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Abstract The presence of heavy metal concentrations

was examined in natural sediments from four sites along

the Jajrood river in northeast of Tehran, the capital of Iran.

Besides determination of elemental concentrations (Pb, Cu,

Zn, Cd, Ni and Cr), X-ray fluorescence and X-ray dif-

fraction tests were carried out to determine other chemical

components in these adsorbents. Also the ability of sedi-

ments to adsorb these heavy metal ions from aqueous

solutions was investigated. Results show that the extent of

adsorption increases with increase in adsorbent concen-

tration. The amount of adsorbed Pb, Cu and Zn in sedi-

ments was much greater than that of the other metals, and

Cr was adsorbed much less than others. The adsorbabilities

of sediments to heavy metals increased in the order of

Pb [ Cu [ Zn [ Cd [ Ni [ Cr. Based on the adsorption

data, equilibrium isotherms were determined at selected

areas to characterize the adsorption process. The adsorption

data followed Freundlich and Langmuir isotherms in most

cases. Correlation and cluster analysis was performed on

heavy metals adsorption and sediment components at each

site to evaluate main adsorbing compounds in sediments

for each metal. Results demonstrated that heavy metals

sorption is mostly related to load of organic matter in the

Jajrood river sediments.

Keywords Adsorption � Heavy metals � Sediment �
Isotherm � Sediments composition � Cluster analysis

Introduction

The adsorption of metals onto sediments is an important

process that can potentially reduce the concentrations of

toxic metals in natural aquatic environments (Comber et al.

1996; Jannasch et al. 1988). Sediments also have the main

role in transportation of metals in such systems (Larsen

and Jensen 1989) since they act as sink of contaminants

(Izquierdo et al. 1997; Larsen and Gaudette 1995; Tam and

Wong 1995; Cortesao and Vale 1995; Dassenakis et al.

1997; Bruces Williamson et al. 1996; Balls et al. 1997).

Release or sorption of metals from/to river sediments has

had a significant influence on the quality of the river waters

(Förstner and Müller 1973; Förstner and Wittman 1979;

Xianghua and Herbert 1999). The study of sediment

composition can reveal its role in removal of pollutants

especially heavy metals from aqueous phase and its lasting

effects on water pollution. The concentration and mobility

of heavy metals in sediments has been widely studied in the

last decades (Alloway 1995; Hooda and Alloway 1998;

Baptista et al. 2000; Hatje et al. 2003; Jain et al. 2004;

Saeedi et al. 2004; Fan et al. 2007).

Zhou and Kot (1995), in a study on sediments of Han-

jiang River in China, investigated the effective parameters

in the process of adsorption. According to their findings,

exobiological factors such as temperature, ion number,

sediment type, and size of sediment particles, pH, and the

simultaneous existence of several heavy metals affect the

amount of heavy metals adsorption on the sediments. Some

studies on the heavy metals pollution and their behavior in

Iranian rivers have been conducted recently (Saeedi et al.
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2003, 2004; Saeedi and Karbassi 2008; Karbassi and

Nadjafpour 1996; Karbassi et al. 2007, 2008), but the

adsorption process of metals onto the sediments is rarely

studied.

The Jajrood River flows into the Latian dam reservoir,

which is one of the main water resources of Tehran, capital

of Iran. It is continuously exposed to industrial, urban and

agricultural wastes including some heavy metals. Due to

heavy metals, pollution remains a serious environmental

and public problem. Taking into account that the river

water is consumed as the source of Tehran (capital of Iran)

drinking water, dissolved metals and their concentration in

aqueous phase is important from the health risks point of

view. This issue becomes more important knowing that the

drinking water treatment plants of Tehran are conventional

and are not equipped with advanced treatment units to

remove heavy metals. In recent years, an increasing effort

has been put into improvement of the water quality of this

river. Research has shown that river bed sediments play an

important role as sink of metals in aquatic systems. Hence,

adsorption of metals on sediments as a sink process can

reduce the hazard of the dissolved metallic ions in Jajrood

River.

In the present study, the ability of sediments to adsorb

dissolved heavy metal ions from Jajrood River has been

investigated at different concentrations of the adsorbents.

