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Adsorption behavior of phosphate on 2-L ferrihydrite adsorbent predicted
by partial charge model under varying pH conditions
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Abstract—The surface charge of the adsorbent 2-L ferrihydrite was calculated by the partial charge model for varying
pH conditions. The value of the surface charge was used to predict the ability of the adsorbent to chemically adsorb
and desorb the adsorbate. The crystal structure of the 2-L ferrihydrite material was regarded as two models: an exclu-
sively octahedral model and a combined model comprising 20% tetrahedra and 80% octahedra. The partial charge
model was used to calculate the surface charge of the adsorbent under varying pH conditions. In the exclusively octa-
hedral model, the surface charge reached the highest value of +0.060 under acidic conditions, —0.088 in the neutral
state, and the lowest value of —0.347 under alkaline conditions. In the case of the combined model, {OH) had the
highest value of +0.056 under acidic conditions, —0.087 in the neutral state, and the lowest value of —0.332 under alka-
line conditions. As a result, we confirmed that the surface charge of the adsorbent could have a positive value even in
an acidic environment. That is, the surface charge of the adsorbent could become positive or negative according to the
pH of the solution. In a solution in which the pH is below 10, the adsorbent could adsorb the negative phosphate
because the {OH) would be positive. In contrast, in a solution with pH>10, the adsorbent could desorb the negative
phosphate because the {OH) would be negative.
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INTRODUCTION

The prevention of the eutrophication of water has led to the use
of many adsorbents for the removal of phosphate ions, which are
well-known to be a major factor responsible for promoting algal
growth. Among them, recently proposed adsorbents such as Ca-
enriched biochar [1], MgO modified dilatomite [2], a 3D graphene-
La,0; composite [3], a 3D graphene/La(OH), nanorod aerogel
[4], nanoscale lanthanum carbonate [5] and mesoporous silica
aerogels impregnated with La [6], have increased the phosphate
adsorption efficiency and maximum adsorption capacity; as shown
in Table 1.

Table 1. Efficiency of phosphate removal for various adsorbents

In this study, we chose iron oxyhydroxide as the adsorbent mate-
rial because of its excellent performance compared with the vari-
ous adsorbents described above. In addition, iron oxyhydroxide has
been widely used as the adsorbent for water remediation as an ob-
jective adsorbent.

Iron oxyhydroxides and -oxides have various transitional struc-
tures, ie, o, [, -, O, &, feroxyhite, and ferrihydrite, as pre-
sented in Fig. 1. Depending on the treatment temperature, these
transitional structures are determined by the amount of adsorbed
water and the structural water included in the crystal structure.
Among these iron oxyhydroxides and -oxides, 2-L ferrihydrite has
widely been used as one of the most important mineral adsor-

Adsorbent Surfacze area  Adsorbent = Max. :?dsorption Initial phosphate pH/ Ref
(m?/g) dosage (g/L)  capacity (mg/g) conc. (mg/L) T (K)

Ca-enriched biochar 4.74 0.5 146.33 100 8/298 (8]
MgO modified dilatomite 45.17 0.3 104.94 120 3/298 [9]
3D graphene-La,O; composite 197.18 2 82.6 25 6.2 [10]
3D graphene/La(OH); nanorod aerogel 180.8 025¢g 76.85 2 298 [11]
Nanoscale lanthanum carbonate 19.63 0.1 53.64 2-50 6.8/303  [12]
Mesoporous silica aerogels impregnated La 262.69 1 42.08 200 3/298 [13]
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Fig. 1. Sequence of transitional iron oxyhydroxides and oxides [25].
bents. This adsorbent forms strong complexes with various cat- X=X+ 6 @

ions and anions, such as cadmium(II) [7,8], chromate(VI) [9,10],
lead(IT) and copper(II) [11], arsenic [12], and phosphate [13], because
of its large surface area, high surface activity, and its affordability
owing to its natural abundance.

2-L ferrihydrite is metastable [14] with an octahedral structure
as a rule. However, various hypotheses have led to the proposal of
the definite crystal structure, depending on the presence or absence
of tetrahedral Fe™* [15-24].

