
* Corresponding author.

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2021.27367

229 (2021) 217–226
July

Evaluation of microstructured particles of egg shell and oak leaf in removal 
of sodium from aqueous solutions in fixed column

Akbar Rasoulia, Ali Bafkarb,*
aIrrigation and Drainage Engineering, Razi University, Iran, email: akbarrasouli6@gmail.com 
bAssistant Professor, Water Eng. Department, Faculty of Agriculture, Razi University Kermanshah, Iran, Tel. +98 (0)9183364231; 
Mobile No.: +98 (0)831 8323727; Fax (Office): +98 (0)8318323727; email: bafkar@razi.ac.ir/alibafkar@yahoo.com

Received 21 December 2020; Accepted 25 April 2021

a b s t r a c t
The quantity and quality of water resources in Iran are the most important challenges in the current 
situation. A study of global indicators shows that if we do not pay attention to solving these prob-
lems, many fertile and residential areas will become deserted and uninhabited. On the other hand, 
the existence of unconventional water resources such as seas and oceans, including the Caspian 
Sea in the north and the Persian Gulf in the south of Iran, maybe one of the appropriate and cost- 
effective solutions in this regard. This study aims to investigate and compare sodium removal using 
a fixed column by microstructured adsorbents of oak leaf and eggshells. The results showed that 
the total amount of adsorption, maximum adsorption capacity and percentage of sodium removal 
for oak leaf and eggshell adsorbents were equal to 120.21 and 117.10 mg, 1.1 and 0.24 mg/g and 
60.10, respectively. 68.88% for 5 mg/L, 194.45 and 169.93 mg, 1.77 and 0.34 mg/g, 55.56% and 54.82% 
for 10 mg/L and 466.83, respectively. 453.84 mg, 4.26 and 0.91 mg/g and 53.66% and 54.03% for a 
concentration of 30 mg/L. Fitting of continuous adsorption models on experimental data by micro-
structured adsorbents showed that in sodium adsorption using a fixed bed column for oak leaf 
and eggshell adsorbents, bed depth-service time, Thomas and Yoon–Nelson models had a better fit 
than the adsorption column data compared to other models. Based on the results of this study, the 
microstructured adsorbents of oak leaf and egg shell have a high ability to remove sodium ions.
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1. Introduction

In areas where freshwater is scarce, there is a growing 
need for low-quality water. In this regard, unconventional 
waters such as agricultural drains, brackish waters, brackish 
water and urban wastewater can be considered as valuable 
resources [1]. Pour Mohammad [2] investigated the effect 
of Conocarpus nanostructured adsorbent on the removal 
of cadmium from an aqueous solution by continuous and 
discontinuous systems. The results of continuous experi-
ments showed that the total amount of cadmium adsorbed 
and the adsorption capacity of the column increased with 

increasing concentration of incoming cadmium in the col-
umn and the Adams–Bohart model was more consistent 
with the laboratory data. Farzi et al. [3] investigated the 
effect of nanostructured adsorbents of sugarcane straw on 
the removal of cadmium from an aqueous solution by con-
tinuous and discontinuous systems. The results of continu-
ous experiments showed that increasing the concentration 
from 5 to 20 mg/L, the maximum adsorption capacity of 
cadmium ion increased from 0.91 to 2.08 mg/g and in con-
trast, the adsorption efficiency decreased from 48.8% to 
30.32%. The results of fitting continuous models showed 
that Thomas and Yoon–Nelson models with a correlation 
coefficient above 0.95 were more consistent with labora-
tory data than other models Pahlavanzadeh and Zarenejad 
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Ashkazari [4] studied the de-fluoridation of drinking water 
with a fixed bed column using a cheap bauxite adsorbent. 
In this study, the continuous adsorption process was used to 
separate fluoride and an equilibrium concentration diagram 
was drawn over time. The results show continuous fluoride 
adsorption with both Langmuir and Freundlich models, but 
it is more consistent with the Langmuir model. The results 
of the study suggest bauxite as an effective fluoride adsor-
bent with efficiency in various industries. Amirnia et al. [5] 
investigated the removal of copper ions by a maple leaf in a 
renewable continuous flow column. The results showed that 
the adsorption percentages for metal concentrations of 15, 50 
and 150 mg/L in less than 2 min were 82%, 85% and 90%, 
respectively. The adsorption process of Cu (II) by the adsor-
bent is followed the quasi-second order kinetics model (Huo 
et al.) and Langmuir isotherm. Copper adsorption was also 
affected by the adsorption mechanism.

