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a b s t r a c t

This work presents the characterization and application of activated carbon (AC) impregnated with 
different loadings of Fe2O3 nanoparticles for strontium removal from produced water. The initial 
strontium concentration, the strontium removal efficiency in aqueous media and the kinetics of 
strontium removal were analyzed by inductively coupled plasma mass spectrometer (ICP-MS). The 
characterization was performed using field emission scanning electron microscopy (FE-SEM) and 
Brunauer–Emmett–Teller (BET) surface analysis. Different experimental parameters such as adsor-
bent dosage, pH of the solution, agitation speed and contact time, were investigated for their effects 
on the adsorption of strontium from water. The optimum condition for maximum removal of the sol-
ute was observed to be 150 min of contact time with the sorbent, pH 7, 150 mg adsorbent dosage and 
400 rpm rotational speed. Also it was observed that surface modification of AC with Fe2O3 nanopar-
ticles enhanced their adsorption efficiency. AC loaded with 1% Fe2O3 could remove 93% of strontium 
while when the nanoparticles loading increased to 10%, the solute was completely removed from 
water. The results obtained are promising for the use of AC loaded with Fe2O3 nanoparticles in the 
pretreatment of produced water before the desalination process. Adsorption can be very efficient 
with low energy consumption and economic feasibility.
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1. Introduction

Oil and natural gas play a significant role in our modern 
civilization. The rapid economic growth in parallel to the 
high demand for oil and gas attributed to the general fact 
that oil and gas are the primary source of energy and build-
ing block for many of the substances such as polymers, 
petrochemicals fuels, and many more products [1]. On the 
other hand, like other industrial activities, Currently oil and 
gas industries generate large volumes of liquid waste [1]. 
The volume of produced water from oil/gas fields is esti-
mated to be around 250 million barrels per day compared 
with around 80 million barrels per day of oil [2]. This is 

equivalent to around 3 barrels of produced water per each 
barrel of water produced. Oil field wastewater or produced 
water contains many organic and inorganic components 
[3]. Factors such as geological location of the oil/gas field, 
well’s lifetime, and type of hydrocarbon product being 
extracted from the field have a direct relation to the phys-
ical and chemical composition of produced water [4]. Pro-
duced water generally consists of: dissolved and dispersed 
oil compounds, dissolved formation minerals, production 
chemical compounds (inhibitors for preventing scaling 
and corrosion), bacteria, waxes, asphaltenes, and dissolved 
gases [5]. The total dissolved solid (TDS) concentration in 
produced water may reach 300,000 ppm in many fields. The 
TDS include anions (Cl−, SO4

2−, CO3
2−, HCO3

−), cations (Na+, 
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K+, Ca2+, Mg2+, Ba2+, Sr2+, Fe2+), heavy metals (cadmium, 
chromium, copper, lead, mercury, nickel, silver, zinc) and 
radioactive materials. One of the elements of special con-
cern is strontium. Strontium (Sr2+) is alkaline earth metal 
and it is the 15th most abundant element in earth crust with 
average concentration of 0.04 wt.%. Although strontium is 
chemically stable, its isotopes are considered radioactive. 
In sea water and co-produced water, strontium is consid-
ered as the 10th most available element with concentrations 
reaching up to 590 ppm [2].

In the human body, strontium can replace calcium due 
to its chemical and structural similarities. The radioactive 
90Sr can lead to various bone disorders and diseases, includ-
ing bone cancer. Therefore it is very essential to remove 
strontium from produced water before dumping it to the 
sea. This is especially important for areas where seawater 
is the primary source for drinking water through seawater 
desalination. 

Different methods for the removal of strontium from 
water is reported in literature such as chemical precipitation 
[6], ion exchange [7], adsorption [8,9], and membrane sepa-
ration [10–12]. One of the feasible, and most effective tech-
niques used in industries is the adsorption process. Different 
types of adsorbent materials are suggested for strontium 
removal such as activated carbon (AC) [13], pecan shells [14], 
montmorilonite and zeolite [15], eggplant hull [16], manga-
nese dioxide [17], clay minerals [18], sawdust [19], goethite 
[20], hematite [21], bentonite [22], and kaolinite [23].

