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a b s t r a c t

Over the past years, the tremendous increase of toxic pollutants like heavy metals from industrial 
wastes have been spoiled water bodies and groundwater, it caused deterioration of drinking water 
quality. Therefore, it is necessary to remove copper (Cu) metal ion from wastewater up to the per-
missible limits. This can be achieved by adsorption on low cost naturally occurring biogenic iron 
oxides (Banded Iron Formation form) used as the low cost adsorbent. In this work, the experiments 
were performed on laboratory scale fixed-bed column to remove Cu(II) ion from aqueous solution on 
natural biogenic iron oxide material. The performance of column was investigated by varying flow 
rate, bed depth and inlet metal ion concentration. The maximum breakthrough time was obtained 
by increasing the bed depth and by decreasing the flow rate. The adsorption capacity was found to 
be 1669.7 mg/L by the bed depth service time model and best fitted with high correlation coefficient 
value with experimental data, suitable to estimate the bed depth and service time of the column. 
The experimental results have proven to be viable and sustainable adsorbent for copper(II) metal ion 
removal from water and wastewaters.

Keywords:  Copper(II); Banded iron formation; Adsorption; Fixed-bed column; Column adsorption 
models

1. Introduction

Over the past years, the tremendous increase of toxic 
pollutants like heavy metals from industrial wastes have 
spoiled water bodies and groundwater, it caused deteriora-
tion of drinking water quality. The industries like mining, 
metal cleaning and plating facilities, fertilizer industries, 
tanneries, batteries, paper industries and pesticides galva-
nizing plants, electronic device manufacturing industries 
and many more released the waste containing the consid-
erable amount of toxic and hazardous heavy metal [1,2]. 
Among all, the particular attention has been given to toxic 
heavy copper (Cu) metal ion is consider for this study. The 
copper is an important engineering material of choice for 
technologies and having the wide industrial application 
[3]. It is the prime nutrient in small amount but at higher 
concentration poses the serious threat to mankind as well 

as plants and algae. Copper has properties of biological 
magnification, non-biodegradability and long-time per-
sistent in the environment that cause the adverse effect on 
the environment and health. The Cu metal enters into the 
human through polluted water, air, and foods but beyond 
the permissible limit causes harmful effects on health. The 
excessive intake of Cu may cause gastrointestinal disor-
ders, hemolysis, hepatotoxic and nephrotoxic effects. Cop-
per toxicity leads to serve mucosal irritation, widespread 
capillary damage, renal damage and central nervous 
system irritation followed by depression [4]. Therefore, 
it is essential to be removed Cu(II) ion from water and 
wastewater for health and environment protection. The 
various methods are available for the removal of heavy 
metals like Cu(II) ion from water and wastewater namely: 
ion exchange, chemical precipitation, solvent extraction, 
coagulation and membrane processes, but most of these 
methods are hardly handle, and are very costly [5–8]. The 
biomasses derived from plants are non-toxic, abundant, 
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eco-friendly, and inexpensive an efficient adsorbent for 
adsorption of heavy metal ions onto the carbonic sub-
stances [9,10].

The adsorption process can be a reliable method for 
the removal of Cu(II) ion [11]. A number of low-cost adsor-
bents have been successfully used for removal of Cu(II) ion 
from water and wastewater [12,13]. The various forms of 
iron oxide adsorbent materials have been studied for the 
removal of Cu(II) metal ion. The hematite nanoparticles 
used for removal of Cu(II) ion and studied the effect of 
sorbent concentration, pH, temperature etc. [14]. The iron 
nanoparticles (Fe2O3), zerovalent iron nanoparticles (nZVI) 
and nickel and copper ferrite (NiFe2O4 and CuFe2O4) used 
for Cu(II) ion removal from aqueous solution by electro-
chemical methods [15–17]. 

The naturally occurring biogenic iron oxides of banded 
iron formation (BIF form) from the mines is one of the low-
cost adsorbents. Researchers reported that the variety of 
natural biogenic iron oxides (BIF) form adsorbent, showed 
efficient removal of heavy metal ion from water and waste-
water. The toxic water-soluble organic dyes were removed 
by a natural biogenic iron oxide material [18–21]. The Lep-
tothrix ochracea dominated natural iron oxide is used for 
Cu(II) ion removal from solution [22]. The phosphorus and 
arsenic are also removed through bioremediation methods 
by fluidized raw dolomite bed [23]. 

