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ABSTRACT

Four nano-hematite adsorbents (a-Fe,O,:Fe-P-T, Fe-W-3w, Fe-W-3d, Fe-A-3) were prepared via
precipitation and/or dispersion—precipitation methods. The prepared adsorbents were characterized
by X-ray diffraction, Fourier transforms infrared, high-resolution transmission electron microscopy
and specific surface area analysis. These newly prepared adsorbents were applied for the removal of
Remazol Red (RB-133) dye from aqueous solutions. Fe-W-3w adsorbent showed superior dye removal
efficiency (100%), which may be attributed to its small crystal size and high surface area. Pseudo-
second order and Langmuir equations describe perfectly the adsorption kinetics and isotherms for the
investigated system. The factors affecting Remazol Red (RB-133) adsorption mechanism are discussed.
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1. Introduction

It is well-known that iron oxide naturally exists in three
forms: magnetite (Fe,0O,), maghemite (y-Fe,O,) and hematite
(a-Fe,O,) [1]. Hematite is the most stable phase, inexpensive
and non-hazardous. Besides these environmental proper-
ties, hematite has useful magnetic properties [2]. Hematite
has been used broadly in many fields such as environmental
protection, Li-ion batteries, water splitting, catalysis and bio-
medical applications [2]. Furthermore, nano-iron oxide is a
promising material for wastewater treatment because of its
high surface area and paramagnetic properties [3]. There are
many methods applied in the field of removal of dyes and
heavy metals such as physico-chemical, coagulation—floccu-
lation, biological, membrane and adsorption processes. In
general, the adsorption process is the fastest, simplest, cheap-
est and most effective technique adopted widely in wastewa-
ter treatment [4-8]. Dyes adsorption is an effective process
to produce high-quality water via water treatment [9,10].
Synthetic dyes are one of the most important pollutants in
the environment which negatively affects the human and
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aqueous life. Remazol Red (RB-133) is a synthetic dye that
is widely used because of its large size and high affinity to
bind with cellulosic fiber [11]. It is known that this dye is less
reactive than other dyes, therefore, part of this dye remains in
dyeing bath or drained off as industrial effluents [12,13]. So,
it is very important to apply active adsorbents for removing
this carcinogenic dye. In previous studies, adsorbents such
as MgO, MgO/FeZOy commercial charcoal, activated sawdust
and CeO,-Fe,0,-Al,0, were used for Remazol Red removal
[12,14-16]. Up to our knowledge, hematite as an adsorbent
for this dye is not used for this purpose till now. Even we
thought it may be a promising adsorbent for Remazole red
removal [2,17,18].

Nano-iron oxide can be prepared by different techniques,
such as precipitation, sonochemical [19], hydrothermal [20],
sol-gel [21] and hydrolysis [22]. The precipitation method is
considered a facile method that allows preparing metal oxide,
but with a difficulty in controlling the particle size products
[23,24]. Dispersion—precipitation technique was used to
prevent particle agglomeration during the preparation. In this
method, the addition of acetic acid to metal hydroxide solution
can break the bulk hydroxide particles into small ones forming
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colloidal dispersions. Thence the addition of the precipitating
agent leads to the desired nanosized product [25,26].

This investigation aims to synthesize and analyze the
properties and morphologies of the prepared nanosized
iron oxide (hematite) via a facile environmental dispersion—
precipitation method. Furthermore, the ability to use these
nanoparticles to adsorb the carcinogenic textile pollutant
dye, Remazol Red (RB-133) (its structure shown in Fig. 1), is
also investigated. The effects of different parameters such as
preparation conditions, solution reaction temperature, pH,
initial concentrations and contact time are examined in batch
mode. Also, the adsorption kinetics, isotherms, thermody-
namic parameters and reusing are studied.

2. Experimental
2.1. Materials

Iron nitrate nonahydrate, ammonium hydroxide (28
vol.%), acetone, glacial acetic acid, Remazol red (RB-133),
sodium hydroxide and hydrochloric acid were purchased
from Sinopharm Chemical Reagent Company Limited.
All reagents were of analytical grade and used as received.
Distilled water was used in all preparations.

2.2. Synthesis of nanosized iron oxide

Nano-iron oxide was prepared by various techniques and
the samples were nominated as follows: (i) Fe-P-3, this sam-
ple was prepared by traditional precipitation method from
ferric nitrate solution using 1 M NH,OH solution at pH =8,
temperature 80°C and stirring for 2 h. Then, the carefully
washed precipitate was dried at 110°C till constant weight,
finally calcined in a muffle furnace at 300°C for 3 h. (ii) The
samples prepared by the previous traditional precipitation
method and calcined at 400°C and 500°C were nominated
as Fe-P-4 and Fe-P-5, respectively. (iii) Fe-W-3w, colloidal
dispersion of hydrous ferric oxide was prepared through a
method reported recently called dispersion—precipitation
method [25,27,28]. A certain amount of iron nitrate nonahy-
drate was dissolved in ultrapure water, then 1 M ammonium
hydroxide was added slowly to the solution with continuous
stirring to form hydroxide slurry at pH = 8 and temperature
80°C. The hydroxide precipitate was washed and collected.
After that, directly 12.2 mL of glacial acetic acid was added
to the wet hydroxide precipitate. The resulting slurry was
stirred for 2 h until a colloidal dispersion of hydrous ferric
oxide was formed. 100 mL of bidistilled water was added
to the above colloidal solution and precipitation occurred
immediately. The obtained hydroxide was dried at 110°C till
constant weight and calcined at 300°C for 3 h.

(iv) Fe-W-3d, after preparing a portion of hydroxide as
shown in technique (iii), the obtained iron hydroxide was not
initially treated with glacial acetic acid collected by centrif-
ugation and left overnight then heated at 110°C till constant
weight, then the dispersion process was applied by using
12.2 mL glacial acetic acid with stirring, and the obtained
colloidal solution was precipitated with 100 mL bidistilled
water. The obtained precipitate was collected; dried at 110°C
till constant weight and calcined at 300°C for 3 h.