The combination of a high surface area of AC with mag-
netic properties of iron-oxide nanoparticles is attractive for 
the preparation of a novel adsorbent for strontium removal.

For the first time, in this study we reported the synthesis 
of doped AC with Fe2O3 nanoparticles and their application 
for the removal of strontium from water. Commercial AC 
with different loadings of Fe2O3 nanoparticle were prepared 
and effect of pH, adsorbent dosage, sorption kinetic are 
studied and the optimum conditions for the removal of Sr2+ 
from water are reported. The prepared composite sorbent 
is characterized by field emission scanning electron micros-
copy (FE-SEM), powder X-ray diffraction (XRD), Thermo-
gravemetric analysis (TGA), and the Brunauer, Emmett and 
Teller (BET) nitrogen adsorption technique. 

2. Materials and methods

2.1. Material

The AC with particles size of 0.60–1.0 mm used in this 
study was purchased from Calgon Carbon (China). Etha-
nol (98%, purity) as a solvent, ferric nitrate (Fe(NO3)3·9H2O 
(99 % purity), as a precursor of the iron nanoparticles, and 
the strontium standard solution with concentration of 1000 
mg/L were obtained from Sigma-Aldrich. All the chemicals 
were used without further purification.

2.2. Preparation of AC-Fe2O3 composite

The loading of Fe2O3 nanoparticles on the AC surface 
was carried out using the wet impregnation method found 
elsewhere [3]. Briefly, a fixed amount of ferric nitrate based 
on the required ratio of Fe2O3 nanoparticle loading was dis-

solved in 500 ml of ethanol containing a fixed amount of 
AC. AC with 1% and 10% loadings of iron oxide nanopar-
ticles were prepared by changing the concentration of fer-
ric nitrate in aqueous ethanol solutions. The solutions were 
sonicated for 45 min to disperse the iron precursor and AC 
homogeneously. The aqueous solution is then evaporated 
at 70°C in an oven. The residue was calcined at 350°C for 4 
h in an oven in the presence of air to prepare the iron oxide 
nanoparticles from iron nitrate.  

2.3. Strontium and trace element analysis

Initial and final concentrations of strontium were mea-
sured using a Brucker Aurora Elite inductive coupled plas-
ma-mass spectrophotometer (ICP-MS). Samples taken at 
different time are dosed, preserved and diluted 100 times 
with 1% HNO3/H2O prior to the testing. The elemen-
tal strontium (86Sr, 87Sr & 88Sr) and trace elements such as 
carbon (13C), chromium (52Cr and 53Cr), iron (54Fe, 57Fe) in 
helium collision mode (67 ml/min.) were analyzed with 
an ICPMS CRI2 Aurora Elite, ICP-MS from Bruker Dalton-
ics using a dwell time of 30 ms, 10 replicates and a plasma 
power of 1450 W. 

2.4. AC/Fe2O3 characterization

The morphologies of the AC/Fe2O3 composites as well 
as elemental analysis (EDX) were analyzed with a TES-
CAN MIRA 3 FEG-SEM, field emission scanning electron 
microscope using an acceleration voltage of 20 kV. The sur-
face areas of the AC/Fe2O3 composites were measured by 
N2 adsorption at 77 K using a BET surface area analyzer 
Micromeritics ASAP 2020. XRD patterns were recorded 
using a Rigaku MiniFlex-600 X-Ray diffractometer with Cu 
Kα radiation λ = 1.54Å at a rate of 0.4% over Bragg angles 
ranging from 10–90 degrees. The operating voltage and cur-
rent were maintained at 40 kV and 15 mA, respectively. For 
physical and chemical property analysis of the AC nano-
composite with respect to temperature, thermogravimetric 
analysis (TGA) (SDT, Q600, TA Instruments) at a heating 
rate of 10°C/min in air was used. Prior to any analysis, the 
TGA analyzer was calibrated for temperature readings and 
mass changes using a nickel reference material.

