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ABSTRACT

In the present study, hydroxyapatite powders were prepared by modified precipitation
method and characterized by XRD, FT-IR and N, adsorption-desorption techniques. The pre-
pared nonporous particles were organized to agglomerate with mesoporous structure and
consisted of low crystallinity Ca-deficient hydroxyapatite and in amorphous phase. The com-
mercial direct yellow 27 was selected as a model dye in order to examine the adsorption
capacity of hydroxyapatite at room temperature. The adsorption isotherms are transformed
from L-type to S-type curve, in Giles classification, by increasing the pH values. Equilibrium
data fitted very well to the Langmuir model, signifying the energetic homogeneity of
hydroxyapatite surface adsorption sites. The dye sorption kinetics was fairly described by

the pseudo-first-order kinetic model.
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1. Introduction

Modern society cannot ignore the grandness of
dyes in everyday needs in an aesthetic point of view.
Dyes are applied to numerous substrates, e.g. textiles,
leather, cosmetics, plastics, paper, carpet etc., in order
to bring colour into our lives. One of the main dye
characteristics is that they must get completely or at
least partially soluble in their containing substance
and produce considerable amount of coloured waste
water [1]. But certain kind of dyes can be toxic, carcin-
ogenic or mutagenic and can pose a hazard to human
health [2]. The nature of pollution that accompanies
different textile- and dyeing-based industries is pri-
marily due to the non-biodegradable nature of dyes
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along with strong presence of toxic trace metals, acid
or alkali carcinogenic aromatic amines traceable in the
effluents. The presence of these pollutants in aquatic
systems reduces light penetration, which causes more
slow photosynthetic activity and also has a tendency
to chelate metal ions producing microtoxicity to fish
and other organisms [3].

The removal of dyes before the effluents are dis-
charged into water is of great importance and has
always been a major problem due to the difficulty of
treating such wastewaters by conventional methods
[4]. Biological procedures, which are widely utilized
in the dye removal, are very inefficient because of the
low biodegradability of dyes [5]. To decontaminate
dye-polluted wastewater, a variety of methods such as
coagulation, chemical oxidation and reduction, photo-
catalysis, adsorption, ion pair extraction and electro-



K. Mahmud et al. | Desalination and Water Treatment 41 (2012) 170-178 171

chemical techniques have been examined [6]. Adsorp-
tion techniques have been widely applied to the treat-
ment of industrial wastewater containing dyes, heavy
metals and other inorganic and organic impurities [4].
In some cases, it is possible to recover the adsorbed
dye through desorption processes and reuse the large
amounts of water employed by textile industries [7].
Activated carbon is widely used for the adsorption
process due to its high adsorption capacity. However,
its high cost sometimes tends to limit its use. Conse-
quently, a number of low-cost adsorbents such as:
peat [4], barro branco lutite [7], bottom ash [8], acti-
vated rice husks [9], red mud [10], carbon slurry
[11,12], cyclodextrin-based material [13] activated slag
[14], wheat husk [15,16] and used tea leaves [17] are
being studied.

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is an impor-
tant inorganic material in biology and chemistry
[18,19]. Since many years, calcium phosphate materials
were suitably used for a number of biomedical applica-
tions, e.g. artificial bone and teeth, as well as a carrier
for drug delivery [20,21]. However, in the recent years,
there has been an increasing interest for calcium phos-
phate materials as an adsorbent due to their ionic
exchange property, adsorption affinity, characteristic to
establish bonds with organic molecules, water insolu-
bility, high stability under reducing and oxidizing con-
ditions, availability and low cost [22,23]. There are
many reports on HA usage to stabilize a variety of
metals, such as Co, Pb, Cu, Zn, Cd, Sb, Cr [22-28]. The
fluoride adsorption potential of novel nano-hydroxyap-
atite/chitin composite was also studied [29].

