= British Journal of Applied Science & Technology /:s»
4(10): 1497-1508, 2014 (‘;

o SCIENCEDOMAIN international SC'E”CEDOMA'N
— e www.sciencedomain.org

ef’

Thermodynamic Investigation of Pb* and Cd**
lons Absorption from Aqueous Solutions Using
Multi-Walled Carbon Nanotubes

Aliasghar Rohani", Aliakbar Bastami Alireza Shakeri’
khashayar Sharifi' and Laleh Allahkaram*

'Research institute of petroleum Industry, National Iranian Oil Company, Tehran, Iran.
Department of chemical Engineering, Islamic Azad University, Shahrood Branch, Shahrood,
Iran.

Depan‘ment of chemical Engineerin,Golestan University,Gorgan, Iran.

*Department of Chemistry, Islamic Azad University, Share Ray Branch, Tehran, Iran.

Authors’ contributions

This work was carried out in collaboration between all authors. All authors read and
approved the final manuscript.

Received 11" December 2013
Original Research Article Accepted 25 January 2014
Published 7" February 2014

ABSTRACT

In this study, removal of heavy metal ions including cadmium and lead from wastewater
were studied. Adsorption process was carried out using simple multiwalled carbon
nanotubes (MWCNT) and functionalized MWCNT with the carboxyl agent (MWCNT-
COOH) prepared by CVD (chemical vapor deposition) method with a purity of 95%.
Furthermore, the effect of temperature at 27.32, 37 and 47°C on absorption rate was
investigated, in terms of the other constant variables such as initial content of metal ions,
solution pH, contact time and concentration of carbon nano absorbers. Final content of
the metal ions remaining in the solution was measured by atomic absorption
spectroscopy (AAS). It was revealed that there is a direct relationship between solution’s
temperature and cadmium and lead ions absorption rate on carbon nanotubes.
Furthermore, thermodynamic calculations of absorption showed that Gibbs free energy
(AG) of absorption process by MWCNT-COOH and MWCNT is negative. This result
indicating the spontaneous absorption reaction and removal of metal cathion by carbon
nanotubes. This reaction is endothermic and Positive AH confirms it.
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1. INTRODUCTION

Water pollution, caused by metal ions disposal, is a universal concern. Wastewaters from
metallurgical operations, chemical materials, batteries and metal mines contain one or
several kinds of toxic metals [1]. To prevent the entrance of toxic materials into food cycles,
metal ions must be filtered from wastewaters prior to being disposed in environment. Lead
is a white-bluish metal element and one of the four metals that most of the effects on human
health. Lead is naturally found in environment. It is also a by-product of petrol production by
human. Lead causes poisoning, anemia, cerebral distortions and kidney inflation. Cadmium
is a white metal element and a by-product of lead purification. Cadmium enters environment
through mechanisms like stone weathering, disposal into rivers, firefighting and human
activities such as manufactured phosphate composts or industrial waste streams. Cadmium
has unfavorable effects on human body among which are diarrhea, stomachache, bone
fracture, infertility, central cerebral system damage and immunity system damage. Huge
amounts of lead and cadmium in drinking water and food, like many other elements in
environment, can cause diseases in human. The maximum acceptable content of lead and
cadmium in drinking water, proposed by WHO, is less than 0.5 and 0.003 mg/L, respectively.
Due to these considerations and the huge consumption of the two elements in industrial
world and inevitable pollute in water resources and industrial wastewaters, some policies
must be regarded for removal of soluble lead and cadmium in the water [2-4].Different
methods are studied for separation of metal ions from aqueous solutions including oxidation-
reduction, precipitation, membrane filtration, cathion exchange and adsorption. Due to
absorber retrieval capability in the adsorption, this method is economical and more regarded.
In adsorption method, materials like activated carbon, Zeolite, synthetic resins and carbon
nanotubes are used [1,5]. Carbon nanotubes (CNTs) were discovered by Injima in 1991 and
widely applied in different fields. CVD (chemical vapor deposition) is a major method of
producing carbon nanotubes [6]. Two main types of carbon nanotubes have been detected:
single-Walled carbon nanotubes (SWCNTs) and multi-Walled carbon nanotubes (MWCNTSs).
Due to their high specific surface area, nanotubes are selected for metal ions absorbers. But
the main problem for this application is the high cost of CNTs production. Several studies
have been conducted in the last few years for lowering their production costs [7].

Carbon nanotubes are an effective adsorbent and have many applications in the reduction of
various pollutants such as dioxin from air or lead, cadmium, fluoride, 1; 2-dichlorobenzene or
THMs from water [7-12].