2.5. Batch experiments

Batch experimental mode was used to study effect of 
adsorbent dosage, pH, and contact time on the removal 
efficiency and adsorption capacity of AC/Fe2O3 composite. 
The adsorption capacity (Q) and removal efficiency (RE) 
were calculated as follows:

Q
C C V

W
i f

g

=
−( ) ×

 (1)

RE
C C

C
i f

i

%( ) =
−( )

× 100  (2)

where Ci (mg/L) is the initial concentration of strontium in 
the water, Cf (mg/L) is the final concentration of the remain-
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ing strontium in the water, V (L) is the volume of the water, 
and Wg is the mass of adsorbent. 

All the batch experiments were performed by adding 
20 mL of solution containing specific concentrations of 
strontium to specific amount of the AC composite. All the 
experiments were performed at room temperature. The 
effect of the strontium concentrations on the adsorption 
capacity and removal efficiency was tested by varying the 
initial strontium concentrations from 0.5 ppm (mg/L) to 50 
ppm. The equilibrium studies were carried out for 150 min 
to determine the equilibrium contact time and adsorption 
capacity. To find the optimum amount of adsorbent dosages 
for maximum removal of strontium from water, different 
weights of AC/Fe2O3 varied from 5 to 150 mg was used. 
All the samples were agitated using a mechanical shaker 
at 400 rpm. 

A standard stock solution of strontium with concen-
tration of 1000 mg/L was used for the preparation of Sr(II) 
solutions of different concentrations. The pH of the solu-
tions were adjusted with 0.1 M HCl and 0.1 M NaOH to 
study the effect of pH on adsorption capacity and Sr (II ) 
removal with AC/Fe2O3. 

2.6. Preparing the stock solution

Solutions of different concentration of strontium were 
prepared for the analysis. Initially, all the glass wares were 
washed with 2% nitric acid and ethanol to remove all the 
impurities and avoid any further adsorption of dust or 
particles in the air. A standard solution of strontium with 
concentration of 1000 mg/L was used to produce the stock 
solutions. A specific volume of Sr(II) was added to a 2 L 
volumetric flask and ultra-pure deionized water was added 
to reach a total volume of 2 L to fully mix the solutions, a 
magnetic stirrer was used. To adjust the pH 0.1 M NaOH 
and 0.1 M HCl were used. A constant pH was maintained 
by the addition of buffer solution.

2.7. Adsorption isotherms

The adsorption energy and maximum adsorption 
capacity of AC/Fe2O3 for removal of strontium were calcu-
lated using Freundlich, Langmuir, and Dubinin–Radush-
kevich (D–R) isotherm models. The mathematical equation 
for Freundlich isotherm can be expressed as:

Q K Ce F e
n=
1

 (3)

where Qe is the adsorption capacity at equilibrium, Ce is 
the strontium concentration at equilibrium (mg/L), and n 
and KF are Freundlich empirical constants that indicate the 
sorption intensity and the sorption capacity of the adsor-
bent, respectively. The Freundlich model assumes a hetero-
geneous adsorbent surface and energy distribution for the 
different sites. A linearized form of the Freundlich isotherm 
can be expressed as: 

ln ln lnQ K
n

Ce F e= +
1   (4)

On the other hand, the Langmuir isotherm model 
assumes that adsorption takes place at defined homoge-

neous sites on adsorbent surface. This means that the Lang-
umir model supports a monolayer adsorption phenomena 
in comparison to the Freundlich model which supports 
a multi-layer adsorption concept. This means that once a 
strontium ion occupies a site on the surface of AC/Fe2O3, no 
further strontium ions could adsorb on that site. The Lang-
muir isotherm is expressed as:

Q
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KCe
m e

e

=
+( )1  (5)

where K is the Langmuir constant, and Xm is the maximum 
adsorption capacity (mg/g). 

The linearized form of the Langmuir isotherm can be 
rearranged and expressed as: 
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The Langmuir constants K and Xm, which are related to 
the constant free energy of sorption, can be determined by 
representing a linear plot of Ce/Qe vs. Ce from the intercept 
and slope of the plot. 

