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Abstract: In this study, Cr(VI) removal from aqueous solutions by adsorption-ceramic membrane hybrid 
system was investigated. For this aim batch adsorption, batch ceramic membrane and adsorption-ceramic 
membrane hybrid systems experiments were conducted. Platanus orientalis (sycamore fruit) treated with 
1 M H2SO4 was used as adsorbent in adsorption experiments. Ceramic membranes produced by İLKSEM 
Engineering Incorporated Company were used in the experiments. Membranes produced from different 

materials have different pore sizes.  Cr(VI) removal yield was obtained as 90.1% by adsorption (contact 

time 3 hours)- ceramic membrane hybrid system.  
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INTRODUCTION  
 
Chromium is at the top of the list of toxic 

pollutants in the wastewater commonly 
generated in the industry. The chromium is most 
commonly seen in chromium(VI) or 
chromium(III) in aqueous solutions. 

Chromium(VI) compounds are considered to be 
100-1000 times more toxic than chromium(III) 
compounds (1). 

 
The main methods used to remove chromium(VI) 
from waters and wastewater; chemical 
precipitation, ion exchange and adsorption 
processes. Ceramic membranes are used to 
remove suspended solids, microorganisms, heavy 
metals, radioactive materials, pesticides, and 

pre-treatment water and wastewater treatment 
prior to reverse osmosis. Ceramic membranes are 
also preferred in the treatment of wastewater 
treatment plant drainage water. The term hybrid 

membrane processes can be explained as 
applying one or more membrane processes 
together with conventional treatment systems to 

improve feed and product quality (2, 3). The main 
purpose of these systems is to increase the 
purification as much as possible. 
 

Cr(VI) removal by adsorption was investigated 
onto different material such as Ocimum 
americanum L. seed pods,  biomass of microalgae 

Scenedesmus sp.,  chestnut shells by different 

investigators (1, 4-6).  
 
Ceramic membrane preparation, characterization 

and performance evaluation studies were 
conducted at different studies (7-11). 
 
In this study, Cr(VI) removal from aqueous 
solution by adsorption on to Platanus orientalis 
treated with 1M H2SO4, ceramic membrane 
filtration and adsorption – ceramic membrane 
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filtration hybrid systems were investigated. 

Platanus orientalis was used as adsorbent in the 
study for the first time. Ceramic membranes 

produced by İLKSEM Engineering Incorporated 
Company were used in experiments. The results 
are presented and discussed. 
 

EXPERIMENTAL 
 
Cr(VI) solutions were prepared from 1000 mg/L 
K2Cr2O7 stock solution. Cr(VI) concentrations were 
determined by diphenyl carbazide method using 
standard methods with a UV/Vis 
spectrophotometer  (Shimadzu UV-120-01) (12).  

 
Adsorption experiments 
Platanus orientalis was used as the adsorbent.  It 
was broken (all of the part was used) and dried 
at 100 oC for 24 hours and treated by 1M H2SO4.  

For this aim, 3 g of the adsorbent was mixed with 
50 mL of the acid solution at about 80–90 oC for 

2 hours on a hotplate/magnetic stirrer and then 
filtered from filter paper. Adsorbent particles on 
filter paper were washed with 50 mL of distilled 
water and then dried at 105 oC in an oven. 
 
In the study, batch adsorption experiments were 

conducted. Shaker water bath (Memmert) was 
used for constant temperature for batch 
adsorption experiments. After adsorption mixture 
was filtered and Cr(VI) concentration was 
analyzed in the filtrate, equilibrium 
concentrations were determined.    
 

To determine the effect of initial concentration, 50 

mL solutions at the initial concentrations of 75, 

100, 150, 200, 250, and 300 mg/L, were 

prepared using 1000 mg/L stock K2Cr2O7 solution.  
For each initial concentration, 25 mL of solution 
was placed on 0.5 g of Platanus orientalis. The 

mixture was shaken for 24 hours at 25 °C and 
140 rpm in a shaker water bath and filtered 
through filter paper. Cr(VI) was analyzed in 
filtrates by a UV/Vis spectrophotometer.  
 
In order to determine the effect of contact time 
on Cr(VI) adsorption, 10 g of acid-treated 

Platanus orientalis was weighed into the beaker 
and placed into a 500 mL of a 100 mg Cr(VI) / L 
solution. It was kept on the magnetic stirrer for 
24 hours at a stirring rate of 700 rpm. Samples 
(5 mL) were taken at certain time intervals and 
Cr(VI) concentrations were analyzed.  
 

Ceramic Membrane Experiments 

Different ceramic membranes coded as K1, K4, 
and K7, produced by İLKSEM Engineering 
Incorporated Company, were used in ceramic 
membrane filtration experiments. Properties of 

ceramic membranes which effect on 
chromium(VI) were determined. Strength was 
tested Gabriella CRS1650, density, water 
absorption percent were tested by Archimedes 
scales. Porosity was determined Quantochrome 
Nova Win 2 BET equipment. According to the 
membrane codes properties of ceramic 

membranes were given in Table 1. 
 
Ceramic membrane filtration experimental set up 
was given in Figure 1.     

 
 

 
 

Figure 1. Ceramic membrane filtration experimental set-up. 
 
The filtration times for 100 mL solution (100 mg / L Cr(VI)) were determined to calculate permeate fluxes. 
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Table 1. Properties of the ceramic membranes used in experiments (Vacuum pressure: 0.06 MPa, 

Membrane diameter 5.2 cm, Membrane Thickness: 0.3). 

Membrane            

Sintering 

Temperature  
(oC) 

Strength 
(MPa) 

Water 

absorption 
(%) 

Porosity 
(%) 

Density 
(g/cm3) 

K1 1200 6.3 28 44 1.58 

K4 1250 3,3 24 40 1.64 

K7 1100 7.7 37 46 1.26 

 
 
Adsorption – Ceramic Membrane Hybrid 

System Experiments 
 
In hybrid system experiments, firstly, batch 
adsorption experiments were carried out at 25 oC 
using 0.5 g of the adsorbent and 100 mg/L initial 
concentration of Cr(VI) solution. Adsorption was 
terminated at the end of the contact time for 3 

hours, and then the filtrate was passed through 
the ceramic membrane. 
 
RESULTS AND DISCUSSIONS 
 
Adsorption continuing until equilibrium is formed 
between the amount of adsorbed matter (mg / g) 

and the concentration of the substance remaining 
in the solution. This equilibrium can be 
mathematically explained by the adsorption 
isotherms. The adsorption isotherms define the 
relationship between solute concentration at the 
constant temperature and the amount adsorbed 

by the adsorbent. These values are the values at 
equilibrium. The equilibrium adsorption isotherm 
is of fundamental importance in the design of 

adsorption system. In order to determine 
adsorption isotherm for Cr(VI) adsorption onto 
Platanus orientalis treated with acid, 25 mL 
solution at the initial concentrations of 75, 100, 

150, 200, 250, 300 mg/L K2Cr2O7 solution and 0.5 
g of the adsorbent were used in batch adsorption 
experiment. Cr(VI) removals (%) were calculated 
from the equation below.  
 

Cr(VI) Removal (%) = 
𝐶𝑜−𝐶𝑒

𝐶𝑜
 .100  (Eq. 1) 

Ce = Equilibrium Cr(VI) concentration in solution 

(mg/L) 
Co = Initial Cr(VI) concentration in solution 
(mg/L) 
 
Adsorption isotherm is given in Figure 2.  
 
According to the Figure 2 Langmuir and 

Freundlich isotherms may be applicable to the 
adsorption data. So in this study, the suitability 
of the data to Langmuir and Freundlich isotherms 
was investigated. Linearized form of the the 
Langmuir isotherm can be expressed as given 
equation (1). 
 

𝐶𝑒

𝑞𝑒
=

1

𝑏𝑞𝑚𝑎𝑥
+

𝐶𝑒

𝑞𝑚𝑎𝑥
          (Eq. 2) 

 
Where qmax (mg/g) and b (L/mg) are the 
Langmuir constants related to the adsorption 
capacity and energy of adsorption, respectively. 
The amount of Cr(VI) adsorbed by the Platanus 
orientalis, qe(mg/g), calculated given below 
equation:  

 
qe= (Co-Ce)V/w     (Eq. 3) 

Where V : initial volume of Cr(VI) solution (L) w: 
weight of the adsorbent (g). In order to find 
Langmuir isotherm constants Ce/qe vs Ce is 
plotted. Values of qmax and b were calculated from 

the slope and intercept of the linear plots. 
Calculated isotherm constants were given in 
Table 2.  
 

 
Figure 2. Adsorption isotherm for Cr(VI) removal from aqueous solutions onto Platanus orientalis treated 

with 1 M H2SO4. 
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Freundlich isotherm is appropriate for the 
adsorption on to heterogeneous surfaces. This 

isotherm defines the surface heterogeneity. 
Freundlich isotherm given in the equation below 
is based on the assumption that the concentration 
of adsorbed on the adsorbent surface increases 

with the increase in the adsorbed concentration 
(1). According to the Figure 2 it can be said that 
this assumption is valid.  
 

𝑞𝑒 = 𝐾𝑓 . 𝐶𝑒

1

𝑛    (Eq. 4) 

 
where Kf and n are Freundlich adsorption 

isotherm constants, affecting the adsorption 
capacity and intensity of adsorption. Linearized 
form of Freundlich isotherm is given below: 
 

log 𝑞𝑒 = log𝐾𝑓 +
1

𝑛
log𝐶𝑒      (Eq. 5) 

Values of n and Kf were calculated from the slope 
and intercept of the plots of log qe versus log Ce. 
The calculated isotherm constants are given in 
Table 2. 

 
Table 2. Langmuir and Freundlich models isotherm constants for Cr(VI) adsorption onto Platanus 

orientalis treated with 1 M H2SO4. 

Langmuir Isotherm Freundlich Isotherm 

b(L/mg) qmax(mg/g) R2 n kf(L/g) R2 

1.09 13.04 0.965 3.32 5.068 0.822 

 
When the regression coefficients (R2) obtained for 
the isotherms were taken into consideration, 
Langmuir isotherm was found to be more suitable 
and the capacity of the adsorbent was determined 
as 13.04 mg/g. If Freundlich constant n is greater 

than unity, this indicates a desired adsorption. 
Langmuir constant qmax, the adsorption capacity, 
is maximum amount of Cr(VI) adsorption with 
complete monolayer coverage on the adsorbent 
surface. Langmuir constant b indicates the 
strength of the link between Cr(VI) ions and the 
adsorbent.  

 
It was observed that these concentrations were 
fixed after a certain period of time. This period 
was determined as the equilibrium time (18 

hours) for the used adsorbent. At the beginning, 
it was seen that removal percent increased 

rapidly. This situation can be explained by the 
saturation of the active regions after the 
equilibrium is reached. 

 
100% removal was obtained for 24 hours contact 
time, by adsorption at the concentration of 100 
mg/L Cr(VI). 
 

BET and SEM analysis were performed for raw 
and treated Platanus orientalis. BET surface 
areas, pore volumes and pore size distribution 
were determined by using Quantachrome, 
Autosorb 1C an automatic adsorption instrument 
at 77 K. The adsorbate was N2. Prior to gas 
adsorption measurement, the carbon was 

degassed at 300 oC in the vacuum for 3 h. BET 
method was applied to calculate the pore volume 
and surface area.  Results for BET analysis were 
given in Table 3. Surface morphology was 

investigated by (SEM) (JEOL JSM-5600LV 
Scanning Electron microscopy). Samples were 

taken different part of adsorbent and coated 
Au/Pd. SEM images of Platanus orientalis were 
given in Figure 3. 

Table 3. BET analysis results  

Property Raw Platanus 

orientalis 

Platanus 

orientalis 
treated by acid 

SBET(m2/g) 10.06 24.35 

VTot(cc/g) 0.0194 0.056 

Average pore size(A) 60.82 217 

Vmic(cc/g) 0 0 

 

   
 

Figure 3. Left: SEM image for Raw Platanus orientalis. Right: SEM image for Platanus orientalis treated by 
acid. 
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Pore size increased for acid-treated Platanus 
orientalis (Table 3) compare to the raw sample. Two 
of the adsorbents did not have micropores. Total 
pore volume for acid-treated Platanus orientalis was 

greater than the raw sample. Surface area was 
increased with increasing pore size and total volume 
of pores. According to the Figure 3a it can be said 

Raw Platanus Orientalis have cellulosic nature. 
According to the Figure 3b pore size growth was 
observed for acid treated Platanus Orientalis. It can 
be said that The BET and SEM analysis were found 
to support each other (Table 3 and Figure 3). This 
porous structure is thought to contribute to 

adsorption. 
 
Ceramic Membrane filtration experiment Cr(VI) 
rejection percent was calculated from below 
equation: 

Cr(VI) rejection (%) =
𝐶𝑓−𝐶𝑝

𝐶𝑓
 x100  (Eq. 6)                                                           

where  Cp : Permeate Cr(VI) concentration (mg/L) 
Cf : Cr(VI) concentration in the feed (mg/L) 

 
Permeate fluxes were calculated from Equation (7). 

J=m/A.t     (Eq. 7) 

Where J: Permeate flux (
𝐠

𝐜𝐦𝟐𝐬
) 

m: Amount of filtered solution (g) 
t: Filtration time(s) 
A: Membrane area (𝐜𝐦𝟐). 

 

For the ceramic membrane filtration experiment, the 
rejection percent of Cr(VI) and permeate flux values  
are given in Table 4. 

Table 4. Results of ceramic membrane experiments 

 

Membrane 

 

Cr(VI) Rejection 
(%) 

 

Permeate Flux, q 

(
𝐠

𝐜𝐦𝟐𝐬
) 

K1 6.92 0.0077 

K4 16.46 0.0108 

K7 3.34 0.0035 

 
A maximum of 16.46% Cr(VI) rejection from a 100 
mg / L solution was obtained with K4 coded ceramic 
membrane. Compared with the properties of the other 
membranes, it was determined that the membrane 
used had the highest removal of the membrane with 

the lowest water absorption capacity and porosity. 
 
In the hybrid system experiments, firstly, batch 
adsorption experiments were carried out at 25 oC 

using 0.5 g of adsorbent and 100 mg/L initial 
concentration of Cr(VI) solution. In the adsorption 
method, the equilibrium time was 18 hours which was 

considered to be long for industrial application.  So 
adsorption was terminated at the end of the contact 
time for 3 hours (removal 76 %), and then the filtrate 
was passed through the ceramic membrane and 
90.1% total removal was achieved. 
 

The purpose of the use of the adsorption ceramic 
membrane hybrid system as the method is that the 
concentration of Cr(VI) in wastewaters is lowered to 
the discharge standards of Turkish Water Pollution 
Control Act (generally 0.5 mg/L in a 2 hour composite 
sample). In the hybrid system, the contact time was 
maintained for 3 hours and 90.1% removal was 

achieved. So it can be suggested that method is 
appropriate for this purpose.  
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Abstract: Toxicity and safety concern coupled with the recent increase in its price has necessitated 
the need for finding alternative solvents to n-hexane. In this study, the effect of binary solvent 

(ethanol/n-hexane) composition at various extraction temperatures and times on the oil yield was 
investigated using response surface methodology (RSM). Artificial neural network (ANN) was used 
as a modelling tool for predicting the oil yield and the performance of both ANN and RSM models was 
compared. The optimum oil yield (27.67%) was obtained at extraction temperature (40 °C), 
extraction time (151.9 min) and binary solvent composition (98% ethanol /2% n-hexane). The 
predicted oil yield values from ANN model was more accurate than that of RSM when compared with 
experimental values. The fatty acid profile revealed that the refining process promoted saturation of 

the extracted oil with 67.75% of palmitic acid present in refined loofah seed oil (RLSO). This study 
demonstrated the feasibility of using a binary mixture of ethanol and n-hexane as a suitable 

replacement to the commonly used toxic n-hexane solvent for the extraction of oil from loofah seeds. 

 

Keywords: Waste management, Luffa cylindrical, artificial neural network, optimisation, oil 
extraction. 
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INTRODUCTION 
 

The World is becoming more conscious of the 
environment with increasing replacement of 
synthetic products with naturally derived 

products (1). As a result, an increase in the 
demand for seed oils as raw materials for 
chemical industries is observed. Loofah oil-
based derivatives could find wider markets 

worldwide with the recent industrial attention 
to its renewability and global friendliness, 
thereby increasing the number of research 
aimed at harnessing its seed oils for various 
applications (2-4). 
 

Over the years, solvent extraction has been an 
efficient and reliable means of extracting oil 

from seeds or oil-bearing materials. Currently, 
n-hexane solvent usually obtained from 
petrochemical sources is used extensively for 

oil extraction. However, this solvent is 
identified as an air pollutant which has been 
known to react with other pollutants to 
produce ozone and some photochemical 

oxidants (5). Consequently, environmental 
and health concerns have increased interest in 
the search for alternative solvents that would 
lead to a decrease in the emissions of volatile 
organic compounds to the environment. The 
interest is also aimed at, avoiding the 
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challenge of potential traces of hexane in the 

oil after refining.  

 
The most feasible alternative to hexane 
extraction appears to be the complete or 
partial replacement of this solvent by other 
organic solvents recognized as being more 
environmentally safe. A review of past studies 

carried out at both laboratory and pilot scales 
show the use of an alcohol such as ethanol and 
isopropanol for oil extraction to be very 
promising (5-7). Ethanol is being investigated 
for considering its suitability to serve as a 
substitute to n-hexane because of the 

economic advantage and the fact that, it could 
be produced from a large variety of biological 
items (including biological wastes) by 
employing simple technology. Moreover, 
natural alcohol can be gotten by fermentation 

and is recognized as non-toxic and has less 
handling risks than that of n-hexane. 

Replacement of n-hexane with ethanol as a 
solvent for extraction will also avoid potential 
toxicity of the residual cake which could be 
used as meals for animal feedstock (5). Some 
previous studies had been reported on the 
extraction of oil from loofah seed using hexane 
as a solvent (8-11). However, the use of 

ethanol or its binary mixture as a possible 
replacement to n-hexane solvent for the 
extraction of oil from loofah seeds has not 
been reported elsewhere.  
 
Hence, this study was undertaken to 

investigate the feasibility of using ethanol 
solvent and its binary mixture with hexane as 

a suitable solvent for a complete or partial 
replacement to the commonly used, toxic 
hexane solvent for the extraction of oil from 
loofah seeds. The effect of process parameters 
such as binary solvent (n-hexane/ethanol) 

composition at various extraction temperature 

and extraction time on the oil yield was 

investigated and optimisation was performed 

in order to propose a feasible binary solvent 
composition with better oil yield and low 
toxicity. Predictive models for oil yield as a 
function of the studied parameters were 
developed using RSM and ANN and the fatty 
acid constituent of the extracted oil was 

analysed. 
 
MATERIAL AND METHODS 
 
Sample Collection and Preparations 
Dried and matured loofah fruits were collected 

and prepared by opening the dried fruits and 
removing the seeds from the spongy fruits. 
The seeds were air dried for easy removal of 
the shell after which the seeds were oven – 
dried at 60 °C to constant weight before 

grinding to increase the surface area for oil 
extraction. All the reagents used were 

analytical grade (BDH Chemical, England and 
Merck Chemical, Germany).   
 
Design of experiments  
Central composite face-centered design 
(CCFCD) under the response surface 
methodology (RSM) was used to study the 

individual and inter-relationships among the 
three studied factors (temperature, extraction 
time, and solvent composition) towards the 
response (oil yield). CCFCD is characterised by 
2n axial runs, 2n factorial runs and six central 
runs. For a three-factor scenario where n is 

equal to three (3), it translates to 6 axial 
points, 8 factorial points and 6 replicates at the 

centre which gives a total of 20 experimental 
runs. The coded levels and ranges for the 
three studied factors are presented in Table 1. 
The solvent compositions are presented in 
terms of percentage composition of the binary 

solvent mixture with respect to n-hexane.
 

Table 1. Independent variables (factors) and their coded levels for CCFCD. 

Independent Variable (Factors) Coded Symbol Units Range and Levels 

   -1 0 +1 

Temperature x1 °C 40 50 60 

Time x2 min 150 210 270 

% Binary solvent composition      

with respect to hexane* x3 % 0 50 100 

 
The optimum conditions for the response (oil 
yield) were determined using the optimal 

model predictor quadratic equation (12) given 
as: 
𝑌 = 𝑏𝑜 + ∑ 𝑏𝑖𝑖𝑥𝑖 + (∑ 𝑏𝑖𝑖𝑥𝑖

𝑛
𝑖=1 )2 +𝑛

𝑖=1

∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗
𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1     (1) 

Where Y is the predicted response (oil yield), 
bo is the constant coefficients, bii is the 
quadratic coefficients, bij is the interaction 
coefficients and xi, xj are the coded values of 
the variables considered. Design Expert 

software (version 6.0.8) was employed to test 

the significance of the quadratic model 
generated and, analysis of variance (ANOVA) 

was used to determine the lack of fit and the 
effect of linear, quadratic and interaction 
terms on oil extraction (13). The 
characteristics of the reliability of the analysis 
carried out was measured by the variability in 
the observed response value expressed by the 
coefficient of determination R2, the probability 

P – value (95% confidence level) and, Fisher’s 
test.   
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ANN modelling for loofah oil extraction 

Levenberg-Marquardt Back Propagation 

Algorithm is widely used as the learning 
algorithm for artificial neural networks (ANN) 
in the multi-layered feed forward networks 
(14). This method verifies the predicted output 
using the learning result and continuously 
adjusts the difference between the target 

result and the result calculated by the model 
so as to minimize the error value. All neurons 
in the neural network model are divided into 
an input layer, a hidden layer, and an output 
layer depending on the function, and each 
layer is functionally connected. In this work, 

the hyperbolic tangent sigmoid (tansig) was 
used as the transfer function for both the input 
layer to hidden layer mapping and hidden 
layer to output layer mapping. The ANN 
architecture assembled contain an input layer 

with three neurons (extraction temperature, 
extraction time, and solvent composition) and 

an output layer with one neuron (oil yield). The 
number of neurons in the hidden layer of the 
MLP was determined experimentally by 
identifying the number of neurons with 
minimum error value from a range of neuron 
numbers tested. The experimental data set 
obtained from the design of experiments was 

divided into three subsets in order to obtain 
the desired ANN model. For this study, 70% of 
the data set was used for training, 15% was 
applied for validation, while the reliability of 
the model was tested with the remaining 15% 
of the data set. 

 
Performance evaluation of RSM and ANN 

The performance of RSM and ANN was 
compared using statistical parameters such as 
mean square error (MSE), average absolute 
deviation (AAD), correlation coefficient (R), 
and coefficient of determination (R2).  

 
Oil extraction  
Extraction of loofah seed oil was carried out 
using a Soxhlet apparatus. 4 g of pulverized 
seed sample and 50 mL of solvent was used 
for each combination of the process variables 
based on the design of experiment for the 

CCFCD (Table 2). The extracted oil yield was 
expressed in percentage, which was evaluated 
as the ratio of the weight of oil extracted to 
the weight of the loofah seed powder sample 
used (Equation 2). Each test was repeated 
three times and the average value was 

determined and reported. 
 

𝑂𝑖𝑙 𝑌𝑖𝑒𝑙𝑑 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑂𝑖𝑙

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑒𝑒𝑑 
∗ 100  

  (2) 

 
Prior to the physicochemical analyses, 
purification of the extracted crude loofah seed 
oil was carried out by degumming and de-

acidification according to the procedure 

reported by Audu et al. (11). 

 
Physicochemical properties of the oil 
extract 
The physicochemical properties such as 
viscosity, acid value, free fatty acid, 
saponification value, iodine value and peroxide 

value of the crude (CLSO) and refined (RLSO) 
extracted loofah seed oil were determined by 
standard methods (11, 15). 
 
Fatty acid analysis of the extracted oil  
The CLSO and RLSO were further 

characterised using Agilent 7890A Gas 
Chromatography (GC) coupled to Mass 
spectrometer (5975C) with triple axis detector 
and also equipped with an auto-injector (10 µL 
syringe) for the analysis of the fatty acids in 

the extracted oil sample. Helium gas was used 
as the carrier gas. The chromatographic 

separation was performed on a capillary 
column having a specification (length 30 m, 
internal diameter 0.2 µm, and thickness 250 
µm) and treated with phenyl methyl silox. The 
column temperature was set up from 35 °C to 
250 °C for the total run time of 47.5 min. The 
injection volume was 1 µL and, injection 

temperature was 300 °C for the GC. For the 
mass spectroscopy, the solution software 
provided by the supplier was used to control 
the system and acquired the data. 
Identification of the compounds was carried 
out by comparing the mass spectra obtained 

with standard mass spectra from the NIST 
library (NIST11). 

