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Abstract−The adsorption of Cr (VI) from aqueous solution onto nanoparticles hematite (α-Fe2O3) of different morpholo-

gies synthesized by acid hydrolysis, transformation of ferrihydrite, sol gel methods has been investigated. The hematite

particle sizes were in the range 15.69-85.84 nm and exhibiting different morphologies such as hexagonal, plate-like,

nano-cubes, sub-rounded and spherical. The maximum adsorption capacity of Cr (VI) was found to be in the range

6.33-200 mgg−1 for all hematite samples. The kinetics of sorption was rapid, reaching equilibrium at 45-240 minutes.

Sorption kinetics and equilibria followed pseudo-second order and Langmuir adsorption isotherm models. The rate

constants were in the range 0.996-2.37×10−2 g/mg/min for all samples. The maximum adsorption was attained at pH

3.0, while adsorption decreased as the pH increased from pH 3.0 to 10.0. The study revealed that the hematite with

plate-like morphology has the highest adsorption capacity. The sorption process has been found to be feasible following

a chemisorption process, and adsorption of Cr (VI) onto hematite nanoparticles was by inner sphere surface complex-

ation due to low desorption efficiency in the range 9.54-53.4%. However, the result of ionic strength revealed that the

reaction was by outer sphere complexation. This study showed that morphologies play a vital role in the adsorption

capacities of samples of hematite in the removal of Cr (VI) from aqueous solution.
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INTRODUCTION

The contamination of water bodies caused by heavy metals is a

serious environmental problem because of their toxicity to many

life forms [1]. Cr (VI) usually occurs as highly soluble and toxic

chromate anions (HCrO4

− or Cr2O7

2−), which are suspected carcino-

gens and mutagens [2]. Potable waters containing more than 0.05

mg/L of Cr (VI) are considered toxic [3]. Cr (VI) exerts toxic effects

on biological systems.

Chromates are released into the environment by a number of in-

dustrial processes, including electroplating, tanning, pulp produc-

tion and ore and petroleum refining [4].

The different methods for removing metal ions from water and

wastewaters include sorption, chemical precipitation, solvent extrac-

tion, ion exchange, complexation, filtration and membrane processes.

Among these, sorption is a proven technology for the removal of

trace contaminants from water [5,6].

Hematite (∝-Fe2O3) is a type of iron oxide which crystallizes in

the rhombohedral system, space group R C. Its crystal structure

consists of Fe3+ cations octahedrally coordinated by hexagonal close-

packed oxygen atoms, the arrangement belonging to the corundum

(∝-Al2O3) structure type [7,8]. The color is steel grey, blood red in

thin fragment, and streak and powder is rouge red; hardness is 6 on

Mohs scale and specific gravity is 5.25. The mineral is only weakly

magnetic [8]. It is easily obtained by the oxidation of iron in solution

followed by heating the precipitate; by oxidation of magnetite, Fe2+

Fe2

3+ O4; by the dehydration of goethite and by oxidation of ferrous

chloride sublimates.

Recent studies have shown that natural hematite has strong affin-

ity for Cr (VI) in aqueous solution [9,10]. Ajouyed et al. investigated

the adsorption of Cr (VI) onto commercial macroporous hematite

as a function of pH, ionic strength, and initial metal ion concentration

[11]. However, according to literature survey, some aspects related

to the adsorption of Cr (VI) onto synthetic nanoporous hematite

have not been totally elucidated.

The aim of this work is to examine the Cr (VI) ion adsorption

behavior from aqueous solution onto different synthetic nanoparti-

cle hematite (∝-Fe2O3) prepared in the laboratory by batch method

as a function of initial pH of solution, ionic strength, adsorbent dose,

initial metal ion concentration and temperature. These hematite sam-

ples, though present in the environment, are not of high purity. They

are present as mixtures; this necessitates the need to prepare nano-

structured hematite of high purity and different morphologies in

order to establish optimal conditions for adsorption behaviour of

Cr (VI) on the synthetic samples. Adsorption isotherms such as Lang-

muir, Freundlich, Dubinin-Radushkevich and Temkin isotherms

were employed to understand the nature of sorption. This study falls

under the context of the treatment of chromium contaminated sites

by application of synthetic nanoparticle hematite samples for the

remediation of metals in a polluted or contaminated environment.
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EXPERIMENTAL WORK

1. Materials

Hematite of different morphologies was prepared by four differ-

ent methods. All reagents used in this work were of analytical grade.

The hematite samples were prepared from Fe(NO3)3 (Sigma-Ald-

rich, 99%), FeCl3·4H2O (Sigma-Aldrich, 99%), The stock solutions

of Cr (VI) prepared from K2Cr2O7 (Sigma-Aldrich, 99.9%), HCl

(Merck), HNO3 (Merck) NaNO3 (Sigma-Aldrich, 99%) were also

used.

All glassware and polyethylene materials were previously treated

for 24 hours in 10% (v : v) nitric acid and rinsed with deionized

water (Milli-Q 18.2 MΩ cm−1 resistivity).

2. Preparation of Hematite Samples

Five samples of hematite of different morphologies were pre-

pared in the laboratory by four different methods: acid hydrolysis,

acid hydrolysis with base addition, sol gel and transformation of

ferrihydrite methods. The samples were tagged Ade 1, Ade 2, Ade

3, Ade 4 and Ade 5.

Sample Ade 1 was synthesized by a method similar to the acid

hydrolysis method of Schwertmann and Cornell [12] This was pre-

pared by heating 2 L of 0.002 M HNO3 and 16.6 g of Fe (NO3)3.

9H2O (0.02 M Fe) at 98 oC with vigorous stirring for 20 minutes.

The mixture was then aged for seven days at 98 oC. Sample Ade 2

was synthesized by a modified method of Raming et al. [13]; the

particles were obtained by vigorously mixing FeCl3·6H2O in 2 L

of 0.002 M HCl at 98 oC for 15minutes on a hot plate and later placed

in the oven at 98 oC for 48 hours. Sample Ade 3 was prepared by

sol-gel method by employing the method of Sugimoto et al. [14].

The particle was prepared by adding 100 ml of 2.0 M FeCl3 slowly

into a well stirred 100 ml of 5.4 M NaOH aqueous solution in a 250

ml pyrex flask. The mixture was stirred for 15 minutes and the flask

containing a red mixture was placed in an oven at 100 oC for eight

days. Sample Ade 4 was prepared by transformation of ferrihydrite

method by using the method of Schwertmann and Cornell [12]. Ferri-

hydrite was precipitated by adding 300 ml 1 M KOH preheated to

90 oC to 40 g of Fe (NO3)3·9H2O in 500 ml deionized water pre-

heated to 90 oC, shortly 50 ml of IM NaHCO3, preheated to 90 oC

was added to the brown voluminous precipitate and the suspension

(pH 8-9) in a closed polyethylene flask was held at 90 oC for 48

hours. Acid hydrolysis using base addition was employed for the

preparation of sample Ade 5, and this was done by heating 500 ml

of 0.2 M Fe (NO3)3 prepared at pH 8. The suspension was held at

98 oC for seven days [12].