To estimate the adsorption mechanism with a Gaussian 
energy distribution onto a heterogeneous surface, the data 
is modeled to the Dubinin–Radushkevich (D-R) isotherm 
model [24]. The linear form of the model is:

ln lnQ Q Be m= − ( )2 ε  (7)

where B is the Dubinin–Radushkevich isotherm constant 
(mol2/kJ2) and ε is Dubinin–Radushkevich isotherm con-
stant and expanded as:

ε = +R T
Ce

 ln( )1
1

 (8)

A plot of ln Qe vs. ε enables the determination of iso-
therm constants B and Qm from the slope and intercept. The 
mean free energy denoted as E per strontium ion adsorbed 
is then calculated [25]:

E
Ba =

1
2

 (9)

The E (kJ/mol) value represents evidence about the 
type of adsorption mechanism. If the value of free energy is 
between 8 and 16 kJ/mol, the adsorption process occurs by 
chemical ion-exchange, while for E < 8 kJ/mol, the adsorp-
tion process proceeds physically, and when an E value is 
higher than 16 kJ/mol, the adsorption process is chemisorp-
tion in nature [26].

2.8. Adsorption kinetics

The aqueous solution (20 ml) mixed with 150 mg of AC/
Fe2O3 composites were agitated at 400 rpm using a mechan-
ical shaker at 25°C. Different samples were taken from the 
solution at specific time intervals and after being filtered 
and centrifuged at a speed of 13000 rpm for 5 min, Sr (II) 
concentration in the samples was measured using ICP-MS 
analyzer. 
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In order to find the time for a maximum strontium 
uptake by AC/Fe2O3and to evaluate the rate of reaction, 
two kinetic models namely, pseudo-first-order and pseu-
do-second-order were employed to model the data. 

The Lagergren pseudo-first-order model states that the 
rate of adsorption of adsorbate on adsorbent is proportional 
to the number of sites unoccupied by the adsorbate [27]. 
The pseudo-first-order equation can be written in a linear-
ized form as follows:

ln lnQ Q Q k te t e−( ) = − 1  (10)

where qt is the sorption capacity (mg/g) at any present time 
interval (t) and k1 is the first-order rate constant (min–1), 
which can be found from a linearized graph of ln(Qe – Qt) 
vs. time.

Additionally, the adsorption data were analyzed using 
the pseudo-second-order kinetic model [28]. The linear 
form of the pseudo-second-order kinetic model can be writ-
ten ina linearized form as:

t
Q k Q

t
Qt e e

= +
1

2
2   (11)

where k2 is the second-order rate constant (g/mg·min), 
which can be found by plotting t/Qt vs. time. 

3. Results and discussion 

3.1. Characterization of AC doped with Fe2O3 nanoparticles

The surface morphologies of the activated carbon and 
AC/Fe2O3 composite adsorbents were observed using 
FE-SEM. Fig. 1 shows the SEM images of commercial AC 
and AC with 1 wt.% Fe2O3 and 10 wt.% Fe2O3 nanoparti-
cles. From Fig. 1, the size of nanoparticles appeared to be in 
range of 1–10 µm. It can be observed that, when the Fe2O3 
loading is increased, nanoparticles tend to agglomerate and 
form the clusters as can be seen in Fig. 1b. No major changes 
on the surfaces of doped AC can be seen after calcination 
and impregnating with Fe2O3 nanoparticles. 

To confirm the presence of iron and also to investigate 
the exact amount of iron oxide nanoparticles on the surface 
of AC, SEM-EDX and elemental mapping have been carried 
out and the results are summarized in Table 1 and Fig. 2, 
respectively. 

The EDX analysis of the raw AC and composite AC with 
Fe2O3 NP, which represents the atomic weight percentage 
(%) of the elements such as Fe, O and C, are shown in Table 
1. The Fe/C ratios extracted from the EDX are close to the 
experimental values for the prepared samples. 