In dispersion—precipitation method, water was replaced
by acetone for comparison as follows: (v) Fe-A-3, in this
sample the dispersion—precipitation process was applied as
shown in technique (iii) but instead of water as precipitating
agent, 100 mL of acetone was used. The obtained hydroxide
was collected by centrifugation and dried at 110°C followed
by calcination at 300°C for 3 h.

2.3. Techniques

A Bruker diffractometer (Bruker D 8 advance target)
in Metal Research and Development Center, Cairo, Egypt
was used to determine the X-ray diffractograms of the
as-prepared solids. The patterns were run at 40 kV and
40 mA with second monochromator CuKea (A = 1.5405 A).
The scanning rate was 8° and 0.8° in 20 min™ for phase iden-
tification and line broadening profile analysis, respectively.
The crystallite sizes of the phases present in the prepared
samples were determined using the Scherrer equation [29]:

d:ﬁcose (1)

1/2

where d is the mean crystalline diameter, A is the X-ray wave-
length, Kis the Scherrer constant (0.89), 8, , is the full width at
half maximum of the main diffraction peaks of the crystalline
phase present and 0 is the diffraction angle.

Fourier transforms infrared (FT-IR) spectra were carried
out using a Shimadzu Prestige-21spectrometer (Chemistry
Department, Faculty of Education, Ain Shams University,
Egypt) in the range 400—4,000 cm™, using KBr pellets and res-
olution of 4 cm™.

The prepared nano-iron oxide structure and surface mor-
phology in the prepared samples were examined using the
(HR-TEM) microanalysis system (JEM-2100CX [JEOL]).

The surface properties of the samples were evaluated
by physical adsorption of nitrogen gas at -196°C using a
Quantachrome NOVA 2000 automated gas-sorption appa-
ratus model (Petroleum Research Institute, Cairo, Egypt).
The samples were degassed at 200°C for 2 h before each
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Fig. 1. Remazol Red RB 133 dye molecular structure.
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sorption measurement. The specific surface area (S,.;) was
calculated by applying a Brunauer-Emmett-Teller (BET)
equation [30]. The pore size distribution was calculated using
the Barrett, Joyner, and Halenda (BJH) method [30].

2.4. Preparation of Remazol Red (RB-133) solution

A stock solution was prepared by dissolving an accu-
rately weighed quantity of the dye in bi-distilled water. The
stock solution was used to prepare solutions for adsorption
tests by successive dilutions to the desired concentrations.
The absorbance was determined by UV-vis spectroscopy.
The absorbance data for each experiment were converted
into concentrations for kinetic and equilibrium results as
reported in previous studies [14,15].

2.5. Kinetic adsorption studies

A series of Remazol Red (RB-133) solution removal
experiments using nano ferric oxide as adsorbent was car-
ried out. The effect of contact time was studied to determine
the time taken by adsorbents to reach equilibrium at pH =3
and 7 with initial dye concentrations fixed at 50 ppm, 50 mg
adsorbent dose and temperature 25°C. The dye concentration
was measured at different time intervals up to 3 h. The solu-
tion samples were centrifuged after finishing the adsorption
experiments, at 7,000 rpm for 15 min. Shimadzu UV/Vis1601
spectrophotometer in Chemistry department, Faculty of
Education, Ain Shams University, Egypt was used to mea-
sure the concentration of the residual dye at an appropriate
wavelength (A__ =520 nm). This data was used to calculate
the adsorption capacity of the adsorbent. A similar procedure
was applied as a blank for another set of solutions containing
the same dye concentration without adsorbent.

The aqueous samples were taken at present time inter-
vals, and the concentrations of dyes were similarly measured.
The adsorption amount at time ¢, g, (mg/g) is calculated by
[14,15] the following equation:

%4
q; _(Co _C’)W 2)

where C and C, (mg/L) are the concentrations of dye at begin-
ning and time f, respectively; V is the volume of the solution
(L); W is the mass of dry adsorbent used (g). Effect of dye
adsorption temperature was carried out for 3 h at (25°C, 35°C
and 45°C) at pH 7.0 using 50 mg adsorbent and initial dye
concentration equal 50 ppm.

2.6. Equilibrium adsorption studies

Langmuir and Freundlich isotherm models were
employed to investigate the adsorption process and to do
this, 100 mL of dye solutions with different initial dye con-
centrations (10-100 ppm) were prepared. Each dye solution
was shaken with (50 mg) of the adsorbent and the mixture
was then kept at (25°C + 0.1°C, and pH = 7) for 3 h to reach
equilibrium. The amount of adsorption at equilibrium time ¢,
q, (mg/g) is calculated by

14
qc:(ch-_cl)xix; (3)

where C; and C, (mg/L) are the concentrations of dye at
t =0 min and at equilibrium time, respectively; V is the vol-
ume of dye solution (L); W is the mass of dry adsorbent used
(50 mg).

2.7. Effect of pH

The pH of the dye solution is an important parameter that
affects the adsorption performance of dye molecules. In this
study, initial dye concentrations = 50 ppm in the pH range of
3-11 (using 0.1 M HCl and NaOH) were adjusted and mea-
sured by (pH meter OHAUS-STARTER 3000). Then 50 mg
of adsorbent was added for each solution and the solution
was shaken for 3 h (150 rpm at 25°C). Then, centrifugation of
the solution at 7,000 rpm for 15 min was applied. Finally, the
solutions were analyzed with UV/vis spectrophotometer and
the removal percentage of dye (R%) was calculated by Eq. (4):

%R =

COC_ €t 100 (4)

0

where C is the initial dye concentration and C, is the dye con-
centration at time (t).

2.8. Adsorbent reusing

To investigate the efficiency of the prepared samples and
how many times can be used as an adsorbent, the following
experiments were performed. The adsorbent samples were
used four times successfully and after each experiment, the
adsorbent was washed with NaOH solution (0.01 M) for 2 h
and then reused. This step was repeated before each reusing
experiment.