Recent research proposed that the adsorption of an adsorbate
onto an adsorbent is governed by the hydroxyl groups on the sur-
face [26,27]. Thus far, a partial charge model has been used to pre-
dict the surface charge [28-33]. The prediction of the adsorption
behavior by the calculation of the surface charge is a good method
for the explanation of the phenomenon of chemical adsorption.

The concept of the partial charge model is based on the follow-
ing. When two components are bound, electron transport occurs
between them owing to the difference in the electronegativity of the
two elements. Electron transfer proceeds until the chemical poten-
tials attain equilibrium and the electrons in the compound are redis-
tributed. Then, the electronegativity of the two components in the
compound finally reaches equalization. That is, the key aspect of
the partial charge model is that the surface charge of an atom is
highly influenced by the surrounding atoms. The partial charge of
an atom in the adsorbent can be calculated using the partial charge
model, and the value determines the transport velocity of electrons
and the adsorption ability.

Electronegativity is the electronic chemical potential, and the equal-
ization of the electronegativity thermodynamically corresponds to the
equalization of the chemical potential in the state of equilibrium.

The electronegativity, #; of an atom is not constant, and it varies
with the partial charge of the atom, J. Commonly, it is assumed to
change linearly with its charge [33,34].
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where y; is the electronegativity of the i atom, and y;’ is the elec-
tronegativity of the neutral atom, J, is the partial charge of the i
atom, and 7;; corresponds to the “hardness” in the Pearson’s model
[35], which may be defined as:

=k Z? 2

where k is a constant that depends on the electronegativity scale
(k=1.36 for Pauling’s scale). According to the principles of electro-
negativity equalization by Sanderson, charge transfer is expected to
cease when the electronegativities of all constituent atoms become
equal to the mean electronegativity ¥ given by:

_ Zp; ;{?+kZ
=
Zpi/A/;?

The electronegativity corresponds to the electronic chemical
potential and electronegativity equalization in the equilibrium state.
The total charge conservation follows from

®

Z=%p;0, )

where Z is the total charge of the ionic species and p; corresponds
to the stoichiometry of the i atom in the compound.

For a diatomic molecule AB, the mean electronegativity actu-
ally corresponds to the geometric mean of both electronegativities:

Tan=NZa 2o 5)

The partial charge distribution is given by:

5= —Z ©6)
k(7

The surface charge of atom A or B is influenced by the surround-
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ings of these atoms as well as the electronegativities of the two
atoms A and B. In summary, the individual partial charge of atom
A or B is not a fixed value and is affected by the other atoms in the
compound and the solution condition containing atoms A and B
[32].

Under acidic condition, the adsorbed water and the structural
water included in the crystal structure of the 2-L ferrihydrite adsor-
bent are replaced by H;O" ions in the solution [36]. As a result, the
surface charge of the adsorbent is increased. Contrary to this result,
the surface charge decreases in a strongly alkaline solution.

1. Crystal Structure

During more than 40 years of investigation, researchers have
proposed various structure models based on 2-L ferrihydrite mate-
rial using refined characterization techniques [37-42]. However, the
2-L ferrihydrite with its low crystallinity and structural disorder
basically has an octahedral structure, whereas the presence of tet-
rahedral Fe™* is still under debate. Nonetheless, the most influen-
tial model is classified as two models for the formation of Fe-H,O
and Fe-OH bonds: In the first model, the crystal structure exclu-
sively exists as an octahedral-coordinated structure. The second
model has an iron Keggin structure. The structure consists of a
central tetrahedral oxoanion FeO,. Each of the four oxo bridges
forms a trimer of edge-sharing FeO, octahedra, and the general
framework contains iron-oxyhydroxide Keggin units [36]. In the
structure of 2-L ferrihydrite, the central FeO, tetrahedra are sur-
rounded by 12 FeOj octahedra [39-42].

Accordingly, we considered two models as the representative
models: an exclusively octahedral structure and a combined structure
that is the octahedral structure with a 20% tetrahedral structure.

