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Overview 

There is abundant glycerol generated as a byproduct during transesterification process 

in bio-diesel industry. 

Reaction:  Triglyceride + methanol                      Mixture of fatty esters + glycerol 

Recently glycerol is utilized in synthesis of carbon material as a solid acid catalyst in 

organic transformations. 

Conventionally activated carbon is produced from coal and biomass. In the present 

investigation glycerol based activated carbons are being developed as alternative carbon 

materials to address concern related to environmental issues and energy. 

The work of the thesis therefore deals with  

 Conversion of glycerol into activated carbons by adopting suitable synthetic 

strategies 

 Evaluation of adsorption capabilities of the glycerol based carbons or GBC
s 
 

 Synthesis of suitable metal oxides to make composites with GBC
s
 

 Evaluation of catalytic/electrochemical activity of the synthesized materials 

In view of the above, the present introductory chapter concerns understanding required 

and the literature status in relation to  

 Activated carbons 

 Pure and modified manganese oxides such as 

i α-MnO2 also known as Mn OMS-2 

ii Fe modified manganese oxides 

 Electrochemical properties 

i Capacitance and  

ii Electrocatalysis related to direct alcohol fuel cells 
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In recent times there is increasing awareness for the need to conserve the depleting 

energy resources as well as environmental protection. Thus material research is focused 

on developing materials for environmental application, for energy conversion systems 

like fuel cells and energy storage technologies like batteries, supercapacitors etc. Energy 

research is significant due to increasing demand for cleaner energy as planet is facing 

after effects of fossil fuel energy production process. Although considerable amount of 

work has been done in producing renewable energy and the possibility of renewable 

energy linking demand and energy supply has been stated. However the upfront cost of 

technologies to be used to generate energy from renewable sources is skyscraping. Also 

renewable energy sources have geographic limitation in addition to storage issue and 

intermittent nature of renewable energy sources. Thus a need for alternative energy 

source arises. Energy policy of every nation takes into account three important factors 

which are energy security, safeguarding the environment and the economic growth.  

Carbon materials are class of distinctive materials and synthesis conditions can be 

optimized to design it for a specific application. Activated carbons are traditionally used 

for adsorption of pollutants. Their adsorption ability is determined by properties such as 

high surface area, porosity and surface functionalities. The presence of functional 

groups like –OH, -COOH etc makes carbon hydrophilic. Carbons are also studied as a 

solid acid catalyst for different organic transformation and its use as a catalysts support 

in fuel cell is well known. 
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1.1    Activated carbon 

Activated carbons can be defined as porous amorphous materials with disorganized 

graphitic sheets. Graphite is a 3D structure consisting of several hexagonal layers of sp
2
 

carbons, held by Van der Waals forces. A single 2D layer of graphite is graphene. 

Activated carbons are generally obtained by carbonization of biomass followed by 

physical or chemical activation. Thus carbonization and activation are two main steps 

involved in the synthesis of activated carbon.  

Carbonization is at first carried out by converting the initial carbonaceous raw matter to 

carbon by removing its non carbon components. The process involves either through  

(i) Chemical treatment or 

(ii) Thermal treatment in limited supply of air or in inert atmosphere 

Carbonization generally results in obtaining carbon with low surface area and poorly 

developed pore structure. Porosity can be enhanced as well as can be tuned by 

employing suitable activation methods. The properties of the activated carbon produced 

depend on  

(i) Type of raw material 

(ii) Activating agent and  

(iii) Activation conditions  

Physical activation processes involves treating a carbonized material at high 

temperature between 600 – 1100 
o
C in inert atmosphere like N2 or Ar, air atmosphere, 

CO2 or steam. Steam activated carbon obtained from olive bagasses showed maximum 

surface area of 1106 m
2
 g

-1
 at activation temperature of 900 

o
C [1]. It was also observed 

during the comparative study of chemical and physical activation of coconut shell 

carbon that pore size distribution in coconut shell carbon could be more precisely tuned 



4 
 

by physical activation method [2]. But physical activation also leads to low degree of 

compactness in carbon structure.  

Chemical activation methods include use of different chemical activating agents like 

H2SO4, H3PO4, KOH, ZnCl2 etc. During activation the raw material is saturated with the 

chosen chemical activating agent and the mixture is further treated at temperature 

between 400-800 
o
C in inert atmosphere. The chemically activated carbon often shows 

higher surface area along with improved porosity. The degree of initial saturation with 

activating agent mostly decides pore size distribution. Another advantage is that the 

product obtained is in high yield and the synthesis is carried out at considerably lower 

activation temperature and requires less activation time. This makes chemical activation 

method preferable over physical activation methods. The commercially available 

activated carbons are often reported to have a surface area in the range of 800 – 1500 m
2
 

g
-1

 with considerable microporosity. The most commonly preferred chemical activating 

agents in literature are KOH and ZnCl2 which are discussed here. 

 

1.1.1 KOH activation 

Among different chemical activating agents investigated, activation of carbon using 

KOH has gained wide attention as it produces carbons with high surface area (1500 – 

3200 m
2
 g

-1
) and evolved porosity. Activating process involves impregnation of the raw 

material with excess aqueous KOH followed by treatment at a temperature between 500 

– 900 
o
C. KOH activated carbon find application in water purification [3], energy 

storage [4] and supercapacitors [5]. KOH activation is considered to be effective 

method to create micropores as well as mesopores within the carbon framework. 
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KOH activated carbon having high surface area (1500-4000 m
2
 g

-1
) and ~ 90 % 

microporosity has been synthesized from coal or coke [6, 7]. Microwave induced KOH 

activation has also been carried out. Theses microporous carbons are reported to show 

high adsorption for methylene blue [8]. Carbon from gulfweed prepared by KOH 

activation were reported to shows good performance as supercapacitor with value as 

high as 395 F g
-1 

[9]. KOH has also been used for reactivation of carbons. Thus 

commercial activated carbon having surface area of 1460 m
2
 g

-1
 when re-activated with 

KOH showed remarkable increase in surface area close to 3000 m
2
 g

-1
 and also increase 

in pore volume from 1.66 to 2.70 cm
3
 cm

-3 
[10].  

 

Mechanism of KOH activation 

Mechanism of KOH activation has not been well understood as too many variables are 

involved in the experimental procedures implemented. It is generally assumed that 

during activation, carbon and KOH undergo redox process wherein KOH is reduced to 

metallic K and carbon is oxidized to carbon dioxide, carbon monoxide and carbonates. 

Otowa et al. [11] proposed an activation mechanism according to which initial heating 

at a temperature of 400 
o
C could lead to dehydration of KOH to form K2O and H2O. 

KOH(s)  K2O(s) + H2O(g)                                     (1) 

At temperature ~ 400 
o
C water is in gaseous form. It will react with carbon as per the 

water gas reaction. It leads to the formation of water gas (H2 and CO). 

C(s) + H2O(g)       H2(g) + CO(g)                               (2) 

This reaction is followed by water gas shift reaction which converts poisonous CO to 

CO2 by producing flammable H2 gas 

CO(g) + H2O(g)      H2(g) + CO2(g)  (3) 
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Further the dehydration of KOH to K2O take place at a temperature of about 400 
o
C and 

CO2 may react with K2O to give potassium carbonate. 

CO2 + K2O           K2CO3                         (4) 

During activation process, at a temperature of about 600 
o
C all of the KOH is 

consumed. At a temperature higher than 700 
o
C, K2O was reduced to K. The possible 

reactions include  

C+ K2O       2K + CO (5) 

H2 + K2O       2K+ H2O (6) 

The conversion of carbon into gaseous CO and CO2 leads to the development of pores 

in carbon. At a temperature of ~ 800 
o
C, there is complete decomposition of K2CO3. 

K2CO3 + 2C                              2K + 3CO                                     (7) 

Intercalation of potassium metal into carbon structure leads to widening of carbon 

atomic layers thereby inducing porosity.  

Lozano-Castelló et al. [12] observed evolution of CO, CO2 and H2 gas by TPR/He and 

TPR/H2 studies and the most probable reaction during chemical activation by KOH is 

represented as  

6KOH + 2C     2K + 3H2 + 2K2CO3                           (8) 
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1.1.2 ZnCl2 activation   

Chemical activation using ZnCl2 activating agent is also well investigated as it produces 

activated carbon with appreciable surface area and microporosity. Activation process 

has been exploited to prepare activated carbon using different carbon precursors. It is 

observed that the impregnation step during activation is a key, as the impregnation ratio 

have significant effect on microporosity of the final activated carbon. Several research 

groups highlighted the importance of ZnCl2 activated carbon in adsorption of dyes [13-

16], capacitors [17-18] and for removal of polluting species such as nitrates [19], 2-

Chlorophenol [20], sulfates [21] and heavy metal ions such as Cr(VI) [22]. Further 

ZnCl2 activated carbon from almond shells, gave a better yield of the final product [22]. 

Surface areas in the range 600 - 2500 m
2
 g

-1
 have been reported following ZnCl2 

activation as summarized in Table 1.1. 
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Table 1.1: Properties of some literature reported activated carbons synthesized from 

natural sources. 

Carbon precursor Textural properties References 

Surface area 

(m
2
 g

-1
) 

Porosity/pore volume 

(cm
3
 g

-1
) 

Glucose 

 

~ 2500 1.37 [17] 

Coconut coir pith 910 0.363 [20] 

Cellulose 916 0.133 [22] 

Rise husk 1136  -- [23] 

Kraft lignin 1800 ~1.8 [24] 

Oil palm shell 1429 – 1134 0.74 – 0.62  [25] 

Peat 1000 0.5 [26] 

Peanut shell 1642 0.42 [27] 

Tobacco stem 1347 0.41 [28] 

Coffee residue 915 1.00 [29] 

Sugar beet bagasse 1697 

 

-- [30] 

Tectona grandis sawdust ~600 0.44  [31] 

Tamarind wood 1322 1.042 [32] 

Cherry stones 1971 0.74  [33] 

Tomato processing solid 

waste 

1093 1.569 [34] 
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1.2 Carbon materials from glycerol 

For generating newer carbon materials, source of carbon or raw material used for 

synthesis is one of the most considered factors considering the cost and quality of the 

final product. Research in this field is captivating as properties of carbon materials can 

be tuned by modifying the synthesis conditions. Carbon materials find application in 

many areas which makes them invaluable. In literature, considerable amount of work 

has been reported on synthesis and applications of different carbon forms like activated 

carbon, carbon nanotubes, carbon nanofibers, carbon xerogels, carbon aerogels, 

graphene oxide, graphene etc. The present investigation is focused on synthesis of 

carbon materials from glycerol, as glycerol is one of the byproducts produced in huge 

amounts in bio-diesel industry. The overproduction of glycerol makes it our 

responsibility to transform it into a suitable material of interest. 

Catalytic activity of glycerol based carbon as solid acid catalysts was examined for 

various organic transformations. SO3H group on the surface of glycerol based carbon 

makes it highly efficient and reusable solid acid catalyst with its reusability compared to 

mineral acid catalysts like H2SO4.  

Devi et al. [35] prepared glycerol based carbon by insitu partial carbonization and 

sulphonation of glycerol for its utilization as a solid acid catalyst for esterification 

reaction. 99% conversion was observed for esterification of palmitic acid with methanol 

using 10% weight of glycerol based carbon catalyst. Further study on glycerol based 

carbon catalyzed acetylation of alcohol, phenol and amines has been reported [36]. The 

catalyst showed good activity and reusability with yield of 92 – 89 % after 5 cycles. 

Glycerol based carbon catalyst was also investigated for its activity towards 

chemoselective synthesis of pentaerythritol (PE) diacetals in methanol at reflux 
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temperature and recovered catalyst showed good activity for 5 cycles with pre-treatment 

[37]. Its applicability as a catalyst for wet peroxide oxidation (WPO) by tuning its 

textural properties via calcining at different temperature [38]. It was reported that when 

as prepared glycerol based carbon was thermally treated in air at a temperature of 300 

o
C (GBCM300), it leads to remarkable increase in surface area and microporosity. This 

sample was potent catalyst for degradation of 2-nitrophenol showing up to 80% 

conversion. GBCM300 was employed for catalytic wet oxidation process and was 

observed that activity of the catalyst can be recovered by regenerating through thermal 

treatment in air at 300 
o
C for 2 hours. 

Further glycerol based carbons were explored for their application in adsorption. 