Goli and Upadhyayula [6] studied nitrate removal from 
water by chitosan/alumina composite using a continuous col-
umn with a fixed bed. The results showed that the fracture 
curves were significantly affected by changes in flow, initial 
concentration, and bed depth, so that the removal efficiency, 
fracture time and wear decreased with increasing nitrate 
concentration and flow intensity and increased with increas-
ing bed height. Thomas and Yoon–Nelson models were 
used for experimental experiments and the data obtained 
from both models were in good agreement with the exper-
imental results. Murithi et al. [7] investigated the removal 
of zinc(II) ions from industrial wastewater by bone using a 
fixed column. The effects of bed height (2–10 cm), flow rate 
(5 to 10) ml per minute, and concentration (solution in the 
ratio of 1:1 and 1:2) on the parameters of the failure curve 
were determined. The highest bed capacity was 476.2 mg/g 
using a column height of 10 cm, a concentration of 1:2 and a 
flow rate of 5 mL/min. The results showed that the adsorp-
tion capacity increases with the increasing concentration of 
input ions and bed height and decreases with increasing 
current intensity. The data followed the models of Adam-
Bohart, Thomas and Yoon–Nelson.

Baker and Ghanem [8] studied the behavior and sep-
aration efficiency of natural bentonite to remove sulfate 
from water using continuous columns and discontinuous 
methods. The results showed that the maximum adsorp-
tion occurred in the range of pH = 2–3 and the contact 
time was 60 min. The adsorption process followed the 
quasi-second order kinetics model (Huo et al.) and the 
Langmuir isotherm. A positive value of ΔH (15.2 kJ/mol) 
indicates that the adsorption of sulfate ions on the adsor-
bent is an endothermic process and a positive value of ΔS 
(22.1 J/mol K) indicates that the adsorption with a small 
amount of positive energy (ΔG) is optimally done [8]. 
Ovary skin membrane is a waste product that is obtained 
in large quantities from the food industry. The main 
constituents of the membrane are protein and calcium. 
In addition to these organic compounds, other mineral 
compounds such as sulfur, silica, zinc, etc. are present in 
the membrane [9]. Oak leaf also contain the main constit-
uents of silica and calcium, as a result of which these ele-
ments can be exchanged with polluting ions during the ion 
exchange reaction. The aim of this study was to investigate 
the fracture curves of the column bed for the removal of 

sodium from aqueous solutions using oak leaf and egg-
shell adsorbents. Also, the effect of sodium concentration in 
the form of their fracture curves is investigated.

2. Materials and methods

2.1. Continuous adsorption experiments

Research in the field of solid–liquid adsorption tech-
nology is performed in the form of equilibrium discon-
tinuous adsorption experiments and dynamic continuous 
flow adsorption studies. Evaluation of equilibrium adsorp-
tion performance should be complemented by directional 
kinetic studies and finally, dynamic continuous flow exper-
iments [10]. In continuous input currents, the equilibrium 
region gradually moves down the column. As the equilib-
rium region reaches the lower end of the column bed, the 
concentration at the output increases and eventually equals 
the input concentration. The point at which the output con-
centration increases rapidly is called the breakpoint (break 
time). Fracture and burnout points are points where the 
ratio of output concentration to input concentration is 5% 
and 95%, respectively [11]. The efficiency of an adsorption 
column is described by the refractive index, which indi-
cates the adsorption behavior (sodium) during removal 
from the containing solution along the column bed and is 
generally normalized as the output-to-input concentration 
ratio per unit time or output volume, which is defined for a 
specific context [12]. The volume of the output fluid can be 
obtained from the following equation:

V tQeff =  (1)

where Q and t are the volume flow in milliliters per min-
ute (mL/min) and the total flow time in minutes (min), 
respectively.