Moreover, recent reports suggest that HA surfaces
show a good affinity for organic pollutants [30,31].
The ion exchange properties, adsorption affinity of the
calcium phosphate materials as well as their character-
istic to establish bonds with organic molecules of dif-
ferent sizes have made these materials to attract more
attention during the last two decades. Despite its low
specific surface area, they may be used as an efficient
sorbent material for specific organic pollutants. Lin
et al. [32] showed that the HA nanopowders exhibited
good adsorption ability to phenol. Bouyarmane et al.
[33] found strong interaction arising between pyridine
and apatite surface, with comparable efficiency and
lower processing costs than some activated carbons.
The adsorption of methylene blue, basic yellow 28,
reactive yellow 125 and disperse blue SBL textile dyes
on apatite materials was also studied [34,35].

However, the influence of the HA morphology on
dye adsorption has not yet been investigated. It is
well known that mesoporous materials are highly
desirable as they exhibit large specific surface area
and suitable pore size.

Direct yellow 27 which is depicted in Fig. 1 is an
anionic organic azo dye which can be found in many
industrial wastes in aqueous environments. The inter-
actions between the dye and the HA surface are of
great importance. They may be attributed to the capa-
bility of HA to form a positively charged surface in
slight acidic pHs. Therefore, the objective of this study
is to investigate the removal of direct yellow 27 dye,
from aqueous solution under different conditions,
using HA as the “removing agent”.

2. Materials and methods
2.1. Chemicals

All experiments were performed with analytical
reagent grade chemicals and solvents. The reagents
that have been used for the synthesis of adsorbent
were CaCl,-2H,O (Fluka, Assay [KT] 99%), Ca
(HoPOy)-HO  (Riedel-de Haén, Assay 88%) and
Ammonia solution 25% (Riedel-de Haén) as pH con-
troller. Direct yellow 27 [CpsHyN4NayOoS;, Sigma-
Aldrich. Apn.x=398nm] was used as the dye tested for
adsorption. The structure of direct yellow 27 is illus-
trated in Fig. 1. All solutions were prepared using dis-
tilled water from a borosilicate auto still (Jencons
Ltd.).

2.2. Synthesis and characterization of HA

The apparatus used is described properly in our
previous works [36]. A supersaturated solution was
prepared by dissolving 0.0538mol Ca(H;PO,),-H,O
and 0.1254 mol CaCl,, with a Ca/P molar ratio of 1.67
(HA stoichiometry), into 800 mL of distilled water and
then was transferred into the reactor vessel and was
heated at 97 +1°C using an airflow rate of 15L/h for
30min. The rotation speed of the high speed dis-
persed equipment was adjusted at 5,000 rpm, and then
18 mL of concentrated NH,OH solution 25% w/w)
was added slowly (3min). The pH of the solution
increased from 3.8 to 8.8 and white slurry was pro-
duced. The produced slurry was aged over night at
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Fig. 1. Chemical structure of direct yellow 27.
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room temperature, filtrated, washed using distilled
water and dried at 90°C for 6 h.

The identification of the crystal phases in the
obtained products was carried out by the X-ray dif-
fraction (XRD) technique, using a Briiker P8 Advance
apparatus, with a 20 range of 20-50° in steps of 0.02°
and the identification of the patterns was made using
the powder diffraction files (PDF). FT-IR was per-
formed using a spectrophotometer (Model Spectrum
RX I FT-IR, Perkin-Elmer). KBr disk technique was
used with 2mg of powder in 200 mg of spectroscopic-
grade KBr (Merck). Infrared spectra were recorded in
the 4,000-400 cm ™! region.

The textural analysis of the solids was examined
by N, adsorption-desorption porosimetry which also
provides the pore size distribution, using Fisons
Instruments Sorptomatic 1900. Before N, adsorption-
desorption measurement, the sample was degassed at
150°C and in vacuum of 10-30 Torr for 6 h.

2.3. Adsorption experiments

An exact weighed quantity of dye was taken in a
500mL flask and it was filled with double distilled
water in order to make a stock solution of 500mg/L
(500 ppm). The stock solution was stored in a dark place
at room temperature. All batch adsorption experiments
were performed at room temperature and for this pur-
pose 0.2 g of HA adsorbent (0.025- 0.300 g) was placed
in a 50mL polypropylene centrifuge tube containing
25.0mL of dye solution (20-60mg/L) at pH ranging
from 3.5 to 11.5. Then, the tubes were shaken in a rotary
orbital shaker (rotator drive STR4, UK) at 60 rpm for 3 h
in order to reach equilibrium concentration. At the end
of the shaking, the samples were centrifuged at
4,200rpm for 5min and the dye concentration of the
supernatant was determined using a UV-visible spec-
trophotometer (Jasco, V-530, Japan).