 
RESULTS AND DISCUSSION 
 
Design of experiments  
The experimental design and results are given 

in Table 2. Run 15 – 20 at the center point 
were used to determine the experimental error 
and the reproducibility of the data. The highest 
oil yield of 30.0% was obtained at 100% 
ethanol solvent composition as shown in Table 
2 (Run 2). The percentage oil yield obtained 
using 100% ethanol ranged from 19.0% to 

30.0% with the mean value of 24.8%. As 
shown in Table 2 (Run 8), 100% n-hexane 
gave the highest oil yield of 18.0% and this 
value is slightly greater than the highest oil 
yield (17.0%) obtained from the mixture of 
hexane (50%) and ethanol (50%) under Run 

10.  
 
Several studies had shown that non – polar 
solvents (n-hexane) always gives high oil yield 
due to the absence of OH (13, 16, 17). 
However, this study revealed that the highest 
yield was obtained from polar solvent 

(ethanol) which may suggest that, some 
components in the LSO impaired the 
retardation of activities on the polar solvent or 



Eletta OAA et al. JOTCSB. 2019; 2(2): 57-68.   RESEARCH ARTICLE 

60 
 

other materials rather than oil was extracted 

thereby leading to higher yield. Some past 

studies also confirmed that extraction of 

biocompounds such as phenolic compounds in 

solvent extraction process has been well 

favoured with polar solvents (6, 18, 19). 
 

Table 2. CCFCD Experimental design matrix with coded and real values. 
 

Run Coded 

Values  

Real Values Oil Yield (%) 

 x1 x2 x3 Extraction 
Temp. 
(°C) 

Time 
(min) 

Binary solvent 
composition*(%) 

Experimental RSM ANN 

          

1 -1 -1 -1 40 150 0 28.000 28.430 27.999 

2 1 -1 -1 60 150 0 30.000 29.130 29.990 

3 -1 1 -1 40 270 0 22.000 21.330 21.997 

4 1 1 -1 60 270 0 19.000 19.030 18.998 

5 -1 -1 1 40 150 100 3.000 2.830 3.010 

6 1 -1 1 60 150 100 11.000 11.530 11.424 

7 -1 1 1 40 270 100 11.000 11.730 11.001 

8 1 1 1 60 270 100 18.000 17.430 18.003 

9 -1 0 0 40 210 50 15.000 14.670 15.624 

10 1 0 0 60 210 50 17.000 17.870 17.000 

11 0 -1 0 50 150 50 13.000 13.070 13.001 

12 0 1 0 50 270 50 12.000 12.470 11.998 

13 0 0 -1 50 210 0 24.000 25.070 25.614 

14 0 0 1 50 210 100 12.000 11.470 12.004 

15 0 0 0 50 210 50 15.000 14.820 14.999 

16 0 0 0 50 210 50 15.000 14.820 14.999 

17 0 0 0 50 210 50 15.000 14.820 14.999 

18 0 0 0 50 210 50 15.000 14.820 14.999 

19 0 0 0 50 210 50 15.000 14.820 14.999 

20 0 0 0 50 210 50 15.000 14.820 14.999 

* Composition of the binary (n-hexane/ethanol) solvent with respect to n-hexane.  
 

Development of regression model 

equation using RSM 
The development of the regression equation 
was performed using CCFCD under the RSM to 
describe the correlation between oil yield (%) 
and the studied factors (temperature, 
extraction time, and solvent composition). The 

quadratic model was developed using the 
Design Expert software version 6.0.8 (STAT-
EASE Inc., Minneapolis, USA). The final 
empirical model in terms of coded factors for 
the oil yield (Yoil yield) is given in Equation 3: 
 

𝑌𝑜𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 =  +14.82 + 1.60𝑥1 − 0.30𝑥2 − 6.80𝑥3

+ 1.45𝑥1
2 − 2.05𝑥2

2 
+ 3.45𝑥3

2 − 0.75𝑥1𝑥2 + 2.00𝑥1𝑥3 + 4.00𝑥2𝑥3  

   (3) 
where x1 = Extraction temperature, x2 = 

Extraction time, x3 = Solvent composition 
 

The regression equation (Equation 3) indicates 
that the oil yield was negatively correlated 
with extraction time and solvent composition 
and positively correlated with the extraction 
temperature within the experimental range 
(Table 1) considered for the three studied 
variable. Thus, an increase in extraction time 

decreased the oil yield. Likewise, an increase 

in percentage composition of hexane in the 

binary mixture decreased the oil yield and this 
is in agreement with oil yield range of 19.0% 
- 30.0% and 3.0% - 18.0% (Table 2) obtained 
experimentally for 0% hexane (100% ethanol) 
and 100% hexane (0% ethanol) respectively. 
It was also observed from Equation 3 that the 

magnitude of coefficients of solvent 
composition was larger than the coefficients 
for extraction temperature and extraction 
time, which indicated the solvent composition, 
had much significant effect on the oil yield 
than the individual or combined effect of 
extraction temperature and time.  

 
The analysis of variance (ANOVA) for the non-
linear regression equation (Equation 3) was 
used to also highlight the adequacy of the 

models and their significance. The Fisher’s 
variance ratio F-value and Prob > F for the oil 

yield were 150.30 and < 0.0001, respectively 
(Table 3) which implied that the quadratic 
model suggested for the response (oil yield) is 
significant. In addition, Table 3 showed that 
x1, x3, x12, x22, x32, x1x2, x1x3, and x2x3 
were the significant terms while the x2 
(extraction time) was the only insignificant 

term in the oil yield model with “Prob > F” 
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greater than 0.05. In the same vein, the model 

term x3 (solvent composition) with F-value of 

875.46 and Prob > F less than 0.0001 imposed 
the most significant effect on the oil yield. The 
relative predictive power of the quality of the 
model R2 was found to be 0.993 which is in 

reasonable agreement with the adjusted R2 

(0.986) and predicted R2 of (0.903). More so, 

a desirable ratio of 51.18 was obtained for the 
adequate precision which indicated an 
adequate signal, thus the model can be used 
to navigate the design space (12, 20-22). 

 
Table 3. ANOVA for response surface quadratic model for loofah seed oil yield. 

Source Sum of Squares Degree of Freedom Mean Square F - Value Prob > F 

Model 714.47 9 79.39 150.30 < 0.0001a 

x1 25.60 1 25.60 48.47 < 0.0001a 

x2 0.90 1 0.90 1.70 0.2210b 

x3 462.40 1 462.40 875.46 < 0.0001a 

x12 5.82 1 5.82 11.02 0.0078a 

x22 11.51 1 11.51 21.78 0.0009a 

x32 32.82 1 32.82 62.13 < 0.0001a 

x1x2 4.50 1 4.50 8.52 0.0153a 

x1x3 32.00 1 32.00 60.59 < 0.0001a 

x2x3 128.00 1 128.00 242.34 < 0.0001a 

Residual 5.28 10 0.53   
asignificant at 95% confidence level, b not significant at 95% confidence level. 

 
Process optimisation 
Although the highest oil yield of 30.0% was 
obtained at 100% ethanol solvent composition 
as shown in Table 2 (Run 2), this study tends 
to accommodate the product separation 

challenges that might arise from the use of 
ethanol alone as a solvent and hence 
optimization study was carried out to propose 
a feasible binary solvent of ethanol and n-
hexane. The California division of occupational 
safety and health reported the permissible 

exposure limit (PEL) as an eight-hour time-
weighted average (TWA) for ethanol and n-
hexane as 1000 ppm and 500 ppm, 

respectively (23). The PEL values confirm 
ethanol as far less toxic compared to hexane 
making ethanol to be a suitable replacement 
or a solvent that could serve to reduce the 

concentration of the much toxic hexane 
solvent from their binary mixtures. The 
Process optimization was carried out using 
design expert software to find the optimum 

process parameters to maximize the 
percentage of oil extracted from loofah seed. 
The best solution for optimization within the 
experimental range of the studied 
independent variables is usually selected 

based on the highest desirability or its 
closeness to unity (6, 24). The maximum oil 
yield of 27.67% was obtained with the 
desirability of 1.0. The optimum conditions for 
the variables studied were obtained at 
extraction temperature (40 oC), extraction 

time (151.9 min) and solvent composition (2% 
n-hexane / 98% ethanol). This is an indication 
that, this new proposed binary solvent mixture 

could serve as a more efficient alternative 
solvent mixture with less toxic effect to 
achieve a better oil yield when compared with 
the widely used highly toxic n-hexane solvent. 

The model validation was carried out and the 
experimental oil yield (28.5%) was found to 
agree satisfactorily with the predicted oil yield 
(27.67%), with an error of 2.91% (Table 4).

 
 

Table 4 .  Model validation. 

Extraction 
Temperature,      

x1 (°C) 

Extraction    
Time, 

x2(min) 

Binary solvent 
composition with 

respect to n-hexane, 
x3 (%) 

Oil Yield, Yoil yield (%) 

      

   Predicted Experimental Error 

40.00 151.90 2.00 27.67 28.50 2.91 

 
The combined interaction effects of the three 
studied variables on the yield of loofah seed oil 
are shown on the three-dimensional surface 
response plots (Figure 1a – d). Figure 1a and 
1b show the response surface plot for the 
combined effect of extraction temperature and 

time on oil yield at the fixed solvent 
composition of 100% ethanol and optimum 

solvent composition of 2% n-hexane and 98% 
ethanol. The response surface plot in Figure 1c 
shows the combined effect of solvent 
composition and extraction temperature on oil 
yield at the fixed extraction time of 151.9 min 
while Figure 1d shows the response surface 

plot for the combined effect of solvent 
composition and extraction time on oil yield at 
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a 

a fixed extraction temperature of 40 °C. The 

curvatures obtained from Figure 1c - d clearly 

indicates that solvent composition imposed 
the most significant effect on the oil yield. 

Although the level of contributions may differ, 

all the studied variables contributed either 

individually or by way of interaction to the 
yield of loofah seed oil.

 
 

 
 

  

 
Figure 1. Response surface plot for the combined effect of (a) temperature and time on oil yield at 
fixed solvent composition of 100% Ethanol (b) temperature and time on oil yield at optimum 
conditions (c) solvent composition and temperature on oil yield at optimum conditions (d) solvent 
composition and time on oil yield at optimum conditions. 
 
ANN modelling 

The ANN model was developed using the 

MATLAB R2015a neural network toolbox (Math 
Works, Inc., Natick, MA, USA). The optimal 
number of neurons in the hidden layer of the 
MLP-ANN determined by trial and error was 
found to be neuron 12 and the best topology 

chosen for the ANN model was 3 - 12 - 1. 

Hence, the ANN optimum architecture 

assembled contain an input layer with three 

neurons (extraction temperature, extraction 
time, and solvent composition), a hidden layer 
with 12 neurons and an output layer with one 
neuron (oil yield) as shown in Figure 2.   
 

a. b. 

c. d. 
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Figure 2. ANN architecture for prediction of oil yield. 

The regression plots showing the coefficient of 
correlation for training, testing, validation and 
whole data sets are depicted in Figure 3. The 
predicted values obtained for oil yield from the 

ANN model is presented in Table 2. The 
predicted oil yield from the ANN model was in 
the range of 3.01% to 29.99%. 
 

 

Figure 3. Regression plots for the ANN model. 

 
Performance evaluation of RSM and ANN 

The evaluation of the predictive capabilities of 
RSM and ANN for the oil yield was carried out 
and the results were compared. Statistical 
parameters such as MSE, AAD, R and R2 were 
used to compare the performance of the two 
developed models. The results obtained 

(Figure 4) shows that the ANN model 
performed better than the RSM model, 
although the performance was satisfactory for 
both models. The mean square error (MSE) 

values indicated that lower errors were 

obtained with the ANN model (0.1587) 
compared to the RSM model (0.2636). The 
average absolute deviation (AAD) of the ANN 
model (0.7632) was also found to be lower 
compared to the RSM model (2.7887). More 
so, the ANN model had higher precision and 

accuracy as shown with the values of R 
(0.9982) and R2 (0.9964) compared with R 
(0.9963) and R2 (0.9927) obtained from the 
RSM model. 
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Figure 4. Comparison of statistical evaluation of the RSM and ANN models. 

 
The plot of experimental and predicted oil yield 
values against the experimental run is shown 
in Figure 5. The figure confirms that the 
predicted values for the ANN model were much 
more closely aligned with the experimental 
values than the predicted values of the RSM 

model. The results from this study are in 
agreement with previous studies on the 
superiority of ANN over response surface 
methodology (25-27). Avramović et al. (26) in 
their study on predicting the biodiesel yield 

from ethanolysis of sunflower oil using calcium 

oxide as catalyst showed that ANN is more 
superior to RSM. Betiku et al. (25) compared 
the performance of RSM, ANFIS and ANN for 
the predictive modelling of acid pre-treatment 
of palm kernel oil and their result showed that 
ANN was the best of the three modelling tools. 

Soji-Adekunle et al. (27) modelled the 
synthesis of waste cooking oil methyl esters 
using ANN and RSM and their findings also 
confirmed ANN as a better predicting tool than 
the RSM. 

 

 

Figure 5. Actual and predicted oil yield from ANN and RSM against the experimental run. 
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Physicochemical properties of loofah 

seed oil 

The physicochemical properties of the crude 
loofah seed oil (CLSO) and refined loofah seed 
oil (RLSO) were analysed and the results 
presented in Table 5. The result showed that 
the percentage oil yield (27.67%) obtained in 
this study using the proposed optimum binary 

solvent was found to be much higher 
compared to the oil yield of 14.08% reported 
by Audu et al. (11) for loofah seed oil 
extraction using only n-hexane solvent. 
Specific gravity and viscosity are important 
physical characteristics which indicate the 

handling, storage and operational conditions 
of oils and fuels (28). The specific gravity of 
both the crude and refined loofah seed oil was 
0.86 and 0.84 respectively. These values are 
close to the standard range of 0.87 – 0.90 for 

biodiesel production (29). Moreover, the 
viscosity of crude oil extract was found to 

reduce from 0.109 N.s/m2 to 0.078 N.s/m2 
which could be as a result of a degumming 
step in the refining process. These observed 
properties suggest that the refined oil could 
find good application in the manufacture of 
lubricants and biofuel industries (30). A similar 
trend was also observed from the viscosity 

results reported by Audu et al. (11). 
 
From Table 5, the acid values for CLSO (3.67 
mgKOH/g) and RLSO (3.33 mgKOH/g) 
obtained in this study were less than 10 
mgKOH/g which is the recommended standard 

value for non-virgin edible oils (31). This is an 
indicator of the edibility of the extracted oil 

and its suitability for industrial purposes. In 
addition, the reduction in the acid value of the 
refined oil (RLSO) suggests that oil refining 
assisted in improving the quality of the oil and 
can easily be transesterified to biodiesel by 

acid catalysed system. The low acid values 
from this study also agree with values 
reported by Audu et al. (11) (3.72 mgKOH/g) 

and Gafar et al. (8) (2.34 mgKOH/g). 

However, this observation is in contrast to the 

acid value of 34.15 mgKOH/g reported by 
Ozulu (9) for loofah seed oil extraction using 
only n-hexane solvent. The result of 
saponification values obtained from this study 
(Table 5) shows that the RLSO has a higher 
molecular weight than CLSO since 

saponification value is inversely proportional 
to the molecular weight of the oil. This is an 
indication that the refining process might have 
promoted saturation of the oil (32). 
 
The iodine value measures the degree of 

unsaturation of fats and oils and can be used 
in predicting the drying property of oils. 
Usually, non-drying oils have iodine values 
between 80 – 120, while semi-drying oils have 
between 120 – 150 and drying oils have iodine 

values greater than 150 (10). Thus, the iodine 
values of 86.53 mgI2/g and 80.15 mgI2/g 

obtained for CLSO and RLSO, respectively can 
be classified as a non-drying oil. This iodine 
values obtained compare well with the iodine 
value of 82.29 mgI2/g and 82.56 mgI2/g 
reported by Ozulu (9) and Audu et al. (11), 
respectively for LSO. Oils with values less than 
120 mgI2/g according to EN 14214 (European 

committee for standardisation) may find use 
in surface coating applications like paints, 
resins, printing inks and also suitable as 
feedstock for biodiesel production. The 
peroxide value of the RLSO (5.3 meq/kg) was 
low when compared to that of the CLSO (8.01 

meq/kg) which represented 34.5% reduction 
in the CLSO value. The low value of the refined 

oil could be as a result of gummy deposits 
removed during the refining process which 
indicates the stability of the refined oil over the 
crude oil. The value also suggests that the 
refined oil would have a longer shelf life than 

that of the crude loofah seed oil. 
 

 
Table 5. Physicochemical properties of loofah seed oil (LSO). 

 

Properties Present Study Audu et al. (11) 

 CLSO RLSO CLSO RLSO 

Oil yield (%) - 27.67 - 14.08 

Specific gravity 0.86 0.84 0.93 0.90 

Viscosity @ 32 °C x10-1, (N.s/m2) 1.09 0.78 1.045 1.045 

Acid value (mgKOH/g) 3.67 3.33 3.82 3.72 

Saponification value (mgKOH/g) 128 127.70 149 148.50 

Iodine value (mgI2/g) 86.53 80.15 - 82.56 

Peroxide value (meq/kg) 8.10 5.30 - 5.43 

Free fatty acid (%) 1.85 1.68 2.52 2.18 

 
NB: CLSO – Crude loofah seed oil, RLSO – Refined loofah seed oil. 

 
Fatty acid analysis of the extracted oil  
A GC-MS analysis was conducted to 

investigate the fatty acids present in the 

extracted oil. The summary of the fatty acid 
profile for crude loofah seed oil and refined 

loofah seed oil are presented in Figure 6. The 
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composition of saturated fatty acid 

predominantly palmitic acid was found to be 

67.75% in the refined oil sample. This high 
value of saturated fatty acid obtained in the 
refined oil when compared with the 26.15% 
composition of saturated fatty acid in the 
crude oil extract is a clear indication that 

refining of the loofah oil promoted saturation.  

More so, it could be inferred that the refined 

extracted oil is saturated oil which is in line 
with results of previous researches on loofah 
seed oil extraction (8, 9, 28). The fatty acid 
present in the refined loofah seed oil includes 
linoleic acid, palmitic acid, and phthalic acid.

  

CONCLUSIONS 
 
This study has proposed a new binary mixture 
of ethanol/n-hexane as a suitable replacement 
to the commonly used, toxic n-hexane solvent 
for the extraction of oil from loofah seeds. The 

optimal condition was obtained at extraction 
temperature (40 oC), extraction time (151.9 
min), and solvent composition (98% ethanol 
/2% n-hexane). Results of the statistical 
analysis showed that the solvent composition 

imposed the most significant effect while 
extraction time contributed the least effect on 

the yield of loofah seed oil (LSO). The 
performance evaluation of the developed 
predictive models shows that the ANN model 
performed better than the RSM model, 
although the performance of both models was 
satisfactory. Comparing the result of the 
properties of CLSO with RLSO, it is observed 

that, the refining process promotes saturation 
of the extracted oil with a high percentage of 
67.75% palmitic acid found in RLSO.  
.  
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Abstract: In this study, Clinoptilolite-rich zeolitic tuff was treated with acids such as HCl, HNO3, 

H2SO4, and H3PO4. The effect of periods of time (3 hours and 6 hours), concentration (1 M, 2 M, 3 

M, 5 M, and 10 M) and the type of acid were taken as parameters. In the characterization of the 
zeolites, XRD, ICP-AES, and FTIR techniques were used. As the acid concentration and the treatment 
time were increased, the aluminum and cation removal from the structure was increased. HCl and 
HNO3 were more effective acids for the dealumination than H2SO4 and H3PO4. It was found out that 
considerable change in the texture of the zeolitic tuff did not take place during the H3PO4 treatment. 
On the other hand, acid treatment resulted in an increase in the micropore surface area and volume 

of the zeolite. The specific surface area of the zeolitic tuff (19 m2/g) was increased up to 213 m2/g, 
236 m2/g, 202 m2/g, 118 m2/g with HCl, HNO3, H2SO4, and H3PO4 treatments, respectively. In the 
cases of HCl and HNO3, an increase in their concentration furthermore than 5 M caused to the collapse 

of the structure. 
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INTRODUCTION 
 
Zeolites are porous, crystalline, hydrated 

aluminum silicates of alkali and alkaline earth 
cations that possess a three-dimensional 
structure. The zeolite framework consists of an 
assemblage of SiO4 and AlO4 tetrahedra joined 
together in various regular arrangements 
through shared oxygen atoms to form an open 
crystal structure containing pores of molecular 

dimensions into which guest molecules can 
penetrate. The negative charge created by the 
substitution of an AlO4 tetrahedron for a SiO4 

tetrahedron is balanced by exchangeable 
cations (e.g., Na+, K+, Ca2+, Mg2+), which are 
located in the structural channels and cavities 
throughout the structure (1).  

 
Clinoptilolite, which is a member of the 
heulandite group, is the most abundant 
natural zeolite minerals (2). Compositions and 
purity vary widely among the deposits 
throughout the world. There is always the 

problem of impurities, which block the channel 
system. The cations, which occupy the 
considerable space in the micropores of 

zeolites, are removed with acid treatment. 
Besides, to the cations, the framework 
aluminum may be removed. This is called as 
dealumination and may result with the 
destruction of the texture of zeolite mineral. 
Therefore, the advantage of the acid 
treatment is to remove the impurities and so 

develop the new pores. The disadvantage, 
which encountered at high acid concentration, 
is the dealumination that can cause the partial 

or total destruction of the zeolite framework. 
In acid treatment, besides to acid treatment 
conditions (acid concentration, treatment 
temperature and time), and the nature of acid 

the resistant properties of natural zeolite 
against to acid are all important parameters. 
Many of these parameters have been 
extensively studied for Y-zeolite (3), 
mordenite (4) and faujasite (5), phillipsite (6). 
For clinoptilolite, HCl is the widely used acid 
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and its effect on the texture was studied by 

means of N2 (7, 8), H2O (9) and CO2 (10) 

adsorption. 
 
In this study, it aimed to present the effect of 
the acid (HCl, HNO3, H2SO4, H3PO4) treatment 
on the textural properties of natural zeolite 
mineral, clinoptilolite. The treated zeolite can 

be used as support for photocatalysis 
application for future study. 
 
MATERIALS AND METHODS 
 
Materials 

All chemicals were of analytical grade and 
were used without further purification. 
Deionized water was used for preparation of 
the solutions. 
 

Methods 
The zeolitic tuff, obtained from Gördes, 

(Turkey) was crushed and sieved to the 
particle size in the range of 850– 2000 µm. 
Then it was washed with distilled water for 2 
hours at 60 °C to remove the soluble salts. The 
zeolite obtained (NCW) was dried in a vacuum 
(10-3 mbar) oven at 160 °C for 24 hours and 
stored for acid treatment.  

 
In the acid treatment, five grams of zeolite 
NCW and 100 mL of acid (HCl, HNO3, H2SO4, 
H3PO4) solutions were mixed in a water bath 
(GFL 1092) with a mixing rate of 200 min-1 at 
60 °C for 6 or 3 hours. Then zeolites are 

washed with double distilled water until no 
chloride was detected into the solution. The 

zeolites obtained were stored for 
characterization. The chemical composition of 
the zeolites was obtained by measuring the 
cation content of the solutions by means of 
Inductively Coupled Plasma Atomic Emission 

spectroscopy (ICP-AES 96, Varian). The 
mineralogical and crystallographic 
determination was made by using X-ray 
diffraction (X-Pert Pro Diffractometer) using 
CuKα radiation (λ =1.54051 Å) at 45 kV and 
40 mA with a step size of 0.02° 2Θ in the 5-
40° 2Θ range. The nitrogen adsorption 

isotherms of the zeolites were obtained at 
liquid nitrogen temperature (77 K) by using a 

volumetric adsorption system (ASAP 2010, 

Micromeritics). Prior to the determination of 

the adsorption isotherms, the zeolites were 
degassed for 4 h at 350 °C. The infrared 
spectra (FTIR) of the zeolites in the range of 
400-4500 cm-1 were recorded with a Fourier 
transformed infrared spectrometer (FTIR-
8601-Shimadzu) at room temperature by 

using KBr (1/50) pellet technique.  
 