To better understanding of the process, chemical compo-

sition as well as mineralogy of the sediments has been

studied and cluster analysis based on correlation between

concentrations of components has conducted. Moreover,

the adsorption equilibrium was modeled using the Lang-

muir and Freundlich isotherm models to understand the

adsorption mechanism and evaluate the adsorption capacity

of these natural adsorbents.

Methodology

Study area

The Jajrood River flows in the great basin area about

710 km2 and lies between latitude 35�480N to 36�030N and

longitude 51�250E to 51�420E (Fig. 1). The climate in this

region is moderate. The average annual rainfall in the area

is about 210 mm, a major part of which is received during

the monsoon period. There is no effective forest cover and

there are many metal works and plating workshops as well

as recreational centers within the river watershed without

environmental controls and a heavily traffic road along side

the river as point and non-point sources of pollution.

Annual average water quality of this river is presented in

Table 1. The sediments which are stored in Latian Dam

reservoir remain as potential source of metal pollution of

the river water particularly in accidental or rapid change of

pH or other physical–chemical properties.

Four sites were selected for sampling of sediments along

the river by investigating topographical and geological

maps, access ways to river bank, pollution sources (like

existing workshops and factories in the basin area) and by

considering the natural conditions such as tributaries of the

river. Figure 1 shows the location of the sampling sites

(Ahar, Ushan, Fasham, Roodak).

Sampling of sediments

Five surface sediment samples were collected from the

river at sampling sites with a small dredge, taking portions

from the center of the dredge with a polyethylene spoon to

avoid contamination by metallic parts. Equal weights of

samples from each station were mixed to get a composite

sample and transferred to the laboratory in plastic bags

under 4�C. The sediments were wetly filtered through mesh

230 with 0.63-lm pore diameters. The filtered sediments

were set in flat plastic dishes and dried (\40�C) to a con-

stant weight. The dried sediments were stored at 4�C in

polypropylene containers until analysis.

Experimental methods

In order to characterize the sediment samples, X-ray fluo-

rescence (XRF) and diffraction analyses were carried out.

The chemical composition of dried samples was deter-

mined by XRF (PHILIPS PW 2404). Mineralogical com-

position and clay mineralogy of samples was determined

by X-ray diffractometer (PHILIPS Expert-Pro XRD).

Fig. 1 Map of the study area indicating sampling locations along

Jajrood river
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For adsorption isotherm studies, dosages of 1, 2, 3 and

5 g/l of adsorbents were added to five beakers containing

matrix of 2 mg/l of stock metals (Cd, Cr, Pb, Zn, Cu, and

Ni) solution. The fifth beaker as blank was treated as others

without adding dissolved metals. Initial and final pH and

temperature were measured and recorded during the

experiments. After adding the adsorbent, the solutions were

mixed by a mechanical stirrer for 3 h. Then it was left aside

constantly for 30 min to settle out the particles. Superna-

tants were sampled and filtered through 0.45-lm Whatman

paper filter before analyzing for metals concentration.

Decreasing pH to less than 2 using HNO3, elemental

concentrations (Cd, Cr, Pb, Cu, Zn and Ni) were deter-

mined using atomic absorption spectrometry (Buck Sci-

entific 210 VP model) according to U.S.EPA 7000s series

methods. Blank samples of spiked river water containing

no adsorbents were also run and analyzed during all

experiments to check the recovery and interferences such

as colloidal particles effects which showed negligible

effects.

To determine the adsorption capacity of sediments,

20 ml solutions containing 1, 2.5, 5 and 10 mg/l of metals

were mixed with 1 g of adsorbents for 24 h according to

ASTM D 4646 method (ASTM 1990). A mixture without

adding the metals also prepared as blank. All the batch-

mixing experiments were conducted in duplicates to ensure

quality control of the results, which showed less than 5%

error in experiment results. Among the existing clustering

techniques (Lance and Williams 1966; Anderson 1971;

Davis 1973), the weighted-pair group method (Davis 1973)

was used in this study to evaluate the correlation of chem-

ical composition of the sediments with adsorption capacity

of metals. This method employs the linear correlation

coefficient as a similarity measure. The highest similarities

are clustered/linked first, and variables connected only if

they are highly correlated. After two variables are clustered,

their correlations with all the other variables are averaged.

