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Abstract
Hexavalent chromium was adsorbed from aqueous solution with three prepared and characterized adsorbents, namely goe-
thite (G), activated carbon (AC) and their composite (GAC). The goethite particle was synthesized using the precipitation 
methods, and activated carbon was prepared from the stem bark of Daniellia oliveri tree and composite in a ratio of 1:5 goe-
thite–activated carbon. The adsorption capacities of G, AC and GAC for Cr(VI) are 6.627, 5.455 and 6.354 mg/g with 0.02 g 
adsorbent within contact time of 60, 180 and 30 min for G, AC and GAC, respectively, for Cr(VI) adsorption at optimum 
pH of 3. The isotherm studied was best explained by Langmuir adsorption isotherm and fitted with the pseudo-second-order 
kinetic model. Desorption studies showed that 1.0 M HNO3 was a better desorbing agent than 0.1 M HNO3, 0.1 M HCl and 
1.0 M HCl. Chromium was most desorbed (94.60% in Cr//G using 1 M HNO3). The result obtained revealed that goethite 
and activated carbon produced are favourable adsorbents and the composite of the two adsorbents gives a more favourable, 
economical and affordable adsorbent for the clean-up of heavy metal contamination.
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Introduction

The level of contamination of water bodies by textile, steel, 
paints and electroplating industries is on the alarming rate in 
developing countries all over the world due to rapid indus-
trialization. High concentration of metal ions has been con-
nected to birth defects, cancer of the digestive tract and 
lungs, skin lesions, retardation leading to disabilities, liver 
and kidney damage, and a lot of serious health effect (Jain 
et al. 2009). It is of utmost importance to make efforts to 
reduce the wastewater generation in order to provide clean 
water that meets our teeming population needs (Franca et al. 
2015).

In the search for ways of tackling these environmental 
issues, numerous techniques available in this concern have 
been reported (Zouboulis et al. 2009; Punzi et al. 2015; 
Asghar et al. 2015). These methods include deposition, 

chemical precipitation, biological treatment, advanced oxi-
dation process, evaporation, ion exchange, reverse osmo-
sis, electrodeposition, solvent extraction, use of adsorbents 
and phytoextraction. A number of listed factors affect effi-
ciency of the processes, and adsorption has demonstrated 
to be an effective technique. Most of these methods have 
some imperfections such as high cost of operation, high 
required investment and disposal of metal sludge; there-
fore, efforts have been made to develop cheap materials for 
removing pollutants from aquatic environment (Dizadji and 
Abootalebi 2011; Malakootan et al. 2009; Shen et al. 2009).

The advancement in using nanoparticles has solved 
some of the problems in this regard (Ambashta and Sil-
lanpaa 2010), having appropriate adsorption surface; 
nanoparticles possess unique characteristics as they have 
very high surface area-to-volume ratio. This provides a 
tremendous driving force for diffusion, especially at high 
temperatures (Faraji et al. 2010; Xu et al. 2012). Because 
of the largest pore size of activated carbon and the greater 
surface area per weight of nanoparticles such as goethite 
and hematite, researchers have continued to improve its 
application as one of the fastest growing areas in envi-
ronmental application such as wastewater treatment, as 
compositing these various adsorbents enhances more 
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effectiveness of adsorption process and cost-friendly. In 
the clean-up of wastewater, activated carbon from different 
agricultural waste materials has been used for purification, 
decolourization and removal of toxic heavy metal ions.

The need to look for a cost-effective material to be used 
for the removal of pollutant from the environment has been 
the great impetus for the use of Daniellia oliveri stem bark 
for the preparation of activated carbon. The activated carbon 
composite with goethite particles will be used in the removal 
of toxic metals from aqueous solution.

Experimental

Collection and sample preparation

Preparation of activated carbon

Activated carbon was produced from the stem bark of Dan-
iellia oliveri tree that grows around the Chemical Engineer-
ing Laboratory Building, University of Ilorin. The tree bark 
was washed, sun-dried and air-dried. This was followed by 
carbonization and activation with 75% H3PO4 in the ratio 
H3PO4/char of 1.0.

Synthesis of goethite particle

Goethite particle was prepared using the modified method of 
Schwertmann and Cornell (1991) with slight modification 
under N2 atmosphere. Hundred millilitres of 1 M Fe(NO3)3 
solution was added rapidly to 180 ml of 5 M KOH solution 
in a polyethylene flask. A precipitate of red-brown ferrihy-
drite was obtained, and this suspension was diluted to 2 l 
with distilled water and held in a closed polyethylene flask 
at 70 °C for 60 h in the oven. The vessel was removed from 
the oven and centrifuged, and the precipitate was washed 
by dialysis, filtered by Millipore glass membrane vacuum 
filtration system and dried.

Preparation of composite

The composite sample was prepared using modified method 
of Kosmulski et al. (2003). Iron oxide–activated carbon pow-
der in the ratio 1:5 was dispersed in 0.1 M HNO3 solution 
and was vigorously stirred at 1800 rpm for 2 h. The mixture 
was aged for 24 h at 80 °C in the oven. The precipitate was 
centrifuged and washed to neutrality and then dried in the 
oven (Kosmulski et al. 2003).

Physicochemical and spectroscopic characterization

Physicochemical parameters such as pH, point of zero 
charge, bulk density and surface area were used to charac-
terize the prepared sample.

To determine the pH, 1 g of the activated carbon was 
agitated in a beaker containing 50 ml of deionized water, 
shaken for 5 min and then allowed to stand for 30 min (Ade-
goke et al. 2013). The pH was then taken with a pH meter 
(ATpH model). The bulk density was determined using 
ASTM D 2866-94. Potentiometric mass titration method 
was used to determine the point of zero charge (Balderas-
Harnandez et al. 2006). The BET surface area analyser was 
used for surface area determination, and this gives reliable 
result on the mesopore, micropore and macropore.