In the code of the treated zeolites obtained, 
the first letter shows the acid used; C for HCl, 
S for H2SO4, N for HNO3 and P for H3PO4. The 
following number is the acid concentration 

(M). With HCl, the effect of the treatment time 
was also studied and coded as 6h or 3h 
(treatment period for 6 hours or 3 hours 
respectively). Treatment period with other 
acids is 6 hours.  

 
RESULTS AND DISCUSSION 

 
The chemical composition of the washed 
natural zeolite (NCW) was found as (wt. %): 
14.1 Al2O3, 64.2 SiO2, 1.8 MgO, 1.7 Na2O, 5.3 
K2O, 1.0 CaO, 1.8 Fe2O3, and 10.3 H2O. As 
seen from the XRD pattern of the NCW (Figure 
1), the natural zeolite is rich in clinoptilolite 

(2Θ=9.92°, 22.49°, 30.15°) with the presence 
of low-cristoballite and quartz (2Θ= 26.64°) 
as impurities. Considering the chemical 
composition the natural zeolite used in this 
study was classified as Ca-clinoptilolite (1). 
 

In the acid treatment studies, both acid 
concentration and treatment time were 

effective; the higher the acid concentration 
and the longer the treatment time, the more 
cation and aluminum were removed from the 
zeolite structures, causing the increase in Si/Al 
ratios (Table 1). This is due to the attack of a 

proton to cationic [Al-OM]z and / or aluminum 
sites [Al-OH]z and is represented by the 
following reactions (11).  
 
[Al-OM]z + nH+(aq) → [Al-OH]n +  

Mn+
(aq)     (1) 

[Al-OH]z + nH+(aq) → [Al-OH]z +  

Mn+
(aq)     (2)
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      2θ 
Figure 1. X-ray diffraction patterns of the untreated (NCW) and acid treated zeolites. 
 
Figure 1 displays the representative XRD 
patterns of the natural and its acid treated 
forms. It was seen that HCl, HNO3 and H2SO4 
treatments are very effective on the crystal 

structure of the zeolites: the patterns of the 

HCl treated samples showed that, as the acid 
concentrations and treatment period 
increased, intensities of the characteristic 
peaks decreased, meaning a loss in the 
crystallinities of the zeolites. From the XRD 

data of the HCl-treated zeolites for 6 h, it is 
clear that, with 5 M and 10 M HCl treatments, 
the characteristic peaks almost disappeared 
which means that the crystal structures were 
collapsed and the amorphous phases were 
generated. XRD results of HCl, H2SO4 and 
HNO3 treated samples confirmed the Si/Al 

ratios indicating that more framework 
aluminum atoms were affected leading to 
more crystallinity loss. As expected, H3PO4 
treatment did not affect the crystal structure 
so much for being the weakest acid of all. Peak 

intensities decreased slightly and no other 
extra peaks for any phosphate compounds 

were detected in the pattern. 
 
Figure 2 displays the FTIR spectra of the 
representative acid-treated zeolites. The 
strong band at 1060 cm-1 is responsible for 
framework stretching vibration in T (Si or Al)-

O-Si units. As seen from the Figure the 
position of the band shifted from 1065 cm-1 to 

1088 cm-1 with increasing the Si/Al ratio from 
4.04 (for NCW) to 10.8 (for C10-6h). The O-T-
O pseudo-lattice vibrations of free TO4 
tetrahedra, O-T-O framework vibrations and 

the vibrations of hydroxyl in the extra 

framework of Si-OH and Si-OH-Al groups were 
estimated by calculating the area under the 
peaks among the frequencies 570-680 cm-1, 
850-1600 cm-1 and 3101-3940 cm-1, 
respectively.  

 
The nitrogen adsorption isotherm data were 
evaluated to understand the effect of acid type 
on the textural properties of the zeolites by 
using the t-plot and Langmuir and Dubinin-
Astakhov (D-A) methods and the results were 
presented in Table 2. From the properties 

given in the Table, it was understood that the 
acid treatment caused a noticeable increase in 
the specific surface area (AL), total (Vmax) and 
micropore volumes (Vmic) with respect to the 
untreated one. However, the nature of the acid 

used has a different effect on the texture of 
the zeolite since the ligands cause to form the 

complexes on the zeolite surface. Surface 
central atom T (Al or Si) on the zeolite is the 
center to form an outer-sphere complex on the 
protonated zeolite surface (T-OH2+ ) with the 
ligands (Ln-) (12, 13). 

NCW
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Table 1. Cations content of the zeolites, (wt %.). 

Cations NCW S1 S2 C1-6h C3- 6h C5-6h C10-6h C3- 3h C10-3h N1 N2 N5 P1 

Al 15. 9 14 13. 8 13. 9 11 9. 4 7. 8 12. 6 9. 4 12. 7 12. 6 11. 9 14 

Ca 2. 9 0. 3 0. 1 0. 3 1. 5 0. 02 1. 2 1. 6 1. 1 0. 1 1. 8 0. 05 2.5 

Fe 2. 5 0. 6 0. 5 1. 2 2. 7 0. 9 2. 4 2. 9 2. 9 0. 8 1. 8 0. 9 3.1 

K 9. 9 8. 8 8. 8 9. 3 1. 8 8. 2 1. 4 1. 9 1. 3 8. 5 2. 8 8. 4 6.0 

Mg 1. 4 0. 7 0. 7 0. 8 1. 5 0. 5 1. 5 1. 9 1. 7 0. 7 1. 7 0. 7 2.0 

Na 3. 2 2 2. 1 1. 5 1. 4 1. 9 1. 5 1. 7 1. 4 2. 1 1. 4 1. 9 1. 8 

Si 64. 2 73. 6 73. 9 73 80 79 84 76. 6 82 75. 1 78. 4 76. 1 70. 2 

Si/Al 4. 04 5. 25 5. 35 5. 25 7. 3 8. 4 10. 8 6. 08 8. 7 5. 91 6. 18 6. 39 5. 01 

 
 
 
 

Table 2. Nitrogen adsorption characteristics of original (NCW) and acid treated zeolites 

 NCW C1-6h C3-6h C5-6h C10-6h C3-3h C10-3h S1 S2 N1 N2 N5 P1 

Si/Al 4.04 5.25 7.3 8.4 10.8 6.08 8.7 5.25 5.35 5.91 6.18 6.39 5.01 

AL
a 19 93 203 213 173 182 179 171 202 202 226 180 118 

Vmic
b 0. 005 0. 029 0. 064 0. 063 0. 047 0. 056 0 .047 0. 048 0. 055 0. 062 0. 068 0. 049 0. 04 

Vlim
c 0. 01 0. 036 0. 072 0. 078 0. 059 0. 064 0. 073 0. 060 0. 079 0. 082 0. 077 0. 072 0. 043 

AExt
b 3 6 15 29 29 17 33 25 34 20 23 29 7 

nc 1.00 1.60 1.76 1.61 2.38 2.26 1.02 1.61 1.03 1.12 2.63 1.00 1.88 

Ec 11 19 28 22 22 21 23 29 27 35 25 27 25 

Vmax
d 0.013 0.04 0.078 0.089 0.073 0.072 0.079 0.073 0.086 0.086 0.09 0.078 0.05 

 
a AL: Langmuir surface area (m2/g) 
b Vmic and AExt are micropore volume (cm3/g) and external surface area (m2/g) respectively, from t-plot. 
c Vlim, Limiting micropore volume (cm3/g), n, exponential constant, and E, Characteristic Energy (kJ /mol), from Dubinin – Astakhov (P/Po= 0.0001-
0.1). 
d Vmax: Maximum amount adsorbed at a relative pressure (P/Po) of 0.89. 
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     Frequency( cm-1) 

Figure 2. FTIR spectrum of untreated (NCW) and acid treated zeolites. 
 
[T-OH]z  +Ln-

(aq) + H+
(aq)→ [T-OH2

+]z +  
Ln- (aq) →[T-OH2

+--n-]z   (3) 

 
HCl and HNO3 acids can cause surface 
precipitation by adsorbing on the external 
surface to form an outer-sphere complex that 
involves ion exchange reaction (4). The inner-
sphere complexes on the protonated sites can 
also occur  

 
[T-OH]z  +Ln-(aq) + H+

(aq)→ [T-OH2
+]z +  

Ln-
(aq) →[T-L(-n+1)]z   (4) 

 
Readsorption of the dissolved cation (Mn+) in 

the solution covalently bonded to the surface 
to form an inner-sphere complex. However, 
this kind of complex occurred with the 
extensive ion-pairing ligand such as SO4

2- with 
the multivalent cation 
 
[T-OH]z  +L-

(aq) +Mn+
(aq)→ [T-L-Mn+]z +  

OH-     (5) 
 
[T-OH]z +L-

(aq) +Mz+(aq)→ [T-OM-Ln-2]z +  

H+     (6) 

 
The zeolites treated with bi- and tri-protic 
acids such as H2SO4 and H3PO4 have smaller 

microporous volumes when compared with the 
treated with mono-protic acids such as HCl 
and HNO3. With acid treatments, the 
maximum nitrogen adsorption capacity, Vmax 

of natural zeolite increases in a way similar to 
the pore volumes and area. The micropore 
volumes are obtained from the t-plot method 
(Vmic) and the Dubinin-Astakhov method 
(Vlim). A change in the Vlim values has the same 
trend as in the Vmic values but are higher. For 

the HCl and HNO3 treated zeolites both 
micropore volume increases markedly with 
increase in the Si/Al ratio and then decrease 
with further increase in the concentration of 
the acid. The reduction in micropore volume 

due to structural degradation of the zeolite 
crystals and the complexes (Eq.4 and Eq.5) 
formation hardly occurs but does for only HCl 
and HNO3 acid treatment. In the case of NCW 
zeolite, the volume of pores accessible to 
nitrogen is only 0.005 cm3/g, thus indicating 

that most of the pores are blocked by the 

cations as an impurity. In HCl treatment, as 
the acid concentrations increased, the 
micropore volumes of the zeolites increased 
up to 0.064 cm3/g for 3 M HCl but decreased 
with the further increase in the acid 
concentrations. The external surface areas of 
the HCl treated zeolites increased gradually 

with increasing the Si/Al ratio and reached a 
maximum of 33 m2/g at 10 M HCl treatment. 
Similar behavior was observed for other protic 
acid HNO3 treated samples. On the other 
hands, the most effective acid was H2SO4 on 
the developing external surface even the 

extracted aluminum atoms were not so high as 
HNO3 and HCl treatment. This can be 
explained with the formation of inner-sphere 
complexes caused to more increase in the 

external surface areas (Eq.6 and Eq.7). H3PO4 
treatment increased the Si/Al ratio as well but 
not so much as other acids. However, it is very 

effective in developing the micropore structure 
without destruction of the crystal structure.  
 
The parameter E, adsorption characteristic 
energy, calculated from the Dubinin-Astakhov 
equation is very low for original NCW zeolite 
with respect to acid treated forms. The 
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formation of new pores accessible for nitrogen 

causes to increase the E values which is closely 

related to adsorbate-adsorbent interaction 
(14). According to Suzuki (15), the parameter 
n in the D-A equation may originally be 
considered to have integer values of 1, 2 and 
3 corresponding to adsorption on the surface, 
in the micropores and ultra-micropores 

respectively. In the present study, its value is 
1 for untreated natural zeolite, NCW and 
achieves the value up to about 2 for acid 
treated zeolites. 
 
HCl, HNO3, H2SO4, and H3PO4 acids were used 

in the acid treatment to improve the textural 
properties of the natural zeolite. The cations 
that occupy the considerable space in 
micropores of zeolites and structural 
aluminum were removed during the 

treatment. Nitrogen was able to diffuse more 
easily and adsorb more densely in the cavities 

of the acid treated zeolite. H3PO4 treatment did 
not destroy the framework of the zeolite 
structure and improved the microporosity. In 
the case of the HCl and HNO3 treatment, the 
micropore structure of the zeolites was 
improved. However, a decrease in 
microporosity was observed in HCl and HNO3 

concentrations higher than 3M. 
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Abstract: The feasibility of the removal of vanadium(V) from Iraqi crude oil using zeolite A was investigated. 

Different operating parameters such as adsorbent loading, vanadium loading, and operating time were studied 
for their effects on metal removal efficiency. Experimental results of adsorption test show that Langmuir 
isotherm predicts well the experimental data and the maximum zeolite A uptake of V was 30 mg/g. XRD and 
EDX analyses revealed the noticeable uptake of zeolite for V. In crude oil, experimental results indicated that 
for zeolite loading at 1 g/100 mL oil and within approximately 5 h, the removal efficiencies of V were 60, 45, 
and 33% at vanadium loadings of 75, 85, and 95 ppm respectively. While at 10, 20, 40, and 50 h the removal 
efficiency was 68, 75, 78 and 78% for 75 ppm of V loading. The equilibrium concentration of V in crude oil was 

attained after 40 h of operation. Long-term tests revealed the high stability of zeolite A for vanadium removal. 

Results depict that zeolite A could be advantageous for removal of V in the crude oil hydrotreating units. 
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INTRODUCTION  
 
In crude oil, traces of vanadium are considered the 
most plentiful metal (1). Serious problems can be 
evolved due to this metal through petroleum 

processing, such as catalyst poisoning which leads 
to reducing sulfur removal from petroleum fractions 
and consequently to acid rain due to increase 
emissions of sulfur oxides to the environment, 
corrosion of equipment and low quality of the 

product. It is well known that metals in crude oils 
form complexes with asphaltenes (2). 

Consequently, high temperature and pressure have 
been applied for removing metals from crude oil in 
conventional technologies, including deasphalting, 
hydrocracking, and hydrotreating (3). Other 
removal processes are adsorption, acid attack, and 
solvent extraction (4-6). Therefore an efficient and 
effective-cost process is required to decrease the 

concentration of these metals before any 

subsequent processes. Zeolites have been utilized 
in many industrial implementations such as water 
softening, heterogeneous catalysis, separation, 
environmental remediation because zeolites 
possessing large surface area, remarkable catalytic 

and ionic exchange properties (7-8) and then it 
could be employed for the removal of these metal 
ions from crude oil. Zeolites are naturally occurring 
crystalline alumino-silicate minerals which are 
synthesized of 3-dimensional structures of 

tetrahedral molecules connected with the O2 
participated atoms (9). Zeolites are assured ion 

exchangers and have been effectively utilized in the 
elimination of heavy metals from wastewaters and 
a catalyst for the catalytic cracking of heavy oils 
(10-11). Benhammou et al. (12) reported that ion 
exchange reaction takes place between 
exchangeable cations (Na+, K+, Ca2+, and Mg2+) 
located in zeolite structure and cations (Mn+) in 

solution and can be given by Eqns. 1a and 1b: 
 

mailto:80005@uotechnology.edu.iq
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org
mailto:80152@uotechnology.edu.iq
mailto:80005@uotechnology.edu.iq
https://orcid.org/0000-0001-5690-8577


Mahmood LH, Abid MF. JOTCSB. 2019; 2(2): 75-86.  RESEARCH ARTICLE 

76 
 

Zeolite ≡ n(Na, K)+ + Mn+  ↔ zeolite ≡ Mn+ + n(Na, K)+                           (Eq.1a) 

Zeolite ≡ n(Ca, Mg)2+ + 2Mn+  ↔ zeolite ≡ 2Mn+ + n(Ca, Mg)2+                      (Eq.1b) 

 
During the ion exchange process, metal ions have 
to move through the pores and channels of zeolite 

and they have to replace exchangeable cations 
(Na+, K+, Ca2+, and Mg2+). Thus the cation 
exchange capacity of a zeolite is a result of the 
degree of substitution of Al for Si in the framework. 
Thus the greater the degree of substitution of Al for 
Si, the greater the number of cations required to 
maintain electronic neutrality in the zeolites. These 

charge balancing cations are capable of exchanging 
with external cations from solution (13). Price et al. 
(14) conducted an experimental study to 
investigate the adjustments in framework occurred 
after partly substituting the extra-framework Na+ 
ions with monovalent, Li+, K+, Rb+ and NH4

 + and 

divalent, Ca2+ cations. The authors concluded that 

solid-state Nuclear Magnetic Resonance detected 
alterations to the internal structure of the Linde 
Type A framework upon ion substitution with NH4

+ 
and Ca2+. Substitution with Li+, K+ and Rb+ ions 
does not considerably influence the long-range 
crystal order. Substitution with NH4

+ ions 

compensates some of the long-range order of the 
zeolite A crystals because of the wasting of some 
structure Al as can be observed from X-ray data. 

Substitution with divalent Ca2+ ions inserts some 
monodentate carbonate kinds into the structure, 

but no change to the long-range crystal order is 
noticed. Published data on the usage of zeolites for 
the elimination of metal ions from crude oil are 
scarce. In Iraq, crude oil of east Baghdad field 
contains higher amounts of vanadium (> 75 ppm) 
than other heavy metals (15). The main objective 
of present work was to investigate the feasibility of 

Zeolite type A to remove vanadium ions from crude 
oil. Another objective was to study the kinetics of 
the adsorption process. 
 
MATERIALS AND METHODS 
 

Materials  

Zeolite A (Na12(AlO2)12(SiO2)12 x 27H2O) was 
purchased from GCMIL, India. Crude oil was 
received from Al-Daura Oil Refinery, Baghdad. 
Vanadium tetrachloride (VCl4), EDTA, HCl, and 
NaOH flakes were supplied from Ava Chemicals 
Private Limited, India. Table 1 lists the 

physicochemical properties of crude oil of east 
Baghdad field.  

 
Table 1: Physicochemical properties of crude oil of eastern Baghdad field (15) 

 

Item Property Value 

1 Density @ 15 oC g/cm3 0.932 
2 Sulfur content %wt 75.970 

3 Vanadium, ppm 25.340 
4 Nickel, ppm 2.684 
5 Asphaltenes %wt x 6.412 

 
Experimental method  

The experimental setup is shown in Figure 1. 
Zeolite A particles were ground. 1 gram of the 
sieved zeolite A was added into 100 mL of the crude 
oil in a separating flask with 5 mL of EDTA solution. 
This mixture was mixed well by a magnetic stirrer 
at 100 rpm for an hour at room temperature (~ 25 

°C). Zeolite A was separated from the mixture in a 
vacuum separator (Rocker 300A Vacuum Filtration 
System, New Star Environmental & Laboratory 
Products).  The liquid mixture was then transferred 
to a high-speed centrifuge (Type Centrisart® D-

16C, Sartorius Co.) where the demetallized crude 
oil (DMCO) layer was separated and analyzed for 

the metal ions. According to the published data 
(16-18), the best pH range of adsorption of heavy 
metals onto zeolite has been varied between 3 and 
6. In the present study, the selected pH was ~ 4.5, 
adjusted using NaOH and HCl. 
 
Kinetic study of adsorption 

 

The amount of vanadium adsorbed at equilibrium, 

(mg/g) was estimated using Eq. 2. 
 

qe =  
(𝐶𝑜−𝐶𝑒) 𝑉

𝑊
      (Eq. 2)  

 
Where Co and Ce are concentrations of vanadium at 

initial and at equilibrium (mg/ L), respectively, V: 
volume of the heavy oil used, qe: concentration of 
V at equilibrium (mg L-1), and W: the mass of 
zeolite A used (g).  The Freundlich and Langmuir 
equations are the most widely used models for 

isotherm (16), the correlation of Langmuir and 
Freundlich isotherms are represented by Eqns. 3 

and 4, respectively.   
      

qe =  
𝑞𝑚.  𝐾𝐿.𝐶𝑒

(1+𝐾𝐿.𝐶𝑒)
     (Eq. 3)  

       
qe = KF.Ce

1/n                              (Eq. 4) 

 
Where qm: maximum quantity of metal V adsorbed 
per unit mass of zeolite (mg gm-1), KL is the 
Langmuir constant (L mg-1) and KF is Freundlich 
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constant (mg gm-1) (L mg-1)-n. To predict which one 

of these two models will well represent the 

experimental data of metal(V) removal, a 
linearization technique would be applied on 
equations 3 and 4, respectively. Equation 5 
represents the linear form of equation 3, and 
equation 6 represents the linear form of equation 

4. 

          
1

𝑞𝑒
=  

1

𝑞𝑚
+

1

𝑞𝑚 𝐾𝐿𝐶𝑒
              (Eq.5) 

 

 𝑙𝑛𝑞𝑒  = 𝑙𝑛 𝐾𝐹 + 
ln 𝐶𝑒

𝑛
  (Eq.6) 

 
 
Analysis techniques 
XRD-6000 Shimadzu X-ray diffractometer (with an 
incident angle of 0.154 nm using Cu-Kα radiation) 
was used to examine the phase ingredients. The 

topographical features were accomplished by 
utilizing Tescan VEGA 3SB scanning electron 

microscope with accelerating voltage: 200 V to 30 

kV and the magnification power from 4X to 105X. 

The chemical composition of zeolite A was 
anatomized by utilizing energy dispersive X-ray 
analysis (EDX) Model; Inspect S50/FEI Company, 
Netherland. The concentration of vanadium in fluid 
before and after treatment was measured with a 

model AA-7000 Flame atomic absorption 
spectrometer (FAAS) with graphite technique, 
Shimadzu with flame of N2O-C2H2 and the 
instrument settings were according to the 
manufacturer’s recommendations (Lighting 
conditions: Current; 10 mA/0 mA. Wavelength; 
318.4 nm. Slit width; 0.5 nm. Lighting mode; BGC-

D2). Measurements of vanadium’s concentration 
were conducted at the Petroleum Research and 
Development Center, Iraqi Ministry of Oil, Baghdad. 
pH measurements were performed using an on-line 

pH meter Model Excel 25PH/mV/ISL. 
 

 

 

 

 

 

 

 

 

                                                                                                                                                                                           

                                                                                                                                          Zeolite A                                                  

  

  

 DMCO 

  

  

 water 

 
Figure 1: Schematic of the experimental setup. 
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RESULTS AND DISCUSSION 

 

Results for Kinetic study  
The maximum adsorption capacity of zeolite A was 
estimated by conducting adsorption experiments. 
Different concentrations (5, 10, 20, 30, and 50 
mg/L) of VCl4 in distilled water were prepared. Then 

100 mL of each concentration is placed in a 250 mL 

flask separately with 1 g of zeolite A. Figure 2 plots 

the experimental results of vanadium adsorption at 

equilibrium on zeolite A. Figure 2 depicts that the 
maximum uptake of V metal was ≈30 mg g-1, this 
may be attributed to the capability of the zeolite 
framework which having a high percentage of 
pores. 

 

 
Figure 2: Experimental results of vanadium adsorption at equilibrium over Zeolite A. 

Figure (3a) represents a plot of 
1

𝑞𝑒
 versus 

1

𝐶𝑒
 with a 

correlation coefficient (R2) = 0.9738. Meanwhile, 
Fig. (3b) represents a plot of 𝑙𝑛𝑞𝑒  versus 𝑙𝑛 𝐶𝑒 with a 

correlation coefficient (R2) = 0.9711. The linear 

equations are  
1

𝑞𝑒
= 1.6505 

1

𝐶𝑒
 - 0.0139    (6) 

for Langmuir isotherm, and 

 
𝑛𝑞𝑒  = 1.0848 𝑙𝑛 𝐶𝑒 − 0.4412   (7)  

for Freundlich isotherm. 
 

These results assure the applicability of Langmuir 
isotherm in our study.  

 
    

 
(3a) 

 

 
(3b)            

 
Figure 3: Linearization plots of Langmuir isotherm model (3a) and Freundlich isotherm model (3b) for 

vanadium adsorption on Zeolite A. 
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. 