In Fig. 2, we present the elemental mapping for 
raw AC and AC with different percentage of iron oxide 
nanoparticles. The relative concentrations of each ele-
ment in Fig. 2 are represented by the color scale, as it is 
obtained from scaling the hue according to the minimum 
and maximum X-ray intensity. The SEM-EDX mapping 
inside the selected region confirms the existence of Fe2O3 
NPs in the high ntensity zones correlated to the Fe oxide 
NPs. On the other hand, Fig. 2 shows very well the dis-
tribution of O or O-containing groups on the carbon sur-
face, which also, can be seen with the Fe which is another 
indication of the presence of Fe oxide NPs. The results 
confirm that very small iron oxide NPs are formed on 
the surface of AC by the wet impregnation method and 
the NPs are very well and homogeneously distributed 
through the AC pore network.

Fig. 3 shows the XRD patterns of raw AC and AC sam-
ples with different ratios of Fe2O3 nanoparticles. The AC 
peaks for raw AC and AC with 1 and 10% Fe2O3 loading are 
indicated at 2θ of 24° and 43°, which correspond to 002 and 

Table 1
EDX analysis of raw AC and AC with different percentage of 
α-Fe2O3

CNT Sample Raw AC AC- 1% Fe2O3 AC- 10% Fe2O3 

Element Weight % Weight % Weight %

C 88.34 76.13 55.74
O 11.66 21.96 33.00
Fe 0 1.91 10.27
Total % 100 100  100

Fig. 1. SEM image of commercial AC (a) and AC with 1% Fe2O3 nanoparticle loading (b) and 10% Fe2O3 nanoparticle loading (c).
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100 planes, respectively. The XRD peaks of AC are a typical 
diffraction pattern of an amorphous material with not well 
defined resolved peaks and broad peaks. 

The two samples with 1 and 10% Fe2O3 loading in addi-
tion to the AC peaks, also showed the presence of Fe2O3 
crystal as the distinct peak at 2θ of 33° which corresponds 
to 220 plane. There is another peak at 2θ of 24° which corre-
sponds to the101 plane but the peak added up to the peak of 
AC. Therefore, the peak at 2θ of 24° is broad and has a slight 
shift to lower degree. 

The BET surface areas of commercial AC and AC with 
1 wt.% and 10 wt.% loading of Fe2O3 were found to be 1126 
m2/g, 1271 m2/g, and 1309 m2/g, respectively. The adsorp-
tion isotherms with N2 at 77 K are shown in Fig. 4. Impreg-
nating the surface of AC with Fe2O3 nanoparticle enhanced 
the surface area of AC and this will increase the number of 
adsorption sites which will enhance strontium ions removal 
by AC.

Thermogravimetric analysis (TGA), Simultaneous Dif-
ference Thermal Analysis(SDTA), and derivative thermo-
gravimetric analysis (DTGA) were used to determine the 

Fig. 3. XRD patterns of AC/Fe2O3 composite with 1 wt.% and 10 
wt.% loading.

 

Fig. 2. EDX elemental mapping of Raw AC (a) and AC with 1% (b) and 10% (c) Fe2O3 nanoparticle loading. 
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thermal stability, the purity of the non-modified and modi-
fied adsorbents, and the percentage of iron oxide nanopar-
ticles on the surface of modified AC. The thermal analyses 
are shown in Fig. 5. The analysis was performed under air 
at a heating rate of 10°C/min up to 850°C. 

In all the three cases in Fig. 4, the sample mass decreases 
slightly at the beginning of the measurement at tempera-
tures lower than 100°C. This effect is related to residual 
moisture and other volatile components in the samples and 
can be clearly distinguished from the decline in the mass 
percentage at any other temperatures. Another sharp mass 
decrease occurs at temperature between 350–550°C which 
is caused by the oxidation and decomposition of activated 
carbon. TGA analysis in Fig. 4 reveals that the raw AC is 
thermally stable and starts to decompose at around 410°C 
forming carbon dioxide. On the other hand modified AC 
impregnated with 1% and 10% iron oxide NP starts to 
decompose at 390°C and 407°C, respectively. This result 
was expected due to the presence of thermally unstable 
functional groups and metallic NP which acts as a heating 
source on the surface of AC. These NP store the heat and 
cause spot heating on the surface of AC. In addition to the 
heating rate supplied from the furnace this heating spot 
has fasten the decomposition and consequently makes the 
AC with Fe2O3 NP oxidize at a lower temperature com-
pared to raw AC. The slight difference between AC with 
1% Fe2O3 and 10% Fe2O3 is due to the even distribution 
of NP with 1% Fe2O3 loading compared to the aggregated 
NP with the 10% Fe2O3 loading. Even the distribution of 
metallic NPs on the surface of AC, causes the heat to com-
pletely cover the surface of AC and therefore oxidize the 
AC at lower temperature. Extra information which can be 
extracted from the TGA thermograms in Fig. 5a is an accu-
rate estimate of the loading of iron oxide NPs doped on 
surface of AC by comparing the residues for the complete 
oxidation of the raw and impregnated AC samples. It can 
be seen from Fig. 5a, that the raw AC fully decomposed 
to CO2 at temperatures above 560°C and this can be seen 
by the 0% residual weight at the end of the process. On 
the other hand, as the Fe2O3 content on the surface of AC 
increased, higher residual yields have been found which 

