ~ALO; particles had a plate structure, particle
size led spherical shape with the 50 to 100 um as shown in Fig.
12(a). Meanwhile, the Fh particles in Fig. 12(b) were irregular, and
nonuniform in size causing the amorphous structure. In the Fh/y
ALO; hybrid adsorbent, the particles were almost uniform and in-
creased to the larger particles than the Fh particles by the Fh pre-
cipitation on the y~Al,O; seeds as shown in Fig. 12(c).

2. Adsorption Studies

Phosphate is known to be a crucial eutrophication-causing mate-
rial as a component of the nutrients dissolved in water. The ad-
sorption performance was assessed by using a batch test and the
fixed-bed column adsorption apparatus shown in Fig. 3. A com-
parison of the results of the batch and column adsorption experi-
ments allowed us to dlarify the adsorption roles of the adsorbent

Korean J. Chem. Eng.(Vol. 38, No. 2)
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Fig. 12. SEM photographic images of the adsorption materials: (a) AL Os, (b) Fh adsorbent, and (c) Fh/j-Al,O; hybrid adsorbent.
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Fig. 13. Adsorption capacity of -AL,O; and the Fh/j)<ALO; hybrid
adsorbent as determined by the batch test.

and adsorbate. The batch experiment was conducted using initial
phosphate concentrations ranging from 0 to 10 mg/L, which cor-
respond to the level at which the eutrophication of rivers and lakes
would be induced. Fig. 13 shows the adsorption capacity of
AlL,O; and the Fh/j-ALO; hybrid adsorbent. The results show that
the adsorption efficiency for both of these adsorbents is 100%
until the phosphate concentration reaches 6 mg/L. At higher con-
centration, the adsorption characteristics of the Fh/j-ALO; hybrid
adsorbent are superior to those of #ALO;. These experiments

February, 2021

enabled us to confirm that the Fh/j<ALO, hybrid adsorbent has
adsorption characteristics that are excellent compared to those of
7ALO;.

The equilibrium adsorption capacity of phosphate, q, (mg/g),
was calculated by Eq. (1):

C,-C,)V
qe=(—°m—5)- (mg/g) o))

where C, and C, are the initial and equilibrium phosphate con-
centrations (mg/L), V is the volume of the phosphate solution (mL),
and m is the mass of the adsorbent (g).

The Langmuir [41] and Freundlich isotherm models [42] were
applied to the experimental data to investigate the maximum amount
that could theoretically be adsorbed. These models can be expressed
by Egs. (2) [41] and (3) [42]in the case of Langmuir and Freun-
dlich adsorption, respectively:

C, C
Ze_ e, 1 @)
d. qn bq,

1
logq,=logK;+ nlogCZ 3)

where q, is the equilibrium adsorption capacity of phosphate on
the adsorbent (mg/g), C, is the phosphate concentration in solu-
tion at equilibrium (mg/L), q,, represents the maximum amount
of adsorbed phosphate as determined by the Langmuir isotherm
model (mg/g), b is the adsorption constant of the Langmuir iso-
therm model, K; (mg/g) is the Freundlich constant, and m (dimen-
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Table 3. Constants and determination coefficients of the Langmuir and Freundlich isotherm models for phosphate adsorption

Temp Langmuir isotherm Freundlich Isotherm
Type X) b R’ K R’
9 \f n
7-ALO; 298 27.3 —3,458 1 26.7 41.3 0.640
Fh/y-ALO, hybrid adsorbent 298 332 40.5 0.979 32,6 9.2 1

sionless) is the Freundlich exponent.

The Freundlich isotherm model is well known for describing
both multilayer adsorption and adsorption on a heterogeneous sur-
face, whereas the Langmuir isotherm model is valid for mono-
layer adsorption on a homogeneous active surface.

Both Langmuir and Freundlich adsorption can be evaluated by
plotting the adsorption isotherm. The results of these calculations
using the Langmuir adsorption model showed that the maximum
amount that could be adsorbed was higher than that obtained
with the Freundlich adsorption model. In the case of ALQO;, the
maximum adsorption amount by the Langmuir adsorption model
was 27.3 mg/g, whereas the value obtained with the Freundlich
adsorption model appeared to be 26.7 mg/g. In the case of the Fh/
7-ALO; hybrid adsorbent, the maximum adsorption amount ob-
tained with the Langmuir and Freundlich adsorption models was
33.2mg/g and 32.6 mg/g, respectively. Here, the correlation factor
of the Freundlich isotherm plot had a lower value than the Lang-
muir isotherm. Therefore, we could confirm that the adsorption
mechanism of the two adsorbents is governed by Langmuir ad-
sorption.