Alvarez-Torrellas et al. [39] examined various glycerol-based carbons for removal of 

flumequine and tetracycline by adsorption. Synthesis of glycerol based carbons using 

different acids like H2SO4, H3PO4, HCl and CH3COOH were investigated. Synthesized 

carbons were further physically activated at different temperature in N2 atmosphere and 

employed for adsorption of volatile organic compounds and Cr (VI) removal [40]. 

Glycerol based activated carbons were observed to outperform commercial ACs in 

adsorption. Impact of different dehydration acid, its concentration and activation 

environment on textural and surface properties gives information to prepare tailored 

activated carbons. 
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1.3 OMS-2 and Fe-Mn Oxides 

(i) Mn OMS-2 or α-MnO2 

Molecular sieves are porous materials with small pores of molecular dimensions and 

having uniform shape and size. These materials are attractive due to their wide 

applicability in diverse areas. Zeolites are known as molecular sieves which are 

basically aluminosilicates build by assembly of Si and Al tetrahedra. Zeolites find 

application in different area like as catalysts in chemical industry [41], in oil refining 

[42], as adsorbent [43], ion exchanger [44] and for H2 storage [45].  

In manganese oxides, Mn occurs in +2, +3 and +4 oxidation states and naturally 

occurring manganese oxide/ hydroxides are involved in the environmental geochemistry 

[46].  

In all manganese oxides the basic unit is distorted octahedral of O
2-

 and/or OH
-
 

coordination such as [MnO6] or [Mn(O,OH)6]. The sharing of these octahedra either by 

linking via corner or edges leads to different structural features in manganese oxides. 

The common polymorphic form of manganese dioxide (Mn in +4 oxidation state), are 

known as α, β or γ-MnO2. Of these α-MnO2 also known as Mn(OMS-2) is being 

investigated here to make composites with the synthesized carbons.  α-MnO2 structure is 

made up series of tunnels formed due to corner sharing of edge shared [MnO6] 

octahedra which extend along c-axis of tetragonal unit cell. The tunnels have 

dimensions of the type [2×2]. During catalysis these tunnels [2×2] enable the ions or the 

intermediates to diffuse. Naturally occurring α-MnO2 samples like hollandite normally 

contain big cation Ba
+2

 in majority along with other elements (eg. K
+
) in minor quantity. 

Foreign ion or considerable amount of water is known to give stability to the structure 

of α-MnO2. 
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(ii) Fe-Mn oxides & α-Fe2O3 

Iron oxides are interesting as they have tunable properties such as optical, electrical, 

magnetic, electrochemical and catalytic. Among different polymorphic forms of ferric 

oxide, the most widely investigated includes α-Fe2O3 (hematite) and γ-Fe2O3 

(maghemite) [49-50]. Further, α-Fe2O3 is antiferromagnetic below Morin temperature 

(260 K) and shows a very weak ferromagnetic behavior (< 1 emu g
-1

) between 260 K 

and the Neel temperature (950 K). The enhanced magnetic behavior is seen following 

doping of transition metal ion like Mn
2+

, Cu
2+

 etc. [49]. The various properties and 

applications of α-Fe2O3 have been recently reviewed [50]. Several methods have also 

been adopted for synthesis of iron – manganese oxides and manganese ferrites to obtain 

materials of higher magnetism and catalytic activity [47-52]. Thus Yuping et al., 

reported formation of a mixture of α-Fe2O3 and MnFe2O4 phases produced from a Fe-

Mn containing slurry whose magnetic properties could be of interest as catalysts or as 

catalyst support material [53]. Iron-manganese mixed oxide catalysts were also studied 

for catalytic combustion of ethanol and the catalytic activity was found to be greatly 

influenced by the Fe:Mn ratio of the mixed oxide formed [54] and several other 

catalytic processes [55-56].  Fe (III) oxides are well known to show high activity for 

catalytic decomposition of H2O2 [57-58]; the activity being dependent on surface area 

and particle sizes [59-60].  Several synthetic strategies have been adopted to obtain 

hematite of high reactivity; methods such as surfactant assisted synthesis [58], 

combustion synthesis [61-62], sol-gel method [63-64], co-precipitation method [65] etc. 

These methods have to be chosen considering their cost effectiveness and methods that 

would avoid or minimize emission of hazardous gases. The recent trend is to adopt 
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simple aqueous solution methods of co-precipitation to obtain α-Fe2O3, as that affords 

better control over synthesis conditions, product morphology and particle sizes [65-66]. 

 

1.4    Fuel cell 

A fuel cell is an electrochemical cell in which electrical energy is generated by a 

chemical reaction of a fuel at anode and oxidant at cathode. A common fuel used 

includes either hydrogen or methanol or ethanol and the oxidant is generally air or 

oxygen. The products of oxidation are mainly H2O and CO2 in case of alcohol fuel cells. 

Thus fuel cell technology is cleaner and therefore most widely researched. Fuel cells 

generally have practical energy efficiency between 40 - 60 % making it attractive in 

energy sectors. Fuel cells basically consist of anode, cathode and an electrolyte. Thus 

classification of fuel cells is mostly based on type of electrolyte used or the temperature. 

Based on the operating temperature they are classified as high and low temperature fuel 

cells. Most widely studied fuel cells are hydrogen-oxygen fuel cells and direct methanol 

fuel cells based on polymer membrane electrolytes. A direct methanol fuel cell has 

advantage with respect to availability of methanol fuel and its ease of handling. Fig. 1.1 

depicts simple fuel cell. 
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Fig. 1.1: Schematic representation of a fuel cell. 

 

The fuel is oxidized at the anode and the released species (H
+
 and e

-
) move to the 

cathode side and get reduced to H2O by reaction with the oxidant O2 and thus generate 

energy. The efficiency of oxidation and reduction reactions at two electrodes is directly 

determined by the activity of the electrocatalysts. Noble metal catalysts like Pt, Ru are 

still the most effective electrocatalysts and therefore are studied extensively. But Pt is a 

very costly metal and thus becomes expensive part in the total cost of fuel cell 

operation. Additionally Pt is highly sensitive to the intermediate oxidation product CO 

and further oxidation of CO to CO2 is a crucial step. The operating temperature range 

for direct methanol fuel cell (DMFC) is 60-90 
o
C with power up to 100 W. The overall 

electrode reactions for methanol or ethanol fuel are given below 

For methanol oxidation reaction 

At anode:   CH3OH + H2O  CO2 + 6 H
+
 + 6 e

-
 

At cathode: 3/2 O2 + 6 H
+
 + 6 e

-
  3 H2O 

Overall reaction: CH3OH + 3/2 O2  CO2 + 2 H2O 

 



15 
 

For ethanol oxidation reaction 

At anode:   CH3CH2OH + 3 H2O  2 CO2 + 12 H
+
 + 12 e

-
 

At cathode: 3 O2 + 12 H
+
 + 12 e

-
  6 H2O 

Overall reaction: CH3CH2OH + 3 O2  2 CO2 + 3 H2O 

 

1.4.1 Mechanism of electro-oxidation of methanol 

Extensive study to understand electro-oxidation of methanol has been done. Pt is known 

to show highest activity for methanol electro-oxidation in DMFC. Not all the electrode 

materials are active adsorbents for adsorption of methanol. Only Pt and Pt based 

electrocatalysts have been found to exhibit activity as well as stability [67].  During 

oxidation of methanol to CO2, 6 electrons are involved and thus it must include many 

steps with various intermediates [68]. Bagotzky and Vassilyer [69] said that methanol 

chemisorptions on Pt occurs following dehydrogenation by the reaction, 

CH3OH      C-OH + 3Hads                          

And water discharge in acidic solution occurs at positive potentials giving OHads species  

H2O  OHads + H
+
 + e

-
  

Intermediates such as HCOOH and H2CO were detected when oxidation process was 

monitored with mass spectroscopy [70]. Measurements done using gas chromatography 

also showed the species HCOOH, H2CO, HCOOCH3 and CO2 [71]. Similar results were 

confirmed by HPLC analysis [72].  It was further proposed that H2CO can react to 

produce CO2 or HCOOH [73]. Oxidation of formic acid was investigated but no definite 

mechanism was proposed [74]. The intermediate CO produced during oxidation was 

strongly bonded to the Pt electrocatalyst surface and therefore oxidation of this 

intermediate was considered as rate determining step for complete oxidation to CO2. 
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Additionally, oxide formation on Pt surface could also facilitate oxidation of CO to CO2 

as the platinum oxide occurs at the potential at which CO oxidation also takes place 

[75].  From XPS studies carried out by Goodenough et al [76] three Pt oxides were 

observed after the oxidation of methanol on Pt surface whereas before oxidation only 

two Pt oxides were noticed. This indicates that a unstable form of Pt oxide may oxidize 

CO, but subsequent investigation with Ag and Au metal catalyst couldn’t confirm the 

mechanism [77]. 
 

Chen et al. reported formation of HCOO
-
 intermediate for the first time during methanol 

oxidation on Pt electrode in acidic solution and it was observed to be reactive and 

responsible for oxidation to CO2 [78]. They further used in-situ surface enhanced IR 

absorption spectra (SEIRAS) simultaneously with cyclic voltammetry to study the 

nature of intermediates adsorbed on the surface of the catalyst. IR bands associated with 

CO linearly and bridge bonded to Pt catalyst surface was observed.  Decrease in the 

intensity of band due to CO decreased rapidly at more positive potential.  

Parsons and Vandernoot (1988) also investigated mechanism of methanol electro-

oxidation on Pt electrocatalyst in 1988 [79]. Methanol oxidation on Pt surface is 

believed to occur in order as follows: 

CH3OH + Pt(s)  Pt-CH2-OH + H
+
 + e

-
 (1) 

Pt-CH2-OH + Pt(s)  Pt2-CH-OH + H
+
 + e

-
 (2) 

Pt2-CH-OH + Pt(s)                                     Pt3-C-OH + H
+
 + e

-
                         (3) 

Pt3-C-OH                                          Pt-CO + 2Pt(s) + H
+
 + e

-  
                 (4) 

Pt(s) + H2O                                       Pt-OH + H
+
 + e

-  
                              (5) 
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Pt-OH + Pt-CO                                 Pt-COOH (6a) 

OR    

Pt-CO + H2O                                    Pt-COOH + H
+
 + e

- 
                        (6b) 

Pt-COOH                                          Pt(s) + CO2 + H
+
 + e

-                                
 (7) 

Based on the intermediates detected additional reactions that could occur includes 

Pt-CH2-OH      Pt(s) + HCHO + H
+
 + e

-
 (8) 

Pt2-CH-OH + Pt-OH  3Pt + HCOOH + H
+
 + e

-
 (9) 

OR     

Pt2-CH-OH + H2O  2Pt(s) + HCOOH + H
+
 + e

-
 (10) 

Pt3C-OH + Pt-OH  3Pt(s) + Pt-COOH + H
+
 + e

-
 (11a) 

Pt3C-OH + H2O  2Pt(s) + Pt-COOH + H
+
 + e

-
 (11b) 

 

Although Pt is widely investigated for electrocatalytic oxidation of methanol it creates a 

economic limitation for commercializing fuel cells. Therefore investigations have been 

carried out to explore alternative catalytic materials. Thus when Ir was studied, it 

showed much less activity compared to Pt and did not possess significant economic 

advantage [80]. Alloys of Pt with other metals were also examined for electrocatalytic 

activity. The choice of other metal was such that it could form surface oxide in the 

potential range of oxidation of methanol. Ru among others studied showed highest 

activity whereas when Pt alloyed with Ir and Os were observed to act as promoters [81]. 

FTIR study using Pt-Ru electrocatalyst [82] showed that during methanol electro-

oxidation COads on electrode surface was decreased at any given potential. However the 

frequency corresponding to bound CO increased. The effect was related to decreased π 
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bonding effect from Pt to CO. This make carbon electron deficient and thus nucleophilic 

attack of water on carbon further promotes CO oxidation at lower potential. 

Analysis using ternary metal catalyst system with Pt-Ru has been investigated. Recently 

attention has turned to use of Pt and metal oxide composite catalyst. Pt deposited on 

hydrous WO3-X was identified as a active catalysts for electro-oxidation of methanol 

[83]. Several studies with Pt incorporated oxides have also been carried out [84].   