EXPERIMENTAL

1. Materials and Methods

The 2-L ferrihydrite adsorbent was chosen as the target mate-
rial in this experiment. The 2-L ferrihydrite was synthesized by
dissolving iron waste scrap in H,SO, (Merck, 95%) by heating the
mixture for 8 hours at 70 °C and stirring at 400 rpm. Then, the fer-
ric sulfate solution obtained after dissolution was simultaneously
oxidized by aeration and the addition of hydrogen peroxide (H,O,,
30%, Merck) to induce the oxidation of Fe** to Fe’* as shown in
Fig. 2.

In the next step, the pH of the solution was controlled to pH 6.0

HzSO4 HZOZ

by adding sodium hydroxide (NaOH, 99%, Merck) to induce pre-
cipitation and crystallization. The 2-L ferrihydrite adsorbent was
finally obtained through washing, centrifugal separation, and dry-
ing at 130 °C.

2. Adsorption Experiment

Adsorption experiment was carried out to measure the adsorp-
tion performance on the synthesized 2-L ferrihydrite adsorbent as
shown in Fig. 3. The batch experiment was conducted by prepar-
ing phosphate stock solutions of 300 ppm by dissolving ortho-
phosphoric acid (H;PO,, 85.00%, Merck) in deionized water. The
phosphate solution was controlled to the pH range of 1 to 13. At
this time, HCI or NaOH solution was added to the phosphate solu-
tion to adjust the pH to within the range of 1 to 13. All the batch
experiments were carried out by placing equal amounts of the adsor-
bent (2.5mg) in 10 mL phosphate solution using falcon tubes, which
were then agitated for 24 h using a tube roller mixer.

3. Analysis

The metal composition of the iron waste scrap was analyzed by
an inductively coupled plasma-mass spectrometer (ICP-MS, Agi-
lent 7700s) with high sensitivity and accuracy by argon plasma
source after the dissolution of the iron waste scraps in nitrohydro-
chloric acid.

The X-ray diffraction (XRD) patterns were recorded using an
X-ray diffractometer (XPERT-PRO MPD, Malvern PANalytical)
equipped with a CuKe radiation source (1=1.5406 A) and gener-
ator settings of 30 mA and 40 kV.

The microstructures and the diffraction patterns were studied
using transmission electron microscopy (TEM, Tecnai, THERMO
FISHER SCIENTTFIC). The microscope was equipped with field
emission guns and operated at 300 keV. In preparation for the TEM
(SAED, selected area electron diffraction) measurement, the 2-L
ferrihydrite material was milled to an average particle size of
200 nm by Planetary Micro Mill (PULVERISETTE 7 Premium,
FRITSCH, Germany) with a grinding ball of zirconia. The particle
size and distribution of the milled 2-L ferrihydrite were analyzed
under the following condition (water solvent, two semiconductor
lasers (Green (1=532nm, 7 mW), IR (1=850 nm, 9 mW), mea-
suring range 0.08-2,000 um) by particle size analyzer (ANALY-
SETTE 22 MicroTec plus, FRITSCH, Germany).

Nitrogen adsorption and desorption were measured at 77 K using
a Micromeritics (TristarIl 3020) surface area and porosity analyzer.
The sample was automatically degassed for 30 h in an N, environ-
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Fig. 2. Flow diagram for the preparation of the 2-L ferrihydrite adsorbent.
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Fig. 3. Flow diagram for the phosphate adsorption experiment.
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Table 2. Elemental compositions of iron waste scraps and 2-L ferrihydrite adsorbent analyzed by ICP-MS

Element *Fe (%) Mg (%) TAlL(%) '“Sn(%) *Zn(%) *Ni(%) “Cr(%) “Cu(%) T (%)
Tron waste scrap 64.09 113 0.26 0.13 0.07 0.08 0.01 0.11 0.02
2-L ferrihydrite adsorbent ~ 98.84 0.04 0.15 0.03 0.26 0.04 0.01 0.05 0.01
500 b
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Fig. 4. XRD pattern of the 2-L ferrihydrite adsorbent.

ment at 383 K in the degassing port of the adsorption apparatus.