The precipitate was washed several times with milliQ water (18.2

MΩ resistivity) by dialysis to remove the nitrate and chloride ions,

filtered by Millipore glass membrane vacuum filtration system and

then oven dried at 40 oC. These products were tagged Ade 1, Ade

2, Ade 3, Ade 4 and Ade 5.

3. Characterization of Sample

The synthesized samples were characterized by physico-chemical

methods such as bulk density, pH, point of zero charge, micropore

volume and surface area.

The pH of the hematite suspension in water was determined using

1 : 10 mass/volume (hematite-water) mixture ratio with a pH meter

(pHS-25 model) [15]. The bulk density of the hematite was deter-

mined by Archimedes’ principle [16]. The point of zero charge (pzc)

of the samples was determined by using mass titration [17] and poten-

tiometric methods. Surface area, micropore volume and micropore

area of the hematite samples were determined by BET Nitrogen

adsorption and desorption isotherms at liquid nitrogen temperature

(77 K) using TRISTAR 3000 Surface area analyzer. 0.3 g of each

sample was degassed in N2 at 77 K for 18 hours prior to measure-

ments.

The synthesized hematite samples were further characterized using

X-ray diffraction (PW3050/60 Goniometer), X-ray fluorescence

(PAnalytical XPert Pro MPD), Infra-red (Perkin Elmer FT-IR Spec-

trometer 1000), Scanning electron microscopy (Leo 1430VP and

FEI Nova NanoSEM 230) and Transmission electron microscopy

(Technai G220 high resolution transmission electron microscope).

4. Batch Adsorption Studies

4-1. Preparation of Chromium (VI) Stock Solution

Chromium (VI) stock solution of 1,000 mg/L was prepared by

dissolving 0.2827 g of K2Cr2O7 (Sigma-Aldrich, ≥98.0%) in 100 ml

of milliQ water (Resistivity 18.2 MΩ) [18]. Various standard con-

centrations (1-100 mg/L) Cr (VI) were prepared from the stock by

serial dilution and the pH of each standard was adjusted to pH 3 by

adding 1.0 to 5.0 ml of 0.1 M trioxonitrate (V) acid (HNO3) because

Cr (VI) predominates at pH 3 as either HCrO4

− or Cr2O7

2− as ob-

served from the speciation diagram of chromium. The determina-

tions of the various standard concentrations were determined on an

atomic absorption spectrophotometer (Perkin Elmer 3300) at a wave-

length of 357.9 nm and at a slit width of 0.7 nm.

4-2. Adsorption of Chromium (VI) on the Prepared Hematite Sam-

ples

The various hematite samples (20 mg) were contacted with an

initial chromium (VI) concentration of (1 to 100 mg/L) at pH 3,

equilibrated on an orbital shaker (GEFRAN 600 model) for 240

minutes at 298 K. The mixture was filtered and analyzed on a UV-

Visible spectrophotometer (Aquamate model) at a wavelength of

346 nm [19] or on an atomic absorption spectrophotometer (Perkin

Elmer 3300). Adsorption capacity of Cr (VI) was measured and

calculated from the difference between initial and final concentra-

tion of chromium. The amount adsorbed (mg/g) was calculated using

the formula:

where Q=Quantity of solute adsorbed from solution of volume,

v cm3

where Ci=Initial concentration before adsorption and

where Cf=Concentration after adsorption

where V=volume of the adsorbate used in L

where W=mass of the adsorbent in g

Influence of Some Physicochemical Parameters on Sorption

The influence of initial concentration, ionic strength, pH, temper-

ature and adsorbent dosage was studied on the interaction of oxyan-

ions on each hematite prepared.

5. Sorption Kinetics for Cr (VI) Adsorption

The kinetics study was carried out at pH 3 for Cr (VI) on hematite

samples at 20 mg/L equilibrium concentration of Cr (VI). 20 mg

of each iron oxide was contacted with 20 ml of 20 mg/L concen-

tration. The mixtures were agitated on an orbital shaker at different

time intervals (15 to 240 minutes). After shaking, the samples were

Q = 

V Ci − Cf( )
W

------------------------
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withdrawn at time intervals and filtered. The filtrates were ana-

lyzed by UV-Visible spectrophotometer at wavelength of 346 nm

or atomic absorption spectrophotometer (Perkin Elmer 3300). The

equilibrium time was determined from the graph of amount of solute

adsorbed per gram of hematite versus time of contact.

6. Desorption Studies on Cr (VI) Loaded Hematite Samples

Desorption experiment was performed to explore the feasibility

of recovering the metals and reuse of the metal-loaded adsorbent

(hematite) for further cycle of sorption. The studies were carried

out on samples of Cr (VI) loaded hematite with 0.1 M hydrochlo-

ric acid and nitric acid as the desorption solutions. To determine

the most effective desorption solution, 20 mg of each sample and

20 ml of desorption solution (without any pH adjustment) were kept

in contact and agitated on an orbital shaker at 75 rpm and 25 oC for

120 minutes (samples Ade 1, Ade 2, Ade 3, Ade 5) and 240 minutes

for Ade 4. The mixture was filtered after desorption and the filtrate

analyzed for residual concentration of Cr (VI) by UV-visible spec-

trophotometer. The desorption efficiency was defined as the ratio

of the desorbed amount to the initial adsorbed amount of the respec-

tive anions [20]. The desorption efficiency for each adsorbent was

determined by dividing amount of chromate ions desorbed by the

amount of chromate ions adsorbed in the batch experiments [21].

RESULTS AND DISCUSSION

1. Results of Characterization Studies

1-1. Physico-chemical Characteristics

Physico-chemical characteristics of the synthesized hematite sam-

ples are presented in Table 1. The color of the synthesized hematite

samples (Ade 1 to Ade 5) ranges from red to reddish brown. This

is in line with the color reported by different researchers for syn-

thetic and natural hematite samples [12-13,18]. The pH of the syn-

thesized samples Ade 1 to 5 ranges from 6.65 to 9.06. Samples Ade

1 and 2 had their pH tend a bit towards acidic range; this could be

attributed to the method of synthesis, which is hydrolysis, and this

involves elimination of few protons into solution. The point of zero

charge of the samples ranges from 7.20 to 9.35. The point of zero

charge of material facilitates the choice of an adsorbent for removal

of certain solutes from waste water; it also makes it possible to predict

the pH effect on the phenomena and processes involving adsorp-

tion [22]. Sample Ade 4 prepared from transformation of ferrihy-

drite has the highest value of 9.35. The points of zero charge of the

samples were in the range of values reported by Kosmulski [22].