Spectroscopic characterization was carried out using 
scanning electron microscopy (Carl Zeiss ultra plus field 
emission electron microscope (FESEM) at 5 kV), transmis-
sion electron microscopy (JEOL TEM 1010 transmission 
electron microscope at 200 kV), X-ray diffraction (PW 
3050/60 goniometer), X-ray fluorescence (Kevex Fisons 
Analyst 771), energy-dispersive X-ray spectroscopy (EDX) 
and Fourier transform infrared spectroscopy (Shimadzu 
8400).

Adsorption studies

Preparation of the stock solution of the Cr(VI)

K2Cr2O7 was used in the preparation of the stock solu-
tions. Solution of Cr(VI) 1000 ppm was prepared by weigh-
ing 2.826 g of K2Cr2O7 (Sigma-Aldrich), dissolving it in 
deionized water and making up to 1000 ml mark of the 
standard flask and adjusted to a pH of 3 as observed from 
the speciation diagram for chromium. The standard solu-
tions (10–500 ppm) were prepared through serial dilution. 
The various standard concentrations were determined on a 
UV–visible spectrophotometer (Shimadzu model) at a wave-
length of 354 nm.

Removal of heavy metal ions from aqueous solution

Batch experiments were conducted to investigate the 
effects of adsorbate concentration, adsorbent dose, contact 
time, pH and temperature on the adsorption of Cr(VI) on 
each of the adsorbents (goethite, activated carbon and their 
composite). All reagents used were of analytical grade. 
Twenty-five  milliliters of the prepared solutions with 
concentrations 10–500 ppm was measured into a 100-ml 
conical flask each, and 0.1 g adsorbent was added, agitated 
using a mechanical shaker for 180 min and then filtered. 
The initial and final concentrations of Cr(VI) ion were 
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determined on a UV–visible spectrophotometer (Shimadzu 
model) at a wavelength of 354 nm. Effect of adsorbent 
dose and contact time was carried out within the range of 
0.02–1.0 g and 5–240 min, respectively. Then, the adsorp-
tion of Cr(VI) ions under different pHs (1–10) and tem-
peratures (303–334 K) was studied.

The metal concentration adsorbed by the adsorbent 
phase (Qe, ppm) and % adsorbed were calculated using 
the following equations (Al-Degs et al. 2006):

where V is the volume of solution (ml), S amount of dry 
adsorbent/substrate (g), Ci initial metal concentration (ppm), 
Cf final metal concentration(ppm) and Qe amount absorbed.

Adsorption isotherms, kinetics and thermodynamics

The adsorption capacity data were fitted into the linear 
forms of some isotherms. These include Langmuir, Freun-
dlich, Temkin and Dubinin–Radushkevich isotherms, and 
their equations are as follows, respectively:

where

Kinetic models were used to examine the rate of the adsorp-
tion process and potential rate controlling step. The experi-
mental data were fitted into the pseudo-first-order, pseudo-
second-order, Elovich and intra-particle diffusion kinetics to 
examine the adsorption kinetics of Cr(VI) in aqueous solu-
tion. Thermodynamic parameters such as the free energy 
(∆G°), standard enthalpy (∆H°) and standard entropy (∆S°) 
changes during adsorption were evaluated from van’t Hoff 
plots and calculated by the following equations:

(1)Qe =
v
(

Ci − Cf

)

s
× 10−3

(2)%Adsorption =
Ci − Cf

Ci
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Desorption studies

The desorption experiment study was carried out by contact-
ing 0.02 g of each adsorbent with 25 ml Cr(VI) at concentra-
tion range of 10–400 mg/l for 180 min. After the adsorption 
experiment, the adsorbents were collected by filtration and 
allowed to dry. Then, they were transferred separately into 
25 ml desorbent solutions: 0.1 and 1.0 M HCl and 0.1 and 
1.0 M HNO3, agitated for 180 min and filtered. The initial 
and final concentrations of Cr(VI) ion were all determined 
on a UV–visible spectrophotometer (Shimadzu model) at a 
wavelength of 354 nm. The % desorbed desorption efficiency 
and the desorption index were calculated by the following 
equations, respectively:

Results and discussion

Physicochemical parameters

The prepared goethite (G) particle is golden yellow which 
is in line with the result reported in the literature (Schwert-
mann 1991). The carbon is black in nature, while G–AC 
composite is greenish-blank in appearance. The percentage 
yields are 76.65, 54.6 and 94.5 for G, AC and GAC, respec-
tively. This gives the order of GAC > G > AC. GAC gives 
the highest yield value because little or no proportion was 
eliminated during its preparation.

The pH is 8.9, 7.2 and 5.5 for G, AC and GAC, respec-
tively. The pH value (8.9) of G shows that it is basic. This 
alkalinity nature can be associated with the dissociation of 
OH− present in the compound when dissolved in deionized 
water due to hydrolysis. The pH value is found to be within 
ranges of pH obtained for goethite particles elsewhere (Ade-
goke et al. 2013).

(7)Kc =
qe

Ce

(8)ΔG◦

= −RT InKc

(9)lnKc = −
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The bulk density of G, AC and GAC was 0.4408, 0.3316 
and 0.3638 g/ml, respectively. The higher bulk density of 
the goethite particle is prone to agglomeration and compact-
ness in nature. A denser precursor or starting material will 
produce a more compact and harder activated carbon. The 
precursor used for the AC was found to be dense, so the bulk 
density of the AC was found in this range and further modi-
fication of the AC adsorbent also causes a reduction in the 
bulk densities. The bulk densities obtained in this study were 
found to be higher than those reported elsewhere (Naiya 
et al. 2009) and less than some (Itodo et al. 2009 (0.53 g/
m3); Nale et al. 2012 (0.45 g/m3)) where agricultural waste 
are used as precursors.