correspond to the presence of iron oxide NPs on the sur-
face of AC. Therefore, AC with 1% and 10% Fe2O3 loadings 
have residual yields of 2.6 wt.% and 16 wt.%, respectively. 
The difference might be due to presence of more NP in the 
analyzed sample. 

DTG analysis has been performed simultaneously with 
TGA and the thermograms are shown in Fig. 5b. For all the 
three cases, two broad peaks can be observed in which the 
first peak is attributed to the desorption of moisture and 
volatile compounds and the second peak is attributed to the 
oxidation and decomposition of AC.

The DSC curves in Fig. 5c confirm the finding of the TGA 
by showing an endothermic reaction for the evaporation of 
water and an exothermic reaction between 350–550°C for 
the decomposition of carbon to form CO2. 
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3.2. Effect of adsorbent dosage 

Different amounts of AC/Fe2O3 composite, ranging 
from 20 to 150 mg, were examined under a batch mode 
while fixing the pH at 7, contact time of 150 min and agita-
tion speed of 400 rpm. The solution volume was 20 ml for 
all cases. Fig. 6 shows Sr (II) removal efficiency as a function 
of the adsorbent dosage. It can be observed that strontium 
removal increased with the increase in the adsorbent dos-
age for both 1 wt.% and 10 wt.% Fe2O3 nanoparticle load-
ing. For the adsorbent dosage of 150 mg the removal was 
observed to be around 96% and 100% for 1 wt.% and 10 
wt.% AC/ Fe2O3 nanocomposite, respectively. 

The increase in the removal of Sr (II) ions at higher 
AC dosage is due to the availability of a higher number of 
active adsorption sites on surface of AC. The slight increase 
in Sr (II) removal when the loading of Fe2O3 nanoparticles 
increased to 10 wt.% is due to the further increase in sur-
face area of nanoparticles and hence to a higher  number of 
available adsorption sites.

3.3. Effect of pH

To study the effect of pH on the adsorption of strontium, 
batch experiments at different pH values were conducted 
at the fixed adsorbent dosage, fixed contact time, and fixed 
shaking speed of 150 mg, 150 min, and 400 rpm respec-
tively. Fig. 7 shows Sr (II) removal from aqueous solutions 
as a function of pH at the solute concentration of 1 mg/L. 
It was observed that the removal of strontium increased by 
increasing pH where maximum removal was observed at 
pH 7. The adsorption reduced thereafter at the basic pH of 
10. It is clear that the uptake of strontium at acidic pH is 
quite impressive compared to that of basic pH. The same 
findings were observed for both composite sorbents with 
different Fe2O3 loading. Generally, the adsorption of metal 
cations such as Sr (II) is usually smaller for solutions with 
low pH. This is due to the fact that at a low pH value there 
is a strong competition between the excess of hydrogenions 
and metal cations for the adsorption sites on AC surface, 
therefore reducing the available adsorption sites for stron-
tium ions. As pH increases, the concentration of hydrogen 

ions in the solution reduced and hence Sr (II) removal from 
the solution increased[29]. 