For more than three decades now the best electrocatalyst known for methanol oxidation 

is Pt-Ru alloy [85] and it has been employed for approx. 25 years in DMFC. These 

electrocatalysts are supported on carbon materials for better dispersion of catalysts 

particles. This can enhance the active surface area for catalysis and thus the amount of 

noble catalyst required is reduced. Catalyst support can not only affect morphology but 

also electronic conductivity during oxidation, mass transport as well as stability of metal 

nanoparticles. Therefore optimizing the quantity of carbon support for improved 

efficiency of fuel cell becomes important. Considering these aspects, different type of 

carbon supports have been investigated for dispersion of metal nanoparticles namely 

carbon nanotubes [86], mesoporous carbons [87], graphene [88], graphene-MWCNT 

hybrid support [89] etc. Zeng et al investigated hybrid support i.e. WO3 doped ordered 

mesoporous carbon [90]. It was observed that hybrid support improves catalytic activity 

by mutual effect promoting mass-specific activity of the catalyst. Studies done using 

graphene or reduced graphene oxide supports showed that oxygen groups present on the 

surface of graphene or rGO can assist oxidation of adsorbed CO on Pt sites. Small Pt-

based alloy nanoparticles well dispersed on graphene such as Pt-Ru/GNs, Pt-Pd/GNs, 

Pt-Ni/GNs, Pt-Fe/GNs, Pt-Sn/GNs etc. displayed superior electrocatalytic activity for 

methanol oxidation [91]. The oxygenated groups on graphene oxide acts as binding sites 
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for metal nanoparticles by improving their stability and also makes its very hydrophilic 

resulting in improved electrocatalytic activity. However facile synthesis route to prepare 

Pt on rGO is still a challenge.  

Among various oxides investigated for their activity towards methanol electro-oxidation 

manganese dioxide is one of the good choices considering its properties like its good 

electrochemical behavior, proton electron intercalation properties and low cost. 

Additionally it is also well known chemical oxidation catalysts. Presence of MnO2 on 

the surface of CNTs was observed to show improved proton conductivity of the 

catalysts and this further enhanced performance of the catalysts during oxidation of 

methanol [92]. Composite of Pt and MnO2 showed better performance as MnO2 was 

assisting in CO oxidation by producing OHads species [93] by a following reaction 

H2Oads + MnO2    MnOOH + OHads +e
-
  

Such activity can be related to the presence of Mn
+4

/Mn
+3 

redox couple. 

Further studies using MnO2 reported that the presence of MnO2 in Pt/MnO2/CNTs 

composite catalyst presents higher electrochemical active surface area and superior 

methanol electro-oxidation activity [94]. Manganese octahedral molecular sieves found 

to be active for methanol electro-oxidation. For a composite of OMS-2 and 5% Ru it 

was concluded that Ru can act as nucleating centre for CO clustering within the 

framework of OMS-2 and promotes CO oxidation to CO2 thereby enhancing its activity 

[95]. 
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1.4.2 Electrocatalytic-oxidation of ethanol 

Ethanol is an important and attractive fuel for direct alcohol fuel cell as it has 

advantages over methanol in terms of safety and ease of availability. It is a renewable 

bio-fuel and is relatively less toxic. It is produced in considerable amounts from sugar 

containing raw materials by fermentation [96]. It offers high energy density (8.01 kWh 

kg
-1

) which is close to that of gasoline [97]. But major barrier in development of direct 

ethanol fuel cells (DEFCs) is slow reaction kinetics of ethanol electro-oxidation [98]. 

Thus detailed study on understanding reaction mechanism and structural parameters of 

active catalysts is important. Several instrumental techniques are adopted to elucidate 

the mechanism [99 - 105]. 

These studies have also shown that just as in case of methanol Pt or Pt based materials 

are better catalysts for electro-oxidation of ethanol [106]. A few mg cm
-2

 of Pt is found 

inevitable to obtain considerable activity for the electro-oxidation of alcohols in fuel 

cells [105]. Much study therefore has been also focused on introducing bimetallic 

catalysts thereby reducing Pt loading [107] along with developing catalysts support with 

high surface area which can promote catalysis [108]. 

Further studies on EOR suggested that ethanol could in principle be completely 

oxidized to CO2 and water [109]. However Behm et al. studied EOR by combining 

cyclic voltammetry technique and potential step measurements of reaction transients 

observed that % selectivity range of oxidation of ethanol to CO2 was only 0.5-7.5 % 

[110]. Thus practically ethanol does not react fully and is only partially oxidized to 

ethanol and probable redox reactions are as given below [109] 
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Thus 

C2H5OH     CH3CHO + 2H
+
 + 2e

-
 

½ O2 + 2H
+
 + 2 e-  H2O 

occurs at anode and cathode of fuel cell 

Generally accepted dual-pathway mechanism for ethanol electro-oxidation on Pt based 

catalysts can be given as [111-116]: 

 

Scheme 1.1 Dual pathway for ethanol electro-oxidation reaction in acidic medium on Pt 

catalyst.  

 

C1 pathway involves oxidation of ethanol to CO2 by producing COads intermediate and 

the process involves 12 electrons. On the other hand C2 pathway represents incomplete 

oxidation of ethanol to ethanal by giving two electrons followed by formation of 

ethanoic acid (acetic acid) by delivering four electrons without cleavage of C-C bond. 

C1 and C2 pathway can be further elaborated as follows: 

C1 pathway 
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C2 pathway 

 

However ethanol electro-oxidation is a complex process where parallel reactions are 

occurring during oxidation thereby producing more than 40 possible intermediates 

[113]. 

The major intermediate formed on Pt catalyst has been identified as COads while 

CH3COOH and CH3CHO have been detected [111-112]. In 1989, Iwasita et al., detected 

only linearly adsorbed CO during electro-oxidation of ethanol in HClO4 on Pt [114]. It 

was further concluded that CO2 and CH3COOH were produced at high concentration of 

ethanol along with CH3CHO as the main product [115].  

Thus after several such investigations [99, 110, 115-117] it can be concluded that C2 

pathway is dominant for EOR on Pt based electro-catalyst giving CH3CHO and 

CH3COOH as main products [118-119]. In strong alkaline medium first step is a 

cleavage of O-H bond of ethanol whereas in acidic medium it is cleavage of Cα-H bond 

[120-121].  

 

Thus the possible reactions for electro-oxidation of ethanol on Pt surface can be given 

as follows 

CH3CH2OH + Pt(s)  Pt-O-CH2-CH3 + H
+
 + e

-
 (1a) 

OR    

CH3CH2OH + Pt(s)  Pt-CHOHCH3 + H
+
 + e

-
 (1b) 
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followed by any of the following three possibilities 

Pt-CHOHCH3  Pt + CH3CHO+ H
+
 +e

-
 (2a) 

OR    

Pt-CHOHCH3 + Pt  Pt2-COHCH3 + H
+
 +e

-
 (2b) 

OR    

Pt-CHOHCH3 + Pt100(H)  Pt-CO + CH4 + 2H
+
 + 2e

-
 (2c) 

 

Pt-based materials are still the best for ethanol electro-oxidation irrespective of the 

electrolyte media [122]. Other metals investigated for EOR includes Pd, Ru, Rh, Ni, Sn, 

Bi, Ir, Au, Ce, Fe, Au and Ni [123]. PtRu [123] and PtSn [124] are found to be efficient 

for EOR by bi-functional performance. These alloys promote  CO oxidation to CO2 but 

decreases in Pt content lowers C-C bond activation and therefore lowers the production 

of CO2 [124]. Different metal oxides like RuO2, CeO2, ZrO2 have also been analyzed 

and are known to enhance the activity [125]. Adzic and co-workers studied Pt-Rh-

SnO2/C for EOR in acidic medium, where high activity was obtained and it was related 

to effective cleavage of C-C bond for a composition of Pt:Rh:Sn is 3:1:4 [126].  
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1.5     Supercapacitors 

Supercapacitors are electrochemical devices which can store energy by accumulation of 

charges at the electrode-electrolyte interfaces or by surface reversible redox reactions. 

However based on the storage mechanism and the type of material, supercapacitors can 

be classified as [127-128] 

i Electrical double layer capacitors (EDLC) 

ii Pseudo-capacitors 

iii A combination of both EDLC and Pseudo-capacitors 

In practical supercapacitors, charge storage occurs through both the mechanisms 

simultaneously [129]. 

Electrical double layer capacitor stores and deliver energy by adsorption and desorption 

of ions at the surface of the electrode in the electrochemical double layer [130–140].  In 

the electrochemical cell, double layer is created when the potential is applied to the 

electrode which causes ions of the electrolyte to diffuse towards the charged electrode 

surface [141-142]. In order to achieve high energy storage capacity, supercapacitor 

electrode should have high surface area and well developed porosity [143]. Thus 

activated carbons which are porous with considerably high specific surface area and 

good electrical conductivity are widely studied for supercapacitor applications [144]. 

The size and geometry of the pores in carbon materials are considered to be important 

factors in addition to its surface area [140]. Today activated carbon obtained from 

coconut shell is used as active material employed in almost all supercapacitor devices. 

Due to the economical factor, use of coconut shell activated carbon for supercapacitor 

applications still prevails. However in recent times, attention is being focused on 

graphene based electrode materials for supercapacitors. Pseudo-capacitors store energy 

faradaically. Thus redox reactions occur on the electrode generating charges which 
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transfer across the electrical double layer. An electrochemically active material for 

pseudocapacitance include transition metal oxides and conducting polymers. Transition 

metal oxides which are on the forefront of supercapacitance research include oxides 

such as RuO2, MnO2, NiO, Co3O4 etc which show variable oxidation states [145-148]. 

RuO2 exhibit highest capacitance but its high cost limits its extensive application [149]. 

Thus much research is focused on MnO2 which is inexpensive, environmentally friendly 

and also possesses high energy density. However in absence of conductive additives it 

shows poor electrical conductivity [150]. Thus composite of MnO2 with a good 

conductive materials like activated carbons were expected to show enhanced 

electrochemical capacitance. Deng et al. [151] investigated MnO2/graphene composite 

electrode and maximum specific capacitance of 218 F g
-1

 was reported. The composite 

electrode of MnO2 and reduced graphene oxide synthesized via different methods 

showed enhanced supercapacitance performance with a specific capacitance in the range 

170-500 F g
-1

 [152-154]. The composite electrode materials consisting of carbon and 

metal oxides, offer enhanced specific capacitance, high energy density and better rate 

capability [154]. Thus developing a good supercapacitor material should focus on 

developing suitable electrode composites to make hybrid capacitors, involving 

sustainable materials.  Different factors to be considered for developing metal oxide-

carbon composite electrodes include  

 Optimization of pore structure of carbon  

 Electrical conductivity of carbon 

 Controlling thickness of metal oxide in the composite electrode 

 Extending carbon-oxide interfacial area 
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Introduction 

There is a continuing interest in developing newer methods of synthesis of carbon 

materials as adsorbents and catalysts. In recent times, increasing attention is given to 

develop functionalized carbon materials that could both act as excellent catalysts and 

also have improved adsorption characteristics [1]. Carbon catalysts with acid 

functionalities are finding increasing use in organic transformations. A glycerol based 

carbon (GBC) was recently synthesized by partial carbonization of glycerol using 

sulfuric acid. This carbon was found to be an effective solid acid catalyst in organic 

transformations including chemo selective synthesis [2-5].  This was due to the presence 

of acidic functionalities such as SO3H on its surface. Thus the GBC carbon was found to 

be advantageous over other carbon catalysts owing to its ease of synthesis, efficiency 

and comparative stability.  

On the other hand activated carbons obtained from different natural sources including 

nutshells, wood, coconut husk etc. often need appropriate chemical or physical 

activation in order to get efficient activity. However glycerol as a carbon source is 

readily available as a byproduct of biodiesel production industry and is thus cost 

effective. In addition to being used as a catalyst, a glycerol based carbon was also 

recently synthesized for adsorptive removal of antibiotics from their aqueous solutions 

[6, 7].  