The textures of all the synthesized particles are all fine irrespective

of the method of synthesis. The bulk densities of the samples ranged

from 0.840 to 1.857 g/cm3 with sample Ade 3 having the highest

density, showing that Ade 3 is the heaviest while Ade 1 is the lightest.

The percentage yield for the samples Ade 1-Ade 5 ranged from 62.4

to 98.3% with sample Ade 5 having the highest yield percent and

Ade 1 having the lowest yield percent.

Surface area and micropore volume are the key factors in deter-

mining whether the material is suitable for the removal of metal

ion from aqueous solutions. In addition, the nature of the adsor-

bent-adsorbate interaction must also be considered. It is understood

that the pore volume contributed to the accommodation of metal

ion on the adsorbent [23]. From Table 1, the surface area of samples

ranged from 26.69 to 52.3 m2/g with sample Ade 5 having the lowest

value of 26.69 m2/g and Ade 1 having the highest value of 52.3 m2/

g. The surface areas of the samples are comparable with some of

the commercial, synthetic and natural iron oxides reported in litera-

ture [21]. The micropore volume is in the range 0.00004-0.01078

cm3/g with (Ade 3) having the highest micropore volume of 0.01078

cm3/g. It is evident that Ade 1 will have high adsorption capability

when compared with other samples. The method of preparation has

greatly influenced the surface area of the samples. Schwertmann

and Cornell [12] reported values of synthetic hematite in the range

20-90 m2/g depending on the method of preparation. The micropore

area is also in the range of 0.0387 and 21.9537 m2/g. Sample Ade

3 has the highest micropore area.

1-2. XRD Result

The analysis of hematite samples by x-ray diffraction enables us

to determine the crystal phases of the samples. The characteristic

reflection peaks (d - values) were matched with data sites for hema-

tite crystalline phases. The recorded indexed diffraction patterns

are shown in Figs. 1(a)-(d) where sharp peaks can be observed, as

expected for a highly crystalline sample. The positions of all max-

ima coincided with the peaks characteristics of the hematite phase

(JCPDS card 33 - 0664). No diffraction line corresponding to other

phases was observed, indicating a high purity of the sample, which

is in line with the report of some researchers [7,18,24,25].

The results of x-ray fluorescence (XRF) technique showed that

the synthetic iron oxides are mainly hematite. The percentage Fe2O3

present for Ade 1 to Ade 4 is in the range 95.29% to 95.42%. This

result complements the result obtained from the x-ray diffraction

patterns which showed the presence of crystalline hematite from

the peaks.

2. Infrared Analysis of the Synthesized Iron Oxides

The surface functional groups were characterized by Fourier trans-

form infrared (FT-IR) spectroscopy. The FTIR spectra of the iron

oxide samples are shown in Fig. 2. Table 2 shows the FTIR spectra

Table 1. Physicochemical-characteristics of hematite samples

Samples Colour pH

Bulk

density

(g/cm3)

PZC Texture % Yield

Surface

area

(m2/g)

Micropore

volume

(cm3/g)×10−3

Micropore

area (m2/g)

External

surface area

(m2/g)

Ade 1 Reddish brown 6.75 0.840 7.63 Fine 62.4 052.3±0.4 02.40 04.3477 56.67

Ade 2 Reddish brown 6.65 1.184 7.30 Fine 83.1 031.0±0.2 00.20 00.6127 30.39

Ade 3 Red 7.47 1.857 7.50 Fine 91.7 036.6±0.1 10.78 21.9537 14.65

Ade 4 Reddish brown 9.06 1.417 9.35 Fine 81.3 045.3±0.3 00.04 00.0387 45.34

Ade 5 Reddish brown 7.32 1.201 7.20 Fine 98.3 26.69±0.1 00.88 02.6316 26.07
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between 4,000 to 400 cm−1 of five different hematite samples, Ade 1-

Ade 5. The FT-IR spectra of samples show broad bands at 464.75-

483.69 and 543.75 cm−1-588 cm−1; these can be attributed to the Fe-

O bond vibration of the Fe2O3 [26]. The bands at 1,617.25 cm−1-

1,654.03 cm−1 are assigned to the bending mode of H2O molecules

[27]. The bands at 3,104.25 cm−1-3,421.65 cm−1 are assigned to the

O-H stretching vibration of absorbed water [24,28]. Hematite spheres

have been reported to show IR bands at 575, 485, 385 and 360 cm−1

[29]. The band at 921.63 cm−1 in Ade 3 spectrum is assigned to O-H

deformation.

3. Scanning Electron Microscopy

The SEM micrograph confirms that the synthesized pure hema-

tite samples consist of particles exhibiting different morphological

shapes such as plate-like, hexagonal and needle-like. They also con-

tain many pores. The morphology of hematite synthesized by dif-

ferent methods revealed by SEM observation showed an appreciable

difference in shape and size of samples. All previous analyses have

confirmed that these samples contain hematite as single phases. The

Fig. 1. (a) XRD pattern of hematite Ade1, (b) XRD pattern of hematite Ade2, (c) XRD pattern of hematite Ade3, (d) XRD pattern of
hematite Ade4.

Fig. 2. Fourier transform infrared spectra of Hematite Ade 1-5.
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micrographs show that hematite particles are aggregates of small

particles. Sample Ade 1 has different agglomerates of particles that

are irregular shapes ranging from triangular to plate-like at 100µm

magnification with some degree of porous surface that will aid ad-

sorption. Agglomerates of particles are of spherical shapes at 2µm

magnification, but at 100µm the morphology ranges from triangular

to plate-like to spherical shapes for sample Ade 2. Oval and spheri-

cal shapes for sample Ade 3 at 2µm, while at 20µm spherical shapes

were observed for the same sample. The SEM micrograph for Ade

4 at 2µm shows agglomeration of particles, while 100µm magni-

fication shows plate-like shapes. The micrograph of sample Ade 5

revealed it to be spherical at 2µm magnification, while at 100µm

magnification different irregular shapes ranging from plate-like to

triangular were observed.

4. Transmission Electron Microscopy

The transmission electron microscopy (TEM) images of synthe-

sized iron oxide particles are shown in Figs. 3 to 7. The average

diameter of particles is between 15.79 nm and 85.84 nm. The TEM

micrographs confirm the nanoparticle nature of the synthesized hema-

tite with morphology of the hematite samples ranging from spherical

to hexagonal to needle-like depending on the methods of synthesis.