In history, the Archean and Proterozoic eras known for 
the deposition of banded iron formation in the Earth. These 
are large deposits of iron-rich BIF form ores contains 25% 
to 35% iron and deposited in billion of tons in natural sedi-
mentary rocks of Precambrian age and available all around 
the world [24,25]. Natural biogenic iron oxides (BIF form) 
are produced by weathering, metabolic activity or series of 
bacterial metabolic activities, passive reaction, and internal 
biomineralization processes. The metabolic activity of aci-
dophilic and neutrophilic iron-oxidizing bacteria helps in 
the oxidation of Fe(II) to Fe(III) under the oxic condition to 
form biogenic iron oxides [23,26,27]. The various forms of 
biogenic iron oxides are available on the earth’s environ-
ment in the wetland, lakes, rivers (freshwater and marine), 
soil and also in mines [28–30]. In this work, the natural bio-
genic iron oxide (BIF form) material used as an adsorbent 
for the removal of Cu(II) ion by adsorption technique from 
aqueous solution and the experiments were conducted 
to the laboratory scale fixed-bed column. To examine the 
performance of the natural biogenic iron oxide (BIF form) 
material adsorbents for removal of Cu(II) ion for varying 
process design parameters, viz. bed depth, flow rate, and 
inlet metal ion concentration in a fixed bed column. The 
breakthrough curves were analyzed using bed-depth and 
service time (BDST), mass transfer, Yoon-Nelson, Thomas 
and Adam-Bohart, models. 

2. Materials and methods

2.1. Reagents and stock solution

The analytical grade chemicals were used for the prepa-
ration of all the reagents in the study. The stock solution of 
Cu(II) ion was prepared as per standard methods APHA, 
2012. All the solutions were prepared in double distilled 
water. 

2.2. Natural biogenic iron oxide (BIF form) adsorbent media

The Dalli Rajhara in Durg (India) is located at 20.58°N, 
81.08°E. The natural biogenic iron oxide (Fe2O3) in BIF form 
(iron ore) was discovered in 1900 at Dalli-Rajhara. This 
place is known as the home of iron ore captive mines for the 
integrated steel plant in India. The iron ore obtained from 
mines was washed with distilled water to remove the soil 
particles and crushed into powdered form. The media was 
oven dried at 105°C for 3–4 h, then passed through the geo-
metric sieve of 300, 150 and 75 μm size for different particle 
size. The natural biogenic iron oxide (BIF form) particles of 
different sizes were stored in plastic jars for column exper-
iment [31].

2.3. Preparation of aqueous solution

The standard methods, APHA (2012) [32] follow for the 
preparation of aqueous Cu(II) ion solution for this studies. 
The 200 mg of polished electrolytic copper wire or foil was 
inserted into 250 mL conical flask, then 5 mL concentration 
HNO3 solution and 10 mL water ware added in the same 
conical flask. After the reaction, warm gently to complete 
dissolution of the copper and then boil to expel oxides of 
nitrogen. All precautions must be taken to avoid loss of 
copper from solution. The solution was cooled down and 
again 50 mL water was added. The whole solution was 
again transferred quantitatively to a 1 L volumetric flask 
and diluted to the mark with water; 1 mL = 200 μg Cu.

The Bathocuproine methods are used for the determi-
nation of the concentration of Cu(II) ion as per standard 
methods, APHA (2012). The UV/VIS spectrophotometer 
(Model: Lab India UV 3000+, Lab India Analytical Instru-
ments Pvt. Ltd) used for measurement of absorbance at 484 
nm wavelengths. The digital pH meter (Model: Cyber Scan 
pH 510/Ion 510, Eutech Instruments, Singapore) is used for 
pH measurement.

2.4. Characterization of adsorbents 

A small portion of natural biogenic iron oxides (BIF form) 
media was taken for morphological characterization. The 
energy dispersive x-ray spectroscopy (EDS) analysis was car-
ried out for finding the normalized element composition (by 
weight percentage) percentage and elemental spectra of adsor-
bent media before and after adsorption. It was analyzed by 
EDS instrument (Model: FEI Quanta 200F with Oxford-EDS 
system IE 250 X Max 80, Netherlands). The EDS was analyzed 
to identify their relative proportions (by weight and atomic 
percentage) present in natural biogenic iron oxide (BIF form) 
adsorbent before and after Cu(II) ion adsorption. 