The area under the refractive curve (A) can be calculated 
by integrating the adsorbed sodium concentration curve 
(Naad) versus time (t) and it can be used to calculate the total 
amount of adsorbed metal (qtotal) in the column for input 
and flow rates.

q QA Q dt
t

t
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The total amount of metal ions entering the column 
(mtotal) and the percentage of total removal (%) can be 
calculated from Eqs. (3) and (4), respectively [13]:
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The adsorption capacity of the column (qeq) can be cal-
culated using Eq. (5) as the total amount of ions adsorbed 
at the end of the total flow time (qtotal) in the adsorbent mass 
unit (X) [12]:
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q
q
Xeq
total=  (5)

The residence time in the empty bed (EBRT) represents 
the time required to fill the empty column with the solution 
in minutes, which can be calculated from Eq. (6) [14]:

EBRT
in

=
V
Q

 (6)

The volume of the bed is in milliliters (mL) and 
the flow rate to the column is in milliliters per minute 
(mL/min). For continuous experiments, a pilot as shown in 
Fig. 1 was used.

At this stage of the experiments, a fixed bed adsorp-
tion column was used to investigate the adsorption pro-
cess on a larger scale. For experiments, a fixed-bed glass 
column (inner diameter 3.4 cm and height 84 cm) and a 
flow inlet flow of 50 mL/min were used. At the bottom of 
the adsorption bed, a glass filter with a pore diameter of 
400 µm was placed to prevent the adsorption of fine par-
ticles. Above the adsorbent, fiberglass was used to evenly 
distribute the inlet solution to the column over the entire 
surface of the adsorbent. The adsorbent used in the con-
tinuous experiments had an approximate size of 500 µm, 
and sieves No. 20 (with a pore diameter of 841 µm) and 40 
(with a pore diameter of 420 µm) were used to achieve this 
size and the remaining adsorbent was collected on sieve 
No. 40. The sodium solution was fed to the system at a pH 
of 5 and concentrations of 5, 10, and 30 mg/L at laboratory 
temperature (20°C ± 2°C) by gravity flow. The pump used 
to power the system was a peristaltic pump [15]. The adsor-
bent was first mixed with double distilled water and 
poured into a test column. Then, using a peristaltic pump, 
a flow rate of 50 ml/min entered the column. After passing 
through the adsorbent bed, it came out of the two valves 
installed at the bottom of the column and samples were 
prepared from this part at different times. After launch-
ing the pilot and passing the solution through the column, 
sampling of the column at times of zero (the first output 
from the column), 5, 15, 30, 45, 60, 120, 180 min, etc., input 

concentration and cessation of sodium metal uptake were 
performed until the output concentration is balanced [16]. 
The sampling time of each column varies depending on the 
type of adsorbent, adsorption rate, adsorbent concentra-
tion, ambient pH, etc. Therefore, for different adsorbents 
under the same conditions, this time is different.

In continuous experiments, changes in sodium out-
put concentration with time were studied for the studied 
adsorbents in micro size at a flow rate of 50 mL/min and 
concentrations of 5, 10 and 30 mg/L in synthetic solution. 
Sodium concentration of the samples was measured by a 
flame photometer (model 405 G).

2.2. Continuous adsorption models

To predict the refractive index behavior of the adsor-
bent (sodium) in the fixed bed columns, the refractive curve 
models presented in Table 1 and the parameters of these 
models in Table 2 were used.