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns of
various Fe-prepared samples. It illustrates peaks at 20 val-
ues of 24.16°, 33.12°, 35.63°, 40.64°, 49.47°, 54.08° and 57.42°
attributed to Fe,O, (JCPDS Card Number of 33-0664), the
peaks can be attributed to the 012, 104, 110, 113, 024, 116 and
018 crystalline structures which confirm the hematite phase
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Fig. 2. XRD patterns of Fe,O, precipitations performed at differ-
ent conditions.
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Table 1
Effect of preparation condition and calcination temperature on
the crystallite size of precipitated Fe,O, system

Sample Calcination Crystal size
temperature (°C) (nm)
Fe-P-T 300 17.98
Fe-P-T 500 38.49
Fe-W-3w 300 3.00
Fe-W-3d 300 17.50
Fe-A-3 300 15.06

for Fe, O, [31]. The diffraction lines are broad and weak, sig-
nifying its low crystallinity and small particle size [32]. The
crystal size was estimated by Scherrer’s equation [33]. We
can conclude from the results obtained the following: (i) By
increasing calcination temperature of Fe,O, sample prepared
by traditional precipitation method from 300°C to 500°C, no
change in peaks location was observed but the peak intensity
and the crystal size increased as shown in Table 1. This result
suggests that the crystal’s growth is directly proportional to
the calcination temperature [34]. (ii) Also, It was clear that
the dispersion precipitation for sample Fe-W-3w resulted in
a decrease in the particle size comparing with normal pre-
cipitation method Fe-P-3 as shown in Table 1. This decrease
attained sixfold. It seems that the acetic acid addition to the
wet iron hydroxide and using water as precipitating agent
converted the bulk hydroxide to small particles, forming a
colloidal dispersion [26], which affected the crystalline struc-
ture of the calcined sample at 300°C. (iii) Applying disper-
sion precipitation process for dried iron hydroxide and using
water as precipitating agent for Fe-W-3d did not change the
particle size in comparison with traditional precipitation
Fe-P-3 as shown in Table 1. (iv) Also, it is clear from Fig. 2
and Table 1 that using water Fe-W-3w decreases the parti-
cle size more than acetone Fe-A-3. This result emphasizes
the effect of using water as a precipitating agent, which can
weaken the colloidal dispersions including hydrous iron
oxide forming precipitates of metal oxides with smaller par-
ticle sizes [25].

3.2. FT-IR

Infrared spectroscopy has been used to determine the
surface functional groups of synthetic Fe,O,. Fig. 3 demon-
strates the FTIR spectra of Fe,O,samples in the range of 400
4,000 cm™. The observed broadband at 3,420 cm™ assigned
to stretching vibrations of H,O molecules [35], but the band
at 1,633 cm™ is corresponding to the bending vibrations
of H,O molecules [36]. The IR spectrum shows two peaks
located at around 538, 440 cm™, which confirms the pres-
ence of Fe-O vibrations mode of hematite [37]. The other
small band at 1,380 cm™ was attributed to the Fe—O stretch-
ing vibration, which proved the growth of pure hematite
phase [38]. The presence of the a-Fe, O, (hematite) phase in
all prepared samples calcined at 300°C, detected by XRD
was confirmed by the IR bands. The small absorption bands
at about 2,923 cm™ could be due to the hydrocarbon impu-
rities [39].

Fe-A-3

u T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 3. FTIR spectra of different Fe,O, precipitations calcined at
300°C.

3.3. HR-TEM analysis

Fig. 4 illustrates the HR-TEM images of Fe,O, samples
prepared by precipitation Fe-P-3 and by dispersion—pre-
cipitation Fe-W-3w. It can be noticed that the particles of all
applied solids have uniform spherical shapes with agglomer-
ation, with average particle size 17.42 and 11.84 nm, respec-
tively. From these results, using the solvents dispersion
method decreases the agglomeration of particles which leads
to the formation of solids with small particle sizes.

3.4. Nitrogen adsorption—desorption analysis

Nitrogen adsorption—-desorption isotherms technique was
carried out to describe the porous structure and the BET sur-
face area of the prepared nano-iron oxide samples as shown
in Fig. 5a. The pore-size distributions of the investigated sol-
ids are shown in Fig. 5b. Table 2 includes the values of the
BET surface area, pore volume and pore diameter of the syn-
thesized solids. Inspecting Figs. 5a, b and Table 2, we noticed
that: (i) all isotherms are of Type IV with H3-type hysteresis
loops signified that all hematite samples are slit-shaped mes-
oporous [40,41]. (ii) Fig. 5b showed a narrow pore size distri-
bution with an average pore diameter located between 5.41
and 10.68 nm. (iii) Table 2 shows that the Fe,O, sample (Fe-
P-3) possesses S, value (43.38 m*/g), which decreases with
increasing the calcination temperature to 500°C. Increasing
the calcination temperature decreases both the surface area
and the pore volume values as a result of crystal growing and
particle aggregation [42]. (iv) Fe-samples prepared by the dis-
persion and precipitation method have bigger S, values than
that prepared by traditional precipitation. This may be due
to the role of glacial acetic acid as a dispersing agent which
prevents Fe-nanoparticles agglomeration [43,44]. (v) Using
excess of water as precipitating agent increased the S, and
pore volume as shown in Table 2 for Fe-W-3w, Fe-W-3d more
than Fe-A-3 sample in which acetone is used as a precipitat-
ing agent. This may be due to water adsorption on the surface
of the outer nanoparticles which enhanced the formation of
hydroxide surface layer. Also, the possible extraction of acetic
acid molecules from Fe nanoparticles surface by water mole-
cules affected the precipitate stability and was followed by an
observed decrease in the particle size and increase in the BET
surface area of the synthesized solids.
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Fe-W-3w

Fig. 4. High resolution transmission electron microscopy
(HRTEM) images for Fe-samples calcined at 300°C.

3.5. Adsorption experiments

The effects of preparation conditions of the adsorbents
on the adsorption parameters have been studied. Also, many
variables affecting the dye adsorption as contact time, tem-
perature, initial concentration and pH of Remazol red (RB-
133) dye solution will be discussed.