The volatile matter obtained for the AC adsorbent is 
44.3%, which is higher than the value (20.96%) reported 
elsewhere (Raffiea et al. 2012). Volatile matter is due to the 
presence of organic compounds present in the raw material. 
It was stated that at longer carbonization period, more vola-
tiles are released from the char, thereby resulting in a higher 
burn off and a corresponding lower yield (Martinez et al. 
2006). The moisture content of the activated carbon was 
obtained at 10.23%, and ash contents for AC were 26.83%, 
lower than the value reported by Aloko and Adebayo (2008) 
(29.24%) and higher than those reported elsewhere (Salman 
et al. 2011 (10.5%); Mane et al. 2013 (5.6%); Elnasri et al. 
2013 (5.9%)) where agricultural materials are used.

The iodine number measures the activity level of AC; the 
higher the number, the higher the degree of activation and 
the development of the microporous structure (Raffiea et al. 
2012). The iodine number of AC prepared was 152.06, and 
this is relatively lower when compared with the one reported 
in the literature (Raffiea et al. 2012). Some activated carbons 
have been reported to be between 600 and 1100 mg/g (Aziz 
et al. 2009; Baccar et al. 2009).

The PZC is usually the pH value at which a solid 
immersed in an electrolyte exhibits zero net electrical charge 
on the surface (Lyklema 1995; Kirby 2010). The pHpzc of 
G, AC and GAC is 8.8, 7.6 and 7.92, respectively. These are 
within range as reported in the studies (Adegoke et al. 2013; 
Elnasri et al. 2013).

Surface area and micropore volume are the key factors in 
determining whether the material is suitable for the adsorp-
tion of metal ion or dyes from aqueous solutions. In addi-
tion, the nature of the adsorbent–adsorbate interaction must 
also be considered. It is understood that the pore volume 
contributed to the accommodation of adsorbate on the adsor-
bent (Subbaiah et al. 2011). From this study, the surface 
area of the sample was determined to be 130.098 m2/g for 
goethite and this is within the specific surface area range of 
8–200 m2/g stated by Cornell and Schwertmann (2003). The 
micropore volume is 6.3847 × 10−3 cm3/g, and a micropore 
area is 26.3089 m2/g.

From the physicochemical properties analysis for the three 
adsorbents, it is observed that the adsorbents possess most of 
the desirable characteristics of an adsorbent.

Spectroscopic characterization

The X-ray fluorescence analysis result of the goethite revealed 
that the major oxides found in the samples are Fe2O3, SiO2, 
CaO, P2O5, In2O3, Ag2O in which iron oxide is the dominant 
oxide and the minor oxides are MnO, Cr2O3, ZnO, etc. It is 
shown that 96.97% and 73.18% iron oxide are present in the 
G and GAC particles, respectively. This shows that the iron 
oxide is of high purity.

To examine the crystalline structure of the synthesized 
adsorbents, XRD analysis shows characteristics peaks at angle 
2ϴ. Peaks are found at positions of 21.40°, 34.50°, 35.80°, 
40.70°, 41.80°, 54.60° and 59.10° for G which are in good 
agreement with values found elsewhere (Jaiswal et al. 2013; 
Nassar 2012; Salami and Adekola 2002). The activated carbon 
spectra show there is low appearance of crystallites on the 
surface because of its amorphous nature. The spectra of the 
GAC show peaks 21.60°, 34.50°, 37.10°, 42.80°, 54.50° and 
59.40° almost the same spectra with that of the G particle but 
a little difference because of the slight shift in the peaks caused 
by the compositing. This is also in agreement with that found 
in the literature.

The FTIR spectra from Table 1 and also the spectra 
in Fig. 1a–c reveal that goethite G showed a broad band 
at 3132.40 cm−1 which is due to the O–H stretching fre-
quency. The stretching frequency of Fe–OH is found at the 
863.04 cm−1 and the peak at 769.60 cm−1 is due to the pres-
ence of O–H deformation which are diagnostic bands found 
in goethite. This is in line with the results found elsewhere 
(Castro et al. 2009; Salami and Adekola 2002). In the spectra 
of the composite (GAC), the combination of bands found in 
both goethite and the activated carbon is present with just 
slight shifts due to the mixing of the goethite particle with 
activated carbon.

The scanning electron micrograph spectra in Fig. 2a–f 
show goethite particle that is needle-like in shape and not 
of uniform size with a diameter of selected rods with val-
ues ranging from 97.89 to 182.77 nm. The activated carbon 
shows a network of pores structure which is not very porous 
but shallow. The composite micrograph shows needle-like 
goethite particle embedded on the activated carbon surface.

Adsorption study results

Calibration curve (UV–visible spectroscopy)

The calibration curve for the different concentrations of 
Cr(VI) is shown in Fig. 3a. The UV–visible spectrum of 
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Cr(VI) in Fig. 3b shows that Cr(VI) has a prominent peak 
at around 354 nm.

Effect of initial concentration

Investigation of adsorption capacity of Cr(VI) was done on 
the three adsorbents, namely goethite(G), activated carbon 
(AC) and their composite (GAC). Three sorption systems, 
namely Cr//G, Cr//AC and Cr//GAC, were studied at a tem-
perature of 26 ± 2 °C and 0.1 g adsorbent dosage for 180-min 
contact time. The results obtained for the various adsorption 
systems are shown in Fig. 4a–c.