Influence of metal adsorption on zeolite 

characteristics 
XRD analysis: Figure 5 shows XRD images of zeolite 
A before and after vanadium adsorption.  According 
to (19), the upper XRD pattern in Figure 5 shows 
an excellent match with typical zeolite A. As can be 

seen in Figure 5 (upper image), there are 3 
strongest peaks, followed by another 2 weaker 
peaks. The position of the five peaks can be 
summarized in Figure 5 (upper), and it details can 
be seen in Table 2. In Table 2, the strongest 3 
peaks were found at 2 of 29.550, 27.9583, and 

21.385, where the ratio of I/I0 were 95, 49, and 

38 respectively. The other 2 peaks were shown at 
2 of 24.211  and 34.440o. The ratio of I/I0 were 

38 and 27, respectively. According to ICDD 47-
1870 data library, the existence of the strongest 

peaks may indicate that the mineral was 

appropriate with sodium aluminum silicate hydrate 
of clinoptilolite-Na. Meanwhile, the lower XRD 
image of Figure 5 shows a breakdown of structure 
which indicates an effective exchanger (zeolite A). 
This collapsing in peaks may be attributed to the 

replacement of Si ions by larger vanadium ions 
which could induce an extension in the unit cell. 
This attitude is compatible with the existence of 
vanadium in the structure of zeolite which caused 
by the difference between V-O and Si-O ligament 
tallness (20). Gallezot and Leclerc (21) found that 
vanadium promotes the collapse of the zeolite 

framework because it joins with other ions which 
stabilize the framework of the zeolite. 

 
Figure 4: XRD images of zeolite A before vanadium uptake (upper) and after vanadium uptake (lower). 

 
Table 2: Details of peaks in XRD of zeolite A (before vanadium adsorption). 

Peaks 2θ° Intensity (counts) 

1 21.385 1600 
2 24.211 1250 
3 27.493 2550 
4 29.554 1750 
5 34.440 1100 
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SEM analysis: Figure 5a and Figure 5b show the 

SEM image of zeolite A at 200 nm before and after 

vanadium ions uptake respectively. As can be seen 
in Fig. 6b that the particles be dissimilar in 

dimensions after the exchange, which revealed that 

the vanadium ion uptake had a significant effect on 

the structural framework of zeolite A.  

 
 

 (a)  

 
                                  

 (b)  
Fig.5 SEM images before vanadium adsorption (a) and after adsorption (b). 

 
EDX analysis: EDX analysis of the zeolites was 
carried out, before and after vanadium uptake, to 

estimate the percentage weight of elements 
existed. Moreover, the proportion of Si/Al in the 
zeolites can be determined. Table 3 presents the 

percentage weight of elements as measured by the 
SEM‐EDX (XRD-6000 Shimadzu) and the proportion 

of Si/Al in the zeolites. Figure 6(a-b) shows EDX 
images of zeolite A before and after vanadium 
uptake. As can be seen from images, that all Na 
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and some of Al and Si are ion exchanged with 

vanadium on the zeolite surface. The percentage 

weight of elements displays that the whole Na+ 
inside the zeolite were substituted and 
furthermore, about 76% of ions of silicon which 
formed the structure were also replaced by the ions 
of vanadium while only 26% of Al ions were 

exchanged. (Gomes et al. (22) stated that ion 
radius plays an important effect on the ionic 
exchange. Shannon (23) published a revised 

crystallographic data on ionic radii. He estimated 

the effective ionic radii of Na+, Al3+, Si4+, and V4+ 

as equal to 102, 48, 40, and 35.5 picometers, 
respectively (see also 
www.abulafia.mt.ic.ac.uk/shannon). These values 
suggest that vanadium ions could exchange any 
ions of equal or larger of its size which clearly 

explains the drastic effect of Na and Si ions 
exchanged with the framework and breakdown of 
zeolite structure noticed after vanadium uptake. 

 

(6a)  
 
 

(6b)  
 

Fig. 6: EDX images of zeolite A before vanadium uptake (6a) and after vanadium uptake (6b). 

 
 

http://www.abulafia.mt.ic.ac.uk/shannon
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Table 2. Percentage weight of elements before and after vanadium uptake.  

 

 O Na Al Si Si/Al V 
%weight Before/after Before/after Before/after Before/after Before/after Before/after 

47.9 / 38.2 15.7 / 0.0 18.6 / 14.8 17.8 / 13.0 1.045 / 1.138 0.0 / 38.2 
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Removal of vanadium from crude oil 

A series of experiments was conducted to test the 

capability of zeolite to remove vanadium ions from 
crude oil. Figure 7 illustrates vanadium removal 
efficiency as a function of operating time at 
different loading of vanadium. As can be seen in 
Figure 7, a remarkable increase in vanadium 

removal within a short time was observed for all 
loadings of vanadium after then a slight increase 
with operating time was shown. Within 
approximately 5 h, the vanadium removal 
efficiencies were 33, 45, and 60% at vanadium 
loadings of 75, 85, and 95 ppm respectively. 
Further processing of crude oil with 75 ppm 

vanadium shows a continuous slight increase in 
metal removal with operating time. At 10, 20, 40, 
and 50 h the removal efficiency was 68, 75, 78 and 
78%. As can be seen, an equilibrium concentration 

of the vanadium was attained after 40 h. For other 
vanadium loadings (i.e., 85 and 95 ppm), the 
equilibrium concentration of vanadium was 

attained at approximately 20 h. Salman et al. (16) 

reported that the differences in zeolite adsorption 

capacities for heavy metal ions can be attributed to 

different factors i.e. physicochemical factors, 
hydration energy, and diameter. In general, 
zeolites and ion exchanges prefer high valent ions 
(24). Thus high selectivity of zeolite for vanadium 
was due to electrostatic attraction between high 

valent vanadium cations and cations of the solid 
adsorbent. Figure 8 plots the effect of zeolite 
loading (g /100 mL oil) on vanadium removal (%). 
As can be seen in this Figure, zeolite loading has a 
positive impact on removal efficiency. The increase 
in vanadium removal with the zeolite A loading is 
due to the higher number of active sites available 

over the adsorbent (25). It is interesting to note 
that at higher loading of zeolite a constant value of 
vanadium removal was attained. This may be 
attributed to that equilibrium is established 

between the adsorbed ions of vanadium onto 
zeolite and that which still existed into the treated 
crude oil.  

 

 
Figure 7: Vanadium removal efficiency from crude oil as a function of operating time at zeolite loading 1 

g/100 mL oil. 
 

  
Figure 8: Vanadium removal (%) as a function of zeolite A loading (g/100ml oil) at vanadium loading = 75 

ppm and operating time=5 h 
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CONCLUSION 

 

In the present work, different operating parameters 
such as vanadium loading, zeolite type A loading, 
and operating time were investigated for their 
effects on vanadium removal efficiency from crude 
oil. Results revealed that zeolite loading and 

operating time have a positive impact on removal 
efficiency while vanadium loading showed a 
different trend. Experimental results of adsorption 
test show that Langmuir isotherm predicts well the 
experimental data. RDX and EDX analyses confirm 
the high tendency of zeolite A to remove vanadium 
ions from crude oil. Long- term tests revealed the 

high stability of zeolite A for vanadium removal. 
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NOMENCLATURE 
 
Co : concentrations of vanadium at initial, (mg/ L) 

Ce: concentrations of vanadium at equilibrium, 
(mg/ L)  
V: volume of the heavy oil used, (mL) 
 W: mass of zeolite A used, (g) 
qm: maximum quantity of metal V adsorbed per unit 
mass of zeolite, (mg/ g) 
 qe: concentricity of V at equilibrium, (mg/ L) 

 KL: Langmuir constant, (L/ mg) 
 KF: Freundlich constant (mg/ gm) (L/ mg)-n 
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Abstract: Nowadays, gas ceramics have become an important role part of making lighter and more durable 

tiles which are used for outdoor floor applications. In addition to this, its commercial potentials are quite high 
due to the long life of the gas ceramics. In line with this purpose, it is aimed to develop gas ceramic floor tiles 
for outdoor floor applications which have the advantages such as lightweight, low density, high strength and 
also being differently colorful. By adding 30-40% of production wastes into the recipes, it is supposed to get 
into market with new gas ceramic products which have both innovative properties and also to provide wastes 
recycling. Within the scope of this project, in order to have the desired structural and mechanical properties of 

the final products, the materials to be used in the recipes have been selected so that the furnace process be 

optimized. Raw materials such as clay, calcite, pegmatite and silicon carbide were obtained from different 
mines. Due to the fact that the tiles have been planned to be colorful, so that color pigments to be used were 
obtained from suppliers. In pretreatment stage the ceramic sludge was prepared then viscosity and density 
were controlled and prototype samples from furnace were tested and analyzed. In this context, engineering 
studies were made for pore size distributions /homogeneities, sieve analysis and firing process. This study is 
unique owing to the fact that new recipes will be tried in the factory. Moreover, this study is a research and 

development (R&D) project because with the addition of the production wastes in recipes not only will the 
production wastes be eliminated but also the consumption amount of supplied raw materials will be reduced. 
In the light of foregoing information about gas ceramic technology, final products will be more economical, 
have homogeneous structure and high compressive strength compared with other feasible alternatives. 
Furthermore, presented innovative final products have been planned to be colorful in accordance with raw 
materials and developed manufacturing methods. These products would be the first example in the 
ceramic/porcelain floor tiles industry which have been developed on a global scale with the use of wastes are 

raw materials. 

 
Keywords: Waste management, gas ceramic, construction materials, filter press cake. 
 
INTRODUCTION 

 
Ceramic materials have some properties like 
fragile, low tensile stresses and impact loads, 
plastic deformation not like metals and low 
resistance to sudden mechanical and thermal 
changes and because of these properties the usage 

of monolithic ceramics in structural applications are 

prevented. The most important disadvantages of 

ceramics were low fracture toughness (1). Various 
methods have been developed to increase fracture 
toughness of ceramic materials. All these methods 
are based on the creation of mechanisms that allow 
the dissolution of energy during the fracture by 
uniformly distributing a second phase in the fragile 

ceramic matrix. The used secondary phases are as 
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follows: Ductile materials, materials that provide 

phase transformation, the development of 

rhodonite grains in these structures by using in situ 
methods and to improve reinforcing materials in 
different forms (continuous fiber, etc.) was 
provided (2-3). 
 

Silicon carbide (SiC) is a crystalline material that 
has a very high hardness, high chemical resistivity 
and thermal conductivity, also is an important 
semiconductor which has been widely used in 
extensive range of applications (4). Silicon carbide 
appears in two different crystalline forms, namely 
hexagonal α-silicon carbide, cubic β-silicon carbide 

and also occurs in several forms as non-fibrous and 
polycrystalline fibers (5). 
 
There are several studies based on production of 

gas ceramics. Those studies focused mainly on the 
effects of compression strength and density of gas 
ceramic manufacturing. In the study of Suleyman 

Akpinar et al (6), cordierite-based silicon carbide 
doped ceramic foam materials production and 
characterization has been studied. In this study, 
the measured compression strength values vary in 
the range of 0,27 - 0,52 MPa. This compression 
strength values are well below the target value. 

 
When the density values were compared, it was 
seen that data were obtained between 0.41 and 
0.48 g/cm3. It is seen that our product, which is 
planned to be low density, is higher than desired 
when compared with the values in the range of 
0.21-0.41 g / cm3. F.A. Costa Oliveira et al (7) 

calculated the bulk density of the materials 
obtained from similar studies in the related 
literature as 0.29 g / cm3 and the compressive 
strength was 0.24 MPa. When these data are 
compared with the data obtained in the studies in 
the article, obtained values of compressive strength 

is 4.5 times and density values are 2 times lower 

than the literature. 

 
In the literature, it is understood from the research 
that the amount of solid matter in ceramic slurry 
has great importance in the studies related to the 
production of ceramic foam filters. This causes an 

increase in the cost of the prescription and the 
energy consumption. Considering these 
disadvantages, we have worked on the 
development of a product which is homogenous 
with the use of 55-60% production waste and with 
a higher compressive strength and a more 
economical product compared to the existing 

alternatives. The colored gas ceramic technology 
developed in the project is the first example 
developed on a global scale for the use in outdoor 
floor applications with the advantage of its lightness 

and obtaining the desired colors. According to other 
commercial insulation materials, non-flammability 
property is one of the important parameters. 

 
EXPERIMENTAL PROCEDURE 
 
Materials and Method 
This investigation was performed with an industrial 
spray-dried powder normally used for the 

production of gas ceramics. Within the scope of this 
project, the pore forming agent (SiC) was supplied 
from ESAN Magnesium Company in Turkey. The 
materials used in recipes albita, clay and calcite 
were obtained from quarries in Eskisehir. Pegmatite 
was purchased from Has Ozcelik Mining Company 
in Bilecik. All composition of raw materials are given 

in Table 1. Na-Silicate was used as a fluidizer. Since 
gas ceramic have been planned to be colorful, 
green, blue and pink pigments which have been 
selected from the suppliers, were purchased from 
Torrecid Company in Eskişehir. 

 

Table 1: Raw Material Percentages in Colorful Gas Ceramic Recipes. 

Component Content (wt. %) 

Production Waste 36 

Clay Blend 32 

Pegmatite Blend 18 

Calcite 2 

Albita 12 

SiC(Foaming Agent) 0.3 

Pigment 5 

 
Filter Press Production 

The total capacity of the wastewater treatment 
plant in our factory was 1350 m3/day. 20 tons of 
filter press cake was obtained per day. Process 
waste water comes from the sludge preparation, 
glaze preparation, filter cake preparation, 
dimensioning and finishing, decor lines, decor 

cutting and glazing process were brought to the 

equalization tank where they were collected and 
mixed homogeneously. The collected wastewater 
was first passed through a coarse screen with a gap 
of 5 mm and then taken to the sand trap unit. With 
this grill and sand catcher, materials that are 
physically hold able in the wastewater and 
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materials that may damage the equipment in the 

treatment plant were kept. From here, the 

wastewater would pass to the balancing pool. 
 
Wastewater from this tank was sent to the 
coagulation pool which was the first unit of chemical 
treatment with waste water pumps at a constant 

flow rate. In this unit, PAC (Poly Aluminum 
Chloride) inorganic material derivatives were used 
as a coagulant. After that the waste water was sent 
to the flocculation tank. The chemical flocculants 
formed in this unit could easily be turned into large 
flocculants by using anionic polyelectrolyte as 
flocculant. Flocculants and coagulants were fed in 

dosages determined as a result of tests conducted 
according to the content of incoming waste water. 
After this stage, the waste water reached the 
precipitation tank and was separated by gravity 

precipitation process. 
 
Wastewater in the balancing pool was taken to the 

coagulation pool by a pump. The coagulant was 
dosed to the appropriate coagulant (we used PACs). 
Wastewater passed into the flocculation pool after 
coagulation pool. The polyelectrolyte was dosed 
and mixed with the dosing pump in order to enlarge 
the resulting flocks. Wastewater passed to the 

sedimentation pool. In here, the flocks formed in 
the flocculation pool were allowed to settle. The 

wastewater was then taken to the neutralization 

pool. In this pool, acid was added to keep the pH 

neutral. Sludge particles from the sedimentation 
tank were collected in the sludge condensation 
tank. An industrial filter press was a tool used in 
separation processes, specifically to separate solids 
and liquids. The sludge at the bottom of the 

sedimentation pool is transferred to the sludge tank 
with the sludge pump. Filter presses were utilized 
in order to separate water from mud to reuse the 
water. In this unit, the sludge was reduced by 
compressing the water content and could be 
removed as solid waste or used as raw material in 
the plant. The filtrate from the filter press was given 

to the treatment plant entrance for purification. 
 
The cakes began to form with high flow rate of the 
filtrate. Cakes were totally formed at the maximum 

pressure. After that, cakes discharged from filter 
press. As a result of the filter press system, 
humidity values of cakes were calculated between 

28-32%. The sludge cake formed at the end of the 
filtration process was loaded from the system to the 
trailer and the dried sludge was conveyed to the 
storage area. The water treated in this system was 
recycled by re-using in the plant. In Figure.1, the 
waste water treatment is shown the process in our 

company. 

 
Figure 1: Waste Water Treatment Process Overview.  

 

Gas Ceramic Preparation 
In the present study, raw materials and pigments 
were weighed at 500 g and mixed with 45-46% 

water. Prepared recipes were milled using ball mills 
with a capacity of 800 mL. The slurry (ceramic 
powder and pore-forming agent) was mechanically 
mixed for 4 hours until uniform distribution was 
observed. The slurries normally contain 30 to 40 
weight percent of production waste solids. 
 

To optimize milling time, engineering studies were 
carried out to investigate the effect of grain sizes 
on pore distributions/homogeneity and density of 

the final products to find the optimal size with its 
corresponding milling time. The slurries 
characteristic parameters were summarized in 
Table.2. Also to evaluate milling efficiency, the 
slurry was passed through a 63- mesh sieve and its 
residue was weighted to see how much of the slurry 
was sufficiently milled. The slurries were dried on 
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metal trays in the drying oven at 100 °C. Thus, the 

water in the slurries was evaporated. 

 
 

Table 2: Slurry characteristic parameters.  

Sieve Analysis 1.07±0.1 

Viscosity (s) 45-50 

Slurry Densities (g/L) 1650 ±30 

 
After drying, dried sludge was reduced to fine 
particles with iron roll and the particles size 
distribution were determined by means of sieves. 
Granular particles ware simultaneously weighted at 

700 g each of gypsum cassettes shown in Figure 2. 
Dimensions of gypsum cassettes were 
manufactured as 15 x 20 cm in our laboratory. 

 

 
Figure 2: Gypsum Cassettes. 

 
Gas Ceramic Firing Process 
Granules particle in cassettes were baked at 1200 
°C for 4 hours using an electric ceramic kiln. The 
initial furnace temperature was measured as 45 °C 

and then gradually increased to 1200 °C until the 
end of the furnace firing time reached. The required 
heat for the pre-drying was provided by the fan in 

the furnace at various points. Thus, the final 
moisture content of the formed products had been 
reduced to less than 1% at the end of the pre-

drying process. Furthermore, in cases where the 
products were very humid and the drying 
temperature was not enough, the temperature was 
raised up to 160 oC. Subsequently at the end of 
firing, the furnace temperature was gradually 
reduced to 100 °C by means of the heat through 
the kiln shaft to the cooling zone. Afterward, the 

width, length and height of the gas ceramics were 
measured to calculate the density. 
 
Material characterization 
Semi quantitative analysis method is a unique and 
powerful method for elemental screening of 

materials. Besides, semi quantitative analysis in 

modern XRF method is performed without any 
reference materials used for the unknown sample 
analysis. In addition to this, optical analysis (Leica 
EZ4HD microscope) was applied used to investigate 
the porous morphology. Samples were cut from the 
final products using a cutting machine. At least 

three samples were prepared for each analysis. The 

images of samples were acquired with a digital 
camera combined with a microscope. The total and 
average pore area of samples were measured from 
images. The Archimedes’ method (using ethylene 

glycol as immersion fluid) was employed to 
evaluate the open porosity, bulk density, and water 
absorption of the samples. 

 
Determination of bending strength by the three 
point method was used for measuring the 

mechanical strength of samples. To measure the 
mechanical strength of the samples, bending 
strength was determined using three point method 
on five specimen while their porous layers were 
faced down. 
 
RESULTS AND DISCUSSION 

 
Microstructures of Gas Ceramics 
Dry casting method is used for the production of 
gas ceramics. In this method, ceramic masse was 
obtained by pouring ceramic powder into a gypsum 
cordierite-based mold. No compression was 

applied. As a result of the optimizations for the 

standard foam recipe, the firing temperature was 
determined to be 1205 °C. Prepared foams were 
tested to determine the material properties. 
Density and viscosity values were measured. The 
obtained density, viscosity, and sieve residue 
values are given in Table 3. 
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Table 3: Density and sieve analysis values. 

Test No R-169 R-170 R-171 R-172 R-173 

Density (g/cm3) 0.209 0.269 0.177 0.172 0.143 

Sieve Analysis 1.09 1.11 1.07 1.17 1.17 

Viscosity (s) 45-50 

Density (g/L) 1650 ±30 

It was observed that the density value of the 
sample with the R-173 prescription code reached 
the desired low density. Experiments have been 
made on the temperature of the furnace for cost 
optimization via this recipe. It is foreseen that it will 
be sintered again by lowering the furnace regime. 
In the studies, the kiln regime temperature was 

decreased to 14 oC and the sintering was 
determined as 1186 oC for 4 hours. The sample 
code was recorded as R-174. The density value of 
the R-174 sample is calculated 0.204 g/cm3 and the 
sieve balance is 1.1. The image of the gas ceramic 
tile with the final product is shown in Figure 3. 

 

       
Figure 3: Standard (colorless) gas ceramic tile with foam structure. 

 

The very fine structure of the powder dimensions 
increases the reaction surface and facilitates 

sintering. Therefore, it will be possible to carry out 
the reaction at shorter periods or at lower 
temperatures. Besides the differences in powder 
sizes, powder particle size distributions are also of 
great importance. Particular attention was paid to 
this parameter for masse density. 

 
Experiments were made with appropriate molding 
parameters and kiln regime calculations in order to 
minimize the differences in color tones which may 
occur in the colors to be used in production. After 
the colorless optimization, the samples were 
sintered at 1186 oC for 4 hours with the same 

procedures as various color alternatives. The visual 

comparison of the products obtained is given in 
Table 4. 
 
 
 

Characterization of Gas Ceramic 
In light of the past experience of our company and 

the information obtained from the literature, one of 
the biggest difficulties that we may encounter in our 
project will be the fact that the cake is not stable. 
The cake is not homogeneous because it is obtained 
from waste from all parts of the factory. In order to 
prevent this situation, the cake will be blended and 

dried in the summer months. The moisture content 
of the waste after drying is expected to be a 
maximum of 16%. Chemical analysis results are of 
great importance in terms of their use in 
prescription due to the lack of homogeneity of the 
cake samples obtained. Semi quantitative analyses 
demonstrates determination of the chemical 

composition in ceramic masse samples by using the 

semi-quantitative analysis method. Table 5 shows 
the results of the chemical analysis of production 
waste taken from our waste water treatment plant 
in the summer months. 
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Table 4:  Gas Ceramic Surfaces with pigment Composition.  

Pigment Composition (g) 
Gas Ceramic 

Surface 

100 g of Masse 

Composition 

 

100 g of Masse 
Composition +5 g of AL-

3304 

 

100 g of Masse 
Composition +5 g of AL-

73017 

 

100 g of Masse 
Composition +5 g of AL-

1304 

 
 

 

Table 5: Semi-quantitative (SQX) Analysis Results for Production Waste.

No Component Result (Mass %) Detn. limit El. Line Intensity w/o normal 

1 MgO 1.0542 0.0583 Mg-KA 0.5940 1.0489 
2 Al2O3 14.1483 0.1104 Al-KA 25.4299 14.0772 
3 SiO2 63.8091 0.0653 Si-KA 107.3239 63.4887 

4 P2O5 0.1244 0.0091 P-KA 0.6230 0.1238 
5 K2O 2.8160 0.0110 K-KA 28.6577 2.8018 
6 CaO 6.5865 0.0138 Ca-KA 53.4828 6.5535 
7 TiO2 0.3575 0.0246 Ti-KA 1.4084 0.3557 
8 Fe2O3 1.1323 0.0083 Fe-KA 32.1648 1.1266 
9 ZnO 2.4076 0.0042 Zn-KA 255.0013 2.3955 

10 ZrO2 2.1202 0.0197 Zr-KB 167.5752 2.1095 
11 A.Z 5.4440 - - - 5.4440 

 
According to the results of the chemical analysis of 
cake waste during our pre-feasibility study, the fact 
that the fire loss is not very high, showing that 

there will be no loss of raw material and gas output 
will be minimum. There are criteria to be 
considered in determining the ratio of filter press 
waste during use in the recipe. These can be called 
storage problems and pollution. Due to the 
contamination of the cake, there is a high 
probability of surface defects such as perforation 

and dent on the glazed surface. In addition, the use 
of waste in the recipe can cause rheological 
problems. 

 
The filter press cake obtained from the treatment 
plant was dried and blended and then added to the 
recipes. The results of the quantitative analysis to 
determine the content of the materials by semi - 
quantitative (SQX) analysis by X - ray spectroscopy 
are given in Figure 4. 
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Figure 4:  Semi-quantitative (SQX) Analysis Results for Gas Ceramic Masse. 

 
At the end of the analysis, the components in the 
sample were determined. When the results were 

examined, it was found that the components 
complying with the operating standards did not 

contain any harmful components. It has been 
determined that fire loss is measured as 9,70% by 
mass and this value is suitable for working 
conditions. In addition, physical testing of the final 
products was performed. 
 