In this method, CNTs are exposed to oxidation agents such as HNOj; solution, KMnO, and
NaOCI. Functional bonds such as -COOH, OH and C=0 are added to both ends of carbon
nanotubes which are active and similar to Fullerenes. As a result, their reactivity is improved
and more positive metal cathion are absorbed [1,7].

In this research, the main purpose is measuring the absorption percentage and calculating
thermodynamic parameters in absorption process of lead and cadmium heavy metals from
aqueous solutions using simple multi-walled carbon nanotubes. The result compared with
modified multi-walled carbon nanotubes with temperature change during solution reaction.
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2. MATERIALS AND METHODS
2.1 Sample Preparation

Due to unavailability of real wastewater or polluted water containing both cadmium and lead
ions, wastewater solutions with specific contents of lead and cadmium were prepared under
laboratory conditions. Metal ions contents and solution temperature were changed during
different experimental stages.

Cadmium and lead nitrate salts were utilized for producing heavy metal cathion and
deionized purified water were utilized for solution samples. In this regard, Pb(NO3), and
Cd(NO3), .4H,0 produced in Aldrich company were added to 400mL of 98% deionized
purified water to increase initial ions concentration in the equivalent solution to 50mg/L. Also
for removal of metal cathion utilized from 95% simple multi-walled carbon nanotubes with
specific surface area of 233 m2/g (with a diameter of 5-15 nm) and 95% functionalized multi-
walled carbon nanotubes with specific surface area of 233 m2/g (with a diameter of 5-15
nm). This material produced in US NANO Company and purchased from Iranian nano
materials Company.

2.2 Experimental Procedure

In this method, absorbers were added to 50mL of the sample solution. Amount of absorber
in each stage was specified and all experiments were carried out in different temperature
including 300, 310, 315, and 320 K. Each step was carried out in 60 minutes. Carbon
nanotubes were not completely intermingled with wastewater due to their hydrophobic
feature. Ultrasonic wave’s producer system (up200s-hielscher model) was applied for 5
minutes for intermingling heavy metal ions and nanotubes powders. Then, the solution was
poured into laboratory Erlenmeyer flask. To adjust initial pH of the solution, hydrochloric acid
and sodium hydroxide was applied with 0.1M concentrations.

The solution containing Erlenmeyer flask was closed with cork cap. The solution was stirred
with magnetic stirring device (Heidolph MR 3001 K model) at 700 rpm rate for one hour.
Then, solution passed through filter paper (Whatman Grade 6) and its concentration was
measured using atomic absorption spectography (AAS: GBC 932 plus model).

3. RESULTS AND DISCUSSION

The temperature of the absorption process influences on final absorption rate and
temperature change is effective on absorber yield [1].

Based on the obtained results, ion absorption is dependent on aqueous solutions
temperature. The temperature (300, 310, 315, and 320 K) of metal ions containing solution
was repeatedly changed during absorption process. The other reaction parameters were
considered constant during the reaction (pH=6, t=60 minutes, Co= 50 mg/l).

Removal rate increases with temperature as shown in Figs. 1 and 2. The relationship
between increasing of ion absorption rate in higher temperature is due to the fact that
absorption sites in carbon nanotubes (points on nanotubes with absorption capability) are
more active at higher temperatures. Cathion kinetic energy increases with temperature. At
higher temperatures, ions and absorption points are more in contact with each other. So,
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absorption coefficient increases with temperature. Absorption reaction is more physical than
chemical. Also at higher temperatures, size of the pores of carbon nanotubes somewhat
increased and can absorb more metal cathion [1-7,13,14].

Metal ions removal/absorption rate is calculated by equation (1):

Removal percent= [(co — ¢f) / (co)] *100 (1)
Furthermore, metal ions absorption capacity (qe) is calculated by equation (2):

de = (Co—Cr) " Viw 2)

V: solution volume (L)
W: absorber mass (gr)
Co: initial concentration of the metal ions in solution (mg/L)
Ct: final concentration of the metal ions in solution (mg/L)
As shown in Fig. 1, absorption percent of Pb* and Cd*" ions are a function of temperature
on the absorbers surfaces. When temperate is increased to 320 K, maximum absorption
percents per metal ion on MWCNT-COOH are 71.6 and 91.5 for Cd** and Pb**, respectively
and for MWCNT are 62.9 and 78.3, respectively.