The extent to which sorption occurs in a system has 
been reported to be a function of initial concentration of 
the adsorbate (metal ions) (Ahalaya et al. 2005). The effect 
of initial Cr(VI) concentration on the uptake capacity (Q 
in m/g) for Cr//G, Cr//AC and Cr//GAC sorption systems 
is shown in Fig. 4a–c, respectively, with an initial concen-
tration of Cr(VI) varying from 10 to 500 mg/l. It can be 
observed that there was an increase in adsorption capacity 
Cr(VI) ion onto the adsorbents with an increase in concen-
tration. This shows that the adsorption capacity of Cr(VI) is 
greatly dependent on the initial concentration. It can be seen 
that the amount adsorbed in the Cr(VI)//G system at equi-
librium increased from 1.499 to 6.630 mg/g, while adsorp-
tion capacity of Cr(VI)//AC and Cr(VI)//GAC system also 
increased from 1.513 to 5.456 and 1.084 to 6.354 mg/g, 
respectively. The maximum percentage adsorption onto 
the three adsorbents (goethite, activated carbon and goe-
thite–activated carbon) was found to be 45.585, 46.011 and 
32.954, respectively. It can be established that activated car-
bon adsorbed more compared to goethite and goethite–acti-
vated carbon composite. The trend observed can be due 
to the fact that less favourable sites become involved with 
increasing metal concentrations in the aqueous solution 

(Bektas and Kara 2004). Initial concentrations of 50 and 
100 mg/l were used for further studies.

Effect of adsorbent dosage

The effect of the adsorbents dosage on the various adsorp-
tion systems studied is shown in Fig. 5a–c for the three 
adsorbents onto Cr(VI) of two concentrations (a = 50 and 
b = 100 ppm). This gives a total of six systems, namely 
Cr//aAC, Cr//bAC, Cr//aG, Cr//bG, Cr//aGAC and Cr//bGAC.

It was observed that in all the systems, the uptake capac-
ity decreased with an increase in adsorbent dose, while the 
percentage adsorbed steeply increased with adsorbent dose 
loading between 0.02 and 1 g. Optimum adsorption was 
observed using 0.02 g of the adsorbent in all systems with 
corresponding values of 3.736, 5.697, 4.11, 4.489, 5.696 
and 6.205 mg/g and percentage adsorbed of 41.07, 31.28, 
89.72, 48.30, 100 and 77.82 for various adsorbate–adsor-
bent, Cr//aAC, Cr//bAC, Cr//aG, Cr//bG, Cr//aGAC and 
Cr//bGAC systems. Many factors contribute to the optimum 
adsorbent dosage. One of the factors is sites number avail-
able for adsorption. It increased by increasing the adsorbent 
dose; agglomeration of adsorbent particle at higher concen-
trations is also another factor. Similar trend was reported 
in the literature where adsorption capacity of Cr(VI) ions 
decreases with increasing adsorbent (Dakiky et al. 2002; 
Archarya et al. 2009; Jaiswal et al. 2013). The increase in 
adsorbent dosage beyond maximum adsorption capacity of 
0.02 g dose resulted in a decline in amount adsorbed which 
may be attributed to the overlapping of the adsorption sites 
when the quantity is above 0.02 g. It was observed by some 
researchers that higher adsorbent dosage could impose a 

Table 1   Summary of important peaks observed in G, AC and GAC​

Adsorption bands Peaks found in G (cm−1) Peaks found in AC 
(cm−1)

Peaks found in GAC (cm−1)

O–H stretching frequency 3132.40 3444.87 3161.33 and 3414.00
C–H (sp3) stretching – 2926.01 –
Intra-molecular H–OH frequency 2364.73 2366.66 –
C≡C 2339.66 2370.51
H2O of crystallization 1647.21
C=C stretching 1620.21 1608.63
H2O intra-molecular bending frequency 1396.46 – 1440.83
C–H rocking – 1317.38 1381.03
C–H bending – 1128.36 1267.23
Fe–OH stretching frequency 893.04 – 893.04
O–H deformation 796.60 – 794.67
Fe–O stretching frequency of H2O 453.27 and 638.44 – 453.27 and 634.58
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screening effect on the dense other layer of the cells, thereby 
shielding the binding sites from the metal ions (Pons and 

Fuste 1993). Adsorbent mass of 0.02 g was used for further 
studies.

Fig. 1   a FTIR spectrum of goethite, b FTIR spectrum of activated carbon, c FTIR spectrum of goethite–activated carbon composite
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Fig. 2   a G at magnification of 
4.86 kX, b G at magnification 
of 14.10 kX, c AC at magnifica-
tion of 629X, d AC at mag-
nification of 3.30 kX, e GAC 
at magnification of 1.50 kX, 
f GAC at magnification of 
11.92 kX

Fig. 3   a Calibration curve of 
Cr(VI), b UV–visible spectrum 
of Cr(V) y = 0.0362x

R² = 0.9825
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Effect of contact time

The time profile diagram for the adsorption of Cr(VI) on the 
three adsorbents, namely G, AC and GAC, is represented 
in Fig. 6a–c. It can be observed that the amount adsorbed 
increases with an increase in contact time to the peak after 
which equilibrium is reached at 60 min for goethite (G), 
180 min for activated carbon (AC) and 30 min for goe-
thite–activated carbon composite (GAC) with the adsorption 
capacities (at both 50 and 100 ppm initial concentration) of 
24.689 and 6.794 mg/g, 10.04 and 6.905 mg/g and 6.871 and 
6.734 mg/g, respectively.