Guidelines and Requirements of Gas Ceramics 
Within the scope of the products obtained in our 
project, the original furnace process design, 
formulation and cassette designs have been done 
in order to create commercial potential in the 
properties such as color and pore homogeneity and 
strength. ISO creates documents that provide 

requirements, specifications, guidelines or 

characteristics that can be used consistently to 
ensure that materials, products, processes and 
services are fit for their purpose shown in Table 7. 
 
For ceramic tiles, water absorption is used to 
classify products. This document outlines the 

procedures for the measurement of water 
absorption and related properties using classical 
Archimedean method. Impregnation of the open 
porosity is achieved by a vacuum method only. 
After the received samples had been tested 
according to standard ISO 10545-3, they measured 

is below the 0.05. In addition to this, frost 
resistance is a quality for tiles have when they are 
subjected to water at temperatures lower than 0 °C 
without being damaged by stress generated by 

their moisture content freezing. Ceramic tiles are 

defined as resistance or not. As the water 
absorption of ceramic tiles is very low most ceramic 

tiles are frost resistant as in Table 7. 
 

This ISO 40545-9 standard defines a test method 
for determining the resistance to thermal shock of 
all ceramic tiles under normal conditions of use. The 
variation of the characteristics of the tested tiles 
was visually controlled. The results was determined 
as resistant. This crazing resistance test method is 

for the determination of the resistance to the 
formation of crazes by subjecting whole tiles to 
steam at high pressure in an autoclave, then 
examination of the tiles for crazes after applying a 
stain to the glazed surface. Resistance to chemicals 
is the capacity of the surface at room temperature 
to tolerate contact with chemicals (domestic 

products, staining chemicals, pool additives, acids 

and solvents) without alteration in its appearance. 
Unglazed tiles are divided into categories starting 
with U and for glazed tiles the category starts with 
G. Category A means they was no visible effect and 
for C there is a visible effect on the sides of the tile 
and the surface. 

 
Light fastness and color fastness of ceramic tiles 
was determined by exposure to radiation of a 
mercury vapor lamp according to standard DIN 
51094.  This test enables the light fastness of 
ceramic tiles was evaluated with relation to 

changes in color under the action of artificial light, 
where the sample was tested and subjected for 28 
days to the action of ultraviolet rays. The results 
showed that there were no visual differences 

between the tiles. 
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Table 6: Test Analysis Results for Gas Ceramic. 

Tests Standard 

Limits 

Experimental 

Results 

Water absorption, apparent porosity, apparent 
relative density and bulk density of ceramic tiles 

ISO 10545-3 ≤0.05 

Resistance To Thermal Shock ISO 40545-9 Resistant 

Crazing resistance ISO 40545-11 Resistant 

Frost resistance ISO 40545-12 Resistant 

Resistance to high concentrations of acids and alkalis ISO 40545-13 GA 

Resistance to household chemicals and swimming 
pool salts 

ISO 40545-13 A 

Surface hardness Mohs EN 101 7 

Testing of the light fastness and color fastness of 
ceramic tiles 

DIN 51094 Resistant 

 

CONCLUSION 
 

The effects of pore distributions / homogeneity and 
density on the properties of materials were 
investigated. It was observed that the size 
distribution of the colorful gas ceramic has a similar 
pore structure. It was determined that changes in 
the durability, density and heat permeability of the 
material to cause pore homogeneity and size 

distribution as well as open / closed pores. When 
the test results were examined, pore properties 
depend on the change of sieve residue and also 
pore sizes have been increase with the increase of 
sieve residue. As a result of this, volume of gas 
ceramic has increased and its density has 
decreased. Besides, the interaction of raw materials 

with between each other is also very important. 
Raw materials may increase the properties of each 
other positively or may reduce effect. Therefore, it 
seen that a difference in pore size distribution and 
density variation of the final products during the 
experiments. Most importantly, it is one of the 

innovative aspects of project that creates a healthy 
living space for the environment by holding the 
moisture owing to the high diffusion feature. The 
advantages of the final product and its superior 
properties from other alternative materials has high 
thermal insulation, high compression strength, 
flame retardant, low water absorption (~0) and low 

density. It was determined to use areas such as in 
heat insulation for ceramic floor tiles, in 
prefabricated buildings and also floor applications 

purpose for garden use decoratively considering 
that the properties of product. A competitive 
advantage is provided in virtue of the process 
design which can be changed according to the 

usage conditions and also the potential can be 
applied to the desired properties. 
 
Within this scope, it is aimed to carry out 
alternative studies in line with the global demands. 
The final product, using by especially 30-40% of 
production waste, has become a new point of view 

for the market in gas ceramic applications. Seranit-
Serra product range has been expanded and also 

has been entered into the new market considering 
the characteristics and structure of the products. 
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Abstract: The aim of our study is to propose a theoretical model to analyze the energy efficient 

and environment friendly cascade system for various refrigerant pairs. In order to realize, the 
optimum cascade evaporation temperature (TOPT,CAS,E) which maximize the performance, coefficient 
of performance (COP) values are determined for different refrigerant pairs of the system. After the 
optimization, two different cases have been investigated through a thermodynamic analysis to 

discover the best refrigerant pair for the system. Natural refrigerant CO2 is selected instead of 
R404A which has high Global Warming Potential (GWP) value for the low temperature cycle (LTC). 
On the other hand, synthetic refrigerants (R134a, R152a) and a natural refrigerant (NH3) are 
chosen for the high temperature cycle (HTC). In order to determine, energy efficient and 
environmentally friendly cascade system, R134a/CO2, R152a/CO2 and NH3/CO2 refrigerant pairs are 
investigated in Case 1. On the other hand, R134a/R404A, R152a/R404A and NH3/R404A refrigerant 
pairs are investigated in Case 2. In calculations, the evaporation temperature (TE) is varied from -

20 oC to -40 oC in LTC. The condensation temperature (TC) is considered to be between 30 oC and 
45 oC in HTC. Mass flow rate requirements of systems for various refrigeration capacities (QEvap) 
are calculated for different refrigerant pairs. Moreover, the COPmax and total equivalent warming 
impact (TEWI) values of the system’s refrigerant pairs are evaluated and compared for various 

operating conditions.  
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INTRODUCTION  
 

Cascade refrigeration systems have been 
widely used in commercial and industrial 
applications. The system incorporates two or 
more refrigeration cycles with relevant 
refrigerants. An appropriate selection of 
refrigerants to operate the LTC and HTC 

should be made in order to obtain high COP 
values, besides reducing the refrigerants’ 
impact on the environment during operation, 
leakage and recharge. Therefore, it is 
important to improve the energy efficiency of 

cascade systems using different refrigerant 
pairs and to determine their total contribution 

to global warming. For this purpose, the COP 
and TEWI values are calculated and 
compared for various refrigerant pairs of the 
cascade system (1-4).  
 
In the previous studies, there are few 

theoretical and experimental studies to 
evaluate the alternative refrigerants with 
respect to performance and environmental 
considerations in refrigeration applications 
(1-7). Llopis et al. (1) presented the 
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experimental evaluation of refrigerants 

R404A and R507A in the double-stage 
refrigeration plant. They concluded that the 
performance of R404A system is considerably 
higher than R507A system’s when the plant 
operates without inter-stage system at low 
evaporation temperatures. Kılıcaslan and 
Hosoz, (2) determined and compared the 

COP and irreversibility values of the cascade 
system with various refrigerant pairs such as 
R152a/R23, R290/R23, R507/R23, R717/R23, 
R404a/R23. They reported that refrigerant 
pair R717/R23 is the best for the cascade 
systems among all selected pairs. If there are 

some limitations for the use of the natural 
refrigerants, the pair R152a/R23 is the best 
solution. Cabello et al. (3) performed an 

experimental comparison of a cascade 
refrigeration plant with the refrigerant pairs 
R134a/R744 and R152a/R744 under a wide 
range of operating conditions. They 

concluded that the high GWP refrigerant 
(R134a) can be replaced with the low GWP 
refrigerant (R152a) in accordance with the 
new environmental regulations. As a result, 
the replacement of R134a with R152a is 
technically and energetically feasible. Oruç et 
al. (4) investigated experimentally a 

refrigeration system using low GWP 
alternative refrigerants of R453A and R442A 
as drop in replacements for R404A. Using 
R453A and R442A as alternatives for R404A 
reduced the GWP by %55 and %52. In 

addition, the alternative refrigerants could be 

directly used in a system constructed to 
operate with R404A. Baakem et al. (5) 
performed energy, exergy and economic 
analyses of a multistage refrigeration system 
using Engineering Equation Solver (EES) 
software. In this theoretical study, they 
examined eight different refrigerants such as 

R717, R22, R134a, R1234yf, R1234ze, 
R410A, R404A and R407C. The maximum 
COP (6.17) was calculated for R717 system 
whereas the minimum COP value (4.95) was 
calculated for R407C. It was found that the 
best alternative was R717, compared to the 
other refrigerants. Vaghela (6) examined 

theoretically the different alternative 
refrigerants such as R290, R600a, R407C, 

R410A, R404A, R152a and R1234yf as a drop 
in replacement of R134a. As a result of the 

thermodynamic analysis, R1234yf is 

determined to be the best suitable alternative 
refrigerant to replace R134a. It has very low 
GWP although it causes lower COP values 
compared to R134a. Karampour and Savalla 
(7) identified the most promising solutions of 
CO2 trans-critical booster systems. They 
determined that the state-of-the-art 

integrated CO2 systems are energy efficient, 
environmentally friendly and compact 
solutions which provide the whole thermal 
demands of supermarkets in cold and warm 
climates.  
 

CASCADE REFRIGERATION SYSTEM 
 
Some industrial applications require 

moderately low temperatures and the 
temperature range between high and low 
temperatures may be too large for a single 
refrigeration cycle. Moreover, a large 

temperature range means that a large 
pressure range in the cycle and poor 
performance for a compressor. In these 
conditions, the refrigeration process is 
performed in stages, namely, to have two or 
more refrigeration cycles operate in series. 
These refrigeration cycles are called cascade 

refrigeration cycles (8). The cascade system 
is principally two single vapor compression 
cycles that are integrated by a heat 
exchanger. In this study, the upper cycle 
utilizes R134a, R152a and NH3 and rejects 

heat to the ambient air at high temperature 

(TH). The lower cycle uses CO2 or R404A and 
absorbs heat from the refrigerated space at 
low temperature (TL). Figure 1a displays a 
schematic view of the cascade system. The 
lower cycle rejects heat to the upper cycle in 
the cascade heat exchanger. The cascade 
heat exchanger functions as an evaporator 

for the HTC and a condenser for the LTC. As 
shown in the T-s diagram in Figure 1b, there 
are the evaporation and condensation 
temperatures. These temperatures depend on 
the refrigerated space and ambient 
conditions. Moreover, in a cascade system, 
there are two additional temperatures being 

the condensation temperature of the LTC 
(TCAS,C) and the evaporation temperature of 

the HTC (TCAS,E). 
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Figure 1a: Schematic view of the cascade 
system 

Figure 1b: T-s diagram of system 

 
For a given operating condition TE and TC, the 
intermediate temperatures can be 
determined through the use of optimization. 

Initially, the optimum TCAS,E (TOPT,CAS,E ) is 

computed from the TE and TC. With such 
cascade systems, the TE range from -30 oC to 
-55 oC can be achieved. Since cascade 
systems are more complicated than the 

single-stage ones, the attention should be 
paid to the optimization of the operation 

parameters. 
 
UTILIZED REFRIGERANTS AND 
ENVIRONMENTAL ANALYSIS 
 
Synthetic refrigerants are utilized in most 

industrial refrigeration systems because of 
their higher cooling properties. Nowadays, as 
environmental issues have recently gained 
more importance considering GWPs and 
ozone depletion potentials (ODPs) natural 
refrigerants such as CO2 and various 
hydrocarbon compounds are proposed to 

replace synthetic refrigerants in industrial 

systems (9). This study investigates the 
effect of the low and high GWP refrigerants in 
the cascade system using thermodynamic 
analysis.  
 
In Case 1, one fully and two partially natural 

refrigerant solutions have been investigated. 
Fully natural refrigeration solution, CO2 is the 
selected refrigerant of LTC and NH3 is the 
selected refrigerant of HTC. The partially 

natural refrigerant solutions system uses the 
CO2 as the refrigerant of the LTC and the 
synthetic R152a and R134a as refrigerants of 

the HTC. CO2 is one of the most promising 
and environment-friendly refrigerant 
solutions due to its superior thermo-physical 
properties, low ODP and GWP. It is also a 
non-toxic, non-explosive, easily available 

refrigerant Pearson (9). NH3 is another 
natural refrigerant but it is toxic and 

flammable with A2 safety class. R152a has 
approximately same behavior like R134a for 
temperatures from -25 oC to -10 oC. 
Therefore, R134a can be replaced with R152a 
with minimum modification in the existing 
refrigeration system Cabello (3).  

 
In Case 2, one partially natural refrigerant 
solution and two synthetic refrigerant 
solutions are examined. R404A, as a 
refrigerant with several appropriate 
properties, has been being widely used in 
industrial applications in over the world. 

However, due to several regulations 

regarding the environmental issues, the 
restriction of refrigerants (R404A, R134a and 
R152a) usage with high GWP has started. 
Main advantages of them are in A1 safety 
class and non-flammable refrigerants. 
However, they have high GWP. The 

advantage of R152a is its low GWP, whereas 
its disadvantage is its flammability. It is in 
the safety class A2. 
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Table 1. The physical, environmental and safety properties of refrigerants (10) 
Refrigerants Molecular 

weight 
(kg/kmol) 

Boiling 
point 
(°C) 

Critical 
temperat

ure 
 (°C) 

Critical 
pressure 
(MPa) 

Toxicity Flammability GWP 

NH3 17.03 -33.3 132.3 11.28 A2 2 0 
R152a 66.05 -25.0 113.5 4.52 A1 2 140 
R134a 102.3 -26.1 101.1 4.06 A1 1 1370 

R404A 97.60 -46.5 72.04 3.72 A1 1 3922 
CO2 44.01 -56.6 31.0 7.38 A1 1 1 

 

TEWI is a GWP measure used to evaluate the 
direct and indirect global warming effects of 
the refrigeration systems. The direct effect 
which occurs as a result of refrigerant is 
released directly into the atmosphere. The 
indirect effect of CO2 emissions released from 
fossil fuels consumed to produce energy to 

drive the refrigeration system from beginning 
to the end of its lifetime. TEWI comparison 
provides a clear image of these effects in the 
service lifetime of the refrigeration system. 
TEWI values of different system’s refrigerant 
pairs are calculated using the following 
correlation (11). 

 

𝑇𝐸𝑊𝐼 = GWPRef (m𝑅𝑒𝑓 × Lannual × N + m𝑅𝑒𝑓 × (1−∝)) + (Eannual × β × N)    (1) 

 

Where GWPRef is the GWP of the refrigerant, 
N is the system lifetime, mRef is the total 
refrigerant charge, Lannual is the refrigerant 
leakage rate,  is the recycling factor, Eannual 

is energy consumed per year and β is the 
electricity regional conversion factor.  
 
THERMODYNAMIC ANALYSIS 

 
System Model Equations  
The thermodynamic model of the cascade 
system is developed using the first law of 
thermodynamics. Considering the schematic 

and state points of Figures 1a and 1b, the 
following equations are used for the analysis. 

The COP and the mass flow ratio of two 
cycles are computed for various operating 
conditions (8).  
 
Following assumptions are taken into 
consideration in the analysis.  

 isenthalpic expansion of refrigerants 
in expansion valves,  

 isentropic compressor efficiencies of 
0.72 both low and high temperature 
cycles,  

 potential and kinetic energy changes 
are neglected,  

 heat and pressure losses in all 

components are neglected, 
 the subcooling degree (ΔTSUB) and 

superheat degree (ΔTSUP) are kept 
constant to be 5 oC and 7 oC 
respectively. 

 

Numerical calculations are performed using 
well-known EES software (12). The thermo-
physical properties of the refrigerants (CO2, 
NH3, R134a, R152a and R404A) specified is 
obtained using EES. The mathematical model 
of the cascade system has been developed 

using the first law of thermodynamics. The 
derived equations are given below; 

 
The capacity of the evaporator of LTC is 
defined as 
𝑄̇𝐸𝑣𝑎𝑝 =  𝑚̇𝐿(ℎ2 − ℎ1)   (2) 

 

Compressor power consumption for HTC is 
given a: 
𝑊̇𝐶𝑜𝑚𝑝2 = 𝑚̇𝐻(ℎ7 − ℎ6)   (3) 

 
Similarly, compressor power consumption for 
LTC is  
𝑊̇𝐶𝑜𝑚𝑝1 = 𝑚̇𝐿(ℎ3 − ℎ2)    (4) 

 
The rate of heat transfer in the cascade 
system is calculated as 
𝑄̇𝐶𝐴𝑆 =  𝑚̇𝐻(ℎ6 − ℎ5) =  𝑚̇𝐿(ℎ4 − ℎ3)  (5) 

 
The mass flow rate ratio of circulating 
refrigerants in high and low temperature 
cycles is  

𝑚̇𝐻

𝑚̇𝐿
=

(ℎ4−ℎ3)

(ℎ6−ℎ5)
     (6) 

 
The rate of heat rejection by the condenser of 
HTC: 
𝑄̇𝐶𝑜𝑛𝑑 =  𝑚̇𝐻(ℎ7 − ℎ8)      (7) 

 

And finally, the overall COP of the cascade 

system is determined by:  

𝐶𝑂𝑃 =
𝑄̇𝐸𝑣𝑎𝑝

𝑊̇𝐶𝑜𝑚𝑝2+𝑊̇𝑐𝑜𝑚𝑝1
=

𝑚̇𝐿(ℎ2−ℎ1)

𝑚̇𝐻(ℎ7−ℎ6)+𝑚̇𝐿(ℎ3−ℎ2)
 (8) 

 
RESULTS AND DISCUSSION 

 
Optimization  
The linear regression method is applied in 
two-variable optimization calculations using 
EES software (12). Two correlations are 
computed for each refrigerant pair from the 
two operating condition variables TE and TC. 

First, the TOPT,CAS,E is calculated from the 
given TE and TC. Then, the COPmax is 
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calculated from the former TOPT,CAS,E values. 

The computed correlations are presented in 

Table 2. The unit used in the calculations is 

Kelvin (K). 
 

Table 2: Correlations of the refrigerant pairs calculated for two case studies.  
 Case 1  Case 2 

R
1
3
4
a
/C

O
2
 

𝑇𝑂𝑃𝑇𝐶𝐴𝑆,𝐸
= 73.235 + 0.34𝑇𝐶 + 0.365𝑇𝐸 

𝑅2 = 91.77 % 

 
𝐶𝑂𝑃𝑚𝑎𝑥 =  4.540 − 0.0403𝑇𝐶 + 0.0404𝑇𝐸 
𝑅2 = 97.57 % 

 

R
1
3
4
a
/R

4
0
4
A
 𝑇𝑂𝑃𝑇𝐶𝐴𝑆,𝐸

= 15.5357 + 0.4736𝑇𝐶 + 0.4705𝑇𝐸 

𝑅2 = 97.74 % 

 
𝐶𝑂𝑃𝑚𝑎𝑥 =  3.881 − 0.0425𝑇𝐶 + 0.0393𝑇𝐸 
𝑅2 = 99.98 % 

R
1
5
2
a
/C

O
2
 

𝑇𝑂𝑃𝑇𝐶𝐴𝑆,𝐸
= 51.14 + 0.3208𝑇𝐶 + 0.467𝑇𝐸 

𝑅2 = 99.91 % 

 
𝐶𝑂𝑃𝑚𝑎𝑥 =  3.9747 − 0.039𝑇𝐶 + 0.0418𝑇𝐸 
𝑅2 = 97.67 % 

R
1
5
2
a
/R

4
0
4
A
 𝑇𝑂𝑃𝑇𝐶𝐴𝑆,𝐸

= 37.932 + 0.3484𝑇𝐶 + 0.5215𝑇𝐸 

𝑅2 = 97.90 % 

 
𝐶𝑂𝑃𝑚𝑎𝑥 =  3.3795 − 0.038𝑇𝐶 + 0.04316𝑇𝐸 
𝑅2 = 95.81 % 

N
H

3
/C

O
2
 

𝑇𝑇𝑂𝑃𝑇𝐶𝐴𝑆,𝐸
= 85.18 + 0.2172𝑇𝐶 + 0.458𝑇𝐸 

𝑅2 = 99.95 % 

 
𝐶𝑂𝑃𝑚𝑎𝑥 = 2.022 − 0.0330𝑇𝐶 + 0.0424𝑇𝐸 
𝑅2 = 92.84 % 

N
H

3
/R

4
0
4
A
 

TTOPTCAS,E
= 60.7717 + 0.2876TC + 0.5045TE 

𝑅2 = 99.99 % 

 
𝐶𝑂𝑃𝑚𝑎𝑥 = 3.006 − 0.0371𝑇𝐶 + 0.0436𝑇𝐸 
𝑅2 = 97.75 % 

 
Optimization results 

The proposed correlations are used to estimate the TOPT,CAS,E and COPmax values from various 
operating parameters TE and TC. The estimations for Cases 1 and 2 are illustrated in Table 3.  

 
Table 3: Predictions of TOPT,CAS,E and COPmax for different refrigerant pairs. 

  Case 1 Case 2 

  R134a/CO2 R152a/CO2 NH3/CO2 R134a/R404A R152a/R404A NH3/R404A 

TC 
(K) 

TE 
(K) 

TOPT  
(K) 

COP 
TOPT  
(K) 

COP 
TOPT 
(K) 

COP 
TOPT  
(K) 

COP 
TOPT  
(K) 

COP 
TOPT 
(K) 

COP 

318 

253 273.7 2.03 271,3 2.15 270.1 2.26 285.2 2.14 280.6 2.20 279.9 2.24 

248 271.9 1.83 269.0 1.94 267.8 2.04 282.8 1.93 278.0 1.98 277.3 2.02 

243 270.0 1.63 266.6 1.73 265.5 1.83 280.5 1.72 275.5 1.77 274.8 1.81 

238 268.2 1.43 264.3 1.52 263.3 1.62 278.1 1.50 272.8 1.55 272.3 1.59 

233 266.4 1.22 262.0 1.31 260.9 1.41 275.8 1.29 270.2 1.34 269.8 1.37 

313 

253 272.0 2.23 269.7 2.34 269.0 2.42 282.8 2.34 278.9 2.39 278.4 2.43 

248 270.2 2.03 267.4 2.13 266.8 2.21 280.5 2.13 276.3 2.17 275.9 2.21 

243 268.4 1.83 265.0 1.93 264.5 2.00 278.1 1.91 273.7 1.96 273.4 1.99 

238 266.5 1.63 262.7 1.72 262.2 1.78 275.7 1.70 271.1 1.74 270.9 1.77 

233 264.7 1.42 260.4 1.51 259.9 1.57 273.4 1.49 268.5 1.53 268.3 1.55 

308 

253 270.3 2.43 268.1 2.54 268.0 2.59 280.5 2.54 277.2 2.58 277.0 2.61 

248 268.5 2.23 265.8 2.33 265.7 2.37 278.1 2.32 274.6 2.36 274.5 2.39 

243 266.6 2.03 263.4 2.12 263.4 2.16 275.7 2.11 272.0 2.15 271.9 2.18 

238 264.8 1.83 261.1 1.91 261.1 1.95 273.4 1.90 269.4 1.93 269.4 1.96 

233 263.0 1.62 258.8 1.70 258.8 1.74 271.0 1.68 266.7 1.72 266.9 1.74 

303 

253 268.6 2.63 266.5 2.73 266.9 2.75 278.1 2.73 275.5 2.77 275.6 2.80 

248 266.8 2.43 264.2 2.52 264.6 2.54 275.7 2.52 272.8 2.55 273.0 2.58 

243 264.9 2.23 261.8 2.32 262.3 2.33 273.4 2.31 270.2 2.34 270.5 2.36 

238 263.1 2.03 259.5 2.11 260.0 2.11 271.0 2.09 267.6 2.12 268.0 2.14 

233 261.3 1.83 257.2 1.90 257.7 1.90 268.7 1.88 265.0 1.91 265.5 1.93 
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Thermodynamic analysis results 
Various pairs of refrigerant such as 
R134a/CO2, R152a/CO2, and NH3/CO2 are 
investigated in Case 1. Similarly, 
R134a/R404A, R152a/R404A, and NH3/R404A 
are examined in Case 2. The cases were 
investigated due to the variations in TE and 

TC. The other operating parameters were kept 
constant such as ΔTCAS, the subcooling and 
superheat degrees were assumed as 6 K, 5 K 
and 7 K respectively.  
 