Results and discussion

Characteristics of sediments

Chemical composition of the sediment samples of each

sampling site is presented in Table 2. Results show that

SiO2, Al2O3, CaO and organic matter (OM) are found in

large quantities in sediments. Analysis of total OM in the

sediments was performed using the ‘‘loss-on-ignition’’

method (Bighman and Bartels 1996). Iron and aluminum

oxides and OM are present in the sediments in considerable

amounts, which may play important roles in adsorbing

heavy metals. Although the chemical composition of sed-

iments of four sites are relatively similar, there are some

differences particularly in OM and Iron oxide contents of

Roodak in comparison with other stations. These differ-

ences are important when interpreting the adsorption iso-

therms. Figure 2 displays XRD spectrum of the sediments

at four different stations. It reveals that Quartz, calcite,

feldspar, hematite, dolomite and some clayey minerals

exist in the sediments. Clay minerals such as Chlorite, Illite

and Montmorillonite are present in sediments of the study

area while the presence of large quantities of quartz (SiO2),

albite, dolomite and clinochlore can clearly be distin-

guished from X-ray patterns.

Bhattacharyya and Gupta (2008) demonstrated that

clays with these characteristics have been good adsorbents

because of the existence of several types of active sites on

Table 1 Average water quality characteristics of Jajrood River

(2000–2007)

Parameters Sampling stations

Roodak Fasham Ahar Ushan

pH 8.5 8.5 8.2 7.9

TSS (mg l-1) 6.3 7.3 3.5 5.5

Nitrate (mg l-1) 3.3 2.3 3.4 2.8

Phosphates (mg) 0.2 0.1 0.2 0.2

BOD (mg l-1) 2.7 2.1 1.3 2.4

Cu (lg l-1) 27 42 9 23

Pb (lg l-1) 31 39 20 15

Zn (lg l-1) 26 13 7 4

Ni (lg l-1) 10 10 10 10

Cd (lg l-1) 10 20 10 10

Cr (lg l-1) 40 40 20 30

Table 2 XRF test results for sediments

Parameter (%) Sampling stations

Ahar Ushan Fasham Roodak

L.O.I 9.25 8.85 9.60 5.00

Na2O 1.20 1.50 1.04 2.91

Mgo 2.74 2.75 4.10 2.94

Al2O3 15.22 16.25 15.35 16.7

SiO2 51.1 48.12 50.59 53.32

P2O5 0.18 0.40 0.22 0.22

SO3 0.19 0.23 0.19 0.16

K2O 3.50 4.70 3.74 2.98

CaO 9.78 10.12 9.12 9.60

TiO2 0.85 1.23 1.00 0.95

MnO 0.19 0.14 0.17 0.14

Fe2O3 5.50 5.36 6.60 4.75

ZnO 0.13 0.19 0.12 0.12

ZrO2 0.17 0.16 0.18 0.21
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the surface- and ion-exchange sites. Because of same

mineralogy for sediment samples at different sites

(according to XRD and XRF results), it is concluded that

there is no significant change in geology of study area. This

subject is confirmed by general geology of region under

study.

Considering similar mineralogy of samples of four sites,

probable differences in adsorption capacity and behavior of

different sediment samples are expected to be related to

chemical composition of sediments especially the presence

of OM, calcium carbonates and iron oxides.

Adsorbabilities of heavy metals

Adsorption capability experiment results are presented in

Table 3. As expected, an increase in the adsorbent con-

centration generally leads to a decrease in the final metal

concentration. However, the rate at which the final metal

concentration decreases with increasing adsorbent dosage

is not linear, suggesting that the adsorption capacity

approaches a maximum value. Similar findings were

observed by Saeedi et al. (2004). Also, Jain et al. (2004)

and Jain and Ram (1997) reported that the extent of

adsorption of the metal ions on sediments increases with

increasing adsorbent doses and decreases with adsorbent

particle size. Although the final concentration of metals in

solution decreases with increasing in adsorbent dose,

removal efficiency of dissolved metals per unit mass of

adsorbents decreases. It should be pointed out that there

might be uncertainties related to the metals carry over

through the filtration of samples after experiments and

desorption of them before analyzing, which assumed to be

insignificant. Considering the difference between the initial

and final concentration of the dissolved metals, removal of

dissolved metals by sediments at different stations shows

that the order of adsorption of metals are as Pb [
Cu [ Zn [ Cd [ Ni [ Cr, which is different than what

has been found in other studies (Coquery and Welbourn

1995). The reason for this disagreement probably relates to

differences in the surface water quality and sediment

characteristics in the regions under study. Table 4 shows

removal percentages for the dissolved metals in solution.