Apart from being used as adsorbents and catalysts, carbons are also required as supports 

for noble metal catalysts such as electrocatalysts in fuel cell reactions. The catalysts 

used in fuel cells are often platinised carbons such as Pt-C or Pt-Ru/C etc. These carbon 

supports need to be very pure carbon materials free from any metallic impurities as well 

as free from any residual chloride or sulphur. Since glycerol is readily available in a 
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pure form, it is amenable towards appropriate synthesis of pure carbon materials of 

desired properties. Depending upon synthesis conditions, it should also be possible to 

use glycerol as a raw material to synthesize pure microporous carbon or mesoporous 

carbon with desired surface functionalities. A series of investigations would thus be 

required to selectively develop various forms of carbon starting from glycerol as a raw 

material and then tailor its properties to make it useful either as an adsorbent or as a 

catalyst or as a catalyst support or having combination of these characteristics. In the 

present investigation, a glycerol based carbon is synthesized and examined for its 

adsorption behavior towards removal of methylene blue dye. The knowledge gained 

here is expected to be a background information when further studies are undertaken in 

development of suitable glycerol based carbon materials. Since methylene blue is also a 

well known pollutant associated with effluents from textile industry, the present 

investigation is expected to throw light not only on surface characteristics of the 

glycerol based carbon but also on its efficacy in mitigating pollutants by adsorption.  

The activated carbons play a crucial role in mitigating pollutants such as dyes, 

pharmaceuticals, surfactants, heavy metal ions etc.  by adsorption from industrial waste 

waters [8-12].  The dyeing process in the textile industry leads to release of 

approximately 10 – 15 % dyes into the environment. The effluents from these industries 

thus carry a large number of dyes and other additives which are added during the 

coloring process [13]. Due to their high water solubility they get readily transferred 

through water bodies. They may also undergo degradation to form products that are 

highly toxic [14]. Thus removal of dyes from the water bodies is important as they are 

harmful for living beings. A widely used cationic dye in different industries is 

methylene blue which is also known to be carcinogenic.  
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Adsorption by activated carbons is an important process for removal of pollutants 

particularly dyes and metal ions from industrial waste waters. Adsorption is a very 

effective separation technique in terms of initial cost, simplicity of design, ease of 

operation and insensitive to toxic substances. It is a tertiary technology during waste 

water treatment for adsorption of micropollutants, as well as to remove colour and odor 

[15]. The efficiency of removal by adsorption from solution depends upon the nature of 

dyes (cationic or anionic dyes), pH of adsorbate solution, pzc of the adsorbent and its 

surface functionalities, as well as surface area and porosity of the adsorbent. The use of 

different adsorbents like clay, silica materials, zeolite and activated carbons for removal 

of methylene blue (MB) have been extensively studied and is recently reviewed [16]. A 

variety of adsorbents have been designed depending upon the type of adsorbates to be 

removed. Activated carbons are generally more effective adsorbents for removal of high 

molecular weight compounds particularly those with low water solubility. However 

activated carbons with surface functionalities are efficient for adsorbing a wider range 

of organic pollutants such as dyes and pharmaceuticals. 

The nature of interaction between the adsorbate molecules and the adsorbent can be 

understood from the adsorption isotherms. An adsorption isotherm is a plot which 

relates the amount of substance adsorbed to the equilibrium concentration of the 

adsorbate molecules in the solution at a specified temperature. The amount adsorbed 

depends on the nature of adsorbate and adsorbent which in turn affect the shape of 

adsorption isotherm profile. The data is usually investigated in terms of different 

adsorption isotherm models which include, Langmuir, Freundlich, Frumkin adsorption 

isotherms. These are considered in the present investigation. The Langmuir Isotherm 

assumes that adsorption is of monolayer and all the active sites on the adsorbent surface 
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are equivalent in energy. Freundlich adsorption isotherm explains the multilayer 

adsorption behavior. For understanding the interaction between adsorbed molecules, the 

applicability of Frumkin adsorption isotherm is generally investigated. The description 

of adsorption isotherms and kinetic models [17-22] used in this work are briefly 

summarized in Table 2.1. 
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Table 2.1: Review of some adsorption and kinetic models 

 

Sr. No. Adsorption Isotherm 

 

Parameters and their significance 

1. Langmuir adsorption isotherm 

𝑥 =
𝑥𝑚𝐾𝑐

1 + 𝐾𝑐
 

 

1

𝑥
=  

1

𝑥𝑚𝐾
.
1

𝑐
+

1

𝑥𝑚
          

x = Amount of methylene blue adsorbed 

per unit mass of carbon (mg g
-1

). 

xm = Maximum adsorption capacity 

with complete monolayer coverage on 

the surface of carbon (mg g
-1

). 

c = Concentration of methylene blue in 

the solution which is in equilibrium 

with the carbon. 

K = Langmuir adsorption constant 

which is related to energy of adsorption 

2. Freundlich adsorption isotherm 

𝑥 = 𝑘 𝑐
1
𝑛  

log 𝑥 =  log 𝑘 +  
1

𝑛
log 𝑐        

k = Freundlich adsorption constant 

which is indicative of maximum 

adsorption capacity. 

1/n = Measure of intensity of 

adsorption. 

(1/n = 0 - 1) 

3. Frumkin adsorption isotherm 

Ɵ

(1 − Ɵ)
𝑒−2𝛼Ɵ =

𝛽

55.55
𝑐 

log  
𝜃

 1−𝜃 𝑐
 =  log

𝛽

55.55
+

2𝛼𝜃

2.303
      

  𝑊ℎ𝑒𝑟𝑒  𝜃 =
𝑀

𝑀𝑎𝑑𝑠
 

 

α =  adsorbate interaction parameter 

β = Adsorption-desorption equilibrium 

constant. 

θ = Amount of adsorbate adsorbed at 

equilibrium. 

M = Concentration of the dye adsorbed 

at equilibrium. 

Mads = Maximum amount of dye 

adsorbed at equilibrium. 

 Kinetic models 

(expressions in linear form) 

Parameters and their significance 

1. 

 

 

 

2. 

Pseudo first order kinetic model 

log 𝑞𝑒 − 𝑞𝑡 = log 𝑞𝑒 −
𝐾1

2.303
 𝑡     

 

Pseudo second order kinetic 

model  
𝑡

𝑞𝑡
=  

𝑡

𝑞𝑒
+  

1

𝐾2𝑞𝑒2
        

 

K1 and K2 are first and second order 

rate constants. 

qe is the amounts of dye adsorbed at 

equilibrium 

and qt is the amounts of dye adsorbed at 

time t. 
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2.1 Synthesis of glycerol based 

carbon 

The sulphonated glycerol based carbon 

was synthesized by dehydration of 

glycerol using sulphuric acid in the 

molar ratio (1: 4) [2, 6]. Thus 25 mL 

(Density = 1.84 g mL
-1

) of sulphuric acid 

was added drop wise to 10 g of glycerol 

under continuous stirring over a period 

of 25 min (approximately at the rate of 1 

mL min
-1

). During the process, glycerol 

was taken in a 500 mL beaker and kept 

on hot plate magnetic stirrer. The 

sulphuric acid was added from a 

overhead reservoir. As the temperature 

was increased from ambient temperature 

to 180 
o
C, the clear solution gradually 

became a brown viscous mass. The 

temperature of the product was 

continued to be maintained at 180 
o
C for 

another 20 minutes until the evolution of 

the gases was completed. The black mass 

was then filtered and washed with hot 

water until the washings were neutral. 

The product was designated as GBC-

120. The yield of GBC-120 (carbon-

SO3H) was 0.467 gram per gram of 

glycerol used. The details of preparing 

GBC-120 and GBC-350 are summarized 

in Scheme 2.1. 

 
Scheme 2.1. Flow chart for synthesis of 

the glycerol based carbons (GBC-120 

and GBC-350)
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2.2 Adsorption studies 

2.2.1 Effect of adsorbent dosage 

2, 4, 6, 8, 10 mg of GBC-120 were each taken in conical flasks containing 100 mL of 5 

µg mL
-1

 solution of methylene blue. The adsorption was carried out at pH 4.7. The 

flasks were kept for shaking overnight (~15 hours) and the amount adsorbed in each 

case was determined. 

 

2.2.2 Effect of initial Methylene blue concentration 

The dye concentrations were varied from 10-50 µg mL
-1

. The adsorption was carried out 

using 2 mg of GBC-120. The adsorption was allowed to take place overnight (~15 

hours). The adsorption was carried out at pH 4.7. 

 

2.2.3 Effect of initial pH 

2 mg of GBC-120 was contacted with 50 mL of 50 µg mL
-1

 of methylene blue at 

different pH (2.6-9.6). The flasks were kept for shaking for 2 hours and then the amount 

of methylene blue adsorbed was determined. 

 

2.2.4 Effect of contact time and determination of adsorption equilibrium 

The time required to establish equilibrium between the concentration of methylene blue 

adsorbed and its concentration in the solution was determined. Thus 20 mg of the 

previously dried carbon sample was added to known concentration (50 µg mL
-1

) of 

methylene blue (pH=7). The progress of adsorption was monitored by taking out 1.0 mL 

aliquots of the solution at various predetermined time intervals until the equilibrium is 

reached. The data was interpreted in terms of relevant kinetic models. 
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2.2.5 Adsorption Isotherms 

The adsorption isotherms of GBC-120 and GBC-350 carbons were determined at 

ambient temperature by equilibriating various concentrations of methylene blue with a 

know amount of the carbons (~ 2 mg). All the solutions were allowed to equilibriate at 

25 
o
C at predetermined equilibriation times. The equilibrium concentrations were 

calculated by measuring the absorbance of methylene blue solution in each case. The 

data was then fitted in various adsorption isotherm and kinetic models.  
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2.3 Results and Discussion 

2.3.1 XRD and Thermal analysis 

The synthesized glycerol based carbon was characterized by XRD, thermal analysis and 

infra-red spectroscopy. Fig. 2.1 gives the XRD profiles of the samples GBC-120 and 

GBC-350. 

 
 

Fig. 2.1: XRD profiles of the glycerol based carbons obtained by treatment of the as 

prepared carbons at 120 
o
C and 350 

o
C. 

 

 

Both the samples showed the expected two broad peaks at 2θ around 20 - 24
o
 and 43

o 

which correspond to reflection planes of (002) and (100) respectively [23]. It was 

observed that the peak at 43
o
 was diffuse for the as prepared GBC-120 sample, due to 

its comparatively amorphous nature. 
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Fig. 2.2: (a) TG-DTA plot of GBC-120 in nitrogen atmosphere and (b) Comparison of 

TG/DTG profiles (N2 atmosphere, heating rate of 10 
o
C min

-1
). 

 

Fig. 2.2 gives thermal analysis profiles of GBC-120 carried out in N2 atmosphere. The 

TGA profile in Fig. 2.2(a), shows an initial mass loss of ~ 16.4 % up to 108 
o
C, due to 

loss of physisorbed and hydrogen bonded water. Further mass loss continues till about 

800 
o
C due to gradual loss of the surface functional groups. The DTA shows a broad 



55 
 

endothermic profile in this temperature range with a maximum around 600 
o
C. This 

suggested that the loss of surface functionalities was accompanied with structural 

rearrangement, resulting in development of porosity in the carbon structure. It can be 

seen from Fig. 2.2 (b) that the TG-DTG profile of GBC-120 exhibits a mass loss 

between 180 - 700 
o
C. This broad range shows three distinct regions. The peak at 220 

o
C is considered as characteristic for decomposition of –SO3H and –COOH groups. A 

large broad peak between 280 to 460 
o
C is due to decomposition of lactones and 

phenolic groups. And the similar broad peak from 460 to 700 
o
C is due to 

decomposition of carbonyl group. These results are in agreement with a recent report on 

a similarly prepared carbon based catalyst [24]. 

 

2.3.2 Infrared spectral analysis 

Fig. 2.3 gives the infrared spectra of GBC-120 carbon and the spectra recorded after 

subjecting it to various heat treatments between 200 - 800 
o
C.  

The glycerol based carbon which is known to have -SO3H groups attached to polycyclic 

cluster of graphitic rings, shows characteristic absorptions in the infrared region of 1720 

– 900 cm
-1

. This is in agreement with literature reports [25-29]. The corresponding 

assignments are given in Table 2.2.  

From Fig. 2.3 (b), it can be observed that when GBC-120 was heated at varying 

temperatures above 120
 o

C, the intensity of -SO3H peak at 1044 cm
-1 

decrease. This 

peak vanished by 300 
o
C while the other peaks at 1208 cm

-1 
and 1355 cm

-1
 which are 

also due to -SO3H functionality were still present. Thus the thermal treatment at 300 
o
C 

resulted in partial decomposition of -SO3H due to dehydroxylation of the adjacent 

sulphonyl groups. The other peaks at 1593 and 1721 cm
-1 

were due to C = C and C = O 



56 
 

groups respectively. The carbonyl peak is a composite peak due to –CHO and –COOH 

and in agreement with the ir spectra reported earlier [30]. A –CHO functionality was 

expected as it is known that glycerol in presence of sulphuric acid decomposed via an 

acrolein type intermediate which has a –CHO group [31]. The peak at 1721 cm
-1 

was 

present till 700 
o
C. It eventually disappeared for the GBC-800 sample when the 

carbonyl functionalities were finally decomposed. This is supported by the evidence 

from the thermal analysis profile (Fig. 2.2) that decomposition of the surface 

functionalities gets completed around 800 
o
C.  