The Effect of TE on COPmax 

In Figures 2a and 2b, the effect of various TE 
values (between -20 oC and -40 oC) on 
COPmax is demonstrated for the cascade 
systems to select the optimal refrigerant 
pairs. Figure 2a indicates that NH3/CO2 
system provides the maximum COPmax values 
for various TE values in Case 1. On the other 

hand, COP of R152a/CO2 system is slightly 
better than the R134a/CO2 system. COP 
values are displayed in Figure 2b for Case 2. 
In this case, NH3/ R404A system appears to 
be slightly better than R152a/ R404A and 
R134a/ R404A systems. 

 

 
 
Figure 2a: Influence of TE on COPmax(Case 1)      Figure 2b: Influence of TE on COPmax(Case 2)  

 
Effect of TC on COPmax 
The effect of TC on COPmax was investigated. 
The TE was kept constant at -35 oC. The 

COPmax values are demonstrated in Figures 
3a and 3b for variable TC values such as; 45 
°C, 40 °C, 35 °C, 30 °C. For all the systems 

in Case 1 and Case 2, it is observed that, 
while the TC values increase the COPmax 
values decrease. The NH3/CO2 system and 

the NH3/R404A system appear to have minor 
advantages over the other refrigerant pairs 
on both cases.  

 

Figure 3a: Effect of TC on COPmax (Case 1)   Figure 3b: Effect of TC on COPmax (Case 2)  
 
Effect of TE on TOPT,CASE  
TOPT,CAS,E values were calculated for various 
evaporation temperatures (TE ). While the TC 
was kept constant at 40 °C, TE values were 

varied between -40 oC and -20 oC. The 
variations of TOPT,CAS,E values are depicted in 
Figures 4a and 4b. In Case 1, relatively 
higher TOPT,CAS,E values are calculated for 
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R134a/CO2 than the other refrigerant pairs. 

Similarly, in Case 2, relatively higher 
TOPT,CAS,E values are observed for 

R134a/R404A system. The other refrigerant 

pairs demonstrate similar behavior in both 
cases.  

 

 

 
Figure 4a: Effect of TE on TOPT,CASE (Case 1)       Figure 4b: Effect of TE on the TOPT,CASE (Case 2)  
 
Effect of TC  on TOPT,CAS,E 
The TOPT,CAS,E values are evaluated for variable 
TC values between 45 °C and 30 °C while TE 

kept constant at -35 oC. Relatively higher 
TOPT,CAS,E values for R134a/CO2 and 

R134a/R404A systems are demonstrated in 
Figures 5a and 5b. On the other hand, 
systems with R152a/CO2 and NH3/CO2 pairs 

share common TC values in each case.   

 

 
 

Figure 5a: Effect of TC on TCAS,E (Case 1).  Figure 5b: Effect of TC on TCAS,E (Case 2). 
 
Effect of QEvap on mass flow rate of LTC 

and HTC refrigerants  
Required mass flow rates of refrigerant pairs 
for different refrigeration capacities are 
demonstrated in Table 4. It is observed that 

increasing the refrigeration capacities from 4 
kW to 9 kW causes an increase in the mass 
flow rates of cascade refrigerant pairs. It is 
found that the mass flow rates of CO2 are 

lower compared to the mass flow rates of 

R404A. Additionally, for the chosen capacity 
of 5 kW, the use of CO2 requires the lowest 
mass flow rate (0.022 kg/s) whereas using 
R404A requires the highest mass flow rate 

(0.038 kg/s) in LTC. The mass flow rates of 
HTC refrigerants are calculated and the same 
values are founded in two cases.  
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Table 4: Required mass flow rates of refrigerant pairs for different refrigeration capacities. 
 
QEvap 

(kW) 

Case 1 Case 2 

R134a/CO2 

(kg/s) 
R152a/CO2 

(kg/s) 
NH3/CO2 

(kg/s) 
R134a/R404A 

(kg/s) 
R152a/R404A 

(kg/s) 
NH3/R404A 

(kg/s) 

4 0.039/0.018 0.023/0.018 0.0050/0.018 0.039/0.030 0.023/0.030 0.0050/0.030 
5 0.048/0.021 0.028/0.021 0.006/0.021 0.048/0.038 0.028/0.038 0.006/0.038 
6 0.057/0.026 0.034/0.026 0.007/0.026 0.057/ 0.045 0.034/0.045 0.007/0.045 
7 0.067/0.030 0.039/0.030 0.008/0.030 0.067/ 0.052 0.039/0.052 0.008/0.052 
8 0.076/0.034 0.044/0.034 0.009/0.034 0.076/ 0.059 0.044/0.059 0.009/0.059 
9 0.085/0.038 0.050/0.038 0.010/0.038 0.085/ 0.066 0.050/0.066 0.010/0.066 

In Figure 6, it is observed that the use of R134a requires the highest mass flow rate whereas using 

NH3 requires the lowest mass flow rate, due to its high latent heat of vaporization as HTC 
refrigerants. Mass flow rate values of R152a are between the values of R134a and NH3 systems for 
the QEvap from 4 kW to 9 kW. 
 

 
 

Figure 6: Mass flow rates of LTC and HTC refrigerants versus 𝑄̇Evap. 

 
TEWI comparison of the cascade 
refrigerant pairs  

In order to calculate TEWI values for Cases 1 
and 2, model assumptions of the cascade 
system are determined. The TE, TC and ΔTCAS 
values are taken as -35 oC, 40 oC and 6 K 
respectively. The refrigeration capacity is 
chosen as 5 kW. According to these 

assumptions, mass flow rates of HTC 
refrigerants are calculated as 0.048 kg/s for 
R134a, 0.028 for R152a and 0.006 kg/s for 
NH3. On the other hand, the mass flow rates 
of LTC refrigerants are founded as 0.022 kg/s 
for CO2 and 0.038 kg/s for R404A. The 

calculation of each refrigerant charge is done 
by using the estimation of 𝑚̇𝑅𝑒𝑓𝑥(240𝑠). This 

estimated value is used to size the liquid 
refrigerant receiver in refrigeration systems. 
The receiver’s volume is determined by the 
amount of charged refrigerant of the system 
(13). In addition, the power consumption of 
compressors is only taken into account in 

order to calculate the system energy 
consumption (Table 4). The power 
consumption of fans is not taken into 
account. The TEWI analysis assumptions are 
summarized in Table 5. 

 

Table 5: TEWI analysis assumptions (11). 

Parameter 
mRef* 

(kg) 
Lannual 
(%) 

N 
(years) 

 

(%) 

β** 

(kg.CO2/kWh) 

System 
operation 
(h/year) 

GWPRef 
 

Assumed 

values 
𝑚̇𝑅𝑒𝑓𝑥(240𝑠) 12.5 15 0.7 β = 0.65 6570 

𝐺𝑊𝑃𝐶𝑂2 = 1 
𝐺𝑊𝑃𝑁𝐻3 = 0 
𝐺𝑊𝑃𝑅134𝑎 = 1370 
𝐺𝑊𝑃𝑅152𝑎 = 140 
𝐺𝑊𝑃𝑅404𝐴 = 3922 

* Unal (13), **Horton (14) 
 
The GWP values are relatively high for 

alternative refrigerant pairs in Cases 1 and 2. 
Therefore, TEWI analysis plays an important 
role in the selection of the system’s 

refrigerant pairs effectively. For comparison 

between the Cases 1 and 2, the TEWI 
numbers are calculated from Eq.(1) and 
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presented in Table 6. Moreover, calculated COPmax values can be seen in Table 6.  

 
Table 6. Comparison of TEWI and COPmax values for cascade system in Cases 1and 2 

 

 
Case 1 Case 2 

NH3/CO2 R152a/CO2 R134a/CO2 NH3/R404A R152a/R404A R134a/R404A 

Refrigerant 
charge 
(kg) 

1.44 5.04 6.72 5.04 11.52 5.04 1.44 9.12 6.72 9.12 11.52 9.12 

Refrigerant 
Leakage rate 

(% /year) 
0.125 0.125 0.125 0.125 0.125 0.125 

Service life 
(years) 

15 15 15 15 15 15 

Recycling 
factor 

0.7 0.7 0.7 0.7 0.7 0.7 

GWP 1 0 1 140 1 1370 0 3922 140 3922 1370 3922 

Direct CO2 
refrigerant’s 

emission 
(kg CO2) 

10.96 0 10.96 2,05 10.96 34,328 0 77,797 2,05 77,797 34,328 77,797 

Direct CO2 

emission 
equivalent 
(kg CO2) 

10.96 2,057 34,338 77,797 79,843 112,124 

Power 
consumption 

(kW) 
2.80 2.92 3.06 2.82 2.87 2.94 

Service life 
(years) 

15 15 15 15 15 15 

Operation 
(h/year) 

6570 6570 6570 6570 6570 6570 

CO2 emission 
factor 

0.65 0.65 0.65 0.65 0.65 0.65 

Indirect CO2 

emission 
equivalent 
(kg CO2) 

179,361 187,048 196,016 180,642 183,845 183,205 

TEWI 
equivalent 

CO2 emission 

(kg) 

179,372 189,105 230,354 258,439 263,688 295,328 

COPmax 1.78 1.72 1.63 1.77 1.74 1.70 

 

The results of the TEWI analysis are 
presented in Figure 7. A system with a 
synthetic refrigerant pair emits considerably 
higher amounts of greenhouse gases than a 

system with natural refrigerant pairs during 
their lifetime (7). Obviously, the direct 

(leakage) of high GWP synthetic refrigerants 
is the reason for such an important 
difference. Additionally, the indirect part of 
TEWI might be improved with the low CO2 

emission electricity production.  
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Figure 7: TEWI values comparison of systems in Cases 1and 2 

 
CONCLUSIONS 
 

A theoretical model is proposed to analyze 
and determine an energy efficient and 
environment-friendly cascade system for 
various refrigerant pairs. Two case studies 
are proposed. Case 1 has R134a/CO2, 
R152a/CO2, and NH3/CO2 systems while Case 
2 has R134a/R404A, R152a/R404A and 

NH3/R404A systems. The model is used to 
optimize the cascade evaporation 
temperature at given TE and TC values. After 
the optimization, COPmax values are 
calculated for all refrigerant pairs. While 
these systems are parametrically analyzed, 

the TE, TC and QEvap values are taken as -35 
oC, 40 oC and 5 kW respectively.  
 
From the results obtained, it is presented 
that: 
 
 For all the refrigerant pairs, increasing 

the TE of LTC rises to COPmax values. 
However, increasing the TC of HTC 
reduces to COPmax values for all studied 
systems. 
 

 For all refrigerant pairs, increasing TE 
and TC rises the TOPT,CAS,E. The TOPT,CAS,E 

values of R134a/CO2 are higher than the 
other refrigerants pairs in Case 1. 

Similarly, relatively higher TOPT,CAS,E 
values are also observed for 
R134a/R404A system in Case 2. 

 
 The mass flow rates of the system’s 

refrigerant pairs have been examined in 
terms of various refrigeration capacities 
(from 4kW to 9 kW). In LTC, the use of 
CO2 requires the lowest mass flow rate 
(0.022 kg/s), whereas using R404A 
requires the highest mass flow rate 

(0.038 kg/s). In HTC, it is also 
determined that the mass flow rate of 
NH3 (0.006 kg/s) is lower to other 

refrigerants (R134a and R152a). 
Therefore, it is concluded that the 

necessary total refrigerant amount is 
found less for natural ones. 
 

 In Case 1, R134a/CO2 pair is found to be 
the worst option due to resulting in the 
lowest COPmax (1.63) whereas the 
NH3/CO2 is found to be the best option 

due to resulting in the highest COPmax 
(1.78). In addition, in Case 2, 
R134a/R404A is found to be the worst 
option due to resulting in the lowest 
COPmax (1.70) whereas the NH3/R404A is 
found to be the best option due to 

resulting in the highest COPmax (1.77).  

 
 The TEWI results suggest that the 

environmental impact caused by system 
will decrease by having an efficient 
system rather than one that employs a 
refrigerant with a low GWP. According to 

the TEWI values, R134a/CO2 and 
R134a/R404A systems have the highest 
contribution to CO2 emission equivalent 
of indirect effect. These systems also 
have the lowest COP values. On the 
other hand, NH3/CO2 and NH3/R404A 
systems have the lowest contribution to 

CO2 emission equivalent of indirect 
effect. In addition, the COPmax values of 

the systems are calculated as the 
highest. 

 
NOMENCLATURE 
 

Abbreviations  
COP coefficient of performance (-) 
GHG greenhouse gases  
GWP global warming potential 
EES Engineering Equation Solver 
HP high pressure  

LP low pressure  
ODP ozone depletion potential  
TEWI total equivalent warming impact 
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Greek Letters 
 recycling factor (%) 

β electricity regional conversion factor 
(kg.CO2/kWh) 
 
Latin Letters 
h specific enthalpy (kJ/kg) 
L refrigerant leakage rate (% /year) 
m refrigerant charge (kg) 
𝑚̇  mass flow rate (kg/s) 

N system lifetime (years) 
𝑄̇  heat transfer rate (kW) 

s specific entropy (kJ/kg.K) 
T temperature (°C or K) 

ΔT temperature difference (K) 
𝑊 ̇  power (kW) 

 
Subscripts 
C condensation 
CAS cascade 
Cond condenser 
Comp compressor 
E evaporation 

EV expansion valve 
Evap  evaporator 
HTC  high temperature cycle 
LTC low temperature cycle  
max maximum 
OPT optimum 

Ref refrigerant 
Sub subcooling 
Sup superheating 
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  SYNTHESIS AND CHARACTERIZATION OF GRAPHENE QUANTUM
DOTS FROM DRIED PINE LEAVES
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Abstract:  In this study, it was aimed to obtain graphene quantum dots (GQDs) from dried pine leaf
(DPL) (peanut pine (Cedrus libani, Pinus nigra)). Decomposition temperatures of the dried pine leaf were
determined by DTA-TGA analyses in nitrogen atmosphere. DPL was subjected to carbonization in an ash
furnace for 6 hours in air, at temperatures of 250, 300, 350 ºC. The materials obtained from the thermal
process are characterized using FT-IR, XRD, SEM-EDAX, UV-Vis, and Fluorescence spectrophotometry.
When  dissolved  in  deionized  water,  these  materials  emit  blue  fluorescence  under  UV-A  and  UV-C
excitation.  The  emission  and  excitation  peaks  are  very  sharp,  indicating  a  homogeneous  particle
distribution  of  GQDs in  water.  When the  analysis  results  were  examined,  it  was  observed that  the
substance was obtained as a  result  of  the carbonization process  at  350 ºC for 6  hours  and it  was
compatible with GQDs data in the literature.
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INTRODUCTION

The exploration of the steam engine, the turning
point  of  the  Industry  Revolution  (1),  increased
the work of the researchers in the field of carbon
in parallel  with the increasing demand for coal.
Carbon  and  its  allotropes  (diamond,  graphite,
fullerene, buckyball (C60), graphene and carbon
nanotube)  have  become  wide  spread  in  the
recent  material  science  and  applications.
Nowadays, nanotechnology-related research has
gained speed and new nanomaterials with unique
properties such as carbon nanotubes, graphene
quantum dots,  carbon  dots,  fluorescent  carbon
nanotubes, graphene oxides, polymer dots, and
nanodiamonds  have  been  included  in  the
literature.  Due  to  the  properties  of  carbon

nanomaterials,  the  uses  are  increasing  day  by
day;  with  its  unique  optical  properties,  it  is
gaining importance in the biological applications
(5) and oncology (6). As the source for carbon
nanomaterials,  chitin  (7),  activated  carbon (8),
graphite (9), citric acid (10), aspartic acid (11),
turmeric  (12),  glucose  (13),  lemon  peel  (14),
Mangifera indica leaves  (15),  broccoli  (16)  etc.
raw materials from chemical  or natural  sources
are used. Plants are the perfect source of carbon
for  the  production  and  biosynthesis  of  carbon
nanomaterial.  Carbon  nanomaterials  can  be
obtained from the whole parts of the plants, from
roots to flowers, from fruits to leaves (17, 18).
GQDs  which  is  carbon  nanomaterials  from  the
plants  are  clean,  environmentally  friendly,  and
relatively  non-toxic.  It  is  possible  to  obtain
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single, double, and multi-layered structures with
lateral size graphene layers thinner than 100 nm
with diameters ranging within 3-20 nm (19). The
GQDs offer unique properties, high transparency,
and high surface area, it provides advantages in
energy  applications  (capacitors,  lithium  ion
batteries,  and  solar  cells,  etc.)(20).  The
applications  of  GQDs  in  ophthalmic  devices,
optoelectronics  (photodetection,  photovoltaics,
light-emitting  diodes  (LEDs),  and
plasmonics...etc.)  are  increasing in  many fields
(21).

GQDs are new materials that have been used in
various fields of technology, especially medicine.
It can be obtained from every organic structure
as  well  as  live  and dried leaves of  plants.  The
reason  why  leaves  are  preferred  is  that  they
carry  all  the  elements  of  the  same  chemical
structure  from  nano  to  macromolecule  in  the
growth stage. When the growth stops, all these
structures are present in the leaf and as a result
of  heat  treatment  a  structural  arrangement
occurs and they become GQDs structures.

The purpose of this study is to obtain GQDs from
dried pine leaf and to determine the properties of
the GQDs obtained. For this purpose, the leaves
of the peanut pine used, were collected from the
Garden  of  Inonu  University  in  Malatya/Turkey.
The connection part of the leaf to the tree trunk
was  removed  by  mechanical  cleaning.
Carbonization method was used for  GQDs.  The
characterization  of  the  obtained  GQDs  was
determined by in situ methods.

MATERIALS AND METHODS

Synthesis of GQDs and Characterization

DTA-TGA  analysis  was  performed  in  nitrogen
atmosphere  for  dried  pine  leaf  (DPL).  In  the
carbonization  process  following  the
decomposition  temperature,  250,  300,  350  0C
temperatures were preferred. 100 grams of dried
pine leaves were carbonized in air using the ash
furnace at the temperatures of 250 0C (P1); 300
oC (P2) and 350 °C (P3). Characterization of all
samples from the heat treatment was made by
FT-IR  (Thermo  Scientific  Nicolet  iS10),  XRD
(Rigaku  Miniflex  II),  Fluorescence
spectrophotometer  (Perkin Elmer LS 55),  CHNS
analysis (Thermo Scientific Flash 2000), and SEM
(FEI  Quanta  650  Model)  techniques.  UV  /  VIS
(Perkin  Elmer  Lambda  25)  and
photoluminescence  spectrophotometer  (Perkin
Elmer  LS  55)  were  used  to  determine  the
maximum excitation and emission values of the
material  and  the  excitation-related  emission
activities. Camag UV cabin was used to observe
the colors of fluorescence under UV-A and UV-C
lamp. Thermal analysis was performed by DTA-
TG Mettler Toledo Brand TGA / DSC 3+ system.

RESULTS AND DISCUSSION

DTA-TGA  analysis  was  performed  in  nitrogen
atmosphere  of  dried  pine  leaf.  The  decay
temperature was found to be between 130  oC –
370 0C (Figure 1). 
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Figure.1. TGA-DTA graph of dried pine leaves (DPL).

When  the  mass  loss-temperature  graph  was
examined,  it  was  observed  that  for  the  DPLs
which were  carbonized  for  6  hours  at  different
temperatures, the mass losses increase with the
increase of carbonization temperature. There is a

mass loss of 44%; 60%; and 90% as a result of
the  carbonization  process  at  a  temperature  of
250, 300, and 350 0C respectively (Figure 2.).

Figure 2. Mass Loss -Temperature Graph.

As a result of the ash determination of DPL, P1,
P2, and P3 samples, ash ratio was calculated as
2.93%,  6.08%,  7.84%,  and  26.67%,
respectively. The results of the original elemental
analysis of the substances formed as a result of

heat  treatment  and  raw  material  are  given  in
Table  1.  When  the  results  of  the  elemental
analysis  calculated  by  the  dry  ash  free-based
method  are  given  in  Table  1  in  parentheses.
When Table  1 is  examined, it  is  seen that  the
rate  of  H%  in  the  structure  of  P1  and  P2
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decreased; N% and S% increased slightly, while
N% and S% increase in the structure of P3; the
ratio of C% decreased to 300  0C and decreased
at 350 0C, parallel to C%, O% decreases to 300

ºC and increases to 350 0C with the effect of heat
treatment . This indicates that a new substance
was formed at 350  0C. In fact,  XRD and FT-IR
results support this situation. 

Table 1. Original elemental analysis results of samples, the values calculated  by the dry ashless free-
based method are given in parenthesis. (% w/w)

C% H% N% S%
O% (by

difference)

DPL
50.71 

(52.24)
6.69

(6.89)
1.58

(1.63)
0.10

(0.10)
40.92

(39.14)

P1
59.98

(63.86)
4.36

(4.64)
2.23

(2.37)
0.10

(0.11)
33.33

(29.01)

P2
61.64

(66.88)
3.46

(3.75)
2.74

(2.97)
0.12

(0.13)
32.04

(26.26)

P3
38.87

(53.01)
1.82

(2.48)
5.08

(6.93)
0.54

(0.74)
53.69

(36.85)
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Figure 3. FT-IR spectra of DPL (a), P1 (b), P2 (c), P3 (d).

When FT-IR graphs are examined (Figure 3), it is
seen  that  the  DPL  is  a  material  with  many
organic functional groups (Figure 3a). After the
carbonization process, aliphatic C-H groups and
cellulosic hydroxyl groups leave the matrix. The
stretching  between  3000-3200  cm-1 is  clearly
seen in the spectrum of dried pine leaf (Figure
3a).  The  double  band  at  2850  and  2918  cm-1

belongs to the aliphatic C-H stress. The carbonyl
band in 1732 cm-1 belongs (-C=O) while the band

at 1646 cm-1 belongs to the structure C=C. The
wide and sharp band of 1032 cm-1 belongs to M-
O-M  structures.  As  the  temperature  increases,
the  hydroxyl  band  disappears  due  to  the
structural  rearrangement.  Similarly,  structures
with  aliphatic  C-H  bonds  appear  to  be
reorganized.  The  heat  treatment  results  a
spectrum, which is similar to the FT-IR spectrum
of  GQDs  structure  (Figure  3d)  compatible  with
the literature (15, 23, 24, 27).

112



Önal Y, Kır Ş, Dehri İ, Esen R. JOTCSB. 2019; 2(2): 109-120. RESEARCH ARTICLE

Figure 4. XRD spectrum of DPL (a), P1 (b), P2 (c) P3 (d).

When the XRD results are examined, it is seen
that  DPL,  P1,  and  P2  materials  contain
amorphous  and  crystalline  structured  regions.
The  starting  DPL  contains  more  amorphous
material. After carbonization, the crystalline part
increases the reorganization of the system matrix
by  heating.  The  sharp  peak  at  2θ  =  24.53
degrees of P3 indicates the presence of graphene
particles with a diameter of 3.63 Å (Figure 4). As
the  temperature  increases,  the  transition  from
amorphous  to  polycrystalline  structure  is
observed. As a result of the structure regulation
at  350  0C,  the  peaks  become  sharper  and
symmetrical  which  indicates  pure  and  better
oriented crystallites. In the sample subjected to
carbonization at  350  0C, the diffraction values  

which  were  previously  at  the  noise  level  are
noticed  at  2θ=  36.13,  38.28,  39.65,  43.38,
47.66, 48.66, 57.51, and 65.20. XRD diffraction
data  summary  is  given  in  Table  2.  If  the
crystallization  is  continued  for  longer  periods,
these  peaks  may  also  be  assigned.  In  the
literature,  most  similar  organic  origin  materials
also  synthesized  similar  matrices  show
amorphous  structure.  In  this  study,  it  was
observed that the P3 obtained from the DPL, is
the crystallites in the sample matrix (25). After
carbonization  at  350  °C  6  hours  CaCO3 grains
with  sharp  peak  at  2θ=29.58  forms  along  a
graphene phase with 478 Å size and 2θ= 24.53
(26).
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Table 2. X-ray diffraction data summary.