The metal content of the adsorbent was analyzed using field-emis-
sion scanning electron microscopy (FE-SEM, HITACHI, SU8220)
with EDS. The point of zero charge (PZC) of the 2-L ferrihydrite
adsorbent was measured using an advanced electrochemistry meter
(Orion VERSASTAR, Thermo Scientific). At this time, an amount
of adsorbent corresponding to 1,000 m”/L was constantly added to
the solutions of which the initial pH values were adjusted from 1
to 13 by NaOH and HCI, respectively. Subsequently, we measured
the final pH value after shaking these solutions for 10 hours using
a tube roller mixer. The phosphate concentration of the adsorbent
was analyzed by ICP-OES (iCAP6000 Series, Thermo Scientific,
UK).

RESULTS AND DISCUSSION

The iron waste scrap was used as a raw material, considering
economic and environmental resources recycling aspects. From
the ICP-MS analysis of Table 2, the iron waste scrap had high iron
content, including various impurities and metal oxides. The iron
content of iron waste scrap was analyzed as 64.09%. On the other
hand, the 2-L ferrihydrite showed relatively high iron content. The
iron content of the 2-L ferrihydrite adsorbent synthesized from the

Table 3. Physical properties of the 2-L ferrihydrite adsorbent

Fig. 5. SAED pattern of 2-L ferrihydrite with d-values of rings.

experiment was 98.84%.

Fig. 4 shows the XRD pattern of the 2-L ferrihydrite adsorbent
synthesized from iron waste scraps for this experiment. The adsor-
bent has a metastable structure with low crystallinity and has the
typical XRD pattern (JCPDS card number 29-0712) of 2-L ferrihy-
drite with the characteristic broad bands at 35.2° and 62.3°, as-
signed to the (110) and (115) planes, respectively. The d-spacing of
the (110) and (115) planes was 2.545 A and 1.488 A, respectively,
as shown in Fig. 4. Other researchers proposed the same results on
the basis of the XRD pattern [17,43-45]. Accordingly; the adsorbent is
referred to as metastable 2-L ferrihydrite as a result of the two
broad peaks.

SAED was used to examine the structure of the 2-L ferrihy-
drite materials. The SAED pattern, shown in Fig. 5, has two bright
rings with two interplanar distances of 1.50 and 2.50 A as proposed
previously [43,45-48]. The measured d-spacings of the 2-L ferrihy-
drite were in agreement with those calculated from the XRD results.

Table 3 presents the result of the N, adsorption and desorption
analysis of the 2-L ferrihydrite adsorbent before and after phosphate

Property Unit

2-L ferrihydrite adsorbent before

2-L ferrihydrite adsorbent after

phosphate adsorption phosphate adsorption
BET surface area m’/g 237 235
Total pore volume cm’/g 0.175 0.175
Average pore size nm 2.998 2.942
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Fig. 6. Isotherms and pore size distributions of the 2-L ferrihydrite
adsorbent: (a) before phosphate adsorption (b) after phos-
phate adsorption.

adsorption. The adsorbent had a BET surface area of 237 m’/g, a
total pore volume of 0.175 cm’/g, and an average pore diameter of
2.998 nm before phosphate adsorption. After phosphate adsorp-
tion, the adsorbent had a BET surface area of 235 m’/g, total pore
volume of 0.175 cm’/g, and average pore diameter of 2.942 nm,
respectively.

Fig. 6(a) and (b) show the N, adsorption-desorption isotherm
and pore size distribution of the 2-L ferrihydrite adsorbent before
and after phosphate adsorption. The N, adsorption-desorption iso-
therm of the 2-L ferrihydrite exhibits type IV uptake as defined by
the International Union of Pure and Applied Chemistry (IUPAC),
characterized by a hysteresis loop after capillary condensation. Fur-
thermore, type IV is characterized as a mesoporous adsorbent with
strong adsorption affinity by a new classification of adsorption iso-
therms based on the Gibbs adsorption behavior [49]. From this
result, we knew that the 2-L ferrihydrite adsorbent itself basically
had a strong adsorption affinity. Although the 2-L ferrihydrite adsor-
bent is saturated by the phosphate ions, the pores were not notice-
ably clogged after the phosphate adsorption compared to before,
as shown in Fig. 6(a) and (b). This means that the phosphate ad-
sorption occurred by way of monolayer adsorption in the meso-
porous pores of the 2-L ferrihydrite adsorbent.
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4 40
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Fig. 7. Particle size distribution of synthesized 2-L ferrihydrite.