 

Table 2.2: The assignments corresponding to different frequencies observed in the infra-

red spectra of glycerol based carbons. 

Frequencies  (cm
-1

) Functional groups 

1721 C = O stretch of COOH and carbonyl group 

1593 C = C stretch of graphitic rings 

1355 O = S = O stretch of  SO3H 

1208 (i) Symmetric S = O stretch 

(ii) C - OH stretching of phenolic group 

1044 Asymmetric stretching of SO3H 
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Fig. 2.3: Infrared spectra of GBC carbons (a) spectrum of GBC-120 (b) spectra of 

various GBC carbons heat treated between 200 - 800 
o
C. 

 

 

2.3.3 Surface area, porosity and SEM 

Fig. 2.4 gives the N2 adsorption desorption isotherms along with pore size distribution 

profiles for GBC-120 and GBC-350. A clear hysteresis loop was observed for both the 

samples. The surface area and porosity values are presented in Table 2.3 along with 

SEM data. 
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It can be seen from Table 2.3 that GBC-120 with its associated SO3H functionalities 

showed a relatively small surface area of about 21 m
2
 g

-1
. On the other hand GBC-350 

showed much larger surface area of 464 m
2
 g

-1
. This suggested that the partial 

decomposition of SO3H greatly enhances the surface area of the carbon due to greater 

dispersion of the GBC-350 particles. This is supported by the respective SEM images 

(Fig. 2.5) wherein GBC-120 shows larger agglomerates as compared to GBC-350. 

Further, the increased surface area of GBC-350 exposes its surface porosity resulting in 

its having much larger pore volume. Thus the pore volume of GBC-350 was 0.10 cm
3
 g

-

1
 as compared to 0.065 cm

3
 g

-1
 for GBC-120 even though both the samples have similar 

pore radii of around 18.3 Å. 

 

Table 2.3: The values of surface area, pore volume and pore size of GBC-120 and GBC-

350 from BET analysis. 

 
Sample Surface Area 

(m
2
 g

-1
) 

Pore volume 

(cc g
-1

) 

Pore radius 

(Å) 

SEM/ EDAX Analysis  

Wt (%) of the elements 

C O S 

GBC-120 21.00 0.06 18.38 82.45 15.82 1.74 

GBC-350 464.00 0.10 18.27 87.55 12.09 0.36 
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Fig. 2.4: Pore size distribution and N2 adsorption-desorption isotherm (inset) for the 

carbon samples (a) GBC-120 and (b) GBC-350. 
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Fig. 2.5: SEM images of (A) GBC-120 (B) GBC-350 

 

 

 

2.4 General adsorption behavior 

The adsorption studies were carried out to investigate the influence of SO3H groups on 

the carbon surfaces. The removal efficiency of the methylene blue dye from the solution 

was calculated using the relation  

𝑅𝑒𝑚𝑜𝑣𝑎𝑙  % =  
𝐶𝑖  − 𝐶𝑒

𝐶𝑖
 × 100                                                                              (1) 

and equilibrium adsorption was determined using the equation: 

𝑞𝑒 =  
𝐶𝑖 − 𝐶𝑒

𝑊
 ×   𝑉                                                                                                         (2) 

Ci and Ce are the initial and equilibrium concentrations of the dye in µg mL
-1

 

respectively, W is the weight of carbon in g and V is volume of the dye solution in 

litres.  
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2.4.1 Effect of adsorbent dosage 

The effect of adsorbent dosage was studied by taking methylene blue solution of 25 µg 

mL
-1

. 100 mL aliquots of the above solution were equilibrated by stirring with varying 

quantities of the adsorbents for 15 hours. The resulting adsorption behavior is shown in 

Fig. 2.6. It can be seen that the relative percent removal of the dye gradually increased 

and the adsorption efficiency was nearly 100 % with 8-10 mg of the carbon. The 

adsorption capacity or qe thus obtained using equation 3.2 was around 300 mg g
-1

 of the 

carbon. This investigation was carried out at pH 4.7. This was the unadjusted pH value 

when GBC-120 carbon was stirred in methylene blue solution. Further studies were 

carried out to investigate the effect of pH on probable enhancement in adsorption. 

 

Fig. 2.6: Effect of amount of adsorbent on adsorption efficiency 
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2.4.2 Effect of initial pH 

2 mg of GBC-120 carbon was stirred for 2 hours with 50 mL of methylene blue solution 

having concentration of 50 µg mL
-1

. The pH of the solutions was adjusted in the range 

2.6-9.6 using either HCl or NaOH. Fig. 2.7 shows the percent efficiency of methylene 

blue at various pH values. It can be seen from the figure that there is low adsorption 

efficiency at lower pH values and the adsorption tends towards maximum in the pH 

range 7-9. Therefore the subsequent adsorption studies were carried out at pH around 7. 

The adsorption capacity at pH 7 using equation 2 was 428 mg g
-1

. 

 

Fig. 2.7: Relative adsorption efficiency of GBC-120 carbon at different pH values. 

 

Adsorption following regeneration: GBC-120 was regenerated by treatment with small 

amount of concentrated H2SO4. Further, 10 mg of the regenerated carbon was treated 

with 20 mL of methylene blue solution of concentration 50 µg mL
-1

and the pH was 

adjusted to 7. The adsorption was carried out for 2 hours using the original and 
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regenerated carbons. The amount adsorbed in both the cases was found to be around 

419 mg g
-1

. Thus GBC-120 carbon could be easily regenerated and reused.  

 

2.4.3 Effect of initial methylene blue concentration 

Adsorption studies were carried out by equilibriating 2 mg of GBC-120 carbon using 

100 mL methylene blue solution having initial concentrations of 10, 20, 30, 40, 50 µg 

mL
-1

. The pH of each solution was adjusted to 7. The results are presented in Fig 2.8. It 

can be seen from the figure that the mass of 2 mg carbon could completely remove 

methylene blue solution from its initial concentration of 10 µg mL
-1

. This was 

equivalent to an adsorption capacity of 500 mg g
-1

. 

 

Fig. 2.8: Effect of initial concentration of methylene blue on adsorption efficiency. 
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2.4.4 Effect of contact time and determination of adsorption equilibrium 

The adsorption was studied by equilibriating 20 mg of carbon with methylene blue 

solution of concentration 50 µg mL
-1

. The adsorption was studied in two separate 

experiments in which the pH of the methylene blue solution was adjusted to 4.7 and 7.0 

respectively. The adsorption was carried out for about 15-20 hours until no further 

adsorption occurred as evident from constant absorbance of the supernatant solution. 

The resulting adsorption time profiles are given in Fig. 2.9.  

 

Fig. 2.9: Kinetic plots obtained when GBC-120 carbon samples were equilibrated with 

methylene blue solution at pH = 4.7 and 7.0.  

 

At pH 4.7, the amount adsorbed gradually increased and became maximum (about 300 

mg g
-1

) after about 13 hours. It is seen in the previous section that adsorption increases 

with pH. Hence adsorption equilibrium-time profile was also investigated at pH 7.0. It 

was seen that adsorption increased at relatively faster rate and equilibrium was reached 
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within 7 hours. The amount adsorbed under this condition reached a high value of about 

1050 mg g
-1

. This is noteworthy since the recent literature suggest that maximum 

adsorption capacity of methylene blue on activated carbon is upto about 580 mg g
-1 

. 

This enhanced adsorption capacity of GBC-120 is mainly due to its SO3H functionality. 

It is shown that when surface functional groups are affected by thermal treatment at 350 

o
C the adsorption capacity significantly drops to 130 mg g

-1
. 

 

2.5 Adsorption isotherm 

An adsorption isotherm is a plot of amount of substance adsorbed per unit mass of 

adsorbent as a function of various equilibrium concentrations at a specified temperature. 

Typically an adsorption isotherm falls in one of the six specified categories [32]. 

Accordingly the plots are classified into Type I, Type II etc. The nature of these plots 

depends on nature of adsorbate and adsorbent. Further the adsorption is influenced by 

the surface area, porosity and nature of surface functionalities of the adsorbent. Various 

mathematical expressions are available to describe the nature of adsorption as described 

in Table 2.1. Typical adsorption behavior involves Langmuir adsorption. It corresponds 

to rapid rise in adsorption as concentration increases, and ends up with a plateau region 

due to saturation of surface adsorption sites. The Freundlich adsorption isotherm 

extends to further adsorption beyond saturation due to formation of multilayers. 

Fig. 2.10 (a) gives the general adsorption isotherm profile observed in this work for 

adsorption of MB on GBC-120. It showed Type I adsorption behavior in the lower 

concentration range. Such a behavior is expected for Langmuir adsorption isotherm.  

However at higher concentration above 10 µg mL
-1

 of the adsorbate, adsorption 

suddenly increased suggesting an overall Freundlich type of adsorption behavior. 
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Fig. 2.10: (a) General adsorption Isotherm and (b-d) Applicability of various adsorption 

models for adsorption of methylene blue on GBC-120 at 25 
o
C and pH=7 .  

 

 

Table 2.4: Values of various adsorption isotherm parameters during adsorption of 

methylene blue on GBC-120. 

Langmuir Freundlich Frumkin 

Xm (mg/g) 754.00 k (mg/g) 415.00 α ( µg/mL ) 3.90 

K (L/mg) 1.00 1/n 0.22 β ( µg/mL ) -172.00 

R
2 

(Linear) 0.93 R
2 

(Linear) 0.93 R
2
 0.99 

R
2 

(Non Linear) 0.84 R
2 

(Non Linear) 0.97 -- -- 
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The general adsorption behavior represented above in Fig. 2.10 (a), the experimental 

points can be fitted in one or more mathematical descriptions of adsorption isotherm 

models such as those reviewed in Table 2.1. Fig. 2.10 (b-d) gives corresponding plots. 

The data extracted from these plots is presented in Table 2.4. 

It is clear from Fig. 2.10 (b) that the data fitted well for Langmuir adsorption isotherm 

with coefficient of determination R
2 

value of 0.93 and value of Xm obtained from the 

graph was close to the observed value around 750 mg g
-1

. The low value of Langmuir 

adsorption constant K is indicative of predominantly Van der Waals type of adsorption. 

On the other hand Freundlich adsorption 1/n was about 0.22. 1/n which represents 

intensity of adsorption usually have values between 0 to 1. From the qe versus C plot as 

in Fig. 2.10 (a) it is seen that the overall fit is better for Freundlich adsorption isotherm 

across the full concentration range studied.  

However it is seen from Fig. 2.10 (d) that the Frumkin adsorption isotherm fits the 

experimental data well at higher concentration with coefficient of determination R
2 

value of 0.99 with a positive interaction parameter α having a value of 3.9 µg mL
-1

. This 

is due to multiple adhesive interactions between the surface SO3H groups and MB 

molecules as well as the cohesive attractive interaction between the adsorbed MB 

multilayers. Evidence for such interactions during adsorption of MB on smectites was 

reported earlier [33]. Further the high value of α equal to 3.9 is also indicative of lateral 

interaction between the adsorbate molecules in adjacent layers resulting in greater 

tendency for desorption or breakdown of the multilayers. This is supported by negative 

value of β.  