The transmission electron micrographs of the various samples

showed that crystallites of the sample had different shapes, such as

rod-like, needlelike, hexagonal, spherical shapes and the sizes in

the range 15.69-85.84 nm. A high magnification of TEM was also

used to further investigate the structure of the hematite types; the

micrographs are not shown in this work. The typical TEM images of

Ade 1 shown in Fig. 3 reveal that most of the particles were spherical

or sub rounded with an average diameter in the range 15.69-39.56

nm. The TEM images of Ade 2 shown in Fig. 4 reveal that most

of the particles were sub-rounded with average diameter in the range

52.01-85.84 nm. For sample Ade 3, shown in Fig. 5 irregular shapes

such as rod-like, spherical and oval with average diameter in the

range 27.86 to 75.01 nm were observed. The TEM images of Ade

4 shown in Fig. 6 reveal that the particles were irregular with nano-

cube and hexagonal with diameter in the range 26.21-53.59 nm.

The TEM images of Ade 5 shown in Fig. 7 reveal that the particles

were nanocubes in shape. The TEM images of all the hematite sam-

ples in the range 15.69-36.56 nm confirm the nano-structured nature

of the synthesized since sizes are in the range 1 to 100 nm.

Table 2. Infrared (IR) Frequencies (cm−1) for the synthetic iron oxides

Ade 1 Ade 2 Ade 3 Ade 4 Ade 5 Ade6 Ade7 Assignment

3405.25 3418.53 3417.75 - 3104.75 - 3421.65 O-H stretch vibration of H2O

1624.25 1633.98 1636.67 1617.47 1654.03 - 1636.33 H-OH bending mode

1120.64 1129.88 - - - - - Fe-OH hydroxo complexes

- - - 1384.40 1384.22 - 1384.38 O-H deformation

0943.46 0921.63 - - - - - O-H deformation

- - - - 0895.52 - 0891.84 Fe-OH

0543.75 0564.75 0588.00 0581.14 0551.00 578.00 - Fe-O bond vibration

0464.75 0471.96 0481.98 0483.69 - - - Fe-O bond vibration

Fig. 3. TEM Micrograph of Ade 1. Fig. 4. TEM Micrograph of Ade 2.
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5. Adsorption Studies

5-1. Effect of Initial Concentration of Cr (VI) Ion Solution

20 ml of Cr (VI) ion solution of different concentration ranging

from 1 to 100 mg/L was contacted with 20 mg of the adsorbent at

a pH of 3.0 at 298 K for 2 hours. The results of the effect of initial

concentration of Cr (VI) are shown in Fig. 8. The amount of Cr (VI)

ion adsorbed increases with increasing concentration of the adsor-

bate concentration on the various adsorbents. The maximum amount

adsorbed was at 20 mg/L for all the adsorbents with the exception

of Ade 2. This could be attributed to the available sites on the surface

of the adsorbent. Since the amount of adsorbent used was kept con-

stant for the effect of the initial concentration, the surface of the ad-

sorbent might have been saturated at equilibrium, thereby not accom-

modating the adsorbate. At this point equilibrium is reached, thereby

resisting the uptake of Cr (VI) ion [30]. They exhibited variation in

the maximum adsorption capacity. For instance, Ade 3 has the high-

est capacity for Cr (VI) while Ade 1 has the least. Therefore, 20 mg/

L was kept constant for further studies on the effect of various parame-

ters such as pH, time, adsorbent dose, and temperature on adsorption.

5-2. Effect of Time on Adsorption

The adsorption of Cr (VI) on the synthesized hematite (Ade 1-

5) as a function of time was investigated under the conditions of

adsorbent dose 20 mg, adsorbate concentration 20 mg/L and tem-

perature 298 K. The results of effect of time on adsorption of Cr

(VI) on samples Ade 1 to 5 are shown in Fig. 9.

Fig. 9 shows that adsorption of Cr (VI) by the samples Ade 1 to

5 increases with time. The maximum amount adsorbed at different

time differs for each adsorbent sample. Samples Ade 2 and Ade 5

had their maximum adsorption capacity within one hour of the exper-

iment; further increase in contact time had no significant effect on

Fig. 7. TEM Micrograph of Ade 5.Fig. 5. TEM Micrograph of Ade 3.

Fig. 6. TEM Micrograph of Ade 4.

Fig. 8. Effect of Initial Concentration on Adsorption of Cr (VI) onto
Ade 1 to Ade 5 at different initial concentration (1 mg/L to
50 mg/L). Stirring rate: 75 rpm, Time: 120 minutes, pH:
3.0 and Temperature: 298 K.
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the adsorption capacity. Ade 1 had its maximum adsorption within

120 minutes of the experiment; Ade 3’s maximum adsorption was

observed at 180minutes of contact time. Sample Ade 4 had the high-

est adsorption within 240 minutes of the experiment. The use of

nano-sized particles has advantages of high Cr (VI) adsorption capac-

ity at very short equilibrium time. Similar result was recorded for

modified jacobsite magnetic nanoparticles [31].

5-3. Effect of pH on Adsorption

The results of effect of pH on adsorption of Cr (VI) on samples

Ade 1 to 5 are presented in Fig. 10. The effect of pH on the removal

of Cr (VI) was studied over a pH range 2 to 10. The maximum ad-

sorption was observed between pH 2 and 3 for all samples, while

the amount adsorbed decreased as the pH increased. A similar behav-

ior has been reported by different researchers [9,11,32,33] for the

uptake of Cr (VI) on various adsorbents. As shown in the Eq. (1)

below, hydroxyl species are released from the process of Cr (VI)

adsorption instead of hydrogen ions.

R+H2O+HCrO4
−

↔R−HO3Cr++2OH− (1)

where R represents the adsorbent.

In this case, decreasing the pH will favor the Cr (VI) adsorption

on the hematite samples.

At initial pH of 2.0, the adsorbent surfaces might be highly proto-

nated, which favors the uptake of Cr (VI) in the predominant anionic

form (HCrO4

−) [34-36]. With increase in pH from 2.0 to 10, the degree

of protonation of hematite surfaces reduced gradually, thereby result-

ing in decrease in the capacity. An increase in pH above 3 shows a

slight decrease in adsorption in which the surface of the adsorbent

is negatively charged. Decrease in adsorption at higher pH is due

to the formation of soluble hydroxyl complexes.

The pH of the system controls the adsorption capacity due to its

influence on the surface properties of the adsorbent, and the ionic

forms of chromium in solution. The amount of Cr (VI) adsorbed

as a function of pH is shown in Fig. 10. Maximum Cr (VI) adsorp-

tion occurred at pH 2.0-3.0 for samples Ade 1 to 5. Cr (VI) adsorp-

tion decreased as solution pH increased. According to the speciation

diagram of Chromium, the dominant form of Cr (VI) at pH 3-6 is

HCrO4

−. Increasing the pH will transform the species HCrO4

− to

other form, CrO4

2− [37,38].