An adsorption time of 60, 180 and 30 min was selected 
as the equilibrium time for G, AC and GAC, respectively, 
based on the results of the contact time studied and used 

for further adsorption studies in investigating other param-
eters. The effect of contact time on adsorption is important 
in adsorption processes, because it exercises a great deal of 
influence on the adsorption capacity (Baysal et al. 2009). It 
can be observed that the adsorption capacity of the metal 
ion increased with increasing time. The adsorption process 
can be divided into two stages, the first initial rapid metal 
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sorption rate which increases to the maximum peak adsorbed 
and the sharp fall to an equilibrium phase. Initially, there 
were a large number of vacant active sites available at the 
initial stages of adsorption and large amount of Cr(IV) ions 
were bound rapidly on the adsorbents at a faster adsorp-
tion rate. The binding site shortly became limited due to 
repulsive forces between adsorbate ions on the solid and in 

the solution, and it was difficult for the ions to occupy the 
remaining surface site. Similar results have been reported 
elsewhere (Veena Devi et al. 2012).

Effect of pH

The maximum amount adsorbed for the removal of Cr(VI) 
ion was observed at pH 3. As shown in Fig. 7a–c, adsorption 
capacity, however, increased as pH was increased from 1.0 to 
3.0. Thereafter, the amount decreased from pH 4 to 10 for all 
adsorbent types: G, AC and GAC (at initial concentrations 
of 50 and 100 ppm) with values of 6.39 and 49.72 mg/g, 
31.46 and 48.69 mg/g and 6.87 and 28.49 mg/g, respectively. 
pH is an important environmental factor that influences site 
dissociation (protonation and deprotonation of functional 
groups on adsorbents). It also affects the solution chemistry 
of heavy metals, hydrolysis and the speciation of the heavy 
metals. According to simple speciation diagrams for Cr(VI), 
all the species occurring at acidic pH values carry a negative 
charge either as CrO4

2−, HCrO4
− and Cr2O7

2−.
The decrease in the adsorption efficiency at higher pH can 

be attributed to an increase in the concentration of OH− ions 
that hinder the diffusion of Cr(VI) ions. The surface of the 
adsorbent is positively charged and hence negatively charged 
Cr2O7

2− ions which are held by electrostatic forces of attrac-
tion. These are in agreement with other literature where the 
adsorption of Cr(VI) ion is maximum between pH range of 
2 and 4 (Veena Devi et al. 2012; Jaiswal et al. 2013).

Effect of temperature

The thermal effect of the various sorption systems and 
adsorption studies was carried out at temperatures of 303, 
313, 323 and 333k.

The temperature profile diagram for the adsorption sys-
tem of Cr(VI) onto G, AC and GAC is shown in Fig. 8a–c, 
respectively. There was an increase in adsorption capacity 
as the temperature was increased in almost all the systems, 
pointing towards endothermic process. Maximum adsorp-
tion capacity was achieved at 333k for G, AC and GAC 
(at initial concentrations of 50 and 100 ppm) with values 
2.34 and 16.75 mg/g, 10.81 and 14.33 mg/g and 8.77 and 
15.88 mg/g, respectively. The Cr(VI) ion adsorption is 
favoured at higher temperature which could be due to the 
fact that higher temperature activates the metals ions for 
enhancing adsorption at the coordinating sites of the adsor-
bents. Furthermore, increasing the temperature will increase 
the rate of adsorbate diffusion across the external and inter-
nal boundary layer because liquid viscosity decreases as 
temperature increases. It has also been observed that cations 
move faster with increasing temperature due to the weakness 
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in the electrostatic force of attraction which decreases solva-
tion and make the ions to be smaller (Buasri et al. 2012).

From the temperature profile diagram of both G and 
GAC adsorption systems, the irregular trend exhibited as 

temperature was increased which could be attributed to 
the formation of unstable adsorbate–adsorbent complex.
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Adsorption isotherms

The equilibrium experimental data obtained in this study 
were fitted into four isotherm models, namely Langmuir, 
Freundlich, Temkin and Dubinin–Radushkevich adsorption 
isotherm models. Isotherms parameters gotten for the vari-
ous systems are represented in Table 2.

Langmuir adsorption isotherms

The value of RL indicates the adsorption nature to be 
either unfavourable if RL > 1), linear if RL = 1, favourable if 
0 < RL < 1 and irreversible if RL = 0. From the data obtained 
from the plot (Table 2), the RLs are greater than 0 but less 
than 1 for all the three Cr(VI) systems, indicating that Lang-
muir isotherm is favourable for the three systems. The RLs 
(the separation factor) are 0.0497, 0.056 and 0.1246, indicat-
ing that the equilibrium adsorptions were favourable in the 
three systems. The maximum monolayer coverage capacity 
(Qmax) from Langmuir isotherm model was determined to 
be 4.1304, 4.8450 and 6.4725 mg/g for G, AC and GAC, 
respectively, KL (Langmuir isotherm constant) 0.0352, 
0.0309 and 0.0129 L/mg for G, AC and GAC, respectively, 
and the R2 values 0.9946, 0.9971 and 0.9877 showing that 
the sorption data fitted well to Langmuir Isotherm model and 
the order of their fitness is AC > G > GAC.

The correlation coefficient of 0.9946, 0.9971 and 0.9877 
was obtained for Cr(VI) sorption on G, AC and GAC, 
respectively. This showed that the adsorption systems are 
monolayer with the highest being Cr(VI)//G system and the 
least being Cr(VI)//GAC system (Figs. 9, 10).  

Freundlich adsorption isotherm

For the Cr(VI) system, the value of 1/n is 0.3144, 0.3181 and 
0.4508, while n is equal to 3.181, 3.14 4 and 2.218 for G, AC 
and GAC, respectively, which lies between 1 < n < 10, indi-
cating that the sorption of Cr(VI) onto the three adsorbents, 
namely G, AC and GAC (Table 2), is favourable and the 1/n 
values showed the extent of heterogeneity to be in the order 
of G > AC > GAC. If value of 1/n < 1, it indicates a normal 
adsorption, and if 1/n > 1 it indicates cooperative adsorption. 
Specifically, the linear least-squares method and the linearly 
transformed equations have been widely applied to corre-
late sorption data where 1/n is a heterogeneity parameter, 
the smaller 1/n, the greater the expected heterogeneity. This 
expression reduces to a linear adsorption isotherm when 
1/n = 1. If n lies between 1 and 10, this indicates a favour-
able sorption process.