68 
 

 

Fig. 2.11: Summary of the adsorption mechanism discussed in the section 2.5 

 

2.6 Thermodynamic Studies 

The evaluation of thermodynamic parameters following adsorption studies have been 

recently reviewed [34-37]. Thus the free energy change for the adsorption process and 

the corresponding Langmuir adsorption constant KL can be shown to be related by the 

equation [38, 34] 

 𝛥𝐺𝑜 = −𝑅𝑇𝑙𝑛𝐾𝐿                               (3) 

The Langmuir isotherm with the following form has been commonly used for 

description of adsorption data at equilibrium [34] 

                                                𝑞𝑒 = 𝑞𝑚𝑎𝑥  
𝐶𝑒𝐾𝐿

𝐶𝑒𝐾𝐿+1
                             (4)                                                      
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in which qe and qmax are the adsorption capacity of adsorbent at equilibrium (mg g
-1

) and 

its maximum value, Ce, is the equilibrium concentration of adsorbate in solution (moles 

L
-1

),  

KL can be calculated using the equation (4) [34]:   

                                        𝐾𝐿 = 
𝜃𝑒

 1−𝜃𝑒   𝐶𝑒
  where 𝜃𝑒  = 

𝑞𝑒

𝑞𝑚𝑎𝑥
                     (5)                                                                                                        

Since 𝛥𝐺𝑜 = 𝛥𝐻𝑜 − 𝑇𝛥𝑆𝑜 ,                                                                                                          

it follows that the enthalpy of activation and entropy of activation can be evaluated by 

using the equation 

                                                           𝑙𝑛𝐾𝐿 =  −
𝛥𝐻𝑜

𝑅

1

𝑇
+

𝛥𝑆𝑜

𝑅
                  (6) 

Where R is the universal gas constant (8.314 J mol
-1

 K
-1

) and T is temperature in Kelvin 

at which adsorption is carried out. Fig. 2.12 gives a plot of ln KL v/s 1/T from which the 

activation parameters are calculated and are given in Table 2.5. 

 

Fig. 2.12: Plot of ln KL v/s 1/T for adsorption of methylene blue on GBC-120 at various 

temperatures between 289 – 323 K. 
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Table 2.5: Evaluation of thermodynamic parameters during adsorption of methylene 

blue on GBC-120 at various temperatures. 

 

It is clear from these values that the free energy change becomes progressively more 

negative suggesting increasing spontaneity in adsorption as the temperature was 

increased from 289 K to 323 K. The enthalpy of activation for the adsorption process as 

calculated from the ln K v/s 1/T plot, was 102 KJ mol
-1

. This confirmed that the 

formation of the activated complex during adsorption is an endothermic process.  

 

 

 

 

 

 

 

 

 

 

T 

(K) 

qe 

(mg g
-1

) 

Ce 

(µg mL
-1

) 

θe KL 

(L mg
-1

) 

KL 

(L mol
-1

) 

× 10 
5 

ln KL 1/T 

× 10 
3
 

∆G 

(KJ 

mol
-1

) 

∆H
o
 

(KJ 

mol
-1

) 

∆S
o
 

(KJ 

mol
-1

) 

289 265 11.70 0.57 0.12 0.37 10.51 3.46 -26.05  

 

102 

 

 

0.44 

299 338 8.10 0.73 0.33 1.08 11.58 3.34 -28.70 

304 372 6.40 0.80 0.65 2.07 12.24 3.28 -30.33 

313 427.80 3.60 0.92 3.48 11.1 13.92 3.19 -34.49 

323 461.90 1.90 1.00 -- -- -- 3.09 -- 
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2.7 Adsorption behavior of GBC-350 

GBC-350 is formed by partial decomposition of SO3H groups from GBC-120. When 

GBC-350 was stirred in methylene blue solution its pH remained close to 6.5. Fig. 2.13 

(a-d) gives the general adsorption isotherm profile and its applicability to various 

adsorption isotherm models. It showed comparatively low adsorption (~130 mg g
-1

) 

which was about 10 times less than that observed for GBC-120. 

 

Fig. 2.13. (a) General adsorption Isotherm and (b-d) Applicability of various adsorption 

models for adsorption of methylene blue on GBC-350 at 25 
o
C. 
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It can be seen from the Fig. 2.13 (a) that there was initial rapid rise in adsorption. This 

was followed by decrease in adsorption till there was saturation of adsorption. Such a 

behavior is generally observed during monolayer formation. As expected the Langmuir 

adsorption model fitted the data more appropriately with R
2 

value of 0.95 as compared 

when other adsorption models, Freundlich and Frumkin were used wherein the R
2
 

values were found to be generally less than 0.9. 

Fig. 2.14 describes the comparative adsorption behavior of GBC-120 and GBC-350. 

The corresponding equilibriation times in relation to rate of adsorption are given in 

Table 2.6. 
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Fig. 2.14: Comparative investigation of adsorption-time behavior of the glycerol based 

carbons at 25 
o
C (a) GBC-120 and (b) GBC-350. 

 

It can be seen from the above Figure that GBC-120 showed rapid adsorption in the 

beginning till it reached equilibrium at the end of 7 hours. On the other hand, GBC-350, 

although showed much lower adsorption, its initial rate of adsorption was much higher 
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as evident from the initial slope of 61 mg g
-1

 hr
-1

 as compared to GBC-120 whose initial 

slope was only 28 mg g
-1

 hr
-1

. The higher equilibrium adsorption of 1050 mg g
-1

 on 

GBC-120 was due to presence of large amount of –SO3H as compared to GBC-350, 

where some surface functionalities were lost upon the thermal treatment.  

The adsorption in GBC-350 was to a large extent completed after about 5 hrs. However 

complete equilibriation was not reached as there was very small amount of adsorption 

which occurred very slowly in the time interval of 5-17 hrs. Hence in GBC-350, it can 

be considered as a two stage adsorption process (i) initial equilibrium due to high 

surface area (ii) the second slow equilibrium, due to tendency of MB to diffuse into the 

micropores that were developed in the sample after heating it at 350 
o
C as discussed 

earlier in 2.3. Accordingly, to evaluate the kinetic parameters, the GBC-350 sample is 

referred to as GBC-350(I) and GBC-350(II). The corresponding adsorption profile is 

shown resolved in Fig. 2.14 (inset) 

Further GBC-120 showed relatively low pzc value of 2.0 as compared to that of GBC-

350 (3.5). Therefore it is expected that the cationic dye MB will be preferentially 

adsorbed on GBC-120 having large number of highly acidic sulphonyl groups generally 

in a dissociated form. The high adsorption in GBC-120 is due to hydrogen bonding 

between H of –SO3H functionality on GBC-120 surface and N of the methylene blue 

dye. A similar hydrogen bonded interaction was proposed during adsorption of 

methylene blue on iron oxide surface [39]. Further enhanced adsorption is also due to 

interaction of the cationic dye with the dissociated sulphonyl groups. 
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2.8  Kinetics of adsorption 

The adsorption process from solution generally involves diffusion of the dyes (i) from 

the bulk solution to near the surface of the adsorbent followed by (ii) diffusion at the 

boundary layer.  

The boundary layer is composed of the surface functionalities of the adsorbent and the 

pre-adsorbed layer of the adsorbate (MB) as well as the layer of water dipoles. 

Therefore the boundary layer can offer resistance to diffusion of the adsorbate before 

the actual adsorption interaction occurs on the available surface sites. (iii) The adsorbate 

molecules may further diffuse inside the pores of the adsorbent depending upon the 

nature of adsorbate, adsorbent and equilibriation time [20]. 

The kinetic data obtained on the GBC samples in the present investigation (Fig. 2.15) 

was then fitted in various available kinetic models (Table 2.1). 

 

3.6.1. Applicability of pseudo first and pseudo second order kinetic models for GBC-

120 and GBC-350. 

Fig. 2.15. gives the pseudo first and pseudo second order kinetic plots for GBC-120, 

GBC-350(I) and GBC-350(II). The resulting kinetic parameters are summarized in 

Table 2.7. 
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Fig. 2.15: Application of pseudo first and pseudo second order kinetic models during 

equilibriation of methylene blue on the GBC samples. GBC-350(I) is initial stage of 

adsorption and GBC-350(II) is second stage of adsorption.  
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Table 2.6:  Kinetic parameters obtained from application of pseudo first and pseudo 

second order kinetic models for adsorption of MB on GBC carbons.
 

 

It can be seen from the R
2
 values that the GBC-120 (Table 2.6) showed a relatively 

better fit for pseudo second order kinetics. This is confirmed by the fact that the value of 

qe observed is more closer to the calculated value for all the initial concentrations. On 

the other hand for GBC-350(I), the R
2
 values as well as the observed and calculated qe 

values differed widely, 29 and 130 mg g
-1

 respectively for pseudo second order kinetic 

model. Thus the adsorption process did not follow first as well as pseudo second order 

kinetics. However GBC-350(II) showed a good fit for pseudo second order adsorption 

process (R
2 

= 0.999) as the observed and calculated values of qe (156 and 139 mg g
-1

) 

were quite close.  

 

 

 

 

 

 

Carbon 

samples 

Pseudo first order kinetic 

model 

Pseudo second order kinetic model qe 

calculated 

(mg g
-1

) R
2
 K1 

(min
-1

) 

qe 

observed 

(mg g
-1

) 

R
2 K2 

(g mg
-1 

min
-1

) 

qe 

observed 

(mg g
-1

) 

 

GBC-120 0.91 0.0046 385 0.99 4.17*10
(-5)

 865 1050 

GBC-350 I 0.96 0.0286 408 0.70 1.56×10
(-5)

 029 130 

GBC-350 II 0.97 0.0036 098 0.99 5.14×10
(-5)

 156 139 
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Summary & Conclusions 

i A glycerol based carbon (GBC) was synthesized by partial carbonization of 

glycerol using con H2SO4 in the molar ratio 1:4. The carbonized material was 

further treated at 120 
o
C and 350 

o
C to obtain the carbons GBC-120 and GBC-

350 respectively.  

ii The samples were characterized by XRD, ir, thermal analysis (TG-DTG-DTA) 

and pzc measurements. The TGA showed a gradual weight loss up to about 800 

o
C. The ir spectra of the GBC-120 showed characteristic absorptions due to –

SO3H groups. The ir spectra were also recorded of GBC samples heat treated at 

various higher temperatures. All the peaks due to surface functionalities were 

eventually disappeared for the GBC-800 sample, in agreement with thermal 

analysis wherein the decomposition was complete around this temperature (800 

o
C). The BET surface area of GBC-120 was 21 m

2
 g

-1
 while GBC-350 showed 

much larger surface area of about 464 m
2
 g

-1
. 

iii The adsorption studies were carried out using methylene blue as a model 

adsorbate. The GBC-120 gave maximum adsorption capacity of 1050 mg g
-1

. 

The adsorption efficiency was observed to be dependent on initial concentration 

of the dye. There was nearly 100 % dye removal efficiency using 8-10 

milligrams of the adsorbent powder, when the dye concentration was 25 μg mL
-

1
.  

iv The GBC-120 showed Type-I adsorption isotherm profile at lower concentration 

range which obeyed conventional Langmuir adsorption isotherm models. 

However at higher equilibrium concentration above 10 μg mL
-1

, the data fits 

better in Frumkin adsorption model with R
2
 value of 0.989 due to large 
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interaction between the adsorbate molecules. The adsorption generally increased 

with temperature and showed a favorable free energy change. The GBC-350 

showed comparatively less adsorption in spite of its much larger surface area 

due to loss of SO3H functionalities. 

v The adsorption data could be fitted in Langmuir adsorption isotherm profile. 

Investigation of adsorption kinetics revealed better fit with pseudo second order 

kinetic model for GBC-120 while GBC-350 showed a unique two stage 

adsorption profile and the data could be better fitted into pseudo second order 

kinetic model. 

This investigation is expected to be an important contribution for further development 

of glycerol based carbon as an adsorbent, catalyst as well as catalysts support such as in 

electrocatalysis related to fuel cell where very pure carbon is necessary. 
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Introduction 

Activated carbon materials are characterized with large surface area, often having 

variable pore structures. Their properties can be tuned depending upon the desired 

applications, by suitably modifying the synthesis and activation strategy. Activated 

carbons are generally prepared from biomass such as coconut shells, seeds, rice husk, 

coir, wood waste etc.  Preparation of activated carbons generally consist of two 

fundamental steps (i) carbonization of the raw materials and (ii) activation of the 

carbonized material at elevated temperatures (often 500
o
C or above). This involves 

either physical or chemical activation leading to enhancement in porosity and surface 

area of the resulting carbon. Thus, activated carbons exhibit high adsorption capacity 

that makes them indispensable in various industrial applications. They are widely used 

in water purification processes due to their excellent adsorption property for heavy 

metal ions and dyes. Similarly activated carbons find application in pharmaceutical and 

food industry to remove color and also in gas masks to adsorb harmful gases. 