Sample Main Peaks (2θ)) d(A) Size(A) FWHM (deg) Remarks Assignment

P3 24.53 3.63 478 0.18 Sharp Graphene

29.59 3.01 268 0.320 Sharp CaCO3

Figure 5. SEM image of DPL (a), P1 (b), P2 (c) P3 (d).

SEM photographs of all samples (a-d) are given
in Figure 5. When the SEM image of the DPL is
examined,  (Figure  5a)  it  appears  to  have
homogeneous and planar components. It is seen
that as a result of heat treatment, cavities form
in  the  structure  (Figure  5b),  by  increasing  the
temperature, the planar layers begin to form in
the structure (Figure 5c). When the SEM graph of
P3 is examined, it is seen that a new hexagonal
structure appears which is different from P1 and
P2 (Figure 5d). When the image of dried pine leaf
(Figure 5a) is examined, it is seen that it has a
homogeneous structure with small channels. As a
result of the heat treatment, it is seen that the
channels where the macromolecular structure of

the pine leaf is disappeared and new structures
are formed due to the structural arrangement as
the  temperature  rises.  In  fact,  mass  loss  as  a
result  of  heat  treatment  supports  this  result.
Other  structures  are  reorganized  from nano  to
macromolecular structures while small groups of
molecules  are  transitioned  to  the  gas  phase.
Because of the temperature is not too high, the
structural arrangement remains in the crystalline
phase (28, 29, 30). The graphene quantum dots
are  embedded  in  the  carbonized  matrice  they
cannot be seen in SEM studies but they are seen
clearly  in  XRD  data.  When  dissolved  in  water
these GQDs appears in PL (photoluminescence)
data which is given in the related section below.
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Figure 6. The EDAX graph of P3.

When  the  EDAX  analysis  result  of  the  P3  is
examined,  it  is  seen  that  the  sample  matrix
contains mostly C and O elements, along with the
other elements Mg, P, S, K, and Ca. When this
result is evaluated together with the result of FT-
IR, the main structure is organic; the elements of
Mg, P, S, K, and Ca may be related to organic
functional groups (Figure 6).

For absorbance studies, 1.10-3, 1.10-2, 1.10-1, and
1 g of P3 material and 100 mL of pure water was
added  to  the  solution  prepared  and  it  was
filtered, and it was used for 1 day. The solutions
were  analyzed  using  UV-Vis  and  fluorescence
spectrophotometers under UV-A and UV-C lamp
illumination. In addition, the results are depicted
in Figure 7.  In the figure,  a very low value of
0.00998  absorbance  was  observed for  the  10-3

g  /  100  mL  sample.  For  the  concentration  of
1.10-2  g  /  100  mL,  3.6  absorbance  value  is
observed  at  333.69  nm  wavelength  and  the
absorption  peak  is  narrow  and  sharp.  This
indicates  that  the  components  that  make  the
fluorescence at this concentration are pure.

A similar result was obtained at a concentration
of 1.10-1 g / 100 mL. At a concentration of 1 g /
100 mL, the absorbance peak shifted to 340.62
nm  and  the  peak  expanded.  This  can  be
explained by the amount of water-soluble part of
the specimen increased, these components give
new absorbance values at different wavelengths.
The  fluorescence  value  has  decreased
significantly.  Increased  concentration  combined
with the presence of other components shielded
the fluorescence of the UV emitting component.
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Figure 7. UV-Vis graph of 1.10-3 g/100 mL (a), 1.10-2 g/100 mL (b), 1.10-1 g/100 mL (c), 1 g/100 mL
solutions (d). 

When the solutions under UV-A and UV-C light
were  photographed,  it  was  observed  that  the
sample containing 1.10-3 g / 100 mL P3 material
did  not  give  any  fluorescence;  other  solutions

give  blue-colored  fluorescence,  increasing  the
concentration  of  solutions  increased  the
fluorescence intensity (Fig. 8).

Figure 8. Left to right, distilled water (1.10-3 g, 1.10-2 g, 1.10-1 g and 1 g of P3 in 100 mL of distilled
water) pictured under visible illumination (a), UV-A lamp (360 nm) (b); UV-C lamp (254 nm) (c). 

It has been observed that the optical absorption
properties of P3 obtained from the carbonization
of  dried  pine  leaves  have  very  different
properties  than  the  total  matrix  of  material
(Figure 7-9). When Table 3 is examined, 1.10-2;
1.10-1 and  1  g  of  P3  solutions  gave  similar
maximum  excitation  and  emission  values;  the
solution  of  1.10-3 g  of  P3  was  found  to  be

different from the remaining samples. Taking into
consideration  that  the  emission  and  absorption
peaks are very sharp,  it  can be said that  they
show  same  absorption  wavelength  with  a
measurement  error  of  ±  1  nm.  This  property
attributed  to  the  homogeneity  of  the  samples
dissolved in water.

Table 3. Maximum excitation and emission values of prepared solutions.

Maximum Excitation Maximum Emission
1.10-3 g/100 mL 220.1 297.5
1.10-2 g/100 mL 537.9 536.6
1.10-1 g/100 mL 536.3 534.7

1 g/100 mL 541.9 541.0
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Figure 9. Emission and excitation graph of 1 g / 100 mL of P3 solution. The emission and excitation
curves match perfectly so that one obstructs the other in the graph.

When  the  fluorescence  analysis  results  were
examined, it  was seen that  the solution with a
concentration of 1.10-3 g / 100 mL did not give
fluorescence. The emissions of the solutions with
1.10-2 g, 1.10-1 g, and 1 g of P3 substances show
increased  fluorescence  with  the  concentration
(536.5;  534.5;  541  nm  maximum  emission
values  5.11;  27.91;  97.51  respectively).  The
graphene quantum dots obtained from dried pine
leaves  show  sharper  fluorescence  peaks
compared to other similar GQDs. This shows that
the  dimensions  of  the  water-soluble  particles
have a sharp distribution (1.10-3,  1.10-2,  1.10-1,
and 1 g/100 mL distilled water 0.6, 1.3, 1.3, and
1.3 nm). This shows that carbon nanostructures
have the same size (homogeneous) distribution
in  distilled  water.  The  optical  PL  data  is  very
sharp  indicating  that  structures  contain  very
small  number  of  molecules  so  widening  effects
due the size distribution is not observed.

CONCLUSIONS

According  to  the  SEM-EDAX result  of  raw pine
leaf,  it  was  determined that  it  contains  mostly
carbon, hydrogen, and oxygen. It is seen that as
the  temperature  increases  the  mass  loss
increases  as  well.  However,  the  elemental
analysis  show  that  a  high  ratio  of  organic
component  remains  in  the  environment.  As  a
result of heat treatment, it expected the organic
components  should  decrease  in  our  samples
structural  reorganization takes place. The FT-IR
data  also  show that  many organic  components
connected to the inorganic components still exist
(like  CaCO3).  After  the  heat  treatment,  the  P3

sample gave the emission in the UV-A region; it
shows that  the  GQDs in  the  structure  are  well
crystallized  as  a  crystal  structure  in
nanostructure.  When  carbonization  temperature
reaches to 350 0C a sharp XRD pattern observed
at 2θ=29.58 indicating a CaCO3 grain formation
with  a  size  of  268  Å.  The  graphene  peak  at
2θ=24.53  also  observed  with  478  Å grain  size
but with a smaller XRD peak. With this method it
is  clearly  indicated  that  it  can  be  used  as  a
production method of GQDs.
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Removal of Lead and Cadmium Ions from Aqueous Solutions by
Olive Pomace as a Low-Cost Biosorbent
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Abstract: In  this  study,  the  adsorptive  performance  of  olive  pomace  on  lead  and  cadmium
removal  from  aqueous  solutions  was  investigated.  Process  parameters  such  as  particle  size,
solution pH, contact time, initial ion concentration, and incubation temperature were evaluated
using batch experiments.  It  was found that  lead and cadmium adsorptions followed a pseudo
second order kinetics. Sorption amount for lead and cadmium ions at 25 °C was obtained 33 and 8
mg/g, respectively, with 1 g/L olive pomace loading at pH 5.5 and 6. Adsorption isotherms were
best  fitted  with  the  Redlich-Peterson  and  Langmuir-Freundlich  models  for  lead  and  cadmium
adsorptions,  respectively.  Thermodynamic  calculations  revealed  that  the  adsorption  process  is
feasible and spontaneous in nature. Adsorbent characterization was accomplished using ATR-FTIR,
SEM, and BET analyses, whereas the surface charge was determined measuring the point of zero
charge (pHPZC).
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INTRODUCTION

Environmental pollution problems have been a
rising concern of  modern engineering.  Heavy
metal  pollution  is  one  of  the  most  serious
problems  and  the  removal  of  heavy  metals
from  the  environment  is  of  particular
importance since they are persistent and non-
biodegradable  (1,2).  The  most  widely  used
methods developed for  heavy  metal  removal
include  chemical  or  electrochemical
precipitation,  membrane  filtration,  ion
exchange,  evaporation,  air  stripping,  steam
stripping,  and  adsorption  onto  activated
carbon (3,4). However, conventional methods
are expensive and fail in heavy metal removal
at low concentrations (5,6).

Biosorption  is  an  attractive  method which  is
advantageous  over  conventional  techniques
with the utilization of abundant and low-cost
biomasses,  namely  biosorbents.  It  is  also
favored since it  demonstrates  superior metal
binding capacities even at a low heavy metal
ion concentration range of 1-100 ppm.

Lead  and  cadmium  ions  are  not  only  non-
essential  to human body but  also dangerous
for  human  health.  Lead  poisoning  causes
neurodevelopmental  problems  in  children,
affects the membrane permeability of organs
and  haemoglobin  synthesis.  Lead  is  also  a
probable  carcinogen  because  of  its  enzyme
inhibitory  effects  (7).  The  presence  of
cadmium in humans may lead to osteoporosis
and causes damages in kidneys (8). Lead-acid
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batteries,  ammunitions,  paints,  and  ceramic
products  are  major  industrial  applications  of
lead, whereas cadmium is mainly profited by
the  production  of  alloys,  pigments,  and
batteries (9).

Olive  pomace  is  an  abundant  agro-industrial
waste  of  olive  oil  production  in  the
Mediterranean  region.  There  is  no  industrial
use  developed  for  olive  pomace  and  it  is
normally  incinerated  or  dumped  without
control. However, it is a promising biomaterial
in wastewater treatment as a biosorbent. The
utilization  of  olive  pomace  in  biosorption  of
lead  and cadmium ions  is  an  effective,  low-
cost and environment-friendly  activity  adding
value to this unrecognized waste (10,11).

The  aim  of  this  study  was  to  present  olive
pomace  as  a  proper  biosorbent  in  lead  and
cadmium  removal  and  show  that  it  is
applicable  at  its  raw  form  implementing  a
greener operation without any further process
in  which  chemicals  are  employed.  Batch
experiments were conducted and the optimum
conditions  for  biosorption  were  identified
evaluating  the  process  parameters  including
particle size, solution pH, contact time, initial
ion concentration, and incubation temperature.
A kinetic modeling was performed in order to
explain the adsorption mechanism. Adsorption
isotherms  were  modeled  to  describe  the
equilibrium data and a thermodynamic study
was  carried  out  in  order  to  have  a  better
understanding of the adsorption characteristics
of olive pomace at different temperatures. The
surface  properties  of  olive  pomace  was
characterized using ATR-FTIR,  SEM, and BET
analyses,  whereas  the  surface  charge  was
determined measuring the point of zero charge
(pHPZC).

MATERIALS AND METHODS

All  the chemicals and reagents used were of
analytical grade. Deionized water was used for
the  preparation  of  solutions.  The  stock
solutions of 100 ppm Pb2+ and 100 ppm Cd2+

were  prepared  from  Pb(NO3)2 (Merck),  and
Cd(NO3)2.4H2O (Acros Organics), respectively.
Their  10,  20,  40,  60,  and 80  ppm solutions
were  prepared  using  serial  dilution.  HCl  and
NaOH used in pH adjustment were purchased
from Merck.  Olive  pomace obtained  from an
olive  oil  plant  was  used  in  the  biosorption
experiments as a biosorbent.

Preparation of olive pomace
Olive pomace was thoroughly washed with tap,
and deionized water and then dried at 50°C for
24 h. It was then milled and sieved using a
Groschopp & Co mill and Tyler standard sieves.
It  was  finally  stored  in  airtight  containers
according to two size fraction ranges of 100-
500 μm and 500-1000 μm for the further use.m and 500-1000 μm and 500-1000 μm for the further use.m for the further use.

Characterization of olive pomace
The  attenuated  total  reflection-Fourier-
transform  infrared  (ATR-FTIR)  spectra  of
pristine, and loaded olive pomace (initial Pb2+

and  Cd2+ of  100  ppm)  were  obtained  in
transition  mode  using  a  Perkin  Elmer
(Spectrum  100)  spectrometer  in  the  region
4000-400 cm-1. The morphological features of
olive pomace were observed using a Carl Zeiss
(300VP) scanning electron microscope (SEM).
The specific surface area of olive pomace was
determined from the adsorption data of N2 at
77  K  using  a  BET  analyzer  (Micromeritics  3
Flex).   Pb2+ and  Cd2+ concentrations  were
specified using atomic absorption spectrometer
(AAS) (Perkin Elmer AAnalyst 800). 

Batch  equilibrium  method  was  applied  to
determine  the  point  of  zero  charge  (pHPZC).
Samples of 0.1 g of olive pomace were shaken
in closed conical flasks with the addition of 50
mL of 0.01 M NaCl solution at 30°C. The pH
was adjusted to a value between 2 and 12 with
0.1 M HCl or NaOH solutions using a pH meter
(Hanna  Instruments  221).  The  final  pH  was
measured  after  48  h of  agitation.  Then,  the
pHPZC was determined at the point where the
curve  pHfinal versus  pHinitial crosses  the  line
pHinitial = pHfinal (12).

Adsorption experiments
Experiments  were  performed  in  50  mL  PP
tubes with 0.025 g of olive pomace and 25 mL
of  Pb2+ or  Cd2+ solutions  of  desired
concentrations.  Effect  of  particle  size  was
investigated  comparing  the  two  size  fraction
ranges of 100-500 μm and 500-1000 μm for the further use.m and 500-1000 μm and 500-1000 μm for the further use.m in 24
h Pb2+ adsorption experiments with the initial
Pb2+ concentrations of 10 to 100 ppm. Effect of
solution pH was studied through 24 h of Pb2+

and  Cd2+ adsorption  experiments  with  the
initial ion concentrations of 100 ppm and the
pH variation of 2 to 10. Effect of contact time
was  observed  in  Pb2+ and  Cd2+ adsorption
experiments with the initial ion concentrations
of 100 ppm at the optimum pH values varying
the agitation time from 0.5 to 24 h. The effect
of initial ion concentration was examined with
the equilibrium adsorption experiments of Pb2+

and  Cd2+ at  the  optimum  pH  values  in  the
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initial  ion  concentration  range  of  10  to  100
ppm. Effect of incubation temperature on Pb2+

and Cd2+ adsorption  was  investigated  at  the
optimum  pH  values  in  the  initial  ion
concentration range of 10 to 100 ppm at 25,
35 and 45oC. All experiments were performed
in  duplicate.  The  supernatant  liquids  were
filtered and analyzed using AAS to specify the
resulting  ion  concentrations.  The  amount  of
Pb2+ and  Cd2+ adsorbed  was  calculated  as
follows:

qeq=
(Co−C eq)V

m
 (Eq. 1)

where qeq is the equilibrium sorption (mg/g),
Co and Ceq are the initial  and equilibrium ion
concentrations  (mg/L),  V  is  the  volume  of
solution (L), m is the amount of olive pomace
(g).

Kinetic models
Kinetic  models  of  “pseudo  first  order”  (13),
“pseudo  second  order”  (14),  “Weber-Morris
intraparticle  diffusion”  (15),  “Elovich”  (16),
“Bangham pore diffusion” (17), and “Boyd film
diffusion”  (18)  were  applied  to  explain  the
adsorption  mechanism.  The  respective
equations are expressed below:

log(qeq−q t)=logqeq−K1 (Eq. 2)

t
qt

=
1

K2qeq
2
+
t
qeq

 (Eq. 3)

q t=K diff t
0.5

+ I  (Eq. 4)

q t=
1
β
ln(αβ)+

1
β
ln ( t) (Eq. 5)

log(
C0

C0−q tm
)= log(

k0m

2.303V
)+α log (t ) 

(Eq. 6)

ln (1−
qt
qeq

)=R1 t (Eq. 7)

where qeq and qt are the amount of Pb2+ and
Cd2+ adsorbed  at  equilibrium  and  at  time  t
onto olive pomace (mg/g), respectively, K1 is
the  rate  constant  of  the  pseudo  first  order
model  (L/min),  K2 is  the  rate  constant  of
pseudo second order model (g/(mg.min)), Kdiff

is the intraparticle diffusion rate constant (mg/

(g.h0.5)), the value of I is the boundary layer
thickness  (mg/g),  α  is  the  initial  adsorption
rate (mg/(g.min)), β is the adsorption constant
(g/mg), Co is the initial ion concentration (mg/
L), V is the volume of solution (mL), m is the
amount of olive pomace (g/L), ko is equilibrium
constant,  and  R1 is  liquid  film  diffusion
constant (1/min).

Isotherm models
Three  2-parameter  isotherm  models  of
“Langmuir”,  “Freundlich”  and  “Dubinin-
Radushkevich”,  and  three  3-parameter
isotherm  models  of  “Langmuir-Freundlich”,
“Radke-Prausnitz” and “Redlich-Peterson” were
applied to describe the equilibrium data (19).
The respective equations are expressed below:

qeq=
qmK LC eq
1+K LCeq

 (Eq. 8)

qeq=KFC eq
1/n

 (Eq. 9)

qeq=(qm)exp (−KD−Rϵ
2
) (Eq. 10)

qeq=
qm(K L−FC eq)

m L−F

1+(KL−FC eq)
mL−F

 (Eq. 11)

qeq=
qmK R−PrC eq

(1+KR−PrCeq)
m R−Pr

 (Eq. 12)

qeq=
K R−PeC eq

1+αR−Pe(C eq)
βR−Pe

 (Eq. 13)

where  qm is  the  monolayer  capacity  of  olive
pomace covered with Pb2+ and Cd2+ (mg/g), KL

is the Langmuir constant (L/mg) related to the
energy  of  adsorption,  KF is  the  Freundlich
constant  which  predicts  the  ion  amount  per
gram  olive  pomace  at  equilibrium
concentration (mg(1−1/n).L1/n/g), n is a strength
measure of the process and related to surface
heterogeneity.  Dubinin-Radushkevich  (D-R)
model  has  KD-R as  D-R  isotherm  constant

(mol2/kJ2)  and  ϵ=RT ln (1+
1
C eq

),  where  R=

8.314  (J/mol.K)  and  T  in  Kelvin.  The
Langmuir-Freundlich  constant,  KL-F,  is  related
to  the  energy  of  adsorption  and  mL-F values
close to zero indicate heterogeneous sorbent,
while values closer to unity indicate relatively
homogeneous distribution of binding sites. The
isotherm constants  of  Radke-Prausnitz  (KR-Pr)
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and Redlich-Peterson (KR-Pe and αR-Pe), as well
as  mR-Pr and  βR-Pe have  similar  meanings  as
explained  for  Langmuir-Freundlich  model
(20,21).

Non-linear  regression  analyses  of  average
relative  error  (ARE)  and  root  mean  square
error  (RMSE)  for  the  isotherm  models  were
applied using the respective equations below:

ARE=
1
n
∑
i=1

n

|
qexp−qcalc
qexp

|100 (Eq. 14)

RMSE=√∑i=1
n

(qexp−qcalc)
2

n
 (Eq. 15)

where n is  the number of experimental  data
and qexp and  qcalc stand  for  the  experimental
and calculated sorption values (22). A smaller
value  of  ARE  and  RMSE  implies  a  better
modeling.

Thermodynamic calculations
Thermodynamic parameters were calculated to
reveal the thermal properties of olive pomace
combining the equations below (23):

ΔG0=−RT ln KD (Eq. 16)

K D=1000K F  (Eq. 17)

ΔG0=ΔH 0
−T Δ S0 (Eq. 18)

where ∆Go is the standard free energy change,
R  is  the  universal  gas  constant,  T  is  the
absolute  temperature  in  Kelvin,  KD is  the
distribution coefficient derived from KF value of
Freundlich isotherm model, ∆Ho is the enthalpy
change, and ∆So is the entropy change. Van’t
Hoff equation finally yields as:

ln K D=-
ΔG0

RT
=-

ΔH 0

RT
+

ΔS0

R
 (Eq. 19)

RESULTS AND DISCUSSION

Characterization of olive pomace
The point of zero charge (pHPZC) measurement
(Figure 1) revealed that  the surface  of  olive
pomace is neutral at pH 6.2, acidic (positively
charged) below and basic (negatively charged)
above this value which is capable of Pb2+ and
Cd2+ adsorption. This property determines how
easily heavy metal  ions are captured on the
surface of a biosorbent depending on the pH of
the environment and the charge of the ions. 

Figure 1. Plot of final pH vs. initial pH for point of zero charge measurement.

The  BET  surface  area  of  olive  pomace  was
determined as around 0.15 m2/g using the BET
analyzer. The small surface area indicated that
the surface has a non-porous character. SEM
analysis  (Figure  2)  also  confirmed  this  non-

porous  structure  illustrated  with  a
magnification  of  500x.  Despite  not  having  a
large surface area, olive pomace was capable
of Pb2+ and Cd2+ uptake. 
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Figure 2. SEM micrograph of olive pomace with a magnification of 500x.

Surface functional groups of the pristine and
Pb2+/Cd2+ adsorbed  olive  pomace  were
analyzed using ATR-FTIR spectroscopy (Figure
3)  to  understand  the  nature  of  the  surface
functional  groups  and  their  interactions  with
Pb2+ and Cd2+ ions. The strong broad band at
3334 cm-1 is the characteristic peak ascribed to
the  -OH  stretching  vibrations.  The  peaks  at
2923  and  2855  cm-1 are  due  to  the  C-H
stretching  vibrations  of  CH,  CH2 and  CH3

groups  (10).  The  peak  around  1724  cm-1

shows the carbonyl (C=O) stretching vibration
of the carboxyl groups and the peak at 1655
cm-1 are initiated by the asymmetric stretching
vibrations of the carboxylic groups (24). The
peaks in the range of 1000 to 1300 cm-1 are
generally  ascribed  to  the  C-O  stretching
vibrations  in  carboxylic  acids  and  alcohols

(25).  The  shifts  on  the  peak  locations  from
3334, 1724 cm-1 to 3328, 1730 cm-1 after Pb2+

adsorption and to 3313, 1718 cm-1 after Cd2+

adsorption  indicate  the  interactions  with  the
related  surface  functional  groups.  It  can  be
concluded  from  these  results  that  the  main
groups (-OH and -COO) are promoting the Pb2+

and Cd2+ adsorption. Besides, the peak shifts
from 2993 and 2855 cm-1 to the single peak at
2877  cm-1 after  Cd2+ adsorption  point  out
coordinative interaction of Cd2+ ions with the
CH groups of  the olive  pomace surface.  The
largest peak shift identified for C-H stretching
and  the  minor  signal  attenuation
corresponding to  CH2 wagging was attributed
to steric strain introduced by accommodation
of  the  Cd2+  ions  in  coordination  complex
formation (26).
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Figure 3. ATR-FTIR spectra of pristine, and  Pb2+/Cd2+ loaded olive pomace.

Effect of particle size
Effect of particle size was studied to choose a
particle size with a higher uptake capacity. The
results  (Figure  4)  revealed  the  insignificant
difference between sorption capacities of  the
two size fraction ranges. Taking into account

of the inevitable pressure drop created by finer
solids in continuously operated systems, olive
pomace fraction in the range of 500-1000 μm and 500-1000 μm for the further use.m
was utilized throughout the study to exhibit its
ease of use in such potential technologies.

Figure 4. Plot of qeq vs. Ceq for Pb2+ adsorption with different size fraction ranges.