The percentage of dye removal as well as the
adsorbed amount was calculated by the following
equations:

(CO - Ce)

Removal % = 100 x
Co

(1)

Removal capacity (g.) = w 2)

Where, g, is the amount of dye taken up by the
adsorbent (mg/g); Co, the initial dye concentration
(mg/L); C,, the equilibrium concentration (mg/L); m,
the adsorbent mass (g); and V, the volume (L) of the
adsorption solution.

3. Results and discussion
3.1. Characterization of the HA

Fig. 2 shows the XRD pattern of HA powder. The
sample has been first indexed with X-Cell algorithm
[37] and refined afterwards with Pawley fitting in
order to find the best approximation for the unit cell
parameters. Background has been subtracted using a
20 points polynomial function and a smoothing func-
tion has been applied using Savitsky—Golay filter. The
XRD pattern indicates both crystalline and amorphous
HA phases. The sample yielded broad and overlapping
reflections, indicating its low crystallinity. There is no
other extraneous peak detected in XRD pattern, which
indicates that the crystalline phase is single-phase HA.
Peaks at 25.90° and 32.92° are assigned as major peaks
of HA due to (002) and (300) planes [PDF 73-1731].
The lattice parameters were calculated using the X-Cell
algorithm software. The calculated values are
a=9.427 A, c=6930A and volume=529.390 A>. These
values are slightly different from the standard data of
HA [PDF 73-1731], where a=9.400A, c=6.930 A and
volume =530.30 A°. The difference of a-axis is due to
the partial replaceent of PO, group by the acid phos-
phate group. According to LeGeros and LeGeros [38],
the presence of acid phosphate group results in an
increase in a- and b-axis, but on the contrary has no
effect on the c-axis.

Fourier transform infrared spectroscopy (FT-IR)
was used to characterize the synthesized HA. Fig. 3
shows the FT-IR absorption spectra of HA powder.
According to the standard IR transmission spectra,
peaks observed at 3,576 and 633 cm ™! are assigned to
OH bands. Peaks around 472, 563, 960, 1,040 and
1,106cm™" can be attributed to phosphate groups
(POy), and the peak at 873cm ™' is assigned to P-O-H

Intensity (a.u.)

20 30 40 50
2-Theta (degree)

Fig. 2. XRD pattern of HA.
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Fig. 3. FT-IR spectrum of HA.

bond. The presence of P-O-H bond indicates the Ca
deficiency of the produced HA. The latter is in accor-
dance with the XRD results.

The N, adsorption-desorption isotherms are shown
in Fig. 4. The initial part of the adsorption isotherm
(P/Py<0.2) corresponds to monolayer adsorption that
indicates a nonporous solid, according to the typical
type II isotherm (IUPAC) [39]. The hysteresis loops, in
the (P/Py) range between 0.2 and 1.0, are similar to type
H; (IUPAC), which indicates the appearance of mesop-
ores due to the interspaces between the particles in the
aggregates. A specific surface area of 53 m?”/g was cal-
culated according to the BET method [40].

3.2. Effect of dye solution pH

The pH is an important factor in the adsorption
study, because it can influence both the structure of
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Fig. 4. N, adsorption—desorption isotherm of HA.

adsorbent, as well as the mechanism of adsorption.
Both adsorbate and adsorbent may have functional
groups, which are affected by the concentration of
hydrogen (H*) and hydroxyl ions (OH™) in the solu-
tion. These ions are involved in the molecular adsorp-
tion process at the active sites of the adsorbent and are
strongly dependent on the process of their treatments.