The x-ray diffraction (XRD) analysis of adsorbent was 
carried out to find the types of minerals oxide present in 
the sample. The x-ray diffraction was obtained by powder 
or thin film X-ray diffraction system with low-temperature 
attachment PANalytical X’pert PRO (Model: ‘X’ pert pro 
mrd Panalytical) with ‘X’ pert data collector, PW 3050/65 
High-resolution goniometer. The diffraction data were col-
lected from diffractometer at these operating condition i.e. 
wide angle goniometer operated at 40 kv and 40 mA, start 
position (2θ°) 100 , end position (2θ°) 800, step size (2θ°) 
0.02, scan step time 1 s (s) and radiation Cu-Kα.
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The Fourier transform infrared (FTIR) spectroscopy of BIF 
form adsorbent before and after Cu(II) ion adsorption were 
carried out to obtain the spectrum in the range of 4000 to 400 
cm−1. The functional groups that are present in the sample are 
represented in the form of absorption bands (cm−1). The FTIR 
were analyzed at room temperature using KBr pellet tech-
nique in the range of 400–4000 cm–1 by FTIR spectrometer 
(Model: Perkin Elmer Spectrum BX FTIR Systems USA). The 
BIF particles of 75 μm size mixed with KBr (IR Spectroscopic 
Grade) in the ratio of 2: 200 or 20% (weight). The composition 
was carefully mixed homogeneity, without any change of the 
surface or destroying the BIF particle. 

2.5. Column study

The column experiments were conducted under the 
varying bed depth, flow rates and inlet metal ion concen-
tration for the study of breakthrough time required for the 
uptake of Cu(II) ion by natural biogenic iron oxide (BIF 
form) material. Three glass columns, 3 cm identical inter-
nal diameter each with different media depths of 10, 20 and 
30 cm were used to generate requisite data for adsorption 
column models. The packed adsorbent beds were sup-
ported by 3 cm glasswool at the bottom of the columns. The 
influent flow rate was maintained by the peristaltic pump 
(Model-PP10-EX) in different bed depths and concentration 
studies, except for flow variation study. The three flow rate 
i.e. 0.283, 0.565 and 0.848 m3/m2/h used in this study. The 
effluent samples were collected at fixed time intervals and 
were analyzed for residual Cu(II) ion concentration.

2.6. Design of fixed bed

The various mathematical models have been developed 
for design of full-scale adsorption columns. In this study, 
six mathematical models were used for the design of the 
fixed bed columns from the collected experimental data as 
mentioned in Table 1.

2.7. Bed depth service time (BDST) model

The bed depth service time (BDST) model has been gen-
erally used for rapid prediction of adsorption column design 
and its performance is mentioned by Al-Degs et al. [33]. The 
BDST model generally predicts the relationship of bed depth 
(X) and service time (t) along with characteristic parameters 
like maximum adsorption capacity (No) and kinetic constant 
(K). The basic assumption of the BDST model states that the 
rate of adsorption is proportional to the residual capacity of 
adsorbent and to the concentration of the metal ion. The rela-
tion of service time with the process condition and operating 
parameters is represented in Eq. (1).
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The linear form of Bed-depth and service time is men-
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where Co (mg/L) represents the influent metal ion concen-
tration, Cb (mg/L) is the desired metal ion concentration at 
breakthrough time, K represents the adsorption rate con-
stant (L/mg/h), No (mg/L) is the adsorption capacity, X 
represents the bed depth of column in (cm), v (cm/h) rep-
resents the linear flow velocity of feed to bed, and t (h) is the 
service time of the column under the above condition. The 
calculated value of No and K can be obtained from the slope 
(a) and intercept (b) of t vs. X plot. 7

2.8. Mass transfer model

The mass transfer kinetic model is given by Abia et al. 
[34]. The linear form of mass transfer kinetic model in Eq. (3).
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Table 1
Mathematical expression of adsorption column models
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where Co (mg/L) represents the influent metal ion concen-
tration, Ct (mg/L) is the effluent metal ion concentration at 
shaking time (t) in min, D is the fitting parameter, Ko is the 
mass adsorption coefficient (min–1). If the adsorption of the 
metal ion depicted by the mass transfer model then a plot of 
ln(C° – Ct) vs. (t) should give a linear relationship. D and Ko 
can be determined from the intercept and slope of the plot 
respectively.