Fig. 8. TEM image of 2-L ferrihydrite particles.

Fig. 7 shows the particle size distribution of the synthesized 2-L
ferrihydrite particles. The particle sizes were demonstrated by the
dual-modal size distribution in the range of 0.1-10 pm.

Fig. 8 shows the TEM image of 2-L ferrihydrite particles. In prepa-
ration for the analysis of the internal microstructure of the partidles,
bulky 2-L ferrihydrite particles were milled to an average particle
size of 200 nm by a planetary mill machine. The TEM image shows
that the 2-L ferrihydrite adsorbent has a mesoporous structure
aggregated by primary particles.

1. Partial Charge Modelling Part

The basic premise of the partial charge model is that the sur-
face charge of a solid particle is highly influenced by the character-
istics of the surrounding solution, such as its acidity or alkalinity.
As described above, two possible models have thus far been pro-
posed as the influential crystal structure of 2-L ferrihydrite: an exclu-
sively octahedral structure and a combined tetrahedral (20%) and
octahedral (80%) structure.

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Table 4. Calculated partial charges of 2-L ferrihydrite with an octa-
hedral structure for acidic and alkaline conditions

Octahedral formula 7 &Fe) &OH)
[FeO(OH)-(H,0),]* +2.845  +0.631  +0.060
[FeO(OH)-(H,0),-(H,;0),]®  +2.776  +0.592  +0.029
[FeO(OH)-(H,0),]* +2699  +0.549  —0.005
[FeO(OH)-(H,0),-(H,0),]"'  +2612  +0500 —0.044
[FeO(OH)-(H,0),]’ +2513  +0.445  —0.088
[FeO(OH),-(H,0),] ™" +2399 40381  —0.139
[FeO(OH),-(H,0),] +2268 40307  —0.197
[FeO(OH),-(H,0),]”* +2.115 40221 0226
[FeO(OH),] ™* +1.933  +0.119  —0.347

The partial charge of the 2-L ferrihydrite adsorbent was calcu-
lated by employing the partial charge model, which also enabled
the pH to be varied. Then, the calculated result was compared with
the experimental result.

For the exclusively octahedral structure, the partial charge of the
surface hydroxyl groups, XOH), was revealed to have a maximal
value of +0.060 under strongly acidic conditions.

Table 4 lists the calculated partial charges of the adsorbent with
an exclusively octahedral structure for both acidic and alkaline con-
ditions. In the octahedral structure, the four water molecules coor-
dinated in the crystal structure can be replaced by a maximum of
four H,O" molecules under acidic conditions. The partial charge
depends on the degree of replacement, as indicated in Table 4. Under
acidic conditions, {OH) of the 2-L ferrihydrite adsorbent has a
maximal value of +0.060, higher than the value of 0.088 in the
neutral state. The important finding is that {OH) becomes a pos-
itive value, the magnitude of which is determined by the degree of
replacement of the adsorbed and structural water included in the
crystal by hydronium ions (H;O") from the acidic electrolyte. Under
alkaline conditions, the value of XOH) was lower at —0.347. The
negative value indicates that the surface of the adsorbent would repel
the negative phosphate adsorbed on the adsorbent because of the
existence of a repulsive force. Accordingly, we confirmed, a positive
charge would allow the adsorbent to easily adsorb a negatively
charged adsorbate such as phosphate under acidic conditions. The
adsorbate could subsequently be desorbed from the surface of the

adsorbent in a strongly alkaline solution.

Table 5 presents the partial charges of the combined tetrahedral
(20%) and octahedral (80%) structure under acidic and alkaline
conditions. For the combined structure, XOH) has a maximal value
of +0.056 under acidic conditions and a value of —0.087 in the neu-
tral state. Under alkaline conditions, XOH) reached a minimum
value of —0.332. Ultimately; the adsorbent with the octahedral struc-
ture has a larger adsorption force than the combined structure. That
is, a crystal structure with a higher coordination number is shown
to be a more effective adsorbent.