3.5.1. Effect of various preparation conditions
3.5.1.1. Effect of calcination temperature

Batch adsorption of Remazol red (RB-133) on the Fe-P-T
adsorbent calcined at 300°C, 400°C, 500°C was studied at
initial dye concentration 50 ppm, pH =7, temperature 25°C
and an adsorbent dose of 50 mg. The results obtained were

plotted in Fig. 6. Inspection of Fig. 6: (i) the dye removal
reaches equilibrium at 60 min on calcined Fe-P-T samples.
(ii) The removal efficiency of the dye by Fe-P-3 was (>62%)
higher than the other calcined solids. This may be due to
the small crystallite size of the Fe,O, phase (c.f. XRD results
from Table 1) which attained 17.9 nm in Fe-P-3 samples. The
observed decrease in % of dye removal as a result of increas-
ing the calcination temperature from 300°C to 500°C could
be attributed to a significant increase in the adsorbent crystal
size (Table 1), and a decrease in its S, besides the observed
pore widening (Table 2). These effects decrease the surface
affinity to Remazol red (RB-133) and limit the adsorption
percentage. (iii) It seems that Fe-P-4 and Fe-P-5 have the same
behavior towards lower dye removal. So, the sample calcined
at 300°C Fe-P-3 is the most efficient adsorbent for dye uptake.

3.5.1.2. Effect of precipitation method modifiers

It was reported that dissolving ferric hydroxide in glacial
acetic acid led to obtaining the reddish-brown solution as the
same as of the partially hydrolyzed ferric (III) solution pro-
moted by alkali [27]. Also, the weak acid such as acetic acid
cannot break thoroughly all the Fe-O bonds in the hydrox-
ides to form simple ferric ions [28] but could be adsorbed
over particles surface via strong carboxyl group interactions
[45,46]. It seems that acetic acid molecules act as ligands or
as stabilizing agents and prevent the ferric precursor aggre-
gation [27]. The effect of the precipitating agent for highly
dispersed nano-sized species has been investigated. Using
water as a precipitating agent for nanosized manganese
hydroxide dispersed in acetic acid solution was reported
[27,47]. Acetone also was used as a precipitating agent for
hydrous ferric oxide from colloidal solutions [25]. However,
in the present work, the effect of using the two different pre-
cipitating agents through dispersion—precipitation method
on the efficiency of the adsorbent towards Remazol red (RB-
133) dye removal was well studied.

The % of dye removal over the nominated samples Fe-P-
3, Fe-W-3w and Fe-A-3 is shown in Figs. 7a—c. In Figs. 7a and
b it is clear that: (i) the % of dye removal increased progres-
sively with time and attained equilibrium with 100% and
80% in presence of Fe-W-3w and Fe-P-3 adsorbents through
180 min, respectively (upon dye concentration = 25 ppm,
pH =3, 25°C). The biggest removal % observed in the case of
the Fe-W-3w sample may be related to its high surface area
as shown in Table 2 (62.71 m?/g), or the small crystallite size
(as shown in XRD and TEM sections). The small crystallite
size of the Fe-W-3w sample may refer to the preparation tech-
nique in which, the partial dissolution process of the ferric
hydroxide in glacial acetic acid solution caused fracture into
small particles of hydrated Fe,O, form and using water as
precipitating agent causes further decrease in the crystal size
of ferric species. (ii) The % removal of Remazol red (RB-133)
dye in the presence of the Fe-A-3 sample attained equilib-
rium with only 64% at contact time 180 min (Fig. 7b). This
behavior can be attributed to the observed increase in its
crystallite size which is followed by a decrease in its surface
area 53.71 m?/g (Table 2).

Effect of using the wet (Fe-W-3w) or dried (Fe-W-3d)
iron hydroxide precipitates before acetic acid treatment was
investigated as shown in Fig. 7c. It is clear that (i) Fe-W-3w
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Fig. 5. (a) Representative isotherms for the prepared samples according to different recipes. (b) The pore size distribution for the
prepared samples according to different recipes.

Table 2

Surface characteristics of solids derived from different recipes after calcination at various temperatures

Catalyst Calcination temperature (°C) Sppr (M¥Y/g) V, (cm?/g)"” Pore diameter (nm)”
Fe-P-T 300 43.38 0.152 8.15

Fe-P-T 500 37.23 0.114 10.68

Fe-W-3w 300 62.71 0.184 8.15

Fe-W-3d 300 56.99 0.159 8.15

Fe-A-3 300 53.71 0.135 5.41

“Pore volume determined around saturation pressure.

"Calculated by BJH method.
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tion = 50 ppm, at 25°C and at pH =7).

acts as an efficient adsorbent more than Fe-W-3d. (ii) Fe-W-3d
is more efficient than Fe-P-3, where the % removal attained
90% and 80%, at contact time 180 min, respectively (at
adsorption conditions pH = 3, dye concentration = 25 ppm,
25°C). The above behavior can be explained in terms of the
crystallite size of hematite and also the specific surface area
of the prepared adsorbents. (iii) The adsorbents efficiency
towards dye removal increases as in the following order:
Fe-W-3w > Fe-W-3d > Fe-P-3 > Fe-A-3. This finding indicates
clearly that dispersion and precipitation process for wet iron
hydroxide followed by calcination at 300°C accelerates the
formation of nano-sized particles of the Hematite phase for
Fe, O, and/or increases its surface area (Table 2), these param-
eters enhance the dye removal. These results indicate that the
synthesized nano-hematite nominated as Fe-W-3w is a prom-
ising adsorbent for dyes removal from aqueous solutions.

3.5.2. Effect of contact time and solution temperature on
Remazol red (RB-133) removal

Figs. 7a—c show the variation of % of Remazol Red (RB-
133) as a result of using Fe-P-3, Fe-W-3w and Fe-A-3 adsor-
bents as a function of time, which indicates that the rate of
adsorption by iron oxide nano-spheres at the initial time
is high and increases by increasing contacting time within
30 min. Vacant adsorption sites on adsorbent material may
be occupied by dyes deposited and maximum removal was
attained till 180 min. So, the optimum contact time will be
180 min for all experiments.