2.9. Yoon Nelson model

The assumption of Yoon and Nelson model predicted 
that the rate of probability to decrease in adsorption for 
each adsorbate molecule is proportional to the probability 
of adsorbate adsorption. For a single component system, 
the Yoon and Nelson model in Eq. (4) [35].
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where Co and Ce (mg/L) is the influent and effluent concen-
tration respectively, k (l/min) represents the rate constant, τ 
represents the time (min) required for 50% adsorbate break-
through and t represents breakthrough or sampling time in 
min.

2.10. Thomas model

This model has been widely used for finding the 
behavior of the adsorption process in a fixed bed column. 
The Thomas model is widely used in column perfor-
mance modeling. Its derivation assumes Langmuir kinet-
ics of adsorption-desorption and no axial dispersion. The 
Thomas model for adsorption column can be expressed in 
Eq. (5) [36]. 
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The linear form is expressed by Eq. (6).
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where slope “a” = KT Co, and intercept “b” = KTqm/r, Co 
and Ct (mg/L) are the influent and effluent concentration 
respectively, KT (L/min·mg) is the Thomas rate constant, q 
(mg/g) represents the maximum adsorption capacity, m (g) 
is the mass of adsorbent, V (ml) is the effluent volume and 
(r) represents the flow rate in (ml/min).

2.11. Adam-Bohart model

The Adams-Bohart model is based on the assump-
tion that the rate of adsorption is proportional to both the 
concentration of the adsorbing species and the residual 
capacity of the adsorbent. This modal describes the rela-
tionship between C/Co and time within an open system. 
The Adams-Bohart model is only used for the description 
of the initial part of the breakthrough curve represented by 
Eq. (7) [37]. 
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where Co and C (mg/L) are the influent and effluent con-
centration respectively, z (cm) is the bed depth, u (cm/min) 
is the linear flow rate of metal ion solution, k (L/min·mg) is 
the adsorption rate constant and No (mg/L) is the saturation 
concentration.

2.12. Wolborska model

This model has been used for explaining the adsorption 
dynamics of the breakthrough curve. The mathematical 
expression of the Wolborska model is almost equivalent to 
the Adams- Bohart model represented by Eq. (8) [37].
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where β (min–1) represents the kinetic coefficient of exter-
nal mass transfer and remaining are same as in case of 
Adams-Bohart model.

3. Results and discussion

3.1. Characterization of natural biogenic iron oxide (BIF form) 
adsorbent 

The EDS Spectra of BIF adsorbent represents the ele-
mental composition in percentage of iron, silica, alumin-
ium, oxygen and carbon etc before and after Cu(II) ion 
adsorption in column experiment. The EDS spectrum of BIF 
media before and after Cu(II) ion adsorption is shown in 
Figs. 1a and b.

The XRD analysis of BIF adsorbent before Cu(II) ion 
adsorption represent the presence of hematite (Fe2O3) at 2θ 
value 35.69° (referring JCPDS Card No.: 00-024-0072) along 
with aluminum oxide (Al2O3) at 58.96° (referring JCPDS 
Card No.: 75-0788), silicon dioxide (SiO2) at 49.51o (refer-
ring JCPDS Card No.:00-001-0378) [38]. The 2θ value 64.11° 
provides the presence of phosphorus pentaoxide (P2O5) 
(referring JCPDS Card No.: 23-1301), 2θ value 28.41° pro-
vides the presence of calcium carbonate (CaCO3) (referring 
JCPDS Card No.: 04-011-3633) and magnesium oxide (MgO) 
at 39.63° (referring JCPDS Card No.: 02-1207) is shown in 
Fig. 2.