2. Adsorption Experimental Part

Traditionally, the evaluation of the adsorption characteristics such
as the adsorption mechanism and the adsorption capacity was
mainly by conducting adsorption experiments. However, as indi-
cated by the results obtained with the partial charge model described
above, we could predict the adsorption and desorption phenom-
ena of phosphate by calculating the partial charge of the adsorbent
for various pH levels.

Fig. 9 illustrates the phenomenon of adsorption and desorption
of phosphate on the 2-L ferrihydrite adsorbent under acidic and
alkaline conditions. The adsorption force is affected by the basic
adsorption affinity of the adsorbent plus the amount of adsorption
as determined by the pH level.

The results of the BET analysis indicated that the 2-L ferrihy-
drite material is mesoporous with a strong adsorption affinity; fur-
thermore, the adsorption force is determined by the amount of
adsorption of 50 mg/g, affected by the PZC. The surface charge of
the adsorbent has a positive value under acidic conditions based
on the PZC, in which case the negative phosphate ion is strongly
adsorbed on the positive surface of the adsorbent and the adsorbed
amount reaches a maximum. In this adsorption experiment, the
maximum amount adsorbed was 173.40 mg/g.

Under alkaline conditions, the surface charge of the adsorbent
has a negative value because the pH is larger than the PZC value.
In this case, the negative phosphate ion is gradually desorbed from
the negative surface of the adsorbent and the amount of adsorp-
tion reaches a minimum. In this adsorption experiment, the mini-
mum amount adsorbed was 28 mg/g. If the repulsive force of the
adsorbate-adsorbent exceeds the adsorption force of the adsorbent
itself of the PZC, the adsorbent will not adsorb the phosphate and
the adsorbed phosphate will be desorbed conversely.

Table 5. Calculated partial charges of 2-L ferrihydrite with a combined tetrahedral (20%) and octahedral (80%) structure under acidic and

alkaline conditions

Combined molecular formula ¥4 &Fe) &OH)
(FeO(OH)-(H,0),)"™ (20%)+FeO(OH)-(H,0),)** (80%) +2.836 +0.626 +0.056
(FeO(OH)-(H;0),]™* (20%) +(FeO(OH)-(H,0),-(H,0),)* (80%) +2.781 +0.595 +0.031
(FeO(OH)-(H,;0),)** (20%)+(FeO(OH)-(H,0),-(H;0),)** (80%) +2.719 +0.561 +0.004
(FeO(OH),-(H,0),-(H,0),)"" (20%)+(FeO(OH)-(H,0),-(H,0),)*" (80%) +2.625 +0.514 -0.033
(FeO(OH)-(H,0),)° (20%)+(FeO(OH)-(H,0),)° (80%) +2.515 +0.446 -0.087
(FeO(OH),-(H,0),)™" (20%)+(FeO(OH),-(H,0),)™" (80%) +2.387 +0.374 —0.145
(FeO(OH),)* (20%)+(FeO(OH),-(H,0),) (80%) +2.234 +0.288 -0.212
(FeO(OH),)* (20%) +(FeO(OH),-(H,0),)~ (80%) +2.111 +0.219 -0.236
(FeO(OH),)* (20%)+(FeO(OH)5)™* (80%) +1.966 +0.137 —0.332
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Fig. 9. Schematic diagram of the adsorption and desorption mechanisms of phosphate from the 2-L ferrihydrite adsorbent under acidic and

alkaline conditions.

In the result obtained with the PCM model, the surface charge
of the 2-L ferrihydrite in the neutral state was found to have values
in the range of —0.088 to —0.087. Although the phosphate ion is nega-
tive, it is adsorbed on the negatively charged surface of the adsor-
bent because the basic adsorption affinity of the 2-L ferrihydrite
adsorbent can overcome the negative surface charge.