Similar observations have also been reported by other authors

[39,40]. It can be concluded that the active form of Cr (VI) that can

be adsorbed by all adsorbents used in this study is HCrO4

−. At initial

pH of 3.0, the adsorbent surfaces might be highly protonated, which

favors the uptake of Cr (VI) in the predominant anionic form (HCrO4

−).

The two possible reactions are shown in Eqs. (2) and (3):

≡SOH2
++HCrO4

−

↔SOH2
+ (HCrO4

−) for pH<pHpzc (2)

≡SOH2
++HCrO4

−

↔SH CrO4+H2O for pH<pHpzc (3)

These mechanisms are in agreement with the findings of previ-

ous studies on other adsorbents of different chemical nature [32,37].

The behavior for better adsorption at low pH by these adsorbents

may be attributed to the large numbers of H+ ions present at low

pH values which protonate the metal-oxide surface. That results in

strong electrostatic attraction between positively charged adsorbent

surface and HCrO4

− leading to higher adsorption. As the pH of the

system increases, the number of negatively charged sites increases.

A negatively charged surface site on these adsorbents does not favor

the adsorption of Cr (VI) due to the electrostatic repulsion. This ex-

plains why poor adsorption behavior was observed for pH>pHPZC.

Furthermore, lower adsorption of Cr (VI) in alkaline medium is also

due to the competition from excess OH− ions with the anions for

the adsorption sites [11].

5-4. Effect of Adsorbent Dose on Adsorption of Cr (VI) Ion

The effect of adsorbent dose was studied over an adsorbent dose

of 10 mg to 250 mg. Fig. 11 shows the effect of adsorbent dose on

adsorption of Cr (VI) on samples Ade1 to Ade 5, and the maximum

adsorption was observed at 10mg for Ade 3, 50mg for Ade1 and Ade

5, 100mg for sample Ade 2. Our observation shows that small amount

Fig. 9. Effect of contact Time on Adsorption onto Ade 1 to Ade 5
at equilibrium concentration: 20 mg/L. Stirring rate: 75 rpm,
pH: 3.0 and Temperature: 298 K.

Fig. 10. Effect of pH on the sorption of Cr (VI) onto Ade 1 at equi-
librium concentration: 20 mg/L. Stirring rate: 75 rpm, time:
2 hrs and temperature: 298 K.

Fig. 11. Effect of adsorbent dose on the sorption of Cr (VI) onto
Ade 1 at equilibrium concentration: 20 mg/L. Stirring rate:
75 rpm, time: 2 hrs for Ade 1, 2 and 5, 3 hrs for Ade 3 and
4 hrs for Ade 4 pH: 3.0 and temperature: 298 K.
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of the samples gave maximum adsorption; this is attributed to the high

surface area and micropore volume of the nanoparticle material.

5-5. Effect of Ionic Strength on Adsorption of Cr (VI) Ion

Ionic strength is one of the important factors which influence the

aqueous phase equilibrium. A number of scientists have intensively

investigated this effect. Generally, adsorption decreases with increas-

ing ionic strength of the aqueous solution. The adsorption capacity

in this study decreases with increasing ionic strength. Fig. 12 shows

the influence of ionic strength at pH 3.0 on the adsorption of Cr (VI)

onto hematite samples (Ade 1-5) over an ionic strength range of

0.001 to 0.01 moldm−3. The result indicates that Cr (VI) adsorption

is dependent on ionic strength for all the hematite samples. For sam-

ples Ade 1, 2 and 5 maximum adsorption was observed at ionic

strength of 0.005 mol/dm−3 NaNO3 while maximum adsorption was

observed at 0.05 mol/dm−3 for sample Ade 3. The ionic strength can

influence the double layer thickness and interface potential, thereby

affecting the binding of the adsorbed species. Outer sphere complexes

are expected to be more susceptible to ionic strength variations than

inner sphere complexes, since background electrolyte ions are placed

in the same plane of outer sphere complexes. The study of ionic

strength effect on sorption at solid/aqueous interface can be used to

indirectly distinguish between the formation of outer-sphere and inner

complexes [41]. In general, the sorption mechanism of surface com-

plexation is significantly affected by pH, whereas sorption mecha-

nism of ion exchange is influenced by ionic strength. The strong

pH dependence and ionic strength dependence on adsorption of Cr

(VI) to hematite samples suggest that the adsorption of Cr (VI) is

mainly dominated by both ion exchange and surface complexation.

If sorption is considered as an ion exchange, the reaction between

the surface site ≡S-OH and the ions HCrO4

− can be expressed with

the following Eq. (4):

≡S-OH+H++HCrO4
−

↔S-HCrO4+H2O (4)

This result is in agreement with the findings of previous studies by

other authors [36].

5-6. Effect of Temperature on Adsorption of Cr (VI) Ion

The results of effect of temperature on adsorption of Cr (VI) ion

on Ade 1 to Ade 5 are presented in Fig. 13. The adsorption of Cr

(VI) decreased with increase in temperature for all samples. The

effect of temperature on adsorption of Cr (VI) on hematite samples

shows that adsorption decreases with increase in temperature. This

indicates the exothermic nature of the adsorption process.

5-7. Adsorption Thermodynamic Studies

The thermodynamics for the adsorption of Cr (VI) on iron oxides

was investigated in the range 300-330 K and the influence of tem-

perature on the adsorption under the optimized conditions was stud-

ied. There is a little decrease for the equilibrium adsorption capacity

with the temperature increase from 300-330 K for all hematite sam-

ples (Ade 1-Ade 5) for the adsorption of Cr (VI). Thermodynamic

parameters such as change in Gibbs free energy (∆G), enthalpy (∆H)

and entropy ∆S were determined using the following equation [42].

Kc=Qe/Ce (5)

(6)

∆G=∆H−T∆S (7)

where Kc is the distribution coefficient, Qe (mg/g) and Ce (mg/L)

are the adsorption capacity and Cr (VI) concentration at equilibrium,

respectively.

T is the temperature in Kelvin and R is the gas constant, ∆H and

∆S were obtained from the slope and intercept of the plots of log

Kc versus 1/4. Table 3 shows the thermodynamic adsorption param-

eters ∆H, ∆S and ∆G computed from the plots of log Kc versus 1/T
The negative value of ∆H in the range (−101.4 and −5.67 kJ/mol)

for samples Ade 2 to Ade 5 confirms the exothermic adsorption of

the Cr (VI) ion.