The FTIR spectrum of BIF adsorbent, before adsorption 
represents the Fe-O vibration mode of hematite (Fe2O3) in 
absorption bands range of 400–750 cm–1 as shown in Fig. 
3a. The peaks at 474.78, 505.93, 675.86 cm–1 were due to the 
longitudinal absorption, at 580.96 cm–1 was due to the trans-
verse absorption of hematite (Fe2O3) present in BIF adsorbent 
[39,40]. The absorption band of OH at vibrational modes 
3403.54 cm−1 and 3685.84 cm−1, C=O (keton) at 1726.34 cm−1, 
CONH2 (amide) at 1631.44 cm−1, COOH (carboxylic group) 
at 1414.55 cm−1, Si-O-Si and Si-O-C at 1028.96 cm−1, C=C-H 
at 821.51 cm−1, acetylene (C2H2) at 2128.31 cm−1, C-H(-CH2-, 
-CH3) at 2920.35 cm−1 [41]. The FTIR of BIF adsorbent after 
Cu(II) ion adsorption representing two main vibrational 
modes for CuO observed at 468.72, and 544 cm–1 are shown 
in Fig. 3b. High frequency mode at 544 cm–1 was reported 
due to Cu-O vibration stretching [42]. The absorption band 
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of OH vibrational modes at 3687.91 cm−1 and 3415.38 cm−1 
respectively; C-H(-CH2-,-CH3) vibrational modes at 2918.68 
and 2852.74 cm−1 respectively; R-CHO (aldehyde) at 2373.63 
cm−1; Si-O-Si and Si-O-C at 1031.35 cm−1; C-NH2 at 1107.94 
cm−1; CH3-CH2-O-CH2-CH3 (ether) at 1007.12 cm−1; carbox-
ylic acid (R-COOH) vibrational modes at 912.87 and 939.17 
cm−1 respectively; nitro (NO2, aliphatic) at 873.42 cm−1. The 
FTIR analysis of BIF adsorbent after Cu(II) ion adsorption 
shows the presence of CuO absorption band due to the 
Cu(II) ion adsorption that formed into oxide, and was not 
present in BIF adsorbent before adsorption and the similar 
results were also reported by Kishor and Rawal [31]. This 
studies revealed that Cu(II) ion adsorption has occurred 
onto BIF particle.

3.2. Effect of varying flow rates 

The performance of natural biogenic iron oxide (BIF 
form) as an adsorbent in a column to remove Cu(II) ion 
from synthetic solution was analyzed at varying flow rates 
i.e., 0.283 m3/m2/h, 0.565 m3/m2/h and 0.848 m3/m2/h. 
The influent concentration of Cu(II) ion synthetic solution 

was kept at 20 mg/L at pH 5 [43]. The bed depth of 75 μm 
size adsorbent media in column was kept at 10 cm. The 
effect of varying flow rates on the breakthrough curve is 
shown in Fig. 4. The service time and saturation time of the 
column were selected as the time when normalized con-

Fig. 1. EDS spectra of natural biogenic iron oxide (BIF form). 

Fig. 2. XRD pattern of natural biogenic iron oxide (BIF form) ad-
sorbent before Cu(II) ion adsorption.

Fig. 3. FTIR spectra of BIF adsorbent before and after Cu(II) ion 
adsorption.
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centration C/Co reached 0.05 and 0.90 respectively. It was 
found that 0.283 m3/m2/h flow rate has maximum Cu(II) 
ion removal efficiency. The breakthrough time and exhaust 
time were achieved at 14 h (2.8 L) and 34 h (6.8 L) respec-
tively. The breakthrough time decreased from 14 h (2.8 L) 
to 0 h (0 L) and exhaust time from 34 h (6.8 L) to 13 h (7.8 
L) by increasing the flow rate from 0.283 m3/m2/h to 0.848 
m3/m2/h respectively. It observed that the flow rate leads 
to a decrease in breakthrough time and adsorption capacity 
of the column. Similar results were also reported by Li et 
al. [44]. 

3.3. Effect of varying media bed depth 

The performance of natural biogenic iron oxide (BIF 
form) as an adsorbent in adsorption was analyzed at vary-
ing media bed depths i.e., 10 cm, 20 cm and 30 cm with 
75 μm size natural biogenic iron oxide (BIF form) as an 
adsorbent, the influent concentration was kept at 20 mg/L 
Cu(II) ion concentration at pH 5 and flow rate 0.283 m3/
m2/h respectively. The effect of varying bed depths on a 
breakthrough curve is shown in Fig. 5. It was observed 
that maximum Cu(II) ion removal efficiency was achieved 
at 30 cm as compared to 10 cm and 20 cm bed depth due to 
the large surface area available for adsorption process. The 
breakthrough time and exhaust time were obtained at 68 
h (13.6 L) and 86 h (17.2 L) respectively. The breakthrough 
time increased from 9 h (1.8 L) to 68 h (13.6 L) and exhaust 
time from 20 h (4.0 L) to 86 h (17.2 L) by increasing the bed 
depth from 10 cm to 30 cm respectively. It observed that 
the breakthrough, as well as exhaustion time, extended 
with increasing with bed depth. It might because of the 
higher bed allowing the longer contact time for the media 
with metal ion concentration. The same pattern was also 
reported by Li et al. [44]. 