3. Discussion and results

3.1. Results of physical properties of nanostructured 
adsorbents studied

The physical properties of the adsorbents studied in 
this study are calculated using conventional methods and 
are presented in Table 3. The specific surface area is one 
of the important properties of the adsorbent, the higher 
its value, the higher the efficiency and speed of adsorp-
tion. Solubility in adsorbent water was determined using 
the ASTM method (D5029–98) [19]. Microstructured 
oak leaf adsorbent had higher water solubility (14.5%) 
than eggshell. The values of apparent specific gravity 
obtained from the studied adsorbents show that the adsor-
bent of oak leaf and egg shell had less and more specific 

 
Fig. 1. Schematic of the laboratory column used in continuous 
experiments.
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specific gravity than water, respectively, which indicates 
the high porosity and lightness of oak leaf adsorbent. 
Moisture content was obtained using ASTM method 

(D2867–99) [20]. The results showed that the sorbents of oak 
leaf and eggshells have the highest and lowest moisture, 
 respectively.

3.2. Results of qualitative analysis of elements in 
the microstructured adsorbents studied

Fig. 2 shows the results of the qualitative analysis of the 
studied adsorbents using IDEX analysis. According to the 
desired forms, oak leaf adsorbent has the main chemical 
elements of potassium, calcium, silicon, copper, and zinc 
and the structure of the eggshell adsorbent has the main 
chemical elements of calcium and copper. Silicon is the 
most abundant organic matter for oak leaf and calcium is 
the most abundant mineral for eggshells. Since the studied 
adsorbents do not contain the gold element, the gold ele-
ment in the analysis is related to the gold coating placed 
on the samples.

3.3. Investigation of the infrared spectrum of adsorbents studied

Fig. 3a shows the IR spectrum of oak leaf sorbents 
before adsorption. The bonded vibrational frequencies are 
as follows: peak in wave number 3,384.43 cm–1 related to 
symmetrical tensile vibrations of hydrogen ions OH···OH, 
wave frequency 2,925.13 cm–1 related to tensile C–H bond, 
wavelength 1,737.1651–11.65 cm–1 related to The bond C=O 
tensile and the absorption peak 1,044.15 cm–1 is related to the 
CO bond.

Table 2
Definition of abbreviations used in equations used

Parameter Definition

KAB Adams–Bohart kinetics constant (L/mg min)
N0 Maximum volume adsorption capacity (mg/L)
Z Depth of column bed (cm)
U0 Linear velocity (cm/min)
C0 Input concentration (mg/L)
Ct Output concentration (mg/L)
KTh Thomas speed constant (L/g min)
Q Flow rate (mL/min)
q0 Maximum adsorption capacity (mg/g)
M Dry adsorbent mass (g)
T Time (min)
KYN Yoon–Nelson constant (1/min)

Τ
Time required for 50% adsorbent breakthrough 
(min)

A Kinetics constant (dimensionless)

KBDST

Constant bed depth kinetics-service time 
(L/mg min)

Table 3
Physical properties of the adsorbents studied

Absorbent type (microstructure) Moisture (%) Bulk density (g/cm3) Solubility in water (%) Specific area (m2/g)

Oak leaf 5.338 0.302 14.5 259.37
Egg shell 1.20 1.37 1.6 192.90

Fig. 2. IDEX image of the sample of studied attractions.
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Fig. 3b shows the IR spectra of the adsorbent oak leaf 
loaded with sodium ions. The bonded vibrational frequen-
cies are as follows: wave frequency 3,410.29 cm–1 related to 
symmetric tensile vibrations of hydrogen ions OH···OH, 
wavelength 2,924.63 cm–1 related to tensile vibrations of C–H 
bond (group of alkanes), wavelength 1,737.1651–13.99 cm–1. 
It is related to the tensile vibrations of the C=O bond (ester 
and amide group) and the absorption peak of 1,042.62 cm–1 is 
related to the C–O bond (ester group).

Fig. 4a shows the IR spectrum of the eggshell adsorbent 
before adsorption. The bonded vibrational frequencies are 
as follows: wavelength 3,329.24 cm–1 related to the average 

absorption of symmetric tensile vibrations of hydrogen 
bonds OH···OH, wavelength 2,875.55–2,971.71 cm–1 related 
to the tensile vibrations of C–H bond (group of alkanes) 
and peak absorption 1,083.13 cm–1 is related to C–O bond 
(group of esters).