The value of Kf was calculated to be 1.4370, 1.3842 and 
2.6248 for G, AC and GAC, respectively. This shows that 

Table 2   Isotherms parameters for various Cr(VI) adsorption systems

Adsorption models Isotherms param-
eters

G AC GAC​

Langmuir Qo (mg/g) 4.1304 4.8450 6.4725
KL (L/mg) 0.0352 0.0309 0.0129
RL 0.0497 0.056 0.1246
R2 0.9946 0.9971 0.9877

Freundlich Kf 0.6953 0.7224 0.3881
N 3.181 3.144 2.2182
R2 0.8598 0.9418 0.9732

Temkin KT 2.8468 2.4334 6.4323
B 0.9432 0.9339 1.3356
R2 0.7358 0.9284 0.9495
bT 2644.40 2670.74 1867.48

Dubinin Kad 0.0002 0.0002 0.0003
qs 4.4975 4.6646 5.3495
E (kJ/mol) 50 50 40.83
R2 0.8174 0.9429 0.9486

y = 0.2064x + 6.6828
R² = 0.9971

y = 0.2421x + 6.873
R² = 0.9946

y = 0.1545x + 11.946
R² = 0.9877

0

20

40

60

80

100

120

140

160

0 200 400 600

Ce
/Q

e

Ce

AC
Goethite
G-AC

Fig. 9   Langmuir isotherm plot Cr(VI) on G, AC and GAC​
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the adsorption capacity of the three adsorbents on Cr(VI) 
is in the order of GAC > G > AC. The R2 values are 0.8595, 
0.9418 and 0.9732 for G, AC and GAC, respectively, which 
showed that Cr(VI) favours multilayer adsorption on hetero-
geneous surface of the three adsorbents and the extent is also 
in the other of GAC > AC > G.

From the correlation coefficient obtained for Cr(VI) 
sorption (0.8595, 0.9418 and 0.9732) on G, AC and GAC, 
respectively, it can be deduced that the Cr(VI) Freundlich 
adsorption systems fitted with Cr(VI)//GAC being the most 
fitted and Cr(VI)//G being the lowest.

Temkin adsorption isotherm

For the adsorption systems of Cr(VI), the KT values calcu-
lated from the plot (Fig. 11) are 2.8468, 2.4334 and 6.4323 
and B values of 0.9432, 0.9339 and 1.3356 for Cr(VI)//G, 
AC and GAC systems, respectively. This shows that KT and 
B have the highest value in Cr//GAC, which indicates a 
higher heat of adsorption and lower binding energy. These 
low values of the binding energies and heat of adsorptions 
of the three systems indicate physical adsorption. The R2 
values (0.7358, 0.9284 and 0.9495 for Cr//G, AC and GAC, 
respectively) showed that the three systems fitted into the 
isotherm model with the Cr//GAC being the most fitted and 
the Cr//G being the least.

Dubinin–Radushkevich isotherm model

From the linear plot of DRK as shown in Fig. 12, the qs 
value determined is 4.4975, 4.6646 and 5.3495 for Cr//G, 
AC and GAC, respectively. The mean energy value deter-
mined for the Cr(VI) systems is 50, 50 and 40.83 kJ/mol for 
G, AC and GAC, respectively. The R2 values for the Cr(VI) 
system (0.8174, 0.9429 and 0.9486 for Cr//G, AC and GAC) 
showed that the systems fitted well into the model.

Generally, the adsorption of Cr(VI) fitted best into the 
Langmuir adsorption isotherm than the other three model 
used as seen in the data analysis above because they have 

the highest set of R2 values (0.9946, 0.9971 and 0.9877 
for Cr(VI)//G, AC and GAC, respectively). The most fitted 
of all the three systems is Cr(VI)//G system. The order of 
the isotherm fitness to the systems is Langmuir > Freun-
dlich > DRK > Temkin in the Cr(VI) systems.

Adsorption kinetics

The adsorption kinetics is necessary for the design of 
adsorption systems, and this explains how fast the rate 
of chemical reaction occurs and also the factors affect the 
reaction rate. In order to determine the applicability of 
the adsorption process in aqueous solution, kinetic studies 
such as pseudo-first order, pseudo-second order, Elovich 
and Intra-particle diffusion were investigated for Cr(VI) 
adsorption system.

Pseudo‑first‑order kinetics

The linearized pseudo-first-order plots of the adsorption 
of Cr(VI) in two different initial concentrations (50 and 
100 ppm) onto the three adsorbents: goethite (G), acti-
vated carbon (AC) and goethite–activated carbon com-
posite (GAC), are shown in Fig.  13. The correlation 
regression coefficient R2 of the adsorption system as seen 
in the pseudo-first-order plot shows a poor fitting since 
most of the values are lower than 0.5 except that of the 
Cr//AC(100) adsorption system which has a good fitting 
(R2 = 0.9356). It can be observed from the pseudo-first-
order plot that the adsorption of Cr(VI) metal (with initial 
concentrations of 50 and 100 ppm) onto the three forms 
of adsorbents, that Qe calculated were by far lower than 
the experimental Qe. This also shows that the pseudo-first-
order model fitted less.
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Pseudo‑second‑order kinetics

The plot obtained for the pseudo-second-order model 
represented the experimental data better compared to the 
pseudo-first-order kinetic model as shown in Fig. 14. The 
pseudo-second-order kinetic plots are of better linearity with 
a correlation coefficient not less than 0.97 for the metal at 
all concentrations except for Cr//AC system whose value is 
0.9023 (Fig. 15).