3.4. Effect of varying inlet Cu(II) ion concentration 

The performance of natural biogenic iron oxide (BIF 
form) as an adsorbent in column study at varying Cu(II) 
ion concentration i.e., 20 mg/L, 30 mg/L and 40 mg/L for 
the removal Cu(II) ion synthetic solution were analyzed on 
75 μm size of natural biogenic iron oxide (BIF form) as an 
adsorbent with 3.0 cm internal diameter of a column. The 
bed depth of media 30 cm, 5 pH and 0.283 m3/m2/h flow 
rate was kept for Cu(II) ion synthetic solution. The effect 
of varying Cu(II) ion concentration on breakthrough curve 

is shown in Fig. 6. The service time and saturation time of 
a column were selected as the time when normalized con-
centration C/Co reached 0.05 and 0.90 respectively. It was 
observed from concentration study of column experiment 
that, maximum Cu(II) ion removal efficiency was achieved 
at 20 mg/L as compared to 30 mg/L and 40 mg/L initial 
Cu(II) ion concentration. The maximum breakthrough time 
and exhaust time at 20 mg/L initial Cu(II) ion concentration 
were achieved at 68 h (13.6 L) and 86 h (17.2 L) respectively. 
The breakthrough time decreased from 68 h (13.6 L) to 34 
h (6.8 L) and exhaust time from 86 h (17.2 L) to 40 h (8.0 
L) by increasing the initial Cu(II) ion concentration from 
20 mg/L to 40 mg/L respectively. As the initial Cu(II) ion 
concentration was increased from 20 mg/L to 40 mg/L the 
breakthrough, exhaust time decreases for the treated vol-
ume (L) of Cu(II) ion synthetic solution. Similar results were 
also reported by Li et al. [44].

3.5. Mechanism of copper removal

The adsorption of metal ion on oxide surface involves 
the formation of bonds of the metal ion with the surface 
oxygen atoms and the release of protons from the surface 
equation:

= S - OH + M 2+ → = S -OM + + H +  (9)

where M2+ represents a divalent cation and S-OH represents 
an oxide surface.

At pH 5 some portion of solid Fe2O3 particle dissolves 
and reacts with aqueous Cu+2 ion to form CuO (s) and some 
Fe+3 in dissolved form.

Fig. 4. Effect of varying flow rate variation on breakthrough 
curve.

Fig. 5. Effect of varying bed depth on breakthrough curve.

Fig. 6. Effect of varying initial Cu(II) ion concentration on break-
through curve.
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pH 5 

3 Cu+2(aq) + Fe2O3(s) → 2 Fe+3(aq) + 3 CuO(s)   (10)

The dissolved form of Fe+3 ions were passed through 
the effluent that resulted to decrease in (Fe) by weight 
percentage.

3.6. Evaluation of adsorption column design parameters

The modelling of the adsorption column was performed 
using column experiment data of different media bed depth 
study.

3.7. BDST model 

The BDST model plot of service time (h) vs. bed depth 
(cm) for Cu(II) ion adsorption onto natural biogenic iron 
oxide (BIF form) as an adsorbent is shown in Fig. 7. The 
obtained data were fitted to the linear form of the BDST 
model and the parameters are presented in Table 2. BDST 
model predicted maximum adsorption potential and the 
data are best fitted in BDST model with high correlation 
coefficient (R2) value of 0.984 suggesting that the bed 
depth (X) and service time (t) of a column show a linear 
relationship. The forces like intraparticle diffusion and 
external mass transfer resistance were negligible, hence 
Cu(II) ion get adsorbed onto the natural biogenic iron 
oxide (BIF form) surface directly. This model was best fit-Fig. 7. BDST model at breakthrough time in fixed-bed column.