The percentage of dye adsorption was studied in a
pH range between 3.5 and 11.5 and the results are
shown in Fig. 5. The maximum adsorption is observed
at pH 3.5. When, the solution pH increases from 3.5 to
6.5, the percentage of adsorption decreases slowly.
Further increase of pH from 6.5 until 11.5, the adsorp-
tion of the dye decreases rapidly. According to Vuci-
nic et al. [41], the sites that may form on the HA
surface, depending on the conditions are positive
(=Ca*, =HPO,Ca*, =CaOH;, =OHj, etc.), neutral
(=CaOH, =PO4Ca, etc.) and negative (EPOE’, =HPO,,
etc.). The same authors have concluded that in the pH
range between 5.0 and 11.0 and especially in the alka-
line range, HA particles have a negative zeta potential
proving the adsorption of OH™ and HPO; ions. The
latter comes from the dissolution process of HA sur-
face thus new surface centers are formed
(=HPO,CaOH, =HPO,CaHPO, etc.).

The variations of (-potential before and after
adsorption of direct yellow 27 are shown in Fig. 6.
The {-potential in all cases was negative. The value of
{-potential of HA in the absence of dye at the pH
range between 3.5 and 5.5 was about —20. In the same
pH range, the negative value of the (-potential of HA
after adsorption of the dye increased dramatically. At
the pH range between 6.5 and 7.5, the (-potential of
HA with and without dye was increased up to about
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Fig. 5. Effect of pH on the removal of direct yellow 27 by
HA (solution concentration: 40 mg/L, time: 180 min).
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—35 as the pH increases. At high alkaline pH, the (-
potential values remain around —38 in both cases.

Direct yellow 27 is an anionic dye chemically com-
posed of sulfonated organic azo compounds which
give sodium salts of sulfonic acids in aqueous solu-
tions [42]. At lower pH, the main form of the dye is
neutral in aqueous solution, thereby increasing the
adsorption amount. On the contrary, by increasing the
pH, the neutral form of dye changes into the negative
ionic form and create inter-ionic repulsion between
HA and dye as similarly charged particles. Thus, the
extent of dye adsorption on the HA surface at basic
pH is low. Similar behaviour has been observed for
the adsorption of BSA protein [43] and Disperse Blue
SBL [34] on HA and for reactive yellow 125 on natural
phosphate [35].

3.3. Kinetic study

The most commonly used pseudo-first-order and
pseudo-second-order models were employed to study
the solid-liquid adsorption interactions. The first-order
rate expression of Lagergren based on solid capacity
[44] is generally expressed as follows in Eq. (3):

t
log(qe — 1) = log(qe) — 552 (3)

Whereas g, and g; (both in mg/g) are the amounts of
dye adsorbed at equilibrium and at any time ¢, respec-
tively, and k; (min') is the adsorption rate constant.
The values of k; were calculated from the slopes of
the respective linear plots of log(ge —g:) vs. t. The
intercept of the plot should be equal to logge.

-15
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Fig. 6. Effect of pH on HA (-potential before and after the
adsorption of direct yellow 27 (solution concentration:
40mg/L, time: 180 min).

A pseudo-second-order model proposed by Ho
and McKay [45] was used to explain the sorption
kinetics. This model is based on the assumption that
the adsorption follows second-order chemi-sorption.
The pseudo-second-order model can be expressed as
Eq. (4):

t 1 1
TR AN <4>

Whereas k, (g/mgmin ') is the rate constant of
pseudo-second-order adsorption. The plot of t/g vs. t
should give a linear relationship from which the con-
stants g, and k, can be determined.

The linear plot of pseudo-first- and second-order
adsorption for an adsorbent amount of 0.2 g, distilled
water pH and solution concentration of 20 and
40mg/L are shown in Figs. 7 and 8, respectively. The
rate constants, the calculated amounts of dye
adsorbed at equilibrium, and the correlation coeffi-
cient are summarized in Table 1. The table shows that
the correlation coefficient for both kinetic models is
nearly equal to 1, however, the calculated values of g,
are better comparable to the experimental ones for the
first-order model. Therefore, this section suggested
that the pseudo-first-order model was the best choice
to describe the adsorption behaviour of direct yellow
27 on HA particles.

3.4. Intra-particle diffusion rate constant

The rate constant for intra-particle diffusion of dye
was obtained using Weber-Morris equation given as
follows [46],

0.5

0.0 4

log(q.-q,)

-0.5

-1.0 . . . . . . . .
0 30 60 90 120
Time (min)

Fig. 7. First-order kinetics model of adsorption process
(solution concentration: 20 and 40mg/L, distilled water
pH).
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Fig. 8. Second-order kinetics model of adsorption process
(solution concentration: 20 and 40mg/L, distilled water
pH).