Because of the vital effect of temperature on the adsorp-
tion process as it can increase or decrease the amount of
adsorption, this factor has been studied. The adsorption of
Remazol red (RB-133) was achieved at three temperatures
(at 25°C, 35°C and 45°C) onto Fe-P-3 as shown in Fig. 8. The
results discovered that the dye uptake % increased with
increasing temperature from 25°C to 45°C. This suggests that
the adsorption is an endothermic process and the higher tem-
perature is more proper for the dye adsorption. The observed
increase in the adsorption may be due to the increase in dye
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Fig.7. Effect of preparation condition and time of contact on the % of
Remazol Red (RB-133) removal by different prepared nanomaterials
at 25°C (adsorbent dose = 50 mg), (a) (dye concentration = 50 ppm,
and at pH =7), (b) (dye concentration = 25ppm, and at pH = 3)
(c) (dye concentration = 25 ppm, and at pH =7).

molecules’ mobility with temperature. It is known that rising
temperature increases the diffusion rate of the adsorbed mol-
ecules through the external boundary layer and the internal
pores of the adsorbent particles, because of decreasing the
solution viscosity [48,49] and increasing the adsorption ready
active sites [50].

3.5.3. Effect of initial dye concentration

The Remazol red (RB-133) uptake was examined at initial
concentrations 10, 25, 50 and 100 ppm for the investigated
adsorbents as shown in Figs. 9a and b. The % of adsorption
decreases with increasing dye concentration in the solution
(>50 ppm). This observation may be due to the fullness of
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Fig. 8. Effect of temperature on the removal percentage of
Remazol Red (RB-133) over Fe-P-3, at pH = 7, dye concentra-
tion = 50 ppm, adsorbent dose =50 mg.

adsorption sites on the adsorbent surface with dye mole-
cules. The same behavior was observed in the literature for
the removal of RB5 by iron oxide CNPs [3]. Also, Zhang et
al. [51] found that when the Methyl Orange concentration
increased from 20 to 400 mg/L, the percentage of dye uptake
by chitosan/alumina interface decreased from 99.53% to
83.55%. Plus, Jarusiripot [52] found that the adsorption% of
Remazol Brilliant Blue R by bottom ash pretreated with HCI
was 90% at low dye concentrations and about 50% at higher
dye concentration. However, in all adsorption experiments
for different nanomaterials, the initial dye concentration will
be constant at 25 or 50 ppm.

3.5.4. Effect of solution pH

The performance of adsorption in wastewater treatment
is mostly influenced by the solution pH. This is because of
the change in pH results in variation in the degree of the
adsorptive molecule ionization and the adsorbent surface
characteristics [53]. The effect of solution pH was assessed
in the range from 3 to 11.0 (adjustment occurred with 0.1 M
HCl or 0.1 M NaOH) at a constant temperature of 25°C and
25 ppm initial dye concentration in the presence of Fe-W-3w
adsorbent calcined at 300°C (Fig. 9c). Inspection of Fig. 9¢,
% of dye removal decreases with increasing solution pH,
the maximum dye removal in presence of Fe-W-3w solid
was 100% ratio at pH = 3, while at pH = 11 the maximum
adsorption % decreased to 48.3%. This behavior indicates
that the removal % of Remazol red (RB-133) was higher
at the acidic conditions. This result can be explained by
studying the structure of the dye and adsorbent point of
zero charges (Pszc)' The increase in the pH of the system
leads to decreasing the number of (+) charged sites and
increasing the number of (-) charged sites [15]. The adsorp-
tion of the anionic dye is more favorable on the adsorbent
positively charged surface sites (at pH < pszc) with elec-
trostatic attraction [14,54]. It has been reported that pH__
of hematite (a-Fe,0,) is 7.8 [55,56] and according to tﬁe
following equations: at pH < (pH = 7.8) the adsorbent
surface (MOH) will be covered by H" ions and MOH; will
be obtained. But, at pH > (pH,, = 7.8) OH reacts with the
(MOH) to give (MO").
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Fig. 9. Effect of dye concentration on the removal percentage of
Remazol Red (RB-133) at 25°C, pH =7 (adsorbent dose = 50 mg)
after 3 h over (a) Fe-W-3w, (b) Fe-P-3, and (c) effect of solution pH
by Fe-W-3w nanomaterial (dye conc. = 25 ppm, at 25°C, adsor-
bent dose = 50 mg, after 3 h).

MOH + H* - MOH;
MOH + OH™ - MO +H,0O
MOH; +20H™ - MO+ 2H,0

At pH range from 3 to 7, a significant altitude electro-
static attraction dwells between the positively charged sur-
face of the adsorbent and anionic dye, so the high removal
percentage was obtained. The contrast, at pH (9-11) repul-
sion forces present between anionic Remazol red (RB-133)
dye and negative surface charge led to a decrease in the
removal efficiency. Therefore, the best pH for higher removal
from aqueous solution is between 3 and 7. The same behavior
is also reported in previous studies for the adsorption of dif-
ferent dyes over different adsorbents [48,57,58].

To elucidate the efficiency of the prepared samples in
the dye adsorption, a comparison of the maximum dye
removal percentage over the as-prepared iron adsorbents in
this work with other iron adsorbents previously reported in
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the literature is shown in Table 3 [3,50,59-64]. Inspection of
Table 3, it can be observed that the maximum removal % and
high adsorption capacity of Remazol red (RB-133) dye onto
Fe-W-3w adsorbent (100%) is achieved and on the top of all
removal percentages of the anionic or cationic dyes reported
in the literature for other iron oxide adsorbents.

Finally, we can say in this study that an environmental
friendly nano-Fe-W-3w adsorbent was prepared via disper-
sion—precipitation method could efficiently adsorb Remazol
Red (RB-133) dye with % removal values reached to 100%. So,
this synthesized nano-sample was shown to be a very good
and cheap adsorbent for the dye removal from aqueous solu-
tions and this is useful in some practical applications.

3.5.5. Adsorption kinetics

The adsorption mechanism of Remazol red (RB-133) by
the prepared nanosphere iron oxide was achieved through

Table 3
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applying the pseudo-first-order (PFO), and pseudo-sec-
ond-order (PSO) to fit the experimental data [14,65,66].