The comparisons between experimental and theoretically 
calculated Qe values at all concentrations for the Cr(VI) 
adsorption onto the three forms of adsorbents as shown in 
Table 3 show a better agreement than in the pseudo-first-
order model. This showed that the pseudo-second-order 
kinetics fitted better than the pseudo-first-order kinetics for 
the adsorption of Cr(VI) in aqueous solution by G, AC and 
G–AC.

Elovich kinetic model

The Elovich kinetic model has been reported to be one of the 
most useful models for describing chemisorption on highly 
heterogeneous adsorbent.

The low correlation coefficient values obtained from 
the plots of the Elovich equation as shown in Table  3 
showed that the adsorption systems are in poor agreement 
with this kinetic model since the R2 < 0.5 except for the 
Cr//G(100 ppm) and Cr//AC(100 ppm) systems which have 
their R2 > 0.5.

Intra‑particle diffusion model

This kinetic model describes rate of diffusion in terms 
of external diffusion which might take place during the 
adsorption process (Allen et al. 1989). The intra-particle 

Fig. 13   Linearized plot of 
pseudo-first-order model plot of 
Cr(VI) adsorption onto G, AC 
and GAC​
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diffusion plots are shown in Fig. 16. The data obtained 
from the plot of this kinetic model gave correlation coef-
ficients that were very low (R2 < 0.5) except for the Cr//
AC(100 ppm) and Cr//GAC(100 ppm) with the R2 values 
0.928 and 0.509, respectively, as shown in Table 3. This 
implies that the experimental data did not fit properly 
with intra-particle diffusion equation.

The pseudo-second-order kinetic model best fitted into 
the adsorption systems with good correlation coefficients 
values (R2 > 0.9), while the other kinetic models used 
(pseudo-first order, Elovich and intra-particle diffusiv-
ity) showed poor agreement in most of the adsorption 
systems.

Thermodynamics studies

Thermodynamic parameters can be useful in evaluation 
of orientation of the physicochemical adsorption reaction 
and feasibility of the reaction as well as the stability of 
the adsorbed phase. The data derived from the effect of 
temperature study were used for feasibility of the adsorp-
tion process of Cr(VI) ion onto goethite (G), activated 
carbon (AC) and G–AC composite. The thermodynamic 
parameters such as the change in enthalpy, entropy change 
and the change in the Gibb’s free energy of the adsorption 
process for the various systems were determined using 

Fig. 15   Linearized plot of 
Elovich model plot of Cr(VI) 
adsorption onto G, AC and 
GAC​
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Table 3   Kinetic parameters for various Cr(VI) adsorption systems

Kinetic models Parameters Goethite Activated carbon G–AC composite

50 ppm 100 ppm 50 ppm 100 pm 50 ppm 100 ppm

Pseudo-first order Qe cal(mg/g) 1.7541 9.863 5.139 6.023 1.2921 1.3409
Qe exp(mg/g) 6.194 24.689 10.04 6.905 6.871 6.734
K1 (min−1) 4.6 × 10−4 1.8 × 10−3 3.5 × 10−3 1.3 × 10−2 3.4 × 10−3 5.3 × 10−3

R2 0.0303 0.0163 0.2982 0.9356 0.1981 0.4207
Pseudo-second order Qe, exp(mg/g) 6.194 24.689 10.04 6.905 6.871 6.734

Qe, cal(mg/g) 5.079 4.4326 7.112 8.285 6.317 2.882
K2 (min−1) 9.5 × 10−2 2.2 × 10−1 1.5 × 10−2 2.4 × 10−3 3.3 × 10−2 2.6 × 10−2

R2 0.9954 0.9793 0.9024 0.9748 0.9931 0.9814
Elovich β 1.4905 − 1.1162 − 1.2968 7.608 1.6109 1.9334

R2 0.1351 0.5073 0.2734 0.966 0.1784 0.3591
Kdiff 0.0332 0.743 0.2014 0.4626 0.0562 − 0.2141

Intra-particle diffusion C 4.9106 7.7332 4.3539 0.3983 5.4075 6.1282
R2 0.0488 0.3069 0.3418 0.9284 0.137 0.5094
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the appropriate equations. The result obtained from the 
thermodynamic study is shown in Table 4.

The correlation coefficient R2 obtained for the thermo-
dynamic studies is shown in the table above. The systems 
give good correlation values except for Cr//GAC(100) 
system that gives a low value (R2 < 0.5). These relatively 
low values (compared to others) can be attributed to the 

irregular trend that exhibited in its respective temperature 
profile diagram. From Table 4, it can be observed that 
the values for ∆G are all positive. The Gibb’s free energy 
values indicate the degree of spontaneity of adsorption 
process. This implies a non-feasible and non-spontaneous 
reaction system over the temperature range studied.

Fig. 16   Linearized plot of intra-
particle diffusivity model plot of 
Cr(VI) adsorption onto G, AC 
and GAC​
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Table 4   Thermodynamic 
parameters of adsorption of 
Cr(VI) onto G, AC and G–AC

Adsorption system Temp (K) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/mol/K) R2

Cr//G(50) 303 6.32 − 0.119 − 28.163 0.5990
313 8.19
323 11.71
333 8.20

Cr//G(100) 303 5.31 − 0.260 − 22.085 0.5904
313 6.71
323 8.01
333 4.74

Cr//AC(50) 303 8.12 36.355 94.430 0.9208
313 16.27
323 5.68
333 5.23

Cr//AC(100) 303 5.16 4.818 − 1.173 0.9413
313 5.24
323 5.14
333 5.23

Cr//GAC(50) 303 6.48 30.721 77.703 0.7004
313 7.29
323 6.11
333 4.17

Cr//GAC(100) 303 4.46 − 5.883 − 37.652 0.3671
313 7.34
323 6.85
333 5.71
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The enthalpy change ∆H value signifies whether an 
adsorption process is endothermic or exothermic in nature. 
In some of the systems such as Cr//G(50), Cr//G(100) and 
Cr//GAC(100), ∆H is found to be negative, which indicates 
that the reaction that occurs in these systems is exother-
mic, while those of systems Cr//AC(50 and 100) and Cr//
GAC(50) are endothermic in nature because of their positive 
∆H values and possible strong bond between the metal ion 
and the adsorbents (Aksu and Tune 2005). The low value 
of ∆H suggests that the adsorption process is likely to be 
physisorption (Hema and Arivoli 2007).