Table 2 
Parameters of different models for adsorption of Cu(II) ion

BDST model

Bed depth No mg/l (adsorption capacity) KL mg–1 h–1 (adsorption rate constant) R² Time of breakpoint (min)

10–30 cm 1669.7 0.0064 0.984

Yoon and Nelson model

k rate constant (min–1) τ 50% Adsorbate breakthrough time 
(min)

R² Observed Predicted

10 cm 0.005 941.2 0.91 540 361.3877
20 cm 0.003 2316.333 0.756 1920 1300.8415
30 cm 0.001 7136 0.659 4080 3244.1797

Mass transfer model

Bed depth Ko Mass transfer coefficient (min–1) D (Fitting parameter) R² Observed Predicted

10 cm –0.002 40.568 0.907 540 380.4397
20 cm –0.001 47.56 0.704 1920 912.8353
30 cm –0.000 37.75 0.581 4080 NA

Thomas model

Bed depth KT L min–1 mg–1 (Thomas rate constant) q mg/g (Maximum adsorption capacity) R² Observed Predicted

10 cm 0.0002 361.8664 0.91 540 361.3877
20 cm 0.0001 468.5830 0.756 1920 1301.8415
30 cm 0.0000 978.0327 0.659 4080 3244.1797

Adam-Bohart Model

Bed depth kL/mg·min (Adsorption rate constant) No mg/l (Saturation concentration) R² Observed Predicted

10 cm 0.0083 22.5755 0.799 9 6.2
20 cm 0.0060 23.6997 0.741 32 24.7
30 cm 0.003 34.0528 0.657 68 43.1

Wolborska Model

Bed depth β min–1 (Kinetic coefficient ) No mg/l (Saturation concentration) R² Observed Predicted

10 cm 0.1880 22.5191 0.799 9 6.2
20 cm 0.1434 23.6997 0.741 32 24.7
30 cm 0.1021 34.0528 0.657 68 43.1
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ted which described the service time (h) and bed depth 
(cm) of the column. 

3.8. Yoon and Nelson model

The Yoon and Nelson model for Cu(II) ion adsorption 
onto natural biogenic iron oxide (BIF form) as an adsorbent 
is shown in Fig. 8. The obtained data were fitted to Yoon 
and Nelson model and kinetic parameters are presented in 
Table 2. It can be observed that on increasing the media bed 
depth of a column the rate constant, k (min–1) decreases and 
the predicted breakpoint time does not correspond and fit 
with the observed breakpoint time for 10 cm, 20 cm and 30 
cm bed depth. Yoon and Nelson’s model revealed that the 
decrease in probability rate of adsorption of each adsorbate 
molecule with respect to adsorbate adsorption and adsor-
bate breakthrough. The correlation coefficient (R2) values 
were 0.91, 0.756 and 0.659 for 10 cm, 20 cm and 30 cm bed 
depth respectively. It is clearly observed that this model is 
not applicable and fit to describe the adsorption process 
and the rate of decrease in the probability of adsorption for 
each adsorbate molecule is proportional to the probability 
of adsorbate adsorption and adsorbate breakthrough on the 
adsorbent.

3.9. Mass transfer model

The mass transfer kinetic plot for Cu(II) ion adsorption 
onto natural biogenic iron oxide (BIF form) as an adsorbent 
is shown in Fig. 9. The obtained data were fitted to the mass 
transfer model and the kinetic parameters are presented 
in Table 2. The mass transfer model revealed that the plot 
of ln(Co – Ct) vs. (t) should give a linear relationship. It can 
be observed that on increasing the media bed depth of a 
column the mass transfer coefficient, Ko (min–1) increases 

negatively and the predicted breakpoint time does not cor-
respond and fit with the observed breakpoint time for 10 
cm, 20 cm and 30 cm bed depth. The correlation coefficient 
(R2) values were 0.907, 0.704 and 0.581 for 10 cm, 20 cm, and 
30 cm bed depth respectively revealed that this model is not 
applicable to describe the process.

3.10. Thomas model

The Thomas model kinetic plot for Cu(II) ion adsorption 
onto natural biogenic iron oxide (BIF form) as an adsorbent 
is shown in Fig. 10. The kinetic parameters of the Thomas 
model are presented in Table 2. It is clearly observed that 
increasing the media bed depth of the column decreases the 
Thomas rate constant, KT L/min·mg and increases the max-
imum adsorption capacity, q (mg/g). The predicted break-
point time does not correspond and fit with the observed 
breakpoint time for 10 cm, 20 cm and 30 cm bed depth. The 
Thomas model revealed that behavior of adsorption process 
in fixed-bed column follows the Langmuir kinetics of sorp-
tion-desorption with no axial dispersion. The adsorption is 
not only limited by the chemical reaction but also controlled 
by the mass transfer at the interface and follows second order 
kinetics. The correlation coefficient (R2) values for Thomas 
model were 0.91, 0.756 and 0.659 for 10 cm, 20 cm and 30 cm 
bed depth respectively and revealed that this model does not 
fit to describe the behaviour adsorption process in fixed bed 
column i.e. Cu(II) ion adsorption onto natural biogenic iron 
oxide (BIF form) adsorbent does not follow Langmuir kinet-
ics of sorption-desorption with axial dispersion. 