Ultimately, a material with a stronger adsorption affinity is a good
adsorbent. The optimal operating conditions under which the
amount of adsorption is maximized must be determined by opti-
mizing the pH.

In the acidic state in which the pH is less than pH_y, the total
adsorption force rapidly strengthens as a result of the strong ad-
sorption affinity of the mesoporous 2-L ferrihydrite adsorbent itself
plus the positively charged surface. Accordingly, the negative phos-
phate ion is adsorbed on the surface of the adsorbent to the maxi-
mum amount. Under alkaline conditions under which the pH is
larger than pH,, the total adsorption force is determined by the
strong adsorption affinity of the mesoporous 2-L ferrihydrite adsor-
bent itself minus the adsorption force of the negatively charged sur-
face. Finally; in the alkaline state, the adsorbed phosphate is desorbed
from the surface of the adsorbent as a result of the weak adsorp-
tion force, as shown in Fig. 9.

The 2-L ferrihydrite adsorbent is known to strongly interact with
various types of cations and anions [1,41,42]. According to our cal-
culations, cations would easily be adsorbed under alkaline condi-
tions but, in contrast, the effective adsorption of anions would require
acidic conditions.

Fig. 10 shows the PZC of the 2-L ferrihydrite adsorbent deter-
mined by EpHL, the measurement of the equilibrium pH at high
surface loading [50,51]. The results of these measurements showed
the PZC value to be 5.2. This final pH value does not coincide with
the initial pH value in Fig. 10. This phenomenon is governed by
the intrinsic surface characterization of the adsorbent. This result
means that the 2-L ferrihydrite adsorbent has a positive surface
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10 |
r —&— 2-| ferrihydrite

PHfinal

6 pzc=52

Fig. 10. PZC of the 2-L ferrihydrite adsorbent determined by EpHL
measurements.

charge at pH<7, a negative surface charge at pH>10, and a charge
of zero in the range of 7<pH<10.

This indicates that the zero charge of the adsorbent in the range
of 7<pH<10 is caused by the intrinsic surface characterization of
the adsorbent to enable it to compensate for the fluctuation in exter-
nal charges.

Fig. 11 presents the amount of phosphate that was adsorbed
under various pH conditions. As shown in Fig. 11, the maximum
and minimum amounts that were adsorbed were experimentally
found to be 173.40 mg/g at pH 5.0 and 28.80 mg/g at pH 13.0.
This result indicates that the maximum amount adsorbed at pH
5.0 was six times higher compared with that at pH 13.0. Thus, ad-
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Fig. 11. Phosphate adsorption characteristics of the 2-L ferrihydrite
adsorbent according to the pH levels.

Table 6. Efficiency of desorption of phosphate ions from the 2-L

ferrihydrite adsorbent

1 Maximum desorption Desorbed conc.  Desorption
P conc. (mg/L) (mg/L) efficiency (%)
11.0 173.40 52.20 69.89
11.5 173.40 48.37 72.10
12.0 173.40 42.60 75.43
12.5 173.40 38.90 77.57
13.0 173.40 28.80 83.39

justment of the pH of the solution containing the 2-L ferrihydrite
adsorbent with the adsorbed phosphate from pH 5.0 to pH 13.0
lowered the amount of adsorbed phosphate from 173.40 mg/g to
28.80 mg/g.

The desorption efficiency was lowered from 69.89% at pH 11.0
to 83.39% at pH 13.0 owing to the rapid decrease in the adsorption
ability resulting from the increase in the pH under strongly alka-
line conditions, as shown in Table 6. This means that the adsor-
bent could be regenerated to 83.39% of virgin adsorbent at pH
13.0.

Under acidic conditions, the amount of phosphate adsorbed to
the charged surface of the adsorbent increases as the pH decreases.
Accordingly; the negative phosphate ion is easily adsorbed onto the
surface of the adsorbent.

On the other hand, the negative surface charge of the adsorbent
was decreased by increasing the pH in the alkaline range. As a result,
the negative phosphate adsorbate could easily be desorbed from
the negatively charged adsorbent. However, the maximal adsorp-
tion behavior of the 2-L ferrihydrite adsorbent towards phosphate
occurred at pH 3 to 5, whereas the adsorbed amount decreased at
pH levels below 3. The maximal adsorption force in the range pH
3 to 5 means that the water molecules included in the adsorbent
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were entirely replaced by H;O" ions of the acidic electrolyte and
the positive surface charge of the adsorbent attained the maximal
value.