The entropy change ∆S is a measure of the degree of 
disorderliness and randomness of a system. From the 
table, the ∆S value for systems Cr//G(50), Cr//G(100), Cr//
AC(100) and Cr//GAC(100) is negative, and this indicates a 
decrease in the disorderliness and randomness at the adsor-
bent–adsorbate interface and affinity for adsorbent material, 
while the ∆S value for systems Cr//AC(50) and Cr//GAC(50) 
is positive, indicating increased disorderliness and random-
ness at the adsorbent–adsorbate interface (Lawal et al. 2010; 
Rajashree et al. 2012).

Desorption studies

Desorption studies is important in the adsorption process 
because it provides the re-usability and the economic impor-
tance of an adsorbent. The results in Table 5 show the % des-
orption of Cr(VI) by 0.1 M and 1.0 M of HNO3 and 0.1 M 
and 1.0 M HCl. The maximum percentage desorbed within 
2 h was found to be 94.60 for Cr//G, 91.81 for Cr//AC and 
36.33 for Cr//GAC in 1.0 M HNO3. The result in the tables 
reveals that % chromate desorbed was higher when HNO3 
was used and lower when HCl was used. It can be seen that 
the use of HNO3 as a desorbing agent in the studies gives a 
higher desorption efficiency, and this increases as the con-
centration of the acid increases. The relatively higher value 
recorded for HNO3 over HCl could be due to its complexing 
ability. When HNO3 is used as desorbing agent, the adsor-
bent surface was covered with H+ ions, while the coordina-
tion sphere of the Cr(VI) ions was disrupted and then metal 
ions were released into the solution. This is possible because 
H+ in the solution replaces the already embedded metal ion 
on surface of the adsorbents as they were dissolved into the 

acidic solution. It has been reported that metal ions could not 
compete with H+ ions for exchange sites and subsequently 
heavy metal ions were released into the solution. The FTIR 
results also complement this result. The bonds of chromate-
loaded iron oxides were shifted, and the intensities of the 
bands were higher (Fig. 17).

The desorption index (DI) of G, AC and GAC for Cr(VI) 
is also shown in Table 5. A sorption process is considered 
to be completely irreversible when DI equals 1. The degree 
of irreversibility of a sorption process increases as DI value 
deviates from 1 (Adegoke et al. 2014). In this study, the DI 
values for all the systems are all less than 1, which implies 
that the sorption process is practically reversible at all con-
centrations studied except for G//Cr and AC//Cr with the DI 
values of 2.566 and 3.689 when 1.0 M HNO3 was used as 
the desorbing agent.

Conclusion

Three adsorbents, namely goethite, activated carbon and 
goethite–activated carbon, have prepared in the laboratory. 
The batch adsorption shows that the three adsorbents were 
effective for the removal of Cr(VI) ions from aqueous solu-
tions. It was observed that the effectiveness of the adsor-
bents increases in the other GAC < AC < G. The adsorption 
experiments were carried out as a function of concentration, 
contact time, adsorbent dose, pH and temperature. Initial 
concentration of the metal ion was found to greatly affect 
adsorption process, and acidic conditions and moderate 
temperatures were shown to favour the adsorption process. 
Equilibrium was reached at 60, 120 and 90 min for G, AC 
and GAC, respectively, and adsorbent dose was 0.02 g.

The isotherms study showed that the equilibrium data of 
Cr(VI) ions on G, AC and GAC fitted best into the Langmuir 
isotherm model than the others indicated by the correlation 
coefficient values obtained from the equilibrium graphs. The 
adsorption kinetic data were best explained by the pseudo-
second-order kinetic model implying chemisorption process 
as the rate limiting step. From the thermodynamic analysis, 
the values of ∆G for all the systems in the adsorption of 
Cr(VI) onto the three adsorbents were found to be positive, 
which indicates a non-spontaneous system. Some systems 
(Cr//G(100) and Cr//GAC(100)) are exothermic, that is, ∆H 

Table 5   Percentage desorbed and desorption index of Cr(VI) from G, AC and GAC​

Samples % desorbed Desorption Index

0.1 M HNO3 1.0 M HNO3 0.1 M HCl 1.0 M HCl 0.1 M HNO3 1.0 M HNO3 0.1 M HCl 1.0 M HCl

G 58.79 94.66 64.31 75.22 0.327 2.526 0.378 0.544
AC 53.96 91.81 41.96 53.35 0.656 3.689 0.521 0.648
GAC​ 13.24 36.33 18.59 24.59 0.547 0.745 0.582 0.629
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is negative, while others are positive indicating an endother-
mic system. The positive values of ∆S indicate that there is 
an increase in the disorderliness in solid/solution interface 
during the adsorption processes. Desorption studies revealed 

that 1.0 HNO3 was better desorbing agent than 0.1 HNO3, 
0.1 HCl and 1.0 HCl, and Cr(VI) was well desorbed.

The result of this our study indicated that goethite–acti-
vated carbon composite can be used for the removal of 
Cr(VI) ions from aqueous solution.
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