The nonlinear equation of pseudo-first-order was repre-
sented by:

q,=49,(1-€*) (5)
where g, is the amount of dye adsorbed at time ¢ (min),
g, denotes the amount adsorbed at equilibrium, and k, (min™)
is the pseudo-first-order adsorption rate constant.
The nonlinear equation of pseudo-second-order can be
expressed as the following;:
gekyt

(1+kq.t) ©

9. =

where k, (g/(mg min)) is the adsorption rate constant of
pseudo-second-order. The calculated values of k, and k, are
represented in Table 4.

Comparison of removal adsorption of different dyes over iron adsorbents

No Adsorbent Dye % of q,, Adsorption Kinetic Isotherm  Adsorption Reg. Reference
removal mg/g condition model  model enthalpy cycles
AH? kJ/mol
1 Magneticiron  Reactive 75 25 pH=7 FL-PFO Langmuir- N/A 3 [59]
oxide Yellow temp. =25°C, Freundlich
Ads. dose =5mg
2 Hollow Congored - 16.58 pH=6 N/A Langmuir N/A N/A [60]
Zn-Fe,O, temp. =25°C,
nanospheres Ads. dose=0.02 g
3 MgFe O, Methylene 57 50 Room temp. N/A N/A N/A N/A  [61]
Blue Ads.dose =1 mg/
mL
4 ZnOeZnFe,0O,- Congored 78 - pH=7 PSO N/A N/A N/A  [62]
PPy temp. =25°C,
Ads.
dose =0.5 g/L
5 Iron oxide Reactive 90 1129 pH=2, N/A Langmuir 24.14 10 [3]
Black 5 remp. = 25°C, and Freun-
dose =6 g/L dlich
6 Iron-manganese Basic 94.5 1036 pH=9, PSO Langmuir 6.68 N/A  [50]
oxide coated fuchsine temp. = 30°C, and Toth
kaolinite (BF) dose =3 g/L
7 Halloysite- Methyl 94.7 20.04 pH=42, PSO Langmuir -13.23 4 [63]
magnetite-based violet 2 B temp. =25°C,
composite dose=025g
8 Iron-manganese Crystal 94.8 20.64 pH=3§, PSO Langmuir 6.7 N/A  [50]
oxide coated violet (CV) Temp. =30°C, and Toth
kaolinite dose =2 g/L
9 Graphene oxide Chrysoidine 96 344.83 pH=7, PSO Langmuir -8.19 5 [64]
nanocomposites Y temp. =20°C,
(GO-Fe,0)) dose=5mg
10 Fe-W-3w Remazol 100 6410 pH=3, PSO Langmuir 24.5 4 Present
red(RB-133) temp. = 25°C study
dose =50 mg

*N/A: Not applied.



Table 4

Kinetic model constants and correlation coefficients for adsorption of Remazol Red (RB-133) dye onto different samples

Intra-particle diffusion

kdifl

Pseudo-second order model

Pseudo-first order model

qc,exp

Solid

kdifZ

%S.D. ha

RZ

2

k

X qecal.

%S.D.

RZ

k, (min™)

qecal.

(mg/g)

(mg/min¥sg)

(mg/min”g)

(g/mg min)

(mg/g)

(mg/g)
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0.64594
0.3514
0.3752

12.4720
10.8000
9.8941

1.9673
1.3705
1.2961

0.8907
0.6725

0.9829
0.9826
0.9791
0.9597
0.9583

0.00290
0.00408
0.00579
0.01499
0.01538

39.3270
31.457

5.6698
2.5508
3.2561
1.8063
1.8244

1.00751
0.6373
0.7103
0.5769
0.5555

0.9507
0.9676
0.9449
0.9392
0.9338

0.0830
0.1040

35.4100

38.7
31

Fe-W-3w
Fe-P-3
Fe-A-3
Fe-P-4
Fe-P-5

29.5400

0.63215
0.4864
0.4871

28.8267
21.2983
21.3275

0.11434
0.1949
0.2019

26.4968
20.110
20.322

294
21.5

1.43514
1.3773

21.22

The data of adsorption kinetic of Remazol Red (RB-133)
by different prepared nanomaterials were analyzed by PFO
and PSO kinetic models and plotted in Figs. 10a—c. The result
of the fitting, Adj.R? standard deviation (S.D.%), and the chi-
square factor (x?) are listed in Table 4. From the table, it is
clear that the (PSO) kinetic model gave high correlation coef-
ficient values ([R?] > 0.95) and low S.D.% for the adsorption
of Remazol red (RB-133) dye onto the nano solids; therefore,
the best model for kinetics of adsorption Remazol red (RB-
133) dye by hematite samples is pseudo-second-order kinetic
model. These results suggest that the rate-limiting step may
be chemisorption [14,15,67].

Inspecting Table 4, it is obvious that the value of experi-
mental equilibrium adsorption capacity is adjacent to the cal-
culated one (g,) in case of pseudo-second-order reaction more
than that depicted from the pseudo-first-order kinetic model.
So, as mentioned before the adsorption kinetics of Remazol
Red (RB-133) on different hematite (a-Fe,O,) nanomateri-
als can be described by pseudo-second-order equation. The
applying (PSO) kinetic model suggests the possibility of
adsorption of one dye molecule onto two active sites [46].

The intra-particle diffusion probability was detected by
utilizing the modified Weber and Morris’s equation [14,15,68]:
q,= Ky o (7)
where k. is the intra-particle diffusion rate constant (mg/
(g min®)). From the plot of g, vs. t°%, we calculated the values
of k,,, and k., respectively.

Fig. 11 shows the plots of g, vs. t°* for Remazol Red RB-133
adsorption by different hematite a-Fe,O, nanomaterials cal-
cined at 300°C. The results obtained showed the presence of
a multi-linear plot, which was discussed by occurrence of
two steps. The first is the instantaneous using of the available
sites on the sorbent surface (phases I, k,, its diffusion rate
constant). The second step might be due to the slower rate
of sorbate diffusion from the surface site into the inner pores
(phases II, k_ its diffusion rate constant) [14,15,67]. The val-

ues of k., ar?g k., for Fe-W-3w, Fe-P-3 and Fe-A-3 are shown
in Table 4. It seems the plots do not pass the origin point.
Therefore, in the adsorption process, the rate-determining
step might be the boundary layer (film) diffusion (the surface
diffusion process)[14,15].