Conversely, the adsorption force rapidly weakened below pH 3.
Commonly, phosphate ions dissolve in the form of HPO?, H,PO;
,and PO;~ in aqueous solution. The predominant species of phos-
phate that form at a given pH level are as follows: PO; ion at
pH>122, HPO;™ ion at 7.2<pH<12.2, H,PO; ion at 2.1<pH<7.2
and H;PO, at pH<2.1. These forms of phosphate indicate that the
phosphate ion exists as H;PO, at pH<2.1 [52]. Accordingly, the
rapid decrease in the amount of adsorption at pH<3 in this exper-
iment is caused by the formation of stable H;PO, and the anionic
effect of an excessively acidic electrolyte. As a result, the adsorp-
tion force rapidly and adversely weakens under strongly acidic con-
ditions below pH 3.

Meanwhile, under strongly alkaline conditions above pH 10, the
adsorption force weakens as the pH increases. This is caused by
the increasingly negative surface charge of the adsorbent as calcu-
lated with the partial charge model in Tables 4 and 5. The overall
conclusion is that the optimal pH conditions for maximum adsorp-
tion exist in the range of 3<pH<5.

To determine the pH level that enables the maximum amount
of adsorption in the acidic range, we compared the results of the
partial charge model with the experimental data shown in Fig. 11.
Under alkaline conditions, the adsorption ability gradually decreased
from pH 11 to 13, and the minimal adsorption capacity appeared
at pH 13. This means that the phosphate is desorbed because the
limited adsorption amount decreases as a consequence of the increas-
ingly negative surface charge of the adsorbent.

CONCLUSIONS

The chemical adsorption behavior of the adsorbate (phosphate)
on the adsorbent (2-L ferrihydrite) was predicted by calculating the
surface charge of the adsorbent by using the partial charge model
and by varying the pH level in the range pH 1-13.

The crystal structure of the 2-L ferrihydrite was considered to be
an exclusively octahedral model and a combined tetrahedral (20%)
and octahedral (80%) model. For the exclusively octahedral model,
the surface charges calculated by the partial charge model indi-
cated that the {OH) of the surface reached a maximal value of
+0.060 in the acidic state, a value of —0.088 in the neutral state, and
a minimal value of —0.347 in the strongly alkaline state. For the
combined model comprising 20% tetrahedra and 80% octahedra,
the maximal value of {OH) was +0.056 in the acidic state, with
values of —0.087 and —0.332 under neutral and strongly alkaline con-
ditions, respectively.

Irrespective of the structural model used in the calculation, these
surface charges enabled an effective interpretation of the adsorp-
tion and desorption phenomena of the anionic phosphate ion on
the 2-L ferrihydrite adsorbent.

The surface charge of the adsorbent could be adjusted to become
positive or negative by varying the pH of the solution. In an acidic
solution of which the pH is less than 6, the negative phosphate ion
is readily adsorbed because the {OH) of the adsorbent has a posi-
tive value. In contrast, under alkaline conditions above pH 10, the
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adsorption force rapidly weakened, and the adsorbed phosphate
ion was readily desorbed from the adsorbent because JOH) has a
negative value under these conditions. This result of the partial
charge model was also well consistent with the results of the adsorp-
tion experiment.

In conclusion, our study shows that the phenomena of chemical
adsorption and desorption of an adsorbate on an adsorbent under
various pH conditions can be theoretically predicted by using the
partial charge model to calculate the surface charge value.
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NOMENCLATURE AND UNITS
k  :aconstant that depends on the electronegativity scale

pi  :the stoichiometry of the ith atom in the compound
Z  :the total charge of the ionic species

Greek Letters

0, :partial charge of an atom

X :electronegativity of an atom

X :electronegativity of a neutral atom
Zas :mean electronegativity

1 :hardness
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