To date, phosphate adsorption experiments were conducted using
the batch adsorption performance test, the results of which are
provided in Table 3. However, the batch adsorption experiment is
difficult to apply in practice, whereas the column experiment is
simple and easy to carry out.

Fig. 14 shows the breakthrough curve for the adsorption of
phosphate ions on the Fh/y~Al,O, hybrid adsorbent in the col-
umn test. This curve was plotted using the C,/C, ratio as a func-
tion of time (where C, and C, represent the concentrations of the

— ]
e - -
08 F %
.
yd
06+ o
/
o ."lllr
/
Q oaf
S .
!
/
02} J
/
y
0.0+ -
0 20 40 60 80
Time (h)

Fig. 14. Breakthrough curve of the Fh/}<ALO; hybrid adsorbent for
phosphate adsorption in the column test.

effluent and influent, respectively).

Process variables such as the adsorption equilibrium, mass trans-
port, and the hydraulic conditions in the column determine the
breakthrough curve. Commonly, a favorable adsorption break-
through curve appears in the form of a step function. In the case
of this column experiment, the breakthrough curve of favorable
adsorption also follows the shape of a step function, as shown in
Fig. 14.

ICP-OES was used to analyze the phosphate concentration at
different time intervals after the phosphate solution passed through
the column. The amount of adsorbent added to the column was
0.5g with a particle size range of 180-300 pm. The phosphate solu-
tion, which was obtained by preparing a solution of phosphoric
acid, passed through the bed volume at a flow rate of 10.25 BV/
min (3.09 mL/min). As a result of its excellent adsorption perfor-
mance, the Fh/y-Al,O; hybrid adsorbent mostly adsorbed the ini-
tial influent phosphate concentration of 4.75 mg/L, and, as it ap-
proached a state of saturation after 72 h, the eftluent phosphate con-
centration became 4.33 mg/L, as shown in Fig. 14.

Fig. 15 shows the result of the phosphate adsorption efficiency
and the maximum adsorption amount obtained by measuring the
adsorbed amount as a function of time.

The column adsorption apparatus was designed to rely on grav-
ity for flow. The result indicated that the initial phosphate concen-
tration of 4.75 mg/L was adsorbed during a contact time of 5.85s
using 0.5 g of adsorbent with a size range of 180-300 pm.

Fig. 15 shows the result of measuring the adsorption efficiency
of phosphate on the Fh/-ALO; hybrid adsorbent by using the
column adsorption apparatus.

20
18
Y Fh hybrid adsorbent
Initial phosphate conc: 4.75 ppm
1.4 F Volumetric flowrate: 10.25 BVimin
Adsorbent dosage: 0.5g
= f y=y,+aey,=0.1442,
g 1.0F a= 1694, b=0.07319,R*= 0.9926
Y o8
06
04F
02k Qe Amount of
' maximum adsorption |
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Fig. 15. Adsorption efficiency of the Fh/j-AL,O; hybrid adsorbent
by column experiment.
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Table 4. Constants and determination coefficient of the isotherm obtained by using the column adsorption apparatus for phosphate adsorp-

tion
Column adsorption test
Temp
Adsorbent Initial phosphate Adsorption Volumetric flow Qonax )
K) _ R
conc. (mg/L) time (h) rate (mg/g)
Fh/-ALO, 10.25 BV/min
hybrid adsorbent 298 475 72 (3.09 mL/min) 336 09926
Table 5. Efficiency of desorption of phosphate ions from the Fh/j-Al,O; hybrid adsorbent
Sample H Maximum desorption Desorbed conc. Desorption
P P conc. (mg/L) (mg/L) efficiency (%)
Fh/3-ALO, 125 36.96 26.65 72
hybrid adsorbent 13.0 36.96 35.09 95

Table 4 summarizes the results of the experiments using the
column.

The results in Fig. 15 were used to obtain the parameter for the
f(t) equation by regressing the experimental f(t) data, which were

well fitted by the basic equation f(t)= jtz y,+ae "dt, which enabled
t1

the parameters y,=0.1494, a=1.694, b=0.07368, and R’=0.9926 to be
established by regression. The equation is an exponential function

with two parameters. On the other hand, f(t)=r2yo+ ae "dt
t1

could easily be solved by using an integral formula. The integral
result for the period 0 to 72 h indicated that the maximum amount
that was adsorbed appeared to be 33.6 mg/g in the case of the col-
umn adsorption experiment. This value was in good correspon-
dence with the 33.2mg/g obtained by the Langmuir adsorption
isotherm model on the batch-type adsorption experiment. Thus,
the value obtained in the column adsorption experiment was sim-
ilar to the result obtained by calculating the Langmuir adsorption
on the basis of the batch experiment.