Effect of solution pH
To study the pH dependency of the adsorption
process, experiments were carried out at the
pH range of 2-10. Solution pH affects not only
the  surface  charge  of  the  olive  pomace  but
also  the  hydrolysis  accompanying  the
precipitation  of  metal  hydroxides.  Metal
hydroxides  are  amphoteric,  that  is,  they  are
increasingly soluble at both low and high pH
values,  and  the  point  of  minimum solubility

(optimum pH for  precipitation) emerges at a
pH different for each metal ion. According to
Figure  5,  the  true  adsorption  of  Pb2+ occurs
until pH 6 and that of Cd2+ occurs until pH 7,
whereas  the  formation  of  Pb(OH)+ and
Cd(OH)+ ions begins at a pH higher than 6 and
7 for  Pb2+ and Cd2+,  respectively.  The figure
further shows that no adsorption occurs due to
the  reduced  attraction  by  the  less  negative
surface charge and competing H+ ions at a pH
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lower  than  2  for  Pb2+ and  3  for  Cd2+ (27).
Therefore,  the  optimum  pH  values  were
selected  as  5.5  and  6  for  Pb2+ and  Cd2+,
respectively.

At the optimum pH conditions lower than the
pHPZC of 6.2, the adsorption is expected to take
place by means of  the ion exchange of  Pb2+

and  Cd2+ with  H+,  as  well  as  with  Na+ ions
present on the surface.

Figure 5. Plot of qeq vs. pH for Pb2+and Cd2+adsorption.

Effect of contact time
Effect  of  contact  time  on  Pb2+ and  Cd2+

adsorption was studied to verify the sorption
equilibrium. As seen in Figure 6, both Pb2+ and

Cd2+ adsorption  onto  olive  pomace  are  fast
during  the  first  four  hours  and  then  the
equilibrium is attained slowly. 

Figure 6. Plot of qt vs. time with the pseudo second order model fitting for Pb2+ and Cd2+

adsorption.

Effect of initial ion concentration
Maximum  sorption  for  Pb2+ and  Cd2+ was
obtained  in  the  effect  of  initial  ion
concentration experiments at 25oC as 33 and 8
mg/g,  respectively.  The  supremacy  acquired
by Pb2+ proves that the affinity of olive pomace
towards Pb2+ is greater than that towards Cd2+.
Hence,  a  selective  removal  might  be  carried
out from a bimetallic mixture of these ions. 

Effect of incubation temperature
A  direct  proportion  between  the  sorption
capacity and incubation temperature for both
Pb2+ and Cd2+ was indicated by the effect of
incubation  temperature  experiments.  This
behavior is exhibited in Figure 7 with the best
fitting isotherm models which are the Redlich-
Peterson and Langmuir-Freundlich models for
Pb2+ and  Cd2+ adsorption,  respectively.  The
modeling  study  is  discussed  further  in  the
isotherm modeling section.
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Figure 7. Plot of qeq vs. Ceq for Pb2+ and Cd2+ adsorption at different temperatures.

Kinetic modeling
Linear plots of the pseudo first order (P-F-O),
pseudo  second  order  (P-S-O),  Weber-Morris
intraparticle  diffusion, Elovich, Bangham pore
diffusion, and Boyd film diffusion models were
applied  and  compared.  Based  on  the
coefficient  of  determination (R2)  values  close
to  unity  given  in  Table  1  and  the  graphical
harmony  seen  in  Figure  8,  pseudo  second
order model is the most suitable kinetic model
for  both  Pb2+ and  Cd2+ adsorption.  Since
pseudo  second  order  model  originates  from

chemical  reaction  kinetics,  the  three
consecutive steps of adsorption, namely bulk
diffusion, film diffusion and pore diffusion are
not  addressed  in  the  rate-limiting  step
determination.  In  this  regard,  Weber-Morris
intraparticle  diffusion  model  is  useful  to  find
out the rate-limiting step. As seen in Figure 8c,
there  are  two  linear  portions:  The  first
controlled by surface diffusion process, and the
latter by pore diffusion, indicating that external
diffusion is the rate-limiting step (17,18).

Figure 8. Kinetic models of a) P-F-O, b) P-S-O, c) Weber-Morris, d) Elovich, e) Bangham, and f)
Boyd.
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Table 1. Kinetic parameters for Pb2+ and Cd2+ adsorption.

Kinetic model parameter Pb2+ Cd2+

P-F-O K1 (L/min)  0.0017  0.002

qeq (mg/g) 25.119 16.596

R2  0.774   0.412

P-S-O K2 (g/(mg.min))  0.0007  0.0013

qeq (mg/g) 26.316 17.921

R2   0.996   0.996

Weber-Morris Kdiff (mg/(g.h0.5))   1.155   5.410

I (mg/g) 19.954   4.743

R2   0.993   0.718

Elovich α (mg/g.min) 24.441   2.929

β (g/mg)   0.375   0.392

R2   0.646   0.764

Bangham Α   0.033   0.029

ko 60.344 57.271

R2   0.661   0.771

Boyd R1 (min-1)   0.003   0.003

R2   0.949   0.643

Isotherm modeling
Parameters of the isotherm models as well as
their  corresponding  average  relative  errors
(ARE)  and  root  mean  square  errors  (RMSE)
were estimated using solver add-in function of

Microsoft  Excel.  The  best  simulation  was
selected considering the graphical harmony of
the equilibrium data with the models and also
the lowest values of ARE and RMSE.

Figure 9. Isotherm modeling for Pb2+ and Cd2+ adsorption at room temperature.

Redlich-Peterson  and  Langmuir-Freundlich
models were the best resulting models for Pb2+

and Cd2+ adsorption, respectively, as shown in
Figure 9, and the parameters of these models
are presented in Table 2 (see also Figure 7).

The Redlich-Peterson model approximates the
Henry’s law at low Pb2+ concentrations, and at
high  concentrations  it  predicts  a  monolayer
adsorption  capacity  characteristic  of  the
Langmuir  isotherm.  On  the  other  hand,  the
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Langmuir-Freundlich  model  reduces  to  the
Freundlich  isotherm  at  low  Cd2+

concentrations,  while  it  behaves  like  the
Langmuir isotherm at high concentrations. The
m and β parameters are often regarded as the
heterogeneity factors and the calculated values
(Table  2)  greater  than  unity  confirms  the
heterogeneous  nature  of  the  olive  pomace.
(19,20,21). The steep slope observed for Pb2+

adsorption  proves  that  olive  pomace  is  very

effective  in  the  removal  of  this  ion  at  low
concentrations,  whereas  Cd2+ adsorption
appears to be less favorable. This behavior is
in  line  with  the  best  fitting  models  to  the
equilibrium data of Pb2+ and Cd2+ adsorption at
low concentrations corresponding to the steep
and linear portion for Henry’s isotherm and the
less  steep  portion  for  Freundlich  isotherm,
respectively.   

Table 2. Isotherm parameters for Pb2+ and Cd2+ adsorption at different temperatures.

heavy
metal

ion

T
(K)

isotherm
model

qm K m α β ARE RMSE

Pb2+

298
Redlich-
Peterson

10.69 0.28 1.02 0.46 0.24

308   8.64 0.13 1.10 0.65 1.47

318   8.00 0.08 1.19 1.68 1.88

Cd2+

298
Langmuir-
Freundlich

  8.00   0.22 2.00 0.17 0.03

308 15.00   0.20 1.76 0.04 0.09

318 17.80   0.20 1.62 0.73 0.36

Thermodynamic parameters 
Thermodynamic behavior of olive pomace was
evaluated with the calculated thermodynamic
parameters. The slope and intercept of the plot

lnKD vs. 1/T given in Figure 10 were used in
the  calculation  of  the  enthalpy  and  entropy
changes in Van’t Hoff equation.

Figure 10. Plot of lnKD vs. 1/T for Pb2+ and Cd2+ adsorption at different temperatures.

The  negative  values  of  ΔGGo state  that  the
adsorption  phenomenon  is  feasible  and
spontaneous.  The  positive  values  of  ΔGHo

denote an endothermic process, indicating the
increased amount of metal ions adsorbed with
the increase in temperature. The magnitude of
ΔGHo also  gives  an  idea  about  the  type  of
adsorption  suggesting  that  Pb2+ and  Cd2+

adsorption  can  be  attributed  to  a  physical
adsorption  process.  Besides,  the  positive
values of  ΔGSo indicates an increased disorder
at  the  solid-solution  interface  reflecting  the
affinity of olive pomace towards Pb2+ and Cd2+,
and the adsorption mechanism based on the
ion exchange (28).
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Table 3. Thermodynamic parameters for Pb2+ and Cd2+ adsorption at different temperatures.

heavy
metal

ion
T (K) KD lnKD

∆Go

(kJ/mol)
∆Ho

(kJ/mol)
∆So

(J/mol.K)

Pb2+

298 12876.91 9.46 -23.446

6.018 98.896308 14058.42 9.55 -24.457

318 14999.36 9.62 -25.423

Cd2+

298   3721.43 8.22 -20.370

23.253 146.913308   6124.18 8.72 -22.329

318   6686.97 8.81 -23.287

CONCLUSION

This  study  introduced  olive  pomace  as  a
proper biosorbent in the removal of lead and
cadmium  ions  from  aqueous  solutions.  Its
application  at  its  raw  form  offers  an
economical  practice.  The  feasible  and
spontaneous  behavior  of  the  process  was
verified  by  the  thermodynamic  calculations.
The  endothermic  process  indicated  the
increased  metal  uptake  with  an  increase  in
temperature. The adsorption kinetics was well
explained with the pseudo second order model.
The Redlich-Peterson and Langmuir-Freundlich
isotherms were the best fitting models for Pb2+

and  Cd2+ adsorption,  respectively.  The  Pb2+

amount adsorbed was four times higher than
that of Cd2+. The supremacy acquired by Pb2+

proves  that  the  affinity  of  olive  pomace
towards Pb2+ is greater than that towards Cd2+.
Hence,  a  selective  removal  might  also  be
carried out from a bimetallic mixture of these
ions.
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Abstract:  One of the most common ways of protecting metals from corrosion is to form a film on
metal surfaces or to coat them with suitable materials.  Thus, metals are protected from corrosive
components in their environment. However, in the case of openings at the micro level that may occur
in the formation of the coating or in case of scratches and similar openings that may occur after the
coating, water and air will reach the metal surface and initiate corrosion. In this study, the effect of
polypyrrole (PPy), polyaniline (PANI) and MoS2-doped PPy and PANI coatings on the corrosion rate of
steel  were  investigated.  Corrosion  resistances  of  these  coatings  were  determined  by  measuring
corrosion rates by Tafel Polarization method in 0.1 M NaCl medium. Because of the experiments, it was
determined that these homogeneous and adhering coatings were effective against corrosion. The best
protection against corrosion was found as 96.7%, 89.0%, 69.5% and 45.2% for PPy + MoS 2, PPy,
PANI + MoS2 and PANI coatings, respectively. MoS2 additive yielded positive results for both coatings.
Better protection of PPy than PANI can be explained by the fact that the oxidation potential of pyrrole
(0.6 V) is lower than that of the oxidation potential of aniline.
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INTRODUCTION
 
Corrosion  affects  our  life  in  many  ways.
Everything that is made of metal is affected by
corrosion and as a result,  corrosion affects our
economy directly or indirectly. A large part of the
steel  produced  is  lost  or  becomes  unavailable
every  year  due  to  corrosion  (1,  2).  Metal  lost
because  of  corrosion  causes  economic  losses
much higher than its own cost. Because, besides
the  raw  materials,  production  costs  should  be
considered as losses  (3). In addition, depending
on the state of the substance released into the
environment, it has a negative effect on the life
of living things. Various measures are taken to
protect metals from corrosion (4). 

One of the effective methods to prevent corrosion
is to prevent the metal from interacting with the
environment  (5).  The  most  common way  is  to
create  a  film  on  the  metal  or  to  coat  it.  In
conductive  polymer  coatings  on  the  metal
surface,  generally  electrochemical  methods  are
preferred  to  improve  the  film  thickness  by
altering  the  current  density,  monomer
concentration, electrolyte solution quality and pH.
Besides the type of metal to be protected, one of
the  metallic  or  organic  coatings  can  be  made
considering the condition of the environment (6,
7). 

Organic  coatings  provide  long-term  protection
from corrosion.  However,  due to  scratches and
imperfections in the coating, the metal surface is
exposed and the protection deteriorates. For the
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first time in 1985, De Berry covered steel with
PANI  and  showed  corrosion  protection  in  the
sulfuric acid medium and accelerated the studies
about  corrosion  protection  with  conductive
polymers  (8).  With  the  discovery  of  the
properties  of  conductive  polymers  repairing the
defects  in  the  coating  itself,  studies  on  this
subject  have  intensified  (9-11).  Due  to  their
redox properties, conductive polymers repair the
coating  by  closing  these  openings  and  provide
excellent protection (12-16). 

The  aim  of  this  study  was  to  investigate  the
effects  of  MoS2-doped  PPy,  PANI  coatings  in
addition  to  PPy,  and  PANI  coatings  on  the
corrosion protection of mild steel. In this study,
protection  behavior  of  conductive  polymers,
mainly; PPy and PANI on mild steel surface are
examined. In addition, the protective effect of the
two layer coating system PPy + MoS2 and PANI +
MoS2 on mild steel is first investigated in NaCl.
The Tafel polarization method is used to illustrate
the influence of these films on the protection of
mild steel in sodium chloride media.

 

EXPERIMENTAL 

In this study, a 3-necked 500 mL reaction flask
was  used  as  the  corrosion  cell.  The  working
electrode was submerged into the middle neck.
The reference electrode was placed in one of the
neck and the counter electrode was placed in the
other. A platinum plate was used as the counter
electrode and Saturated Calomel Electrode (SCE)
was  used  as  the  reference  electrode.  Prior  to
each test, the working electrode was sanded with
2000 sandpaper, then cleaned by distilled water,
and  immersed  into  ethyl  alcohol  to  accelerate
drying.  The  percentage  coating  efficiency  was
calculated  according  to  the  following  equation.
Coatings were obtained on the surface of the mild
steel by cyclic voltammetry in 0.1 M H2C2O4. CVs
and  Tafel  Polarization  curves  were  obtained  at
100 mV / s and at 2 mV / s scan rate respectively
(9).

CoatingEfficiency%=CR(uncoated)−CR (coated)
CR(uncoated)

 (Eq. 1)

RESULTS AND DISCUSSION
 
PPy  and  MoS2-doped  PPy  coating  on  the  mild
steel surface was formed with 10 cycles between

0.0 V and 1.0 V in 0.1 M H2C2O4 medium. The
resulting voltammograms are given in Figure 1.
PPy  formation  can  be  understood  from  the
increase in current at 0.6 V. 

Figure 1.  PPy coating curves obtained on Mild Steel surface.
 
PANI  coating curves  obtained at  scan rate  100
mV / s in the range of 0.0 V to 1.2 V. It can be
seen in Figure 2. It shows the aniline oxidation

potential  is  higher  than  that  of  pyrrole.  After
about  1.0  V  a  big  increase  in  potential  has
occurred. 
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Figure 2.  PANI coating obtained curves on the surface of steel.
 
In  Figure  3,  Tafel  polarization  coating  curves
obtained are given collectively to see the effect of
the  coating  on  mild  steel  corrosion.  All  of  the
coatings on the steel surface have increased the

corrosion potential of the steel to more positive
potentials  and  reduced  the  corrosion  current
density.

 
Figure 3. Tafel Polarization curves for all coatings on the mild steel surface.

 
PPy  coatings  have  shifted  their  corrosion
potential  to  positive  values,  approximately  100
mV,  while  PANI  coatings  shifted  to  more  than
200 mV. The doped MoS2 positively affected the
corrosion  potential  for  both  coatings.  This

contribution of MoS2 can be explained by closing
gaps  in  the  micro  level  that  can  occur  in  the
coating and forming a more stable impermeable
layer. It is seen that PANI coatings decreased the
cathodic  reaction rate  more than PPy coatings.
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The lower corrosion current  density  of  the  PPy
coating  compared  to  the  PANI  coating  showed
that  the  PPy  coating  is  more  effective  on  the

anodic  reaction.  MoS2 added  a  positive
contribution to the decrease of anodic current in
both coatings. 

Table 1. Corrosion Parameters.
Ecor (mV) Rp (ohm) Corrosion

Rate(mm/year
)

Coating
Efficiency
% 

Mild Steel (MS) -685 9289 0.210 -
MS+PANI -497 11525 0.115 45.2
MS+PANI+MoS2 -432 12047 0.064 69.5
MS+PPy -637 12825 0.023 89.0
MS+PPy+MoS2 -591 13267 0.007 96.7

  
Corrosion potentials, polarization resistance, and
corrosion rate calculated from corrosion current
density, and coating efficiency are given in Table
1.  Polarization  resistance  results  for  mild  steel
and  MoS2 doped  PPy  /  PANI  coatings  are
compatible  with  corrosion  rates.  The  coating
efficiency was determined for PANI, PANI+MoS2,
PPy,  and PPy+MoS2 45.2,  69.5,  89.0 and 96.7
respectively.
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Abstract:  Evaluation of corrosion inhibitors for carbon steel in chlorinated environments is very
important for some industrial plants. For this purpose, the inhibitory effect of 5-nitro-2-furaldehyde
on the corrosion of carbon steel in aqueous solutions of 0.1 M NaCl and 0.1 M HCl was investigated.
Cyclic voltammograms were taken to determine the electrochemical behavior of carbon steel in
non-inhibitory and inhibitory environments. The corrosion rates of carbon steel in the presence of
5-nitro-2-furaldehyde in different concentrations (10, 20, 50 and 100 ppm) were measured by the
Tafel  Polarization  method.  As  the  inhibitor  concentration  increased,  no  significant  change  was
detected in the 0.1 M HCl medium. In the 0.1 M NaCl environment, the corrosion potential has
shifted to values that are more positive and the corrosion current has been reduced. This indicates
that the inhibitors form a film on the surface of metal in this environment and create resistance to
corrosion. The best inhibitory activity was achieved with an inhibitor concentration of 100 ppm in
0.1 M NaCl medium.
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INTRODUCTION

Corrosion  of  metals  and  alloys  can  lead  to
pollution  of  the  environment  and  loss  of
economy (1-3). Carbon steel is a widely used
construction material in many industrial areas
due to its low cost and excellent mechanical
properties  (4,  5).  Carbon  steel  is  used  in
exchangers,  boilers,  reactors,  storage tanks,
gas  and  oil  transportation  industry,  etc.
However,  carbon  steel  is  particularly
vulnerable  to  corrosion  in  oil  and  gas
production systems (6, 7). Although inhibitors
are highly  effective  in corrosion and oil  and
gas  production  systems,  the  selection  and
application  of  inhibitors  due  to  variable
corrosive environments is complex  (6, 8-10).

However, in the event of corrosion of the steel
in corrosive environments; studies to increase
the corrosion resistance of the environment by
applying  inhibitor  cataracts,  cathodic
protection,  adding  coating  element,  alloying
element  or  changing  corrosive  environment.
This method does not require change in the
system and can be easily controlled  (11-14).
Corrosion  inhibitors  are  mixtures  used  to
protect  metallic  materials  against  corrosion,
which can be applied to closed systems and
generally  prepared  in  certain  formulas.  The
active  ingredients  are  selected  according  to
the conditions in the mixtures. The formula of
the  mixture  is  mostly  patented.  What  is
important,  however,  is  the  type  and
concentration of  the  active  substance in the
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mixture.  The  researchers  carry  out  the
selection  of  active  substances.  Many
investigators have found that compounds with
have  a  non-paired  electron  such  as  sulfur,
nitrogen,  and  oxygen  have  a  very  good
inhibitory candidates (15-18).

The  inhibitor  property  of  the  5-nitro-2-
furaldehyde compound,  whose structure  was
given in Figure 1, is firstly investigated by this
study.

Figure 1. Structural formula of 5-nitro-2-
furaldehyde.

EXPERIMENTAL

In the experiments,  a 250 mL three-necked
corrosion cell was used. Chemical composition

of carbon steel given in Table 2 was placed in
the  middle  neck  of  the  cell  as  the  working
electrode. The working electrode is prepared
by embedding it in a polyester resin with an
open area of 1.0 cm2.  Before each test, the
working electrode  surface  was polished  with
2000-inch  sandpaper  under  water.  The
electrode was washed with distilled water and
placed  in  the  experimental  apparatus  after
treatment  with  ethyl  alcohol.  For
measurement  of  the  electrode  potential,
saturated  calomel  electrode  (SCE) was used
as the reference electrode.  A platinum plate
with  1.0  cm2 surface  area  was  used as  the
counter electrode for current measurement. In
order to allow time for interaction between the
working electrode and the inhibitor,  working
electrode was kept for 30 minutes in inhibitor
contained solution before each electrochemical
polarization.  Tafel  Polarization  curves  and
cyclic voltammograms were obtained by using
Ivium Technologies De Regent 178 5611 HW
Eindhoven Ivium Compact Stat.

Table 1. Chemical Composition of Carbon Steel. 
C Mn P Si Cr Al Cu Fe

0.08 0.17 0.01 0.05 0.05 0.04 0.20 Rest

Inhibition Efficiency was calculated according to the following equation.

Inhibition Efficiency % =   
CR (without inhibitor )−CR(withinhibitor)

CR (without inhibitor )
 x 100

RESULTS AND DISCUSSION

The  CV  voltammogram  of  carbon  steel
obtained  in  0.1  M NaCl  medium is  given  in
Figure  2.  In  anodic  polarization  with  a
scanning speed of 100 mV / s in the range of -
1.5 V to 0.0 V, the anodic current passes in -
1.2 V and ends at very low current at about -
0.3  V.  Carbon  steel  is  passive  until  this
potential.  However,  after  this  potential,  the
current  is  rapidly  increasing and  passivation
occurs.  The  anodic  current  at  0.0  V  is
approximately 12 mA. 

Tafel  polarization  method  was  used  to
determine the corrosion rate of carbon steel in
0.1  M  NaCl  medium  containing  5-nitro-2-
furaldehyde.  Tafel  Polarization  curves  were
obtained with a scan rate 2 mV/s in the range
of -1.5 V to 0.0 V. Tafel  Polarization curves
obtained in 0.1 M NaCl medium containing 10,
20,  50  and  100  ppm  inhibitor  and  without
inhibitor were overlapped and given in Figure
3.
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Figure 2. Cyclic voltammogram  of Carbon Steel in 0.1 M NaCl.

Figure 3. Tafel Polarization Curves of carbon steel in 0.1 M NaCl solution with and without inhibitor
in different concentrations.

In  all  inhibitor  concentrations,  the  corrosion
potential of the steel was increased while the
corrosion  potential  of  the  steel  increased
compared to the medium without inhibitor. As
the  inhibitor  concentration  increases,  the
corrosion potential of the corrosion potential is
further reduced. This shows that the inhibitor
slows down both the anodic reaction and the
cathodic reaction. It  was understood that 5-

nitro-2-furaldehyde  behaves  as  a  mixed
inhibitor for carbon steel in this medium.

The  polarization  curves  of  the  carbon  steel
obtained in 0.1 M HCl solution were given in
Figure 4. The anodic current occurs at about -
0.7  V.  There  was  a  large  increase  in  the
anodic current after a very small increase of
about 100-200 mV. It is understood that there
is no passivity on the surface.
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Figure 4. Cyclic voltammogram  of Carbon Steel in 0.1 M HCl.

Tafel polarization curves obtained in 0.1 M HCl
medium  without  inhibitor  and  containing
inhibitor  at  different  concentrations  were
overlapped and given in Figure 5. The curves
in  the  hydrochloric  acid  medium  without
inhibitor  and  containing  10,  20,  50  ppm
inhibitors  are  almost  coincident.  The  curve
obtained in the solution containing only  100

ppm inhibitor  has  a  small  increase  in  steel
potential and a decrease in current.

In both corrosive environments, the corrosion
parameters obtained by extrapolation of Tafel
Polarization curves and the calculated inhibitor
activity results were summarized in Table 2.

Figure 5. Tafel Polarization Curves of carbon steel in 0.1 M HCl solution with and without inhibitor
in different concentrations.
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Table 2. Carbon steel corrosion parameters in corrosive environments.

As  a  result,  while  5-nitro-2-furaldehyde  did
not provide significant inhibition efficiency in
acidic  medium,  which  is  a  corrosive
environment,  it  has  provided  significant
activity  in  the  saline  environment.  The  best
inhibition efficiency was found to be 85.9% in
0.1  M  NaCl  medium  containing  100  ppm
inhibitor.
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