The negative values of ∆S indicate that there is a decrease in the

randomness in solid/solution interface during the adsorption process.

The values of ∆G were positive and in the range 0.478-10.6 kJmol−1

for sample Ade 2 to 5 for Cr (VI) adsorption The negative values

LogKc = 
− ∆H

2.303RT
--------------------- + 

∆S

2.303R
-----------------

Fig. 12. Effect of ionic strength on Cr (VI) adsorption onto Ade 1-5
at equilibrium concentration: 20 mg/L. Stirring rate: 75
rpm, time: 2 hrs, pH: 3.0, adsorbent dose: 20 mg and tem-
perature: 298 K.

Fig. 13. Effect of temperature on adsorption of Cr (VI) onto Ade 1,
Ade 2, Ade 3, Ade 4 and Ade 5 at equilibrium concentra-
tion: 20 mg/L. Stirring rate: 75 rpm, time: 2 hrs, pH: 3.0
and adsorbent dose: 20 mg.

Table 3. Thermodynamic parameters for the adsorption of Cr (VI)
onto hematite samples

Sample ∆H kJmol−1 ∆S kJmol−1K−1 ∆G kJmol−1

Ade 2 0−14.90 −0.0569 02.06

Ade 3 −101.40 −0.3760 10.60

Ade 4 0−32.60 −0.1110 000.478

Ade 5 00−5.67 −0.0299 03.24
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of enthalpy change (∆H) and entropy change (∆S) show that the

adsorption process is exothermic in nature.

6. Adsorption Isotherms

6-1. Langmuir Isotherm

The Langmuir isotherm model assumes monolayer adsorption

on a uniform surface with a finite number of adsorption sites [38,43].

Once a site is filled, no further sorption can take place at that site.

As such the surface will eventually reach a saturation point where

the maximum adsorption of the surface will be achieved. The linear

form of Langmuir isotherm model is given by the following equation:

(8)

Ce (mg/L) is the concentration of adsorbate left in solution at equilib-

rium, KL is the Langmuir bonding energy, qm (mg/g) is the adsorp-

tion maximum (mg/g) and qe (mg/g) is the amount of adsorbate ad-

sorbed per unit mass of adsorbent.

6-2. Freundlich Isotherm

The Freundlich isotherm is applicable to both monolayer (chemi-

sorption) and multilayer adsorption (physisorption) and is based on

the assumption that the adsorbate adsorbs onto the heterogeneous

surface of the adsorbent. The empirical Freundlich equation based

on sorption onto a heterogeneous surface [44,45] is given below

by Eq. (9):

(9)

where Kf (mg/g) and n are the Freundlich constants Kf and n are

indicators of adsorption capacity and adsorption intensity, respec-

tively.

6-3. Temkin Isotherm

The Temkin isotherm model assumes that the adsorption energy

decreases linearly with the surface coverage due to adsorbent-adsor-

bate interactions. The Temkin isotherm equation applied for isotherm

analysis is in the following form:

qe=A+B logCe (10)

According to Temkin Isotherm [46], the linear form can be expressed

by equation

(11)

where RT/b=B (J/mol), which is Temkin constant related to heat

of sorption, whereas KT (L/g) represents the equilibrium binding

energy, R (8.314J/mol/K) is the universal gas constant at T0 (k) which

is absolute solution temperature.

6-4. Dubinin Radushkevich (D-R) Isotherm

The D-R isotherm model is a semi-empirical equation where ad-

sorption follows a pore filling mechanism. It assumes that the adsorp-

tion has a multilayer character, involves van der Waals forces and

is applicable for physical adsorption processes. The Dubinin Radush-

kevich (D-R) isotherm model is more general than the Langmuir

isotherm since it does not have the restriction of surface properties

or constant sorption potential. It is valid at low concentration ranges

and can be used to describe adsorption on both homogenous and

heterogeneous surfaces [47]. It has the general expression:

q=qmaxexp(−βε 2)- (12)

or in the linear form:

ln q=ln qmax−βε 2 (13)

where β is the activity coefficient relating to mean sorption energy

(mol2/kg2) and ε is the Polanyi potential which is equal to:

(14)

where R is ideal gas constant (8.314 J(mol/K), T is the absolute tem-

perature (k) in Kelvin.

E (Kj/mol) is defined as the free energy change which requires

to transfer 1 mol of Cr (VI) from solution to the adsorbent sur-

faces. The relation is as follows:

(15)

The exponential data for Cr (VI) sorption onto iron oxides were

fitted with Langmuir, Freundlich, Temkin, and Dubinin-Radush-

kevich models.

The magnitude of the n in the Freundlich isotherm expression

shows an indication of favorability of adsorption. Values of n larger

than 1 show the favorable nature of adsorption. The values of n (Table

4) suggest that Cr (VI) are favorably adsorbed by iron oxides. The

results of the adsorption maxima (Q(mg/g)) from the Langmuir ad-

sorption isotherm suggest that hematite Ade 3 and Ade 5 were not

calculated due to low correlation coefficient (R2). Ade 4 has the highest

adsorption capacity of 200 mg/g. From the isotherm result, the Lang-

muir adsorption isotherm fitted best for the hematite samples with

correlation coefficients in the range (0.839<R<0.930) for Cr (VI)

adsorption, The qm values follow the order Ade 4>Ade 1>Ade 2.

The separation factor RL (0.11-0.38) was less than 1.0, indicating

that the Cr (VI) ion preferred to remain bound to the hematite surface.

The Temkin constants relating to heat of sorption (b) and KT are in

the range of 0.337-12.09×103 J/mol and 0.106-6.08 for the adsorp-

Ce

qe

----- = 
1

KLqm

------------  + 

Ce

Q
-----

qe = Kf Ce( )
1

n
---

qe = 
RT

b
------- KFln  + 

RT

b
------- Celn

ε = RT 1+ 
1

Ce

-----
 
 ln

E = 
1

2β
----------

Table 4. Adsorption isotherm constants and parameters calculated for Cr (VI) Adsorption

Adsorbents
Langmuir coefficients Freundlich coefficients Temkin coefficients

qm KL R2 n Kf R2 b×103 KT R2

Ade 1 28.6 0.0800 0.962 2.46 1.65 0.807 00.774 6.082 0.953

Ade 2 6.33 0.4200 0.897 1.40 1.87 0.930 12.090 0.445 0.779

Ade 3 - - 0.194 1.25 2.23 0.703 11.900 0.252 0.718

Ade 4 200 0.0027 0.956 1.43 1.60 0.805 00.337 1.860 0.916

Ade 5 - - 0.381 1.06 2.23 0.757 10.900 - -
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tion of Cr (VI) on the iron oxides, respectively. The Temkin isotherm

also describes the isotherm data fairly with correlation coefficients

in the range (0.534<R<0.953) for Cr (VI) adsorption. The order of

fitting of the present data with the isotherm models is Langmuir>

Freundlich>Temkin>D-R for Cr (VI).