The relationship between the (PSO) rate constant (k,) and

absolute temperature T (K) can be described by Eq. (8):
kz =A e ~Ea/RT (8)

where E_is the Arrhenius activation energy (kJ/mol), Ais
the Arrhenius factor (g/mg min), and R is the gas constant
(8.314 J/mol K).

The calculated activation energy for dye adsorption onto
Fe-P-3 was 25.581 kJ/mol attributed to physisorption.

3.5.6. Adsorption isotherms

This study focused on two isotherms models; Freundlich
and Langmuir. The Freundlich model supposes a hetero-
geneous adsorption surface possessing unequally available
sites with different energies of adsorption. The validity of
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Fig. 10. Nonlinear pseudo-first-order kinetic model (PFO), and nonlinear pseudo second-order kinetic model (PSO), for Remazol Red
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Fig. 11. Intra-particle diffusion model for the adsorption of Rem-
azol red dye onto Fe-W-3w, Fe-P-3 and Fe-A-3.

nonlinear Freundlich adsorption model was established
using the following relation [69]:

qg = KFCel/” (9)

where K, and n are Freundlich constants and they are empir-
ical constants that can be related to the adsorption capacity
and the adsorption intensity, respectively. When g, is plotted
vs. C, the constants K, and 1/n could be calculated from the
nonlinear regression.

On the other hand, the Langmuir isotherm model indi-
cates the formation of monolayer coverage of the dye mole-
cule on the outer surface of the adsorbent and demonstrates
the homogeneous nature of the sample surface. The nonlin-
ear form of Langmuir isotherm is expressed in Eq. (10) [70]:

— qmax .KL .Ce

10
7K C £
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adsorption onto Fe-W-3w and Fe-P-3 nanomaterials.

where g __ is the monolayer sorption capacity (mg/g) and
K, is Langmuir constant related to the energy of the adsorp-
tion (L/mg). The g and K, can be obtained from the
nonlinear plot of g, vs. C..

Langmuir and Freundlich plots isotherm models on
Fe-P-3and Fe-W-3w are shown in Figs. 12a and b. The results
showed that the Langmuir equation yields a curve with a
preferable fit of the experimental data than the Freundlich
equation over the as-prepared adsorbents. The calculated
parameters for the two isotherm models are summarized in
Table 5. The Adj. (R?) of the nonlinear regression plot is >0.977
and the very low values for standard error and x? factor by
applying Langmuir isotherm model, for both Fe-W-3w and
Fe-P-3 samples, but is opposite by applying Freundlich iso-
therm model, for the same adsorbents.

On the fundamental of the Langmuir analysis, the max-
imum monolayer sorption capacity (mg/g) g . was calcu-
lated and listed in Table 5 for Fe-W-3w and Fe-P-3 nano-
materials. It is noticed that the value of g4, was higher for
Fe-W-3w than the Fe-P- 3 sample at the same conditions.
This may be related to the small agglomeration and parti-
cle size of Fe-W-3w adsorbent which facilitates the surface
adsorption of dye molecules. Also, this may be attributed

to the regular distribution of porosity as shown in XRD and
HR-TEM results. The essential characteristic of the Langmuir
isotherm such as the dimensionless separation factor or equi-
librium factor (R,) used in Eq. (11): [14,15,67]

R= e a1
(1+K,C)

The R, refers that isotherm will be shaped according to
the following adsorption characteristics: R, > 1 unfavorable;
R, =1 corresponds to linear; 0 < R, < 11is favorable and R, =0
is irreversible [14,15,67]. According to Table 5, the R, values
were in the range of 0.145-0.189. Therefore, the Langmuir
isotherm model is the best to describe the experimental equi-
librium data indicating the homogeneous nature of the sam-
ple surface and shows the formation of monolayer coverage
of dye molecule on the adsorbent external surface.

The isotherm parameters for modeling the experimen-
tal results with Freundlich equation are shown in Table 5.
1/n values refer to the type of isotherm to be irreversible
(1/n = 0); favorable (0 < 1/n < 1), and unfavorable (1/n > 1)
[15,67]. As given in Table 5, favorable adsorption of Remazol
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Table 5

Adsorption isotherm parameters for adsorption of Remazol red (RB-133) dye onto FeW-3w and Fe-P-3 samples

Temkin isotherm model

Freundlich isotherm model

Langmuir isotherm model

Samples

XZ

Stand.

B (J/mg)

RZ

1/n R? Stand. 2

Stand. 2 K. (mg/g)

R® R,

K, L/mg)

Dna (ME/E)
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Error

Error

Error

61.101
5.299

126.674 1.113
0.209

0.815

2.670 19.761
1.739  20.656

27.0273

0.0202  7.164 10.0424 0435 0915 0.456
0.0234 4559 9.0475

0.189

0.0916 0.978

0.1119

Fe-W-3w  64.103

Fe-P-3

0974 121.185

13.0535

0.397  0.932 0.426

0977 0.145

48.258

red (RB-133) (Reactive dye) onto applied adsorbents can be
obtained where 1/n values were lower than unity which refers
to the favorable uptake of the dyeing process by Freundlich
isotherm model. Furthermore, the Freundlich equation pro-
duces a minimal fit curve with the experimental data than
the Langmuir equation over the whole concentration range
examined (Figs. 12a and b).

We can conclude that the Langmuir isotherm model is the
best favorable isotherm model to clarify the mechanism of
Remazol red (RB-133) adsorption.

The nonlinear form of Temkin relationship can be pre-
sented as follows [71]:

q,=pIn(aC) (12)

B =RT/b

where b is the Temkin constant related to the heat of adsorp-
tion (J mg™). g, is plotted vs. InC, in Fig. 12¢, the Temkin con-
stants b, a and 3 are calculated and the data were recorded
in Table 5.