It is often observed that chemical activation was more effective than the method of 

physical activation to obtain carbons having porous structure [1]. H3PO4, ZnCl2 and 

KOH are the most widely used chemical activating agents for producing activated 

carbons [2, 3]. The carbon activation is often carried out in the temperature range 500 – 

800
 o

C. It is generally observed that increase in temperature results in enhancement of 

surface area and porosity and decrease in surface functional groups. Surface areas in 

excess of 1500 m
2
g

-1 
have been reported [3-5]. These chemical activating agents 

influence the surface area enhancement to different extents depending upon the carbon 

source such as coal, palm kernel, nutshells etc. [6-8] or whether it is a reactivated 

commercial carbon [9]. 
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In the present investigation glycerol based activated carbon is being developed, with a 

view to finding their application in adsorption, supercapacitance and as electrocatalytic 

support. Glycerol is one of the byproducts produced in huge amount in biodiesel 

industry during the transesterification process. Thus its overstock makes it imperative to 

transform it into suitable value added products. The enhanced adsorption behavior and 

catalytic applications of glycerol based carbons has been recently reported with regards 

to dyes and pharmaceuticals [10, 11] as well as for catalyzed organic transformations 

[12-16].  
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3.1 Chemical activation of glycerol based carbon  

Glycerol based carbon (GBC-120) was synthesized by dehydration of glycerol as 

discussed in Chapter I. It was further activated chemically by using KOH and ZnCl2. 

The overall scheme of synthesis is illustrated in scheme 3.1. 

 

3.1.1 Preparation of activated carbon using KOH  

To activate GBC-120 using KOH as activating agent, ~ 2 g of GBC-120 carbon powder 

was soaked for 2 hours into 4 mL of aqueous KOH solution (250 mg/mL). The amount 

of KOH dissolved was ~1 g which was 50% by weight of the carbon powder taken. The 

carbon/KOH mixture was dried at 150 
o
C in an air oven. The dried mixture was further 

heated in N2 atmosphere at 800 
o
C for 2 hours. The product was cooled and stirred in a 

small amount of concentrated nitric acid and further washed with distilled water until 

the washings were neutral. The KOH activated carbon thus obtained was dried at 110 
o
C 

and labeled as GBCK. 

 

3.1.2 Preparation of activated carbon using ZnCl2 as activated agent 

During activation of GBC-120 using ZnCl2, mechanical mixing of ZnCl2 and GBC-120 

was carried out in 2:1 weight ratio. The mixture was then heated to 800 
o
C in N2 atm for 

8 hrs. The carbon material thus obtained after activation was treated with conc. HCl to 

remove traces of metallic impurities resulted during decomposition of ZnCl2. It was 

further washed with excess of distilled water, filtered and dried.  The product obtained 

is denoted as GBCZ. 
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3.2 Characterization of activated glycerol based carbon materials  

Investigation of structure, surface functionalities, texture and morphology of activated 

glycerol based carbons produced by KOH activation (GBCK) and ZnCl2 activation 

(GBCZ) was carried out using XRD, Raman spectroscopy, infrared spectroscopy, 

sorptometric and SEM studies. 

 

3.2.1 Structural properties of activated glycerol based carbons GBCK and GBCZ – 

XRD studies  

Fig. 3.1 gives the X-Ray diffraction patterns of activated glycerol based carbons GBCK 

and GBCZ in relation to un-activated carbon GBC-120. The un-activated glycerol based 

carbon GBC-120 shows a broad peak centered at ~ 22
o 

and a small peak at 2θ ~ 43
o
. 

These peaks were indexed to reflections from (002) and (100) planes respectively. 

However activated carbons show an additional broad peak at 2θ ~14
o 

in the GBCK and 

GBCZ carbons. A peak around this value of 2θ is generally attributed to formation of 

graphite oxide. Thus, this broad peak in GBCK is an indication of amorphous carbon 

tending towards forming better developed graphitic structure with organic 

functionalities. The structure of activated carbon is considered to be disorganized form 

of graphite. It shows a broad peak in the 2θ range of 10
o
 to 30

o
. The peak at 2θ ~13-14

o
 

is a characteristic peak of graphite oxide [17]. The broad peaks in carbon materials 

centered at 2θ values of ~ 25
o
 and ~ 44

o
 suggests more effective alignment of layers in 

carbon structure and enhanced regularity in the structure [18]. The interlayer spacing‘d’ 

is obtained from Bragg’s equation:  d = n λ / 2 sinθ, where λ = 1.54 Å and θ is the 

diffraction angle for the peak position. d002 obtained for GBCK and GBCZ are 0.378 and 
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0.361 nm respectively. Whereas for a pure graphitic carbon, a typical interlayer spacing 

value d002 is 0.335 nm.  

 

 
Fig. 3.1: X-ray diffractogram of (a) activated glycerol based carbons GBCK and GBCZ 

in relation to the un-activated carbon GBC-120. 

 

 

3.2.2 Extent of order/disorder in the carbon structure - Raman scattering studies 

Raman spectroscopic studies can be used to analyze extent of disorder in the graphitic 

structure of the activated carbon produced. The carbon materials such as graphite, 

graphite oxide, graphene, activated carbons etc., are known to show characteristic 

Raman absorptions in the region of 1000 cm
-1

 to 3000 cm
-1

. They correspond to D, G 

and 2D peaks. The D peak is observed in the range of 1300 - 1400 cm
-1

 and the G peak 

is located in the range of 1550 - 1600 cm
-1

 [17]. The G band is due to C=C bond stretch 

of all sp
2
 atoms in rings as well as chains [19]. The D band is assigned to structural 

defects or disorder in the graphitic rings [20, 21]. It is due to out-of-plane vibration of 

the carbons associated with formation of sp
3
 bonds when the carbons at the surface get 
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oxidized. The ratio ID/IG gives a measure of degree of disorder in the carbon structure 

[20, 22]. Fig. 3.2 gives the Raman spectrum of the GBCK and GBCZ sample in relation 

to the un-activated carbon GBC-120.  

 

Fig.3.2: Raman spectra of the activated carbons GBCK and GBCZ in relation to the 

corresponding un-activated carbon GBC-120.  

 

It can be seen that the activated carbons GBCK and GBCZ show two distinct peaks at 

Raman shift values of 1296 cm
-1

 and 1596 cm
-1

. These correspond to D and G bands 

respectively. They are associated with vibrations of sp
2
 carbons in the graphitic rings 

and are called first order Raman peaks. The ratio ID/IG observed for GBCK and GBCZ 

respectively were 1.13 and 1.21 (Table 3.1). This indicates disorder in the graphitic 

rings. Such disorder is generally expected for functionalized activated carbons due to 

various orientations of the functional groups. It may be noted that for pure graphite 

oxide, the ID/IG ratio is < 1 and it tends to zero for pure graphene. On the other hand, the 

Raman spectrum of the un-activated carbon GBC-120, did not show the D and G bands. 
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It is due to incomplete graphitization of its carbon structure. This is also in accordance 

with the results obtained from infra red absorption data wherein the graphitic C=C peak 

at 1625 cm
-1

 was much more intense for GBCK as compared to the same peak for GBC-

120 (Fig. 3.3). The crystallite size along a axis ‘La’ can be deduced from Raman spectra 

and is directly related to frequency of D band. With increase in the frequency of D band 

the crystallite size La decreases (Table 3.1). Comparative Raman spectra of GBCK, 

GBCZ and GBC-800 with commercial carbon Vulcan XC72R is given in Fig. 3.3. The 

parameters extracted from these Raman spectra are presented in Table 3.1. It is seen that 

the sample GBCK had the lowest ID/IG ratio ~ 1.15 among the four investigated carbons. 

This indicated that the KOH activated carbon yielded comparatively more ordered 

structure and better graphitization. Its D and G bands were also more intense and better 

resolved. 

 
Fig 3.3: Raman spectra representing comparative Raman Intensities of GBCK, GBCZ, 

GBC-800 and Vulcan XC72R. 
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Table 3.1: Parameters obtained from Raman spectra of activated glycerol based carbons 

and commercial carbon Vulcan XC72R (Fig. 3.3). 

Sr. No.  

Carbon samples 

Intensity of the peaks 

(cm
-1

) 

 

R = ID/IG 

 

La (nm) = 4.4 R 

D band G band 

1 GBCK 1296 1596 1.15 3.81 

2 GBCZ 1298 1596 1.21 3.64 

3 GBC-800 1299 1597 1.41 3.12 

4 Vulcan XC72R 1270 1602 1.16 3.79 

 

 

3.2.3 Surface functional groups of the activated glycerol based carbons: FTIR 

spectroscopy  

Applications of carbon materials are mainly determined by its specific surface area, 

porosity and surface functionalities [23, 24]. Variation in physicochemical properties of 

the carbon materials can be directly related to surface functional groups anchored on the 

carbon surface or within the carbon [25-27]. Infrared spectroscopy is widely used to 

identify surface functionalities of the carbon materials. It is a qualitative technique for 

the assessment of chemical structure. 

Activated carbons show characteristic IR absorptions in the range of 4000 – 500 cm
-1 

[5, 

28-30] indicating presence of various functionalities on its surface. The major band 

assignments observed in the glycerol based activated carbons are presented in Table 3.2. 

Fig. 3.4 (b) is a comparative display of the infrared spectra before activation (GBC-120) 

and after KOH activation (GBCK). To begin with it is pertinent to note here that the 

peak at 1625 cm
-1

 is due to C=C stretch of the aromatic rings and the peak at ~1073 cm
-

1
 is due to the SO3H surface functionality [10].  
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The effect of activation process on the IR spectra of the synthesized carbons can be 

understood by simultaneously comparing the relative intensities of these two bands due 

to C=C and SO3H. Thus the C=C band intensity in GBCK is greatly increased with 

concomitant decrease in SO3H band intensity as shown in Fig. 3.4 (b). On the other 

hand, in the un-activated carbon GBC-120, the C=C band intensity is much less while 

the corresponding SO3H band is highly intense. The C=C stretching vibration in 

activated carbon structures is known to be associated with presence of polycylic cluster 

of graphitic rings. Thus, the KOH activation process caused high degree of 

aromatization with simultaneous decomposition of sulphonyl groups. Further, the 

activation process is also accompanied by large increase in the C=O (1710 cm
-1

) and O–

H (3441 cm
-1

) band intensities due to additional generation of –COOH groups. Another 

distinguishing feature between the two carbons is the appearance of a distinct band at 

2100 cm
-1

 in the GBCK spectrum. It is due to increased graphitization of the carbon 

structure and partial ring opening to generate –C≡C moiety which can occur during the 

activation process in N2 atmosphere [31]. 

The infrared spectra of ZnCl2 activated glycerol based carbon GBCZ was similar to 

GBCK. However the relative intensity of the band at 1630 cm
-1

 due to C=C was much 

less. This implied lower amount of graphitization occurs when GBC-120 is activated 

with ZnCl2. It thus showed relatively less ordered structure as was also evident from its 

Raman spectrum and the corresponding ID/IG value. These values for GBCZ and GBCK 

were 1.21 and 1.15 respectively (Table 3.1) 
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Fig. 3.4: FT-IR spectra of (a) the KOH activated carbon GBCK and (b) infrared 

absorptions of the activated carbon GBCK in relation to the un-activated carbon GBC-

120. 
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Fig. 3.4 (c): FT-IR spectra of ZnCl2 activated glycerol based carbon GBCZ. 

 

Table 3.2: The assignments corresponding to different frequencies observed in the 

infrared spectra of the activated glycerol based carbon. 

Carbon surface functionality Frequencies (cm
-1

) 

O – H stretch associated with alcohol and phenolic groups 3851, 3740 

O – H stretch when hydrogen bonding is involved 3440 

= C – H stretch 3116 

– C – H stretch 2920, 2927 

– C – H stretch 2851 

C ≡ C stretch 2100 

C = O stretch of COOH and carbonyl group 1710, 1741 

C = C stretch of graphitic rings 1620, 1635 

O = S = O stretch of SO3H 1398 

(i) Symmetric S = O stretch 

(ii) C – OH stretching of phenolic group 

1160 

asymmetric stretching of SO3H 1020-1080 
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3.2.4 Evaluation of thermal stability of activated carbons GBCK and GBCZ –TG-DTA 

analysis 

Thermal analysis was carried out from ambient temperature to 1000 
o
C and the 

corresponding profiles are presented in Fig. 3.5.  