The difference between the batch adsorption and column exper-
iments is that the former is theoretical, whereas the latter is practi-
cal. Accordingly, the adsorption information gleaned from the
column experiment must be useful in practice.

3. Desorption Studies

In the case of the Fh/y-ALO; hybrid adsorbent based on EpHL
[38,39], as shown in Fig. 10, phosphate adsorption occurs because
of the surface charge of Fe-OH; as a result of the protonation of
the adsorbent at pH<4.7 and desorption by the surface charge of
Fe-O™ due to deprotonation of the adsorbent at pH>10. On the
other hand, the range of 4.7<pH<10 coincides with that of the
PZC of the adsorbent. These results suggest that adsorption is
determined by factors such as dissolution, gathering, and dissocia-
tion of the phosphate, or the shape and polarity, and concentration
of phosphate molecules, but factors such as electrostatic attractive and
repulsive forces do not contribute to adsorption.

Accordingly, desorption of negatively charged phosphate ions
from the surface of the Fh/y-Al,O, hybrid adsorbent quickly occurs
above the inflection point of pH 11, as shown in Fig. 13. Based on
this EpHL result, the pH conditions for desorption were deter-
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mined by selecting the two pH values of pH 12.5 and pH 13.0 for
the desorption experiment. The experimental results in Table 5
show that the desorption efficiency is 72% at pH 12.5 and 95% at
pH 13.0. Accordingly, the optimal conditions for desorption could
easily be found from the EpHL curve.

CONCLUSIONS

The granular Fh/j-Al,O; hybrid adsorbent was successtully syn-
thesized from ferric sulfate wastewater through the precipitation
and crystallization of 2-line Fh using ~Al,O; powder as a seed to
induce mesopores and to enlarge the particle size of the adsorbent
such that it is suitable for water treatment.

The synthesized Fh/-Al,O, hybrid adsorbent had a Langmuir
surface area of 334 m’/g, BET surface area of 260 m’/g, and meso-
pore size of 4.03 nm. The PZC value of the synthesized hybrid ad-
sorbent was 4.82.

The batch adsorption experiment revealed the maximum amount
of synthesized Fh/j-ALO; hybrid adsorbent to be 33.2 mg/g, as
determined by using the Langmuir isotherm model for a concen-
tration range from 0 to 10 mg/L. In the case of the column test,
the maximum adsorption capacity was 33.6 mg/g after adsorption
for 72h at an initial phosphate concentration of 4.75 mg/L. The
maximum adsorption capacity of the column test almost coin-
cided with the maximum adsorption capacity determined by the
batch test. Accordingly, these batch and column experiments con-
firmed that the adsorption isotherm model was governed by Lang-
muir adsorption.

The synthesized Fh/y-Al,O; hybrid adsorbent differed from the
pure Fh adsorbent in that the strong electrostatic adsorption was
additionally induced on the Langmuir adsorption at the initial
phosphate concentration of 4.75 ppm in the column test.

This study showed that the superior adsorption of the Fh/y
ALO; hybrid adsorbent is attributable to the addition of -ALO;,
of which the PZC value of 9.50 is higher than that of the Fh
adsorbent of 4.30. The phosphate recovery efficiency was also high
at 95% at pH 13, based on the PZC result.

In conclusion, we confirmed that the PZC value of the adsor-
bent and the pH of the solution are key factors for designing a
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highly efficient adsorbent and demonstrated that the synthesized
Fh/y-ALO; hybrid adsorbent could be a useful alternative for water
remediation.
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NOMENCLATURE AND UNITS

:adsorption constant of the Langmuir isotherm model [mg/g]

:initial phosphate concentration [mg/L]

: equilibrium phosphate concentration [mg/L]

: Freundlich constant [mg/g]

:mass of the adsorbent [g]

: Freundlich exponent, dimensionless

pHye : pH of desorption

q.  :equilibrium capacity of phosphate [mg/g]

q, :maximum amount of adsorbed phosphate by Langmuir iso-
therm model [mg/g]

Qe - Maximum amount of adsorbed phosphate in column test
[mg/g]

R®  :correlation factor

V  :volume of phosphate solution [mL]

PBEZROOT

Greek Letter
1% :gamma
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