According to Fig. 2, when functional carbon nanotubes are used, metal ions absorption
capacity is higher than MWCNT.
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Fig. 1. Cadmium and lead removal percent by MWCNT and MWCNT-COOH in terms of
solution temperature rat
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Fig. 2. Changes in Cadmium and lead absorption capacity with solution temperature
3.1 Absorption Thermodynamics

Thermodynamic parameters provide additional information concerning internal energy
change during absorption process. Thermodynamic parameters such as AG (Gibbs free
standard energy of absorption), AS (standard entropy) and AH (standard enthalpy) during
metal ions absorption by carbon multi-walled nanotubes are investigated based on data
Tables. Two types of nanotubes (MWCNT and MWCNT-COOH) were applied at different
temperatures (300, 310, 315, and 320 K). Concentration of lead and cadmium metal ions are
same 50 (mg/L) and final concentration after reactions was consider equivalent while
thermodynamic parameters changes were measured. Thermodynamic constant (Kg), also
called distribution ratio, is defined in equivalent absorption reaction as follows [15].

Ko = as/@e = (Ys.Qe) / (Ye-Ce) 3)

In the above equation, ag is the absorbed ions activity coefficient on absorber surface and a,

is the ion activity coefficient in the equivalent solution. ys and y, are activity coefficients of the

absorbed salts and metal ions at equivalence stage. For example, when salts concentration

in the solution is almost zero, activity coefficients (ys and ye) are inclined to 1. Finally, the
above equation turns into equation (4).

K0 = as/ae = Qe/ Ce (4)

Je: absorbed ion concentration on the absorber surface (mg/L);
C.: metal ion concentration at equivalence time (mg/L).

According to equation (4), distribution ratio (Ko) reveals the shares of solution and absorber
of metal cathion after reaction. So, we can write:

Ko= (solution metal content/ absorber metal content) * (V/m) (5)
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V: solution volume at each reaction stage (ml);
M: absorber’s weight at each reaction container (g);

Absorber metal content is part of lead and cadmium metal cathion absorbed from solution by
carbon nanotubes. Solution metal content is some metal ions remain in the wastewater
solution after reaction.

Ko parameters calculated during absorption reaction are demonstrated in Table 1.
AG is obtained from equation (6) at various temperatures:
AG = - RT In(Ko) (6)

Where R is the universal constant of gases(R=8.314(J/mol.K)) and T is temperature (K).
On the other hand, we can write:

AGy = AHy - TAS, (7)
Because the left side of Equations 6 and 7 are equal, so we have:
- RT In(Ko) = AHy — TAS, (8)
In(Ko) = (-AH/R)*(1/T) + (ASy / R) 9)

On the other hand, equation (9) reveals that K, equivalence constant changes with absolute
temperature in an equivalence system. In Table. 1, in (K;) and AG® have been measured for
both absorbents based on equations (5) and (6).

Sign of Gibbs free energy is negative which reveals the automatic nature of lead and
cadmium ions absorption on MWCNTs and MWCNT-COOH surfaces and its amount
increases with temperature. It is confirm because the Gibbs free energy becomes more
negative as the temperature increases.

Also, In (Kp) versus (1/T) was depicted for reversible absorption of ions on MWCNTs and
MWCNT-COOH surfaces at different temperatures in Table. 1. Curve slope numerical value
determines (-AHO/R) and introduce standard enthalpy and intercept numerical value
determines (ASO/ R) and introduce standard entropy in equivalent absorption reaction.

Figs. 3 and 4 demonstrate distribution ratio changes (In (Ko)) versus 1/T for removal lead
and cadmium metal cathion by simple multi-walled carbon nanotubes. Distribution ratio
change is directly related to Gibbs free energy and increases with temperature. Distribution
ratio change in lead ions is higher than cadmium ions. This is due to the fact that carbon
nanotubes reaction with the metal ion containing solution on nanotubes surfaces is more
spontaneous for Pb(ll). So that in the competition to absorption Pb(ll)>Cd(ll). This reveals
the higher charge level of Pb** compared to cd*. Charge density is proportionate to cathion
size. Since lead cathion size is larger, it is more easily involved in absorption active points on
nanotubes surfaces [15].
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Nanotubes type Temperature(K) Remaining metal Metal ion amount Ln(Ko) AG’ (KJ/IMol) 1T (K7)
ion amount in absorbed by the
solution absorbent
cd(l) Pb(ll) Cd(ll)  Pb(ll) Cd(ll) Pb(l) Cd(ll) Pb(ll)
(mg/L) (mg/L) (mg/L) (mgl/L)
MWCNT 300 27.10 20.60 229 294 6.74 7.29 -16.8 -18.2 0.00333
310 25.60 18.94 2440  31.06 6.86 7.40 -17.7  -19.1  0.00322
315 21.72 14.40 28.3 35.6 717  7.81 -18.8 -20.5 0.00317
320 18.55 10.83 3145  39.17 744 819 -19.8  -21.8 0.00313
MWCNT-COOH 300 21.7 13.10 2830 36.9 722 79 -18.0 -19.7 0.00333
310 18.4 14.25 31.6 35.75 745 7.83 -19.5 -20.2 0.00322
315 13.75 10.26 36.25 39.74 7.88 826 -206  -21.6 0.00317
320 10.18 6.15 39.82 43.85 8.27 8.87 -22.0 -21.6  0.00313
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Fig. 3. Cadmium distribution ratio changes with temperature
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Fig. 4. Lead distribution ratio changes with temperature