An overall assessment of the results reveals that Cr and to

some extent Ni have a relatively conservative behavior

during riverine mixing, while Pb and Cu show nearly

complete non-conservative behavior. Thus, discharges

containing dissolved Cr and Ni may cause more environ-

mental risks than those of other dissolved metals (Pb, Cu,

Zn and to some extent Cd).

The Freundlich and Langmuir isotherm models

for the experiments

The Langmuir and Freundlich models are the most fre-

quently employed models to describe experimental data of

adsorption isotherms. In this work, both models were used

Fig. 2 X-ray spectrum of

sediments collected from

Jajrood river at sampling

stations (A Albite, C
Clinochlore, D Dolomite, I
Illite, Q Quartz)
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to describe the relationship between the amount of heavy

metal adsorbed and its equilibrium concentration in solu-

tions. The Langmuir isotherm model is based on the

assumption that binding sites are homogeneously distrib-

uted over the adsorbent surface. These binding sites have

the same affinity for adsorption as a single molecular layer.

This model assumes that there is no interaction between

adsorbed molecules. The linear form of the Langmuir

isotherm model can be represented as follows:

1

qe

¼ 1

a
þ 1

ab
� 1

Ce

ð1Þ

where qe is the amount adsorbed at equilibrium (mg/g), Ce is

the equilibrium concentration of the adsorbate (mg/l), and a

(mg/g) and b (l/mg) are the Langmuir constants related to the

maximum adsorption capacity and the energy of adsorption,

respectively. These constants can be evaluated from the

intercept and the slope of the linear plot of experimental data

of 1/qe versus 1/Ce. The Freundlich model also considers

monomolecular layer coverage of solute by the sorbent.

However, it assumes that the sorbent has a heterogeneous

valance distribution and then has deferent affinity for

adsorption. The linear form of the Freundlich isotherm

model is given by the following equation:

ln qe ¼ ln kF þ
1

n
ln Ce ð2Þ

where kF and 1/n are Freundlich constants related to

adsorption capacity and adsorption intensity, respectively,

of the sorbent. The values of kF and 1/n can be obtained

from the intercept and slope, respectively, of the linear plot

of experimental data of ln qe versus ln Ce.

Figure 3 shows plot of 1/qe versus 1/Ce in four sampling

stations for heavy metals adsorption on sediments, which has

produced a straight line that indicates the applicability of the

Langmuir isotherm for the system under consideration. Also,

when ln qe is plotted against ln Ce, a straight line with slope

1/n and intercept ln kF is obtained (Fig. 4). The corre-

sponding Langmuir and Freundlich parameters along with

correlation coefficients are given in Table 5, respectively.

Table 3 Heavy metal

concentration (ppm) after

adsorption process

a pH of solution before

adsorption experiments
b pH of solution after

adsorption experiments

Sampling station Adsorbent

dosage (g l-1)

Metals initial

concentration (ppm)

pHa pHb Final concentration in solution (ppm)