The values of R2 showed that the Langmuir model fits best the

adsorption data. This suggests the presence of homogeneous sur-

face sites and that monolayer adsorption is occurring for Cr (VI)

adsorption with the exception of samples Ade 3 and Ade 5 with

low correlation coefficient.

7. Adsorption Kinetic Modeling

To examine the mechanism of adsorption process such as chemi-

cal reaction and mass transfer, a suitable model is needed to analyze

the rate data. A number of kinetic models have been described to

find a suitable mechanism explanation for solid/liquid adsorption sys-

tems. Four kinetic models were used to fit the experimental data

for the adsorption process of Cr (VI) on iron oxides.

7-1. Pseudo-first Order Equation

The sorption kinetics may be described by a linear pseudo-first

order equation:

(16)

where qe and qt are the adsorption capacities (mg/g) at equilibrium and

at time, t, respectively. k1 is the equilibrium rate constant of pseudo-

first order adsorption (min−1). The slopes and intercepts of log(qe−qt)

versus t are used to determine the first order rate constant k1 and

the amount of metal or oxyanion sorbed at equilibrium qe.

7-2. Pseudo-second Order

The linear pseudo-first order equation is

(17)

where qe and qt have the same meaning as above, K2 is the rate con-

stant of pseudo-second order adsorption (g mg−1min−1). The slopes

and intercepts of t/qt versus t are used to determine the second order

rate constant k2 and the amount of metal or oxyanion sorbed [42]

at equilibrium qe.

7-3. The Power Function Equation

The adsorption kinetics can also be described by power function

equation; it describes rates of adsorption (as in the common Freun-

dlich isotherm model) and chemical reaction (for estimation of reac-

tion orders). The linear power function is:

logqt=logKp+v logt (18)

The plot of ln qt and ln t should give a linear relationship from which

Kp, the rate constant and v can be determined from the slopes and

intercept, respectively, where Kp and v are constants [42], qt the ad-

sorption capacity (mg/g) at time, t.

7-4. The Elovich Equation

The Elovich kinetic model is basically used for chemical adsorp-

tion on solid surfaces; the adsorption rate is meant to decrease with

an increase in the amount of the adsorbed gas or liquid [42].

(19)

where α the initial sorption rate (mg/g min) and β is related to the

extent of surface coverage and activation energy for chemisorption

(mg/g) [44]. The Elovich equation describes predominantly chemical

adsorption on highly heterogeneous adsorbents, but the equation

does not propose any definite mechanism for adsorbate-adsorbent

interaction [42]. To simplify the Elovich equation, it is written as:

a2=1/β ln(αβ) and b2=1/β.

Simple Elovich
qt=a2+b2 ln t (20)

The estimated kinetic models and related parameters (constants)

with linear regression coefficient (R2) are shown in Table 5.

The kinetic adsorption data for Cr (VI) on hematite samples de-

scribe the pseudo-second order model best (0.583<R2<0.999), while

the pseudo-first order describes the kinetic data poorly with low

correlation coefficients in the range (0.082<R2<0.852).The straight

line obtained from the plot of t/qt versus t showed good agreement

of experimental data for Cr (VI) adsorption on iron oxides. This

suggests that this sorption system follows a pseudo-second order

model which is based on the assumption that the rate-limiting step

may be chemical sorption or chemisorption involving valency forces

through sharing or exchange of electrons between adsorbent and

adsorbate. The slopes and intercepts of the plot of log(qe−qt) versus t

were used to determine the first order rate constant k1 and the amount

of Cr (VI) sorbed at equilibrium qe. However, the experimental qe

deviated considerably from the theoretical qe. This suggests that

this adsorption system is not a pseudo-first order reaction. Other

models tested describe the kinetic data fairly. The simple Elovich

equation explained the kinetic data fairly with correlation coefficient

(R2) for Cr (VI) in the range 0.614 to 0.986 for initial Cr (VI) load

of 20 mg/L. This also implies that the sorption is a chemical reac-

tion when compared to the report of some authors [42]. The power

function kinetic model equation describes the kinetic data fairly with

correlation coefficient in the range 0.601 to 0.957 for Cr (VI) ion

on the synthetic iron oxides. The rate of power function v was found

to be in the range 0.417 to 0.960 for some of iron oxide type, which

qe − qt( ) = qe − 

k
1

2.303
-------------
 
 tloglog

t

qt

---- = 
1

k
2
qe

2
----------
 
 

 + 
1

qe

----
 
 t

1

β
--- αβ( )ln  + 

1

β
--- t = a

2
 + b

2
tlnln

Table 5. Adsorption kinetics Constants for Cr (VI) adsorption

Pseudo-second order Power function Elovich

Samples (K2(g/mg min) qe R2 a2 b2 R2 Kp b R2

Ade 1 2.37×10−2 5.030 0.999 2.66 00.904 0.948 00.864 02.893 0.910

Ade 2 2.16×10−2 2.070 0.981 4.08×107
−0.942 0.615 10.740 −2.912 0.651

Ade 3 1.43×101− 0.129 0.533 - - 0.300 - - 0.012

Ade 4 9.96×10−2 4.270 0.991 1.48×102 00.377 0.986 00.417 02.418 0.957

Ade 5 6.74×10−2 2.060 0.999 3.84 00.403 0.614 00.905 01.462 0.601
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indicates that the power function model described the time-depen-

dent of Cr (VI) on iron oxides as the value of constant v was less

than 1. This observation is supported by the observation of some

researchers [42,45]. However, no systematic order is found for fitting

the kinetic data with analyzed model equations, as the present kinetic

data were found to fit best the pseudo-second order model.

8. IR Spectra of Samples after Cr (VI) Adsorption

A shift of absorption bands should occur if the symmetry of the

ion is lowered by interaction with hydrous iron oxide. Chromate

interacts with iron oxide surface by chemical bonding as indicated

by a comparison of the spectra before and after sorption of chro-

mate. Hsia et al. [48] reported the adsorption of chromate at absorp-

tion band 934.3cm−1, which was not observed in the original spectrum

of iron oxide. Chromate absorption bands are indicated by FT-IR

spectra (Fig. 14) data which slightly shift on the spectra of iron oxides,

verifying that chromate could specifically adsorb on iron oxide sur-

face. The FTIR spectra of Cr (VI) sorbed hematite Ade 1 expected

at 3,405, 1,624, 1,120, 943, 1,384 cm−1 had shifted, respectively, to

3,418, 1,617, 536, 455, 564 and 464 cm−1 while the peak at 943 cm−1

disappeared completely. The bands at 3,418, 1,633, 1,129, 564 and

471 cm−1 in sample Ade 2 shifted to 3,419, 1,636, 1,384, 1,126, 554

cm−1, respectively. The band at 471 cm−1 remained unchanged after

the adsorption of Cr (VI) from aqueous solution.