3.5.7. Adsorption thermodynamics

For extra treatise of the effect of temperature on Remazol
red (RB-133) dye adsorption, the adsorption thermodynam-
ics was computed. Thermodynamic parameters including
the standard free energy change (AG°), standard enthalpy
change (AH®), and standard entropy change (AS°)of Remazol
red (RB-133) adsorption on the Fe-P-3 sample were calcu-
lated at different temperatures 25°C, 35°C and 45°C (298, 308
and 318 K). The values of AG°, AH® and AS° were estimated
by using the Gibbs free energy equations [72,73]:

AG®=-RTInK, 13)
In K, = constant — (14)
AG® = AH® — TAS® (15)

where K, is the variation of the thermodynamic equilib-
rium constant, which can be calculated from the following
relation [74]:

K, =M, x 55.5 x 1,000 x K, (16)

where M_is the molecular weight of the adsorbate and K;
is the Langmuir constant. The standard enthalpy change is
obtained from the slope of the plot between In K, vs. 1/T,
(Fig. not shown, R?>0.99). Increasing adsorption of Remazol
red (RB-133) with the increase in temperature is supported
by determining the enthalpy of adsorption AH® for Remazol
red (RB-133) on Fe-P-3 was (24.538 kJ/mol) which is similar to
that for the adsorption of RB5 on iron oxide CNPs (24.19 kJ/
mol) [3]. A positive standard enthalpy change (AH®) pro-
poses that the interaction of Remazol red (RB-133) with
the adsorbent is endothermic. While the negative values of
(AG®) —=34.775, -=37.964 and -39.711 kJ/mol for Fe-P-3 adsor-
bent at 25°C, 35°C and 45°C (298, 308 and 318 K), respec-
tively, refer that, the adsorption reaction is more favorable at
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Fig. 13. Remazol Red (RB-133) dye removal percentage by Fe-W-3w adsorbent treated with NaOH solution (dye concentra-

tion = 25 ppm, at 25°C and pH = 3).

high temperature and a spontaneous process, as previously
reported [3,67]. On the other hand, the positive value of AS°
(59.313 kJ/mol K) displayed the increasing of randomness at
the solid/solution interface during the sorption of Remazol
red (RB-133) on the adsorbent, relating to the growing of the
adsorbent surface heterogeneity [3,67].

3.5.8. Desorption and reuse results

Desorption and reuse are important in terms of costs
and taking economic feasibility. The Remazol red (RB-133)
desorption was possible with NaOH, where, the dye was
desorbed in 100 min. These findings emphasize that elec-
trostatic interactions are involved in the dye adsorption.
The effectiveness of the used adsorbent treated with NaOH
solution, for Remazol red (RB-133) dye removal from aque-
ous solution was represented by Fig. 13. This figure shows
that the as-prepared Fe-W-3w adsorbent can be refreshed by
NaOH solution moderately and the reusing was conceivable
four times for Remazol red (RB-133), maintaining nearly no
change in adsorption capacity; where the removal efficiency
still kept 91% even in the fourth cycle. The results referred
that Fe-W-3w showed great reusability. Finally, it can be con-
cluded that Fe-W-3w nano-material is an efficient adsorbent
in textile Remazol red (RB-133) dye removal whose nature
does not change even if it is used for several times.

3.5.9. Adsorption mechanism

The dye removal mechanism by synthesized Hematite
(a-Fe,O,) through electrostatic attraction (Fig. 14) was mon-
itored by modifying the solution pH to an acidic condi-
tion (pH = 3), so, the surface of the synthesized adsorbent
became positive and anionic Remazol red (RB-133) was easily
adsorbed. In contrast, the desorption process takes place at
higher pH (alkaline medium) which facilitated the desorp-
tion process.

Also, it is noticed that forming a colloidal solution with
acetic acid and precipitating with water improved the adsor-
bent capacities. In other words, in the present work Fe-W-3w
sample causes high increase in the maximum monolayer sorp-
tion (g, > 64 mg/g) value compared with previous studies,
using magnetic iron oxide nanosphere for Reactive Orange
(RO) and Reactive Yellow (RY) removal, g were 32.5 and
25.0 mg/g, respectively [59]. As mentioned before, this may be
attributed to the regular distribution of porosity with apply-
ing dispersion—precipitation method by using water into the
prepared iron nanomaterial calcined at 300°C, the highest
surface area and pore volume coupled with high electrostatic
forces of attraction between the adsorbent Fe-W-3w and the
textile dye.

4. Conclusion

The main points that have been concluded from the pres-
ent work are:

¢ Four different hematite (a-Fe,O,) nanomaterials (Fe-P-T,
Fe-W-3w, Fe-W-3d, Fe-A-3) were synthesized by tradi-
tional precipitation and dispersion—precipitation method
by using acetic acid as a destabilizing agent and the pre-
pared solids calcined at 300°C. Also, certain modifica-
tions were applied in the preparation conditions.

e Remazol red (RB-133) dye adsorption from aqueous solu-
tion by different prepared hematite (a-Fe,O,) solids has
been investigated. The factors that influencing adsorp-
tion in the presence of synthesized samples such as
preparation conditions, pH of the dye solution, initial dye
concentration, time of the attack with dye and adsorption
temperature were studied.

® The results showed that Fe-W-3w solid has higher dye
uptake rate and adsorption removal 100% than that of
the other prepared iron adsorbents in this study or pre-
viously reported.
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Fig. 14. Removal mechanism of Remazol red (RB-133) by prepared hematite iron oxide adsorbents.

On the other hand, increasing the pH (>7) or the con-
centration of the Remazol red (RB-133) dye solution
(>50 ppm) decreased the percentage of dye removal from
aqueous solutions. Whereas, increasing the time of the
attack with dye and/or adsorption temperature led to
increasing the % of adsorption removal.

The adsorption kinetics, thermodynamics and, isotherms
were carried out and the results represented that the
(PSO) equation and the Langmuir model, respectively,
were the best-fitted sorption processes.

The Fe-W-3w adsorbent can be reused four times for
Remazol red (RB-133) dye removal, maintaining the
same adsorption capacity. This means that this mod-
ified adsorbent is useful in some of the practical
applications.

Finally, the adsorption mechanism of Remazol red (RB-
133) dye removing was proposed through high electro-
static forces of attraction between Fe-W-3w solid and the
textile dye.
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