Fig. 4b shows the IR spectra of the adsorbed egg shell 
loaded with sodium ions. The bonded vibrational frequen-
cies are as follows: wave frequency 3,296.40 cm–1 related to 
symmetric tensile vibrations of OH···OH hydrogen bonds, 
wavelength 2,874.70–2,966.89 cm–1 related to tensile vibra-
tions of C–H bond (alkanes) and strong absorption peak 
1,083.23 cm–1 is related to CO bond (group of esters).

(a)

(b)

Fig. 3. Infrared spectrum of oak leaf microstructure (a) pure and (b) loaded with sodium ion.



A. Rasouli, A. Bafkar / Desalination and Water Treatment 229 (2021) 217–226222

3.4. Results of continuous tests

3.4.1. Effect of input sodium solution 
concentration on the column

In order to achieve the optimal performance of the 
DC column, the initial concentration of input sodium was 
changed in the range of 5, 10 and 30 mg/L. The effect of 
inlet concentration of adsorbent on the bed height of 40 cm 
and the flow rate of 50 mL/min by the refractive index for 
the studied adsorbents is shown in Fig. 5.

According to Fig. 5, it can be seen that by increas-
ing the inlet concentration from 5 to 30 mg/L, the vol-
ume of adsorbent that enters the column increases and 
causes more metal ions to be adsorbed on the adsorp-
tion sites, resulting in faster saturation of the adsorbent 

and reduced failure time. Also, with increasing the input 
concentration of these curves, the slope increases and 
the failure volume decreases due to the reduction of 
mass transfer load between the solution and the adsor-
bent surface and the reduction of the driving force 
[21–23]. At higher concentrations, the availability of 
metal molecules for higher adsorption sites increases, 
which increases the adsorption capacity at higher con-
centrations, resulting in shorter breakdown times than 
for shorter concentrations [6]. The driving force in the 
adsorption phenomenon is the concentration difference 
between the sodium ions present in the solution and 
on the adsorbent surface [12]. As a result, the high driv-
ing force due to the high concentration of metal ions is an 
important factor in better column performance.

(a)

(b)

Fig. 4. Infrared spectrum of nanostructured egg shell (a) pure and (b) loaded with sodium ion.
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The effect of initial sodium concentration on the effec-
tive parameters of adsorption, such as the total amount of 
adsorption, maximum adsorption capacity, and the percent-
age of sodium removal according to the input flow rate for 
the studied adsorbents, are shown in Table (4). In general, 
the total amount of adsorption, maximum adsorption capac-
ity, and sodium removal percentage for oak leaf and egg 
yolk sorbents obtained were 120.21 and 117.10 mg, 1.1 and 
0.24 mg/g, respectively, and 60.10% and 68.88% for concen-
trations of 5 mg/L, 194.45 and 169.93 mg, 1.77 and 0.34 mg/g, 
55.56% and 54.82% for the concentrations of 10 mg/L, 466.83 
and 453.84, 4.26 and 0.91 mg/g and 53.66% and 54.03% for 
concentrations of 30 mg/L. The results of continuous exper-
iments showed that the total amount of sodium absorbed 
and the adsorption capacity of the column increased with 
increasing concentration of sodium entering the column.

Table 4 shows that the highest adsorption rate and 
maximum sodium adsorption capacity are obtained at 
the highest metal concentration (30 mg/L), also, with 
increasing the concentration of the input solution, the 
concentration of unabsorbed ions increases, which causes 
the adsorption sites to be occupied and the adsorbent 

in the column to saturate faster when a higher concen-
tration solution enters. According to the results, it was 
observed that with increasing the concentration of input 
sodium, the adsorption capacity increased, which was 
probably due to the concentration gradient and pro-
pulsion force that increased the adsorption process but 
quickly filled all adsorption sites. Thus, the percentage 
of total sodium removed as been reduced. Similar results 
have been obtained in the removal of cadmium from the 
aqueous medium using Lufa natural adsorbent [21], the 
removal of nitrate from water using chitosan/alumina 
composite using a continuous column with a fixed bed 
[6]; removal of zinc ions (II) from industrial wastewa-
ter by bone using a fixed column [7]; study of the fixed-
bed column and modeling of adsorption of cadmium 
and lead by a calcareous skeleton [24] and adsorption of 
methylene blue on zeolite in the column with fixed bed [25].