Depending on solution pH, the surface of metal oxides 
can be negative, positive, or neutral as per following mech-
anism: 

MOH MOH H
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At acidic pH, the metal oxide surfaces act as a positive 
character with less affinity for cations; while at higher pH 
values they behave as a negatively charged surface, as a 
result of which the uptake is a maximum at higher pH; at 
basic pH, metal oxide form precipitate and they don’t pres-
ent in bulk solution. Strontium is present as cations below 
pH 5 but precipitates as the negatively charged Sr(OH)2 
at higher pH (pH 9 and higher) as per following reaction 
[16,30]. According to strontium (II) hydrolysis constants, 
the distribution of strontium species in water at the pH val-
ues from 1 to 11 can be present in the form of Sr2+ and a very 
negligible Sr(OH)+ which increases in concentration above 
pH above 10 and becomes the predominant species above 
pH 13. Therefore, at the pH range of 1–10, strontium (II) has 
been found to be in the form of Sr2+ [18].

Sr H O Sr OH H2 2+ → ( ) +2
2

 

On the other hand, the surface of AC/Fe2O3 is positively 
charged and the magnitude of the surface charge is higher 
(more positive) at higher Fe2O3 loadings. Therefore at pH 
7, negatively charged strontium ions adsorb more read-
ily on surface of the positively charged AC composite. Sr 
adsorption is observed to be higher when Fe2O3 loading is 
increased to 10 wt.%.

3.4. Effect of contact time

The effect of contact time on strontium adsorption by AC/
Fe2O3 composites was investigated and it was shown that 
an increase in contact time leads to enhanced of strontium 
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removal up to the maximum equilibrium adsorption capacity. 
The removal efficiency of AC with 10 wt.% Fe2O3 nanoparticles 
was observed to be higher than that of 1 wt.% Fe2O3 indicated 
in Fig. 6. As shown in Fig. 8, the Sr (II) removal increases with 
contact time for both 1 wt.% and 10 wt.% AC/Fe2O3 sorbents 
until adsorption equilibrium was reached, where initially, the 
rate of adsorption was higher than the rate of desorption until 
110 minutes which is the equilibrium adsorption point. At this 
specific time, the rate of adsorption and desorption are the 
same and no further Sr removal occurs. The removal of Sr (II) 
ion by AC loaded with 1 wt.% and 10 wt.% Fe2O3 nanoparticle 
is 90% and 100%, respectively.

Contact time is an important parameter in a batch 
adsorption mode as it determines the adsorption cycle 
duration. Shorter equilibrium adsorption times strengthens 
the likelihood that the adsorption is physical while longer 
time suggests that the adsorption is chemical.

3.5. Adsorption kinetics

The adsorption kinetics of strontium on AC/Fe2O3 com-
posites was studied using the Lagergren pseudo-first order 
model and pseudo-second-order model. The data on stron-
tium adsorption with AC/Fe2O3sorbents fits very well to 
the pseudo-second-order model with coefficients of deter-
mination being close to unity. The data does not show linear 
behavior in the first order model and therefore the system 
cannot be correlated to the first order kinetic model. The 
R2 of the linearized plots for first order model are less than 
0.9 for both cases. Fig. 9 illustrates the linearized plots of 
first and the second order model fitting for the strontium 
adsorption and constants are summarized in Table 2. 

Both the calculated and experimental Qe values for 
strontium adsorption were close to each other. Therefore 
high correlation coefficient and the good agreement of 
experimental and calculated Qe values both suggested that 
the adsorption kinetics of strontium on AC/Fe2O3 followed 
the pseudo-second-order model. It is also shown that when 
percentage of loading of Fe2O3 increases from 1 to 10 wt.% 
the adsorption capacity increases by almost 10 times. 

3.6. Adsorption isotherm 

The adsorption isotherm models of Langmuir, Freun-
dlich, and D–R were applied to fit the adsorption equilib-
rium data of strontium on the AC/Fe2O3 composite with 
different loadings (Fig. 10). The constant values calculated 
for each isotherm models are listed in Table3.

Aqueous solutions with initial strontium concentrations 
of 0.5, 1.0, 5.0, 20, and 50.0 mgL−1 were used for the exper-
iments at pH 7, adsorption time of 2 h, and temperature of 
25°C. 