Figs. 5 and 6 demonstrate distribution ratio (In (Ky)) versus (1/T) for removal of lead and
cadmium metal cathion by functional multi-walled carbon nanotubes.

Calculating thermodynamic parameters for absorbing Pb and Cd ions on MWCNTs and
MWCNT-COOH surfaces provides us with useful information concerning energy changes
during surface adsorption. It was revealed that an enthalpy change during absorption
reaction is positive which reveals the endothermic feature of absorption reaction [16]. This
fact is demonstrated in the experimental data of Table. 2 as shown that absorption of Pb and
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Cd ions on nanotubes surfaces increases with temperature. On the other hand, entropy
changes positivity might have originated from water molecules formation due to cathion
exchange reaction between metal ions and MWCNTs and MWCNT-COOH surfaces. This
fact reveals the high absorption rate of Pb and Cd metal ions from MWCNT surface [17,18].
Both ions absorption reactions are endothermic in this work. This process is considered to
two parts. In the first part, multi-walled carbon nanotubes are combined with water (an
endothermic reaction) and in the second part metal ions are absorbed on absorbent surfaces
(an exothermic reaction). Due to the higher probability of the carbon nanotubes hydration
compared to metal ions absorption on absorbent surfaces, the first reaction part has more
frequency than the second one and the reaction might be assumed as endothermic.
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Fig. 5. Cadmium distribution ratio changes with temperature
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Fig. 6. Lead distribution ratio changes with temperature
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Table 2. Determining thermodynamic parameters of absorption process by multi-walled carbon nanotubes

Metal cathion Carbon Temperature AG’ AH’ AS’ Straight line Regression
nanotubes (K) (kJ/mol) (kJ/mol) (J/molK) equation coefficient
Pb(ll) MWCNT 300 -18.2 37.72 177.04 Y =-538.0710X + R*=0.9235
310 -19.1 21.2952
315 -20.5
320 -21.8 ]
MWCNT- 300 -19.7 44.99 213.91 Y =-411.1675X + R*=0.8775
COOH 310 -20.2 25.73102
315 -21.6
320 -23.6
Cd(ln MWCNT 300 -16.8 40.56 187.10 Y =-879.6903X + R”=0.9602
310 -17.7 22.5034
315 -18.8
320 -19.8 ]
MWCNT- 300 -18.0 43.82 205.80 Y =-271.0659X + R*=0.96142
COOH 310 -19.5 24,7541
315 -20.6
320 -22.0
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4. CONCLUSION

Temperature effect on Cd** and Pb®* ions absorption from aqueous solution by multi-walled
carbon nanotubes was investigated. It was revealed that with temperature increase from
27°C to 47°C, each metal ion’s absorption percentage on each absorbent surface increased
by 20%, in average. A maximum removal rate of 91.5% was recorded for Pb** metal cathion
in touch with functional multi-Walled carbon nanotubes.

On the other hand, the positive sign of enthalpy proves endothermic essence of the
absorption process. Based on thermodynamic calculations, negative sign of Gibbs free
energy and regarding of the obtained value for the entropy of the absorption process, it
might be concluded that the mentioned process is spontaneous and AG is directed
dependent on temperature. Our results confirm the more negative amount of Gibbs free
energy in high temperatures. In higher temperatures, reaction is more spontaneous. Also
result shown whatever metal cathions absorption rate on nanotubes surfaces is higher, more
thermal energy is needed for the reaction. This fact was revealed for Pb®* metal cathion
absorption with the reaction enthalpy rate of 44.99kJ/mol.

In this study, both ions absorption reactions are endothermic. This reaction is completed in
two parts. In the first part, multi-walled carbon nanotubes are combined with water (an
endothermic reaction) and in the second part metal ions are absorbed on absorbent surfaces
(an exothermic reaction). Due to the higher probability of the carbon nanotubes hydration
compared to metal ions absorption on absorbent surfaces, the first reaction part has more
frequency than the second one and the reaction might be assumed as endothermic reaction
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