Table 1
Kinetic constants for direct yellow 27 adsorption on HA
Pseudo- Pseudo-
first- second-
order order
Concentration, 20 40 20 40
mg/L
k 0.023 0.018 0.0048 0.0022
ge (calculated) 2.50 4.42 2.92 6.04
de (experimental)  2.01 422 2.01 422
R? 0.9914 0.9917  0.9803 0.9930
g=Kt+C (5)

Whereas g is the amount of direct yellow 27
adsorbed in mg/g of adsorbent, k; is the intra-particle
diffusion rate constant, and t is the agitation time in
minutes. In order to determine the intra-particle diffu-
sion rate constant in the adsorption process, the
adsorbed amount of direct yellow 274 at anytime ¢t
was plotted as a function of square root of time (t'/?).
The values of k, calculated from the slopes of the
respective linear and the intercept of the plot should
be equal to constant C. During the stirring, the
adsorption of direct yellow 27 species takes place by
adsorption at the outer surface of HA as well as there
is a possibility of transport from the bulk into inter-
spaces between the particles in the aggregates. The
rate-limiting step may be either adsorption or intra-
particle diffusion. The results obtained are presented
in Table 2 and graphically shown in Fig. 9 for dye
concentrations of 20 and 40mg/L. It is evident from
the graph that, the results were fitted by straight lines

Table 2

Intra-particle diffusion rate constants obtained from
Weber-Morris equation for different initial concentrations
of direct yellow 27

Rate of pore C R?
diffusion (k)

Initial concentration

20mg/L 0.162 0.021 0.934
40mg/L 0.333 0.004 0.965
5

q(mg.g”)

t112

Fig. 9. Linear plot of Weber—Morris equation of direct
yellow 27 removal by HA (solution concentration: 20 and
40mg/L, distilled water pH).

with not very high values of the R?, as well as, the y-
intercept of the plots did not passing through the ori-
gin, thus indicating that intra-particle diffusion is not
the sole rate-limiting mechanism for the adsorption of
direct yellow 27 onto HA. In the present study, the
intra-particle diffusion may be regarded as “concentra-
tion diffusion” because the values of k, increase with
the increase in direct yellow 27 concentration [47].

3.5. Adsorption isotherms

The adsorption equilibrium isotherm is an impor-
tant factor for describing the way in which the adsor-
bate molecules can distribute between the liquid and
the solid phases when the adsorption process reaches
an equilibrium state. The amounts of adsorbed quanti-
ties of direct yellow 27 at the equilibrium (g.) versus
equilibrium dye concentration (C.) for different pHs
are drawn in Fig. 10. The adsorption isotherms for the
pH values of 3.5, 4.5 and 5.5 are type L while for 6.5,
9.5 and 11.5 pH values are type S in Giles classifica-
tion [48,49]. A type L curve may represent flatwise
adsorbate orientation, while a type S one is usually
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Fig. 10. Adsorption isotherm of direct yellow 27 onto HA.
The initial pH values are indicated (solution concentration:
20, 30, 40, 50 and 60mg/L, time 180 min).

taken to mean an end-on orientation. The S curve is
generally the result of “cooperative adsorption”, with
solute molecules tending to be adsorbed packed in
rows or clusters [50]. Type S isotherm appears when
the binding energy of the first layer is lower than the
binding energy between water molecules. In the acidic
range of pH, the HA surface became positive and the
two negative sulfonic groups of direct yellow 27 mole-
cule are attached on the surface giving a flatwise ori-
entation. Besides, in the same pH range, the
protonated HA surface led to donor-acceptor interac-
tions between the aromatic rings [51,32], enhancing
the flatwise orientation. The increase of pH leads to
the increasing of negative sites and therefore to the
repulsion of sulfonic group from the HA surface, con-
sequently, low adsorption affinity is observed. In the
alkaline pH range, the -P-O~ moieties on the HA sur-
face and hydroxyl groups of direct yellow 27 molecule
may interact via hydrogen bonding. In this case, we
suggest an orientation of the adsorbed in which the
molecules are stacked edge-on to the HA surface, with
their main planes inclined at a low angle thereto, thus
this arrangement permits cooperative adsorption [49].
The type S isotherm was also observed for the adsorp-
tion of reactive yellow 125 onto HA surface [35].