The Freundlich constant 1/n for 1 wt.% and 10 wt.% 
Fe2O3 loading was found to be 0.23 and 1.078, respectively. 
When value of 1/n > 1 it implies that the process is a favor-
able which means that the strontium adsorption on AC 
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Table 2
Kinetic parameters for second order model

Sample Qe (mg/g) k2 (g/mgh) R2

AC/1% Fe2O3 0.013 –73.09 0.98
AC/10% Fe2O3 0.152 0.46 0.95
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with 10 wt.% Fe2O3 loading is more favorable compared 
to AC with 1 wt.% Fe2O3 loading. At room temperature 
(25°C), the Freundlich model fitted the adsorption iso-
therms better than the Langmuir model. This means that 
strontium adsorption is not restricted to the formation of a 
sorbate monolayer onto the heterogeneous surface of AC. 
Therefore, the amount of strontium adsorbed on AC is the 
summation of the adsorption on all sites (each having bond 
energy), with the stronger binding sites occupied first, until 

the adsorption energy exponentially decreases upon the 
completion of the adsorption process. 

The mean free energy (E) of the adsorption process 
between strontium and the AC composites are found using 
a D-R isotherm. The mean sorption energy for adsorption of 
strontium ion on AC with 1 and 10 wt.% Fe2O3 loading was 
calculated to be 16.23 kJ/mol and 26 kJ/mol, respectively. 
These result suggests that adsorption of strontium ion on 
surface of AC composites are chemisorption process for 
both cases. The results suggest that the adsorption binding 
energy increases with Fe2O3 loading. 

The calculated adsorption capacity for AC with 1 and 10 
wt.% Fe2O3 loading in this study was found to be around 9.1 
and 10.1 mg/g which is one of the highest among the pre-
viously reported materials for removal of strontium from 
water (Table 4). This finding indicates that the presence 
of Fe2O3 with high surface area significantly enhanced the 
adsorption capacity of AC and efficiency of Sr removal.

4. Conclusion

Surface modification of AC with Fe2O3 nanoparticles 
showed effective removal of strontium from water. Loading 
of Fe2O3 nanoparticles significantly improved the surface 
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Fig. 10. Langmuir (a), Freundlich (b), and D–R (c) adsorption 
isotherms of strontium on AC/Fe2O3 composite.

Table 3
Langmuir, Freundlich, and D–R parameters for adsorption 
isotherm of strontium on AC/Fe2O3 at 25°C with R2 values 
corresponding to linear fitting of the data

Langumir parameter

Xm K R2

AC/1% Fe2O3 0.153 7.092 0.92
AC/10% Fe2O3 1.39 6.172 0.92

Freundlich parameter

Kf 1/n R2

AC/1% Fe2O3 21605 0.23 0.95
AC/10% Fe2O3 687 1.078 0.94

D–R parameter

Qm B R2

AC/1% Fe2O3 8287 0.00095 0.95
AC/10% Fe2O3 254 0.00035 0.98

Table 4
Maximum sorption capacity of various adsorbents for Sr(II)

Material Adsorption 
capacity 
(mg/g)

Reference

Dolomite powder 1.17 [29]
Natural clinoptilolite 9.8 [31]
Sericite 1.6 [32]
Magnetic Fe2O3 modified sawdust 12.59 [19]
Zeolite A 99 [33]
Fe2O3 modified activated carbon 10.1 Present study
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area of AC which facilitated the adsorption of strontium 
ions. The optimum values of the operating parameters for 
maximum strontium removal were found at: adsorbent 
dosage of 150 mg, pH of 7, contact time of 150 min, and 
agitation speed of 400 rpm for AC with 1 and 10 wt.% Fe2O3 
nanoparticle loading. High adsorption of strontium of 93% 
and 100% for AC with 1and 10 wt.% Fe2O3 nanoparticle 
loading, respectively, were achieved. These data indicate 
that synthesised AC-Fe2O3 composites based on a cheap 
AC material might be efficiently used for produced water 
pretreatment and desalination pre-treatment for strontium 
removal. 
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