Cd Cu Pb Zn Ni Cr

Ahar 0 2 7.3 7.2 1.97 1.97 1.95 1.96 1.93 2.04

1 2 7.3 7.1 1.14 0.15 0.24 0.66 1.21 1.64

2 2 7.3 7.1 0.79 0.15 0.18 0.42 1.16 1.59

3 2 7.3 7.2 0.50 0.14 0.16 0.32 1.09 1.53

5 2 7.3 7.2 0.49 0.14 0.13 0.17 0.95 1.48

Ushan 0 2 7.2 7.2 2.03 1.94 1.96 1.96 1.87 2.09

1 2 7.2 7.1 1.08 0.28 0.16 0.51 1.36 1.74

2 2 7.2 7.0 0.76 0.24 0.10 0.36 1.25 1.69

3 2 7.2 7.1 0.46 0.23 0.09 0.30 1.05 1.69

5 2 7.2 7.1 0.32 0.14 0.07 0.25 0.95 1.68

Fasham 0 2 7.3 7.2 1.86 2.1 2.05 1.97 1.95 1.90

1 2 7.3 7.1 1.18 0.21 0.33 0.97 1.50 1.69

2 2 7.3 7.1 0.85 0.21 0.29 0.87 1.22 1.67

3 2 7.3 7.2 0.61 0.19 0.26 0.59 1.11 1.62

5 2 7.3 7.2 0.55 0.20 0.08 0.33 1.03 1.59

Roodak 0 2 7.4 7.4 1.89 1.96 1.88 1.91 2.10 2.07

1 2 7.4 7.2 1.41 0.14 0.60 0.98 1.55 1.55

2 2 7.4 7.2 1.03 0.14 0.50 0.59 1.43 1.51

3 2 7.4 7.3 0.69 0.12 0.20 0.35 1.26 1.50

5 2 7.4 7.3 0.42 0.12 0.08 0.19 1.12 1.48

Table 4 Heavy metal removal

percentage at different stations
Sample station Order of removal of dissolved metals

Ahar Pb (94%) [ Cu (93%) [ Zn (91%) [ Cd (76%) [ Ni (52%) [ Cr (26%)

Ushan Pb (96%) [ Cu (93%) [ Zn (87%) [ Cd (84%) [ Ni (53%) [ Cr (16%)

Fasham Pb (96%) [ Cu (90%) [ Zn (84%) [ Cd (73%) [ Ni (49%) [ Cr (21%)

Roodak Pb (96%) [ Cu (94%) [ Zn (91%) [ Cd (79%) [ Ni (44%) [ Cr (26%)
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A detailed analysis of the regression coefficients showed that

Langmuir and Freundlich models adequately described the

adsorption data, as can be seen in Figs. 3 and 4.

Correlation matrix and cluster analysis

Correlation analysis was performed on the amount of

heavy metals adsorption per unit mass of sediment samples

of different sites, from solution with concentration of

10 mg/l of metals, and chemical composition of bed sedi-

ment at each site. This analysis was performed to deter-

mine the governing adsorbing agents in sediments for

different metals. The correlation matrix (Table 6) shows

correlation with both positive and negative values among

different pairs of variables. According to data summarized

in this table, Cd presents high levels of correlation with Cu

and Ni (0.85 and 0.96, respectively). Pb was significantly

correlated with Cr (0.99) and Fe2O3 (0.95). There is a good

correlation between the concentration of Zn with Ni and

MnO (0.8 and 0.87, respectively). The dendrogram in

Fig. 5 shows the cluster analysis of the studied parameters

(metals adsorption and sediment composition) in the sedi-

ment samples at four stations along Jajrood River based on

correlation matrix. The first cluster, on the left side of the

dendrogram, shows a first level of association with the pair

Cd–Ni, as the nearest variables. Then Cu, very close to the

previous elements, is added, and finally, CaO is added,

forming a cluster on the left side of the dendrogram.

The other level of aggregation is established with the

pair Pb–Fe2O3 and Cr which, at the same time, forms a

cluster with the pair Zn–OM. These two pairs are associ-

ated with each other in the next stage and later with MnO.

Thus, the variables are grouped in two main clusters:

Cluster 1 Cd–Ni–Cu–CaO and Cluster 2 Pb–Fe2O3–Cr–

Zn–OM–MnO. The association between the metals inclu-

ded in these two clusters is also supported by the results of

correlation analysis shown in Table 6. Alternately, low

correlations were noted between some metals, suggesting

that they have different affinities for adsorption by the

various sorbents present within the sediments. Based on the

dendrogram shown in Fig. 5, calcium oxides and probably

calcium carbonates appear to be responsible for adsorbing

most of the Cd, Ni, and Cu. On the other hand, Fe/Mn

oxides and OM may be the main adsorbing agents of Pb, Cr

and Zn. Based on the results, one can conclude that most of

Zn is adsorbed and consequently transported by OM in the

river while most of Pb and Cr are adsorbed and transported

in particulate form with iron oxides in addition to OM.