A theoretical approach [49] of the adsorption iso-
therms shows that we can move from an L-type to an
S-type curve either by increasing Egojute OF by increas-
ing Esolvent: Where Eqoute and Egovent are the energy
which the molecules of solute and solvent require
before they lift off from the adsorbent surface and dif-
fuse away into the solution. Assuming that the value
of Esolvent is independent of pH, we suggest that the
Ecolute is increased by increasing the pH.

Several equations are available in order to treat the
isotherm adsorption results. Langmuir [52] and Fre-
undlich [53] models are commonly used to describe
the adsorption isotherm, and their constants afford
significant parameters for predicting adsorption capac-
ities.

The Langmuir equation is suitable to describe the
adsorptive behaviour of homogeneous surfaces fol-
lowing the hypotheses: uniformly energetic adsorption
sites, monolayer surface coverage and no interaction
between adsorbed molecules.

Whereas, the Freundlich isotherm model assumes
the heterogeneity of the surface, that is, the adsorption
occurs at sites with different energies of adsorption.
The energy of adsorption varies as a function of the
surface coverage.

All the adsorption isotherms were constructed for
used HA using the linearized Freundlich (Eq. (6)) and
Langmuir (Eq. (7)) isotherm equations by plotting log
(ge) vs. log(Ce) and 1/g, vs. 1/C,, respectively.

1
logg. = log(Kr) + p log(C.) (6)

1 1 \1 1

e (Kaqm) C " am ?
where, g. is the adsorbed amount (mg/ gfl), C. is
equilibrium concentration (mg/L), K is the Freund-
lich coefficient that represents the degree (strength) of
adsorption. 1/n is an exponential coefficient that
reflects the curvature in the isotherm. g, (mg/g) is
the maximum adsorption capacity of the adsorbent;
K, is the Langmuir’s constant.

A list of the obtained parameters together with R*
values is provided in Table 3. As seen, the equilibrium
data are accommodated well by the Langmuir model
(Fig. 11), with higher coefficient determination than
the Freundlich model (Fig. 12). Such coefficient indi-
cates that the monolayer coverage of the adsorbate
(dye) is formed at the outer surface of the adsorbent
(HA) with maximum adsorption capacity of 89.29 mg/
g. The Freundlich model was able to describe sorption

Table 3
The adsorption parameters of Freundlich and Langmuir
models

Freundlich Langmuir
Kg 1/n R? Im (mg/g) K, (mg ') R?
0.622 0.578 0.992 89.286 0.009 0.995
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Fig. 11. Linear fit of experimental data obtained using
Langmuir isotherm model.
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Fig. 12. Linear fit of experimental data obtained using
Freundlich isotherm model.

isotherms for phenol using natural and synthetic apa-
tites [33].

4. Conclusion

The phosphate materials prepared by modified pre-
cipitation method were composite of low crystallinity
Ca-deficient HA and in amorphous phase. The
observed particles were nonporous and spheroid in
shape, which were organized to agglomerate as a
mesoporous structure. The specific surface area was
53m?/g.

The adsorption decreases slowly as the solution
pH increases up to 6.5. With further increase in pH,
the adsorption decreases rapidly, due to change of
neutral form of dye in negative ionic one, creating
inter-ionic repulsion between negative HA particles.

The linear plot of Weber-Morris equation indi-
cated that intra-particle diffusion is not the main
rate-limiting mechanism. The overall process of direct
yellow 27 adsorption on HA particles is best fitted by
the pseudo-first-order model.

The Langmuir equation is suitable to describe the
adsorptive behaviour, revealing the homogeneity of
the HA surface with uniformly energetic adsorption
sites, and monolayer surface coverage. The adsorption
isotherms are moved from an L-type to an S-type
curve, in Giles classification, by increasing the pH val-
ues, indicating that the adsorption from a flatwise
adsorbate orientation, in acidic pH range, is converted
to an edge-on one, in alkaline pH range.

The utilization of HA as an adsorbent for the
removal of direct yellow 27 dye is proposed to be an
economical dye-removal technique due to its low pro-
duction cost.
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