3.5. Fitting continuous adsorption models

In this part of the study, the dynamic behavior of sodium 
adsorption by the studied adsorbents was investigated  

 
Fig. 5. Breakthrough curve of sodium removal by microstructured adsorbents studied at different concentrations (flow rate 
50 mL/min).

Table 4
Effect of changes in initial concentration of sodium solution entering the column on effective adsorption parameters

Adsorbent Column adsorption 
capacity (mg/g)

Total amount of 
adsorption (mg)

Total sodium 
enters the 
column (mg)

Total flow 
time (min)

Input sodium 
concentration 
(mg/L)

Flow rate 
(mL/min)

Total removal 
percentage (%)

Oak leaf 1.10 120.21 200 800 5 50 60.10
1.77 194.45 350 700 10 50 55.56
4.26 466.83 870 580 30 50 53.66

Egg shell 0.24 117.10 170 680 5 50 68.88
0.34 169.93 310 620 10 50 54.82
0.91 453.84 840 560 30 50 54.03
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Fig. 6. Adaptation of the Adams–Bohart model to observational data at different concentrations (bed height 40 cm and flow rate 
50 mL/min).

Fig. 8. Fit of Yoon–Nelson model to observational data at different concentrations (bed height 40 cm and flow rate 50 mL/min).

Fig. 7. Fitting of Thomas model on observational data at different concentrations (bed height 40 cm and flow rate 50 mL/min).



225A. Rasouli, A. Bafkar / Desalination and Water Treatment 229 (2021) 217–226

using Adams–Bohart, Thomas Yoon–Nelson models, dose 
response and bed depth-service time.

Figs. 6 to 10 show the fit of continuous adsorption mod-
els to observational data at different concentrations.

According to the presented figures, it can be concluded 
that for oak leaf and eggshell adsorption, bed depth- service 
time, Thomas and Yoon–Nelson models have a better fit 
than the data due to having higher R2 values and lower 
RMSE than other models. Figs. 7, 8 and 10 also show this 
appropriate fit and acceptable agreement between the 
observational data and the fitted theoretical lines based on 
these models at all sodium concentrations. Similar results 
were obtained in the removal of cadmium from the aqueous 
medium using the natural adsorbent of Lufa by the method 
of discontinuous and continuous equilibrium experiments 
[21]; nitrate removal from water using chitosan/alumina 
composite using a fixed bed continuous column [6]; removal 
of zinc ions (II) from industrial wastewater by bone using 
a fixed column [7]; phosphate uptake from aqueous and 

wastewater solutions using ocarlod zirconium (ZLO) [26]; 
continuous adsorption modeling for the removal of cad-
mium and lead ions in aqueous solution by dead calcareous 
skeletons [24]; removal of heavy metals using Maxima bark, 
salted fruit bark and sugarcane bagasse in a fixed bed col-
umn [27] and adsorption and desorption of cadmium in a 
fixed bed column using sunflower seed waste [16]. Among 
them, Thomas and Yoon–Nelson models showed a better 
fit of the adsorption column data than the other models

4. Conclusion

The results of continuous experiments showed that 
the total amount of sodium absorbed and the adsorption 
capacity of the column increased with increasing concentra-
tion of sodium entering the column. Fitting of continuous 
adsorption models on experimental data by microstruc-
tured adsorbents showed that in sodium adsorption using 
a fixed bed column for oak leaf and eggshell adsorbents, 

Fig. 9. Fitting of Dose-response model on observational data at different concentrations (bed height 40 cm and flow rate 50 mL/min).

Fig. 10. Fitting of bed depth-service time model on observational data at different concentrations (bed height 40 cm and flow rate 
50 mL/min).
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the bed depth-service time, Thomas and Yoon–Nelson 
models were higher than the other models, respectively. 
They had a better fit than the adsorption column data. 
Based on the results of this study, the microstructured 
adsorbents studied had the ability to remove sodium ions.
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