Fig. 3 Linearized Langmuir

isotherm for adsorption of

heavy metals by sediments at

Ahar (diamonds), Ushan

(squares), Fasham (triangles)

and Roodak (circles) stations
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Fig. 4 Linearized Freundlich

isotherm for adsorption of

heavy metals by sediments at

Ahar (diamonds), Ushan

(squares), Fasham (triangles)

and Roodak (circles) stations

Table 5 Langmuir and

Freundlich isotherm constants

for the adsorption of heavy

metals on sediments of four

stations

Solute Langmuir model Freundlich model

a b R2 KF n R2

Ahar Cd -33.33 -0.02 0.69 0.76 1.04 0.79

Cu -0.06 -6.37 0.71 1,056 0.07 0.73

Pb -0.48 -3.47 0.97 67.16 0.39 0.99

Zn 4.76 0.48 0.97 1.85 1.05 0.97

Ni -0.10 -0.71 0.95 0.25 0.37 0.90

Cr 0.02 0.58 0.97 0.00 0.09 0.97

Ushan Cd 2.50 0.50 0.96 4.19 0.76 0.89

Cu -0.96 -1.95 0.89 14.47 0.52 0.79

Pb -0.82 -4.88 0.94 60.18 0.53 0.97

Zn -0.65 -1.47 0.95 5.96 0.50 0.99

Ni -0.21 -0.54 0. 91 0.25 0.37 0.90

Cr 0.00 -0.57 0.60 0.00 0.03 0.77

Fasham Cd -1.80 -0.28 0.83 0.69 0.84 0.89

Cu -0.11 -4.22 0.28 1,129 0.11 0.40

Pb 1.72 3.52 0.77 2.49 1.30 0.62

Zn 2.00 0.59 0.86 0.21 0.43 0.79

Ni -0.49 -0.46 0.81 0.21 0.43 0.87

Cr -0.01 -0.53 0.93 0.00 0.05 0.90

Roodak Cd 0.88 1.35 0.98 0.50 2.04 0.98

Cu -0.13 -6.61 0.87 10.56 0.15 0.88

Pb 1.21 6.07 0.89 1.41 1.96 0.84

Zn 1.55 1.59 0.99 1.02 1.61 0.99

Ni 0.17 -0.46 0.95 0.20 0.38 0.93

Cr -0.01 -0.64 0.87 4.89 0.03 0.97
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The relationship between organic matter and heavy

metals

Lin and Chen (1998) reported that the organic content in

the sediments can be used as a simple index for assessing

the degree of pollution of the sediment and that the

adsorbabilities of heavy metals of sediments increase with

increasing OM content. In this study, with the exception of

Cu, which presents a negligible affinity with OM, there is a

significant positive correlation between OM and other

components. Correlation coefficients were high for Cd, Pb,

Zn, Ni and Cr (0.54, 0.92, 0.75 and 0.85, respectively).

Therefore, it appears that the OM content is a good indi-

cator of how effective river sediments will be in removing

metals from solution through adsorption.

Conclusions

The results of this study clearly show the potential that

river sediments have to adsorb dissolved heavy metals

from water. Adsorption increases with increasing metal

concentration and can be modeled with either Langmuir or

non-linear Freundlich isotherms. The decreasing adsorp-

tion efficiency with increasing metal concentration occurs

as colloids approach monolayer saturation with adsorbed

metals.

Jajrood River sediments showed a consistent preference,

in terms of percent adsorbed, for Pb [ Cu [ Zn [ Cd [
Ni [ Cr. All of these metals (except Cu) showed a high

correlation with sediment OM content, suggesting that this

is the dominant factor influencing the partitioning of metals

between the dissolved and particulate phase.

The two metals exhibiting the least amount of adsorp-

tion in lab experiments were Cr (generally \26%) and Ni

(between 44 and 53%). Adsorption percentages for the

other four metals ranged between 73 and 96%. Therefore, it

appears that the release of Cr and Ni poses the greatest bio-

ecological risk. Experimental data also revealed that the

potential for adsorption to occur diminishes as metal con-

centrations increase. These findings suggest that Iran’s

environmental protection organization should continue its

efforts to control the levels of heavy metals that are dis-

charged to rivers through industrial effluents and waste-

water disposal.
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