3.11. Adam-Bohart model

The Adam-Bohart model kinetic plot for Cu(II) ion 
adsorption onto natural biogenic iron oxide (BIF form) as 
adsorbent is shown in Fig. 11. The experimental data were 
fitted to Adam-Bohart model and the kinetic parameters are 
represented in Table 2. It is observed that with increasing 
the media bed depth of column the adsorption rate con-
stant, k (L/min·mg) decreases and the saturation concen-
tration, No (mg/L) increases. The predicted breakpoint time 
does not correspond and fit with the observed breakpoint 
time for 10 cm, 20 cm and 30 cm bed depth. Adams-Bohart 
model describes the relationship between C/Co and time in 

Fig. 8. Yoon and Nelson kinetic plot for the adsorption of Cu(II) ion.

Fig. 10. Thomas model kinetic plot for the adsorption of Cu(II) ion.Fig. 9. Mass transfer kinetic plot for the adsorption of Cu(II) ion.
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the open system for the adsorption of the metal ion. The 
correlation coefficient (R2) values for Adams-Bohart model 
were 0.799, 0.741 and 0.657 for 10 cm, 20 cm and 30 cm bed 
depth respectively which shown that this model is not fit 
to describe the relationship between C/Co and time in fixed 
bed column for the adsorption of Cu(II) ion.

3.12. Wolborska model

The Wolborska model kinetic plot for Cu(II) ion adsorp-
tion onto natural biogenic iron oxide (BIF form) as adsor-
bent is shown in Fig. 12. The obtained data were fitted to 
Wolborska model and the kinetic parameters are presented 
in Table 2. It is observed that with increasing the media bed 
depth of a column the kinetic coefficient of external mass 
transfer β (min–1) decreases and the saturation concentra-
tion No (mg/L) increases. The predicted breakpoint time 
does not correspond and fit with the observed breakpoint 
time for 10 cm, 20 cm and 30 cm bed depth.  Wolborska 
model describes the adsorption dynamics in the low con-
centration range of the breakthrough curve. The correlation 
coefficient (R2) values were 0.799, 0.741 and 0.657 for 10 cm, 
20 cm and 30 cm bed depth respectively which shown that 
this model is not applicable to describe that the adsorption 
dynamics is in the low concentration range of the break-
through curve in fixed bed column. 

As shown in Table 2, the data best fitted with high cor-
relation coefficient (R2) value 0.984 of BDST model describe 
the linear relationship of bed depth (X) and service time (t) 
of the column with respect to other models. The poorly fit-
ted in Thomas model, Yoon-Nelson model, mass transfer 
model, Adam-Bohart model, Wolborska model.

4. Conclusion

The natural biogenic iron oxide (BIF form) is naturally 
occurring highly rich iron oxide ores available in huge quan-
tity in the mines. The adsorbent media was prepared from 
ores and tested for the removal of Cu(II) ion from synthetic 
wastewater in column experiments. The breakthrough time 
was achieved at 14 h and exhaust/saturation point was 
achieved at 34 h at 0.283 m3/m2/h as compared to m3/m2/h 
and 0.848 m3/m2/h flow rate without leaching of miner-
als during the column operation. The FTIR analysis of BIF 

adsorbent after Cu(II) ion adsorption shows the presence of 
CuO absorption band due to the Cu(II) ion adsorption that 
formed into oxide, and was not present in BIF adsorbent 
before adsorption. The BDST adsorption modal predicted 
to best describe the adsorption kinetics with a high correla-
tion coefficient (R2) value of 0.984 with experimental data, 
and poorly fitted in Thomas model, Yoon-Nelson model, 
mass transfer model, Adam-Bohart model and Wolborska 
model. This study suggests that low cost natural biogenic 
iron oxide (BIF form) may be used as a viable and sustain-
able adsorbent for copper (II) metal ion removal from water 
and industrial wastewaters. 
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