The spectrum for Ade 3 indicated absorption in the regions 3,417,

1,636, 921, 588 and 481 cm−1. The band between 900 and 778 cm−1

was linked to the presence of Cr (VI) during sorption experiment

by Pakade et al. [49]; it was also reported by Gourdarzian at al. [50]

that bands at 938 and 790 cm−1 were attributed to the interaction of

Cr (VI) with the adsorbent. Miller and Wilkins [51] also observed

chromate anion FTIR bands at 930 and 765 cm−1 in polyethylene

imine supported silver dichromate oxidizing polymeric reagent. The

band at 921 cm−1 could be linked to the presence of Cr (VI) attached

during the preparation of sample Ade 3; this also complements the

result of x-ray fluorescence for the elemental composition of the

sample, which revealed 0.56% of Cr2O3. The bands at 3,417, 1,636,

588 and 481 cm−1 shifted to 3,415, 1,617, 578, 480 cm−1 while the

band 921 cm−1 disappeared completely after adsorption of Cr (VI)

from aqueous solution.

Ade 5 - Cr (VI) sorbed showed that the bands at 3,111, 1,654,

1,384, 895, 806 and 551 cm−1 shifted to 3,415, 1,617, 1,384, 896,

807, 542 and 452 cm−1, respectively. Specific adsorption is likely

to be formed according to the FTIR measurements results at Cr (VI)

and hematite interface. This result is in line with the report of Hsia

et al. [48] that reported a slight shift on the spectrum of hematite

loaded with chromate. It is therefore apparent that chromate could

specifically adsorb on hematite surface.

9. Desorption Result

An indication of desorption efficiency for each adsorbent is given

in Table 6.

It was also observed that the percentage chromate desorbed was

in the range 13.9-33.90% for all hematite types using HCl and lower

for HNO3 values in the range 10.9 to 20.1%. This also supports the

result of desorption efficiency. Since over 80% is not displaceable

by HNO3 for hematite samples, it can be concluded that inner-sphere

complexes were formed by the chromate anion and hematite sam-

ples. The relatively higher value recorded for HCl could be due to

Fig. 14. FT-IR Spectrum of Ade 5 - Cr. After sorption (1), before sorption (2).



Adsorption of Cr (VI) on synthetic hematite (α-Fe2O3) nanoparticles of different morphologies 153

Korean J. Chem. Eng.(Vol. 31, No. 1)

its complexing ability. The FTIR results also complement this result.

The bonds of chromate-loaded iron oxides were shifted and the inten-

sity of the bands was higher. These spectroscopic variations sug-

gested the formation of inner-sphere chromate complexes on hematite

samples. These desorption experiments thus suggest a strong bond

of chromate to the iron oxides. This, in turn, indicates a reaction

between the surface complex ≡Fe-OH2

+ and HCrO4

− forming a ≡Fe-

O4HCr at the hematite surface (inner sphere).

The desorption index (DI) was calculated for the various hema-

tite types to evaluate the degree of reversibility of the sorption pro-

cess [52]. DI is the ratio of percentage of metal ion on adsorbent at

the end of sorption to the percentage of metal on the adsorbent at

the end of desorption. A sorption process is considered to be com-

pletely irreversible when DI equals 1. The degree of irreversibility

of a sorption process increases as DI value deviates from 1. The

result of the desorption index is in the range 1.33 to 3.16 for the various

iron oxide types using HCl as the desorption solution, while 1.86-

4.26 using HNO3 as the desorption solution for Cr (VI) loaded-iron

oxides. This also complements the observation of inner-sphere com-

plexes formed by Cr (VI) on the oxide types. Table 6 summarizes

the desorption indices of iron oxides.

Table 7 shows different adsorbents and their adsorption capac-

ity; it was observed that adsorbents of nanoparticle range exhibit

higher adsorption capacity.

CONCLUSIONS

A batch technique was used to study the sorption of Cr (VI) from

aqueous solution onto the synthesized iron oxide hematite as a func-

tion of pH, contact time, ionic strength, adsorbent dose and temper-

ature. The results indicated that adsorption decreased with increasing

pH for Cr (VI) ion. Adsorption data were fitted with Langmuir, Freun-

dlich, Temkin and Dubinin Radushkevich adsorption isotherm model

for Cr (VI) ion. The adsorption process was found to depend on

the concentration of metal ion, ionic strength, pH, adsorbent dose

and temperature. The result of adsorption experiment for Ade 4 was

found to have high adsorption capacity when compared with other

hematite samples studied with adsorption capacity of 200 mgg−1. The

adsorption of Cr (VI) was found to be pH dependent and maxi-

mum adsorption observed in the pH range 2-3.

The adsorption isotherm data for Cr (VI) at pH 3.0, respectively,

and temperature 25±2 oC fitted the Langmuir adsorption isotherm

model best. The result of the adsorption isotherms suggests the pres-

ence of homogeneous surface sites and monolayer adsorption for

Cr (VI) on the various hematite types. The separation factor calcu-

lated from the Langmuir constant also showed that the adsorption

process of Cr (VI) is favorable. The result of the isotherms revealed

that the reaction is a chemisorption process. The thermodynamic

parameters indicated the feasibility and exothermic nature of the

adsorption process.

The adsorption kinetic data for Cr (VI) at pH 3.0 at temperature

25±2 oC described the pseudo-second order equation best. The ad-

sorption of Cr (VI) ions reached equilibrium in 4 hours. The sorp-

tion of Cr (VI) is dependent on ionic strength at low pH value. The

thermodynamic parameters derived from temperature-dependent

sorption isotherms suggest that the sorption process of Cr (VI) onto

all iron oxide types is spontaneous and exothermic.

Sample Ade 4 showed distinct features among all the five syn-

thesized hematites with adsorption isotherm fitting all the Langmuir,

Freundlich and Temkin with correlation co-efficient 0.956, 0.790,

0.916 for Cr (VI) sorption. The adsorption kinetic model for sample

Ade 4 fitted three (3) kinetic models tested pseudo-second order,

Elovich and power function model. Based on all results, it can be

concluded that hematite Ade 1 to Ade 5 are effective nanoparticle

adsorbent for the removal of Cr (VI) from wastewaters in terms of

their high adsorption capacities.
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Hematite (Ade 5) 3 Nanoporous ND ND 1.060 2.230 This study
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