 
Fig. 3.5 TG-DTA-DTG profiles of the KOH and ZnCl2 activated glycerol based carbons 

in N2 atmosphere of (a) GBCK and (b) GBCZ. 
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The TG pattern of GBCK can be divided into four broad stages:  

(i) Region AB in the temperature range up to 120 
o
C with its DTG peak 

centered at 99 
o
C. It corresponds to a mass loss of ~ 18 % due to loss of 

physisorbed water and some hydrogen bonded water.  

(ii) Second distinct stage (region BC), is due to mass loss in the temperature 

range 120 
o
C to 280 

o
C with its DTG peak centered at ~ 260 

o
C. It 

corresponds to mass loss associated with decomposition of –COOH and   –

SO3H groups. 

(iii) The region on TG profile, identified as CD between temperatures 300-500 

o
C. In this region the carbon material absorbs thermal energy essentially to 

initiate the structural reorganization associated with the activation process. It 

can be identified alongside the rapidly rising portion on DTA curve at the 

above temperature.  

(iv) Beyond 500 
o
C, the rise in DTA profile abruptly slows down and it peaks at 

~ 718 
o
C. It is symmetrically disposed alongside the broad DTG peak in the 

temperature range 500 - 950 
o
C. This temperature range corresponds to 

structural reorganization and porosity development that occurs during the 

activation process. During this step, a mass loss of ~ 20 % was observed 

partly due to carbon burn off and partly due to further loss of some 

functional groups such as loss of surface carbonyls [32].  

TG-DTA profile of GBCZ as in Fig 3.5(b) shows similar mass loss pattern except 

the percentage of total mass loss which was ~50% for GBCK and 18 % for GBCZ 

carbon. Further the TGA profile of GBCZ was much less sloping. Thus the mass 

loss for GBCK and GBCZ, post temperature at D which is after 500 
o
C was 20 % and 
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6 % respectively. This is a region indicative of porosity development associated 

with carbon burn off. This would seem to further indicate higher thermal stability of 

ZnCl2 activated glycerol based carbon and lower pore size and pore volume for 

GBCZ. 

  

3.2.5 Textural properties of activated glycerol based carbons (GBCK and GBCZ) – 

BET analysis 

The physical properties of the carbons alter during chemical activation as the activating 

agents like KOH, ZnCl2 generate porosity in carbon structure. The KOH activation 

process involves intermediate formation of K2CO3 and accompanied by evolution of 

carbonaceous volatiles [33].  Fig. 3.6 gives N2 adsorption-desorption plots along with 

pore size distribution profile of GBCK and GBCZ. The adsorption isotherm of GBCK 

showed a distinct hysteresis profile with characteristics of H2 type loop. The adsorption 

profile was more close to type IIb and IVb according to IUPAC classification as well as 

the classification given by Roquerol et al [34]. It involved gradual filling of pores upto a 

relative pressure of p/po ~ 0.7. This was followed by rapid rise in adsorption upto near 

saturation pressure, due to multilayer adsorption. The initial desorption branch showed a 

gradual slope upto a relative pressure p/po of ~ 0.55 followed by a steep desorption 

branch as was expected for an H2 type loop. The pore structure in such H2 type 

materials is known to be complex and is generally associated with interconnected 

network of pores of different size and shapes. Pore size distribution profile (Fig. 3.6a) 

indicates that the pore dimension of GBCK is in the range of 2 - 4 nm. This suggests 

mesoporous nature of the activated carbon. The average pore size is in fact 2.1 nm as is 

evident from the sharp peak at around this value.  
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Fig. 3.6: N2 adsorption desorption isotherms (inset) and pore size distribution profiles of 

the activated glycerol based carbons (a) GBCK and (b) GBCZ. 
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Table 3.3: Textural properties obtained from BET analysis of glycerol based carbons  

GBCK, GBCZ and GBC-800. 

Sample SBET 

(m
2
 g

-1
) 

VTotal 

(cm
3
 g

-1
) 

VMicropore 

(cm
3
 g

-1
) 

VMesopore 

(cm
3
 g

-1
) 

Average pore 

radius (nm) 

GBCK 1653 1.76 0.43 1.20 2.13 

GBCZ 1577 1.23 0.77 0.50 1.12 

GBC-120 21 0.06 -- -- 0.18 

GBC-800 425 0.22 0.18 0.01 1.04 

 

The adsorption isotherm of GBCZ exhibit type I isotherm which is indicative of 

microporosity in the carbon materials as per IUPAC classification. From Fig. 3.6 it can 

be seen that there is sharp increase in the volume of gas adsorbed upto relative pressure 

of 0.40. Beyond this, with increase in relative pressure the isotherm seems to approach a 

plateau due to much reduced adsorption at higher pressure.  Depending upon the 

sharpness of the approach to saturation pressure the type I isotherm is further 

subdivided into Ia and Ib. GBCZ shows isotherm of type Ib possessing both narrow and 

wider micropores. At higher relative pressure adsorption adsorption desorption profile 

of GBCZ was almost coincidental with minimal hysteresis. It can be seen that both the 

activated samples GBCK and GBCZ showed large values of surface area which was 

around 1600 m
2
 g

-1
. In comparison the surface area of un-activated carbon GBC-120 

was merely 21 m
2
 g

-1
. Thus the activation process showed ~ 80 times enhancement in 

surface areas. Also before activation the pore volume was negligible (~ 0.06 cm
3
 g

-1
). 

There was nearly 30 times increase in pore volume following activation. Thus GBCK 

showed a pore volume of 1.76 cm
3
 g

-1
. 
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A comparison between the two activated carbons revealed that KOH activated carbon 

showed an average pore radius of 2.13 nm. On the other hand GBCZ not only showed 

lower pore volume, its average pore radius of 1.12 nm was half that of GBCK. This 

higher porosity in GBCK is in agreement with the comparative thermal analysis 

elaborated in the previous section wherein the mass loss for GBCK in the temperature 

range > 500 
o
C was significantly higher than it was for GBCZ. 

Further analysis of porosity indicated that in GBCK, volume was occupied by 

mesopores. The mesopore volumes for GBCK and GBCZ were 1.20 and 0.50 cm
3
 g

-1
 

respectively, indicating enhanced mesoporosity was caused following KOH activation. 

In comparison GBCZ was largely microporous. For further comparison, a sample 

designated as GBC-800 was also prepared by thermal treatment of GBC-120 at 800 
o
C 

but without any chemical activating agent. This sample did not show such enhancement 

in surface area and porosity. Its surface area and pore volume showed only a marginal 

increase. The corresponding values were merely 425 m
2 

g
-1

 and 0.22 cm
3 

g
-1 

respectively. This observation thus underlined the importance of chemical activation of 

the glycerol based carbons.  

 

3.2.6 Morphology of activated glycerol based carbons – SEM analysis 

Scanning electron microscopy (SEM) studies were done to understand the surface 

morphology of the glycerol based carbons GBCK and GBCZ. For comparison SEM 

analysis of GBC-800 and commercial carbon Vulcan XC72R were also carried out. 

These are shown in Fig. 3.7. The images reveal development of porosity in the activated 

carbons in comparison to that of un-activated GBC-120 shown earlier (Fig.2.6). KOH 

activated carbon GBCK showed presence of larger pores whereas in case of GBCZ, 
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comparatively smaller and non uniform pores were observed. This observation was in 

agreement with textural data presented in Table 3.3. 

Elemental analysis of the carbons was carried out using energy dispersive spectroscopy 

(EDS) analysis. Table 3.4 presents At % of elements in the carbon materials. 

 

Table 3.4: Elemental analysis data obtained from EDS analysis of glycerol based 

carbons. 

Sample SEM/EDS analysis  (At %) of the elements 

C O S K 

GBC-120 82.5 15.8 1.7 -- 

GBCK 92.6 6.3 0.8 0.35 

GBCZ 95 3.3 1.6 -- 

Vulcan XC72R 92.3 7.7 -- -- 

 

It can be seen that the GBC
S
 show significant amount of sulphur content. It is due to the 

presence of SO3H surface groups as revealed in their IR spectra (Fig. 3.4). The % S in 

GBC-120 and GBCZ is almost same (~ 16 %). This is also evident from similar intensity 

of SO3H peaks in these two samples. In comparison GBCK showed only 0.8 % S and as 

expected SO3H peak intensity is greatly diminished. The carbon content in the un-

activated GBC-120 was much less ~ 82 % due to simultaneous presence of large 

amount of oxygen. This sample has larger amount of oxygen functionalities –COOH 

and –OH as shown earlier in its thermal analysis and IR spectral data. These 

functionalities decompose during activation which is carried out at elevated temperature 

(~ 800 
o
C). Hence the activated samples show relatively lower values of carbon and 

oxygen. 
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Fig. 3.7: SEM images of activated glycerol based carbons (a) GBCK and (b) GBCZ in 

comparison to (c) GBC-800 and (d) commercial carbon Vulcan XC 72R 
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3.3 Surfactant induced activation of glycerol based carbons 

3.3.1 CTAB activated glycerol based carbon 

In a typical synthesis, mixture of glycerol (10 g) and CTAB (1 mM) was stirred 

overnight. Concentrated sulphuric acid (25 mL) was slowly added to glycerol 

previously taken in a 500 mL capacity beaker. The latter was placed on a hot plate 

magnetic stirrer. The temperature of the resulting mixture was then gradually increased 

from a temperature of 25 
o
C up to 180 

o
C. The foaming was ceased after 20 minutes. 

The resulting black mass was cooled to ambient temperature and washed with distilled 

water until the washings were neutral (pH around 7). The carbon thus obtained was 

dried in an oven at 120 
o
C and further activated using KOH. The activated carbon thus 

produced was designated as GBCS1. 

 

3.3.2 SDS activated glycerol based carbon 

The process of synthesis was carried out by first mixing SDS solution (8 mM) and 

glycerol (~ 8 mL). The mixture was kept for stirring overnight using magnetic stirrer. 

Later concentrated H2SO4 was added dropwise into the above mixture. The temperature 

was then gradually raised to 180 
o
C and was maintained till foaming was ceased. The 

resulting product was washed till the filtrate shows a neutral pH. It was dried and further 

activated using ZnCl2 as an activating agent. The activated carbon obtained was 

designated as GBCS2. 
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3.4 Characterization of the surfactant activated glycerol based carbons 

3.4.1 Structural properties of GBCS1 and GBCS2 – XRD and Raman studies 

The X-ray diffractograms of GBCS1 and GBCS2 are given in Fig. 3.8. The two 

characteristics peaks of activated carbon centered at 2θ value of ~24
o
 and ~43

o
 were 

also observed for the samples. These peaks are indexed respectively to (002) and (100) 

reflections and are representative of turbostratic carbon structure [35]. Such broad 

diffraction peaks in XRD pattern at around 24
o
 and 43

o 
suggest better alignment of 

carbon layers and well ordered structure [18]. The interlayer spacing d002 calculated 

using Bragg’s equation for GBCS1 and GBCS2 are 0.37 nm and 0.35 nm respectively. 

The peak indexed to (100) reflection is comparatively sharper and broader in GBCS2.  

 

Fig. 3.8: X-ray diffraction patterns of the glycerol based carbons GBCS1 andGBCS2. 

The Raman spectra displayed in Fig 3.9 show the characteristic D and G bands at 

around 1294 cm
-1

 and 1596 cm
-1

 respectively. The corresponding value of R for GBCS1 

is 1.11 and for GBCS2 is 1.09. This indicates more ordered structure of these carbons as 
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compared to GBCK and GBCZ which were synthesized without use of surfactants. As 

given in table 3.1 their R values were 1.15 and 1.21. For pure graphite oxide the value 

of R is less than 1. Crystallite size La along a-axis is calculated using formula La = 

4.4/R. The La values obtained for GBCS1 is 3.95 nm and for GBCS2 is 4.03 nm, which 

are larger than those obtained for GBCK and GBCZ. 

 

Fig. 3.9: Raman spectra of glycerol based carbons GBCS1 and GBCS2. 

 

3.4.2 Surface functional groups on GBCS1 and GBCS2 - FTIR spectra 

Infrared spectra of GBCS1 and GBCS2 are shown in Fig. 3.10. Various characteristic 

peaks were observed and have been assigned to specific functionalities as reported in 

literature. Among the major peaks observed in GBCS1, peak centered at 3451 cm
-1

 is 

very sharp and intense and is associated with –OH stretch indicating the presence of 

surface hydroxyl groups. The peak at ~2100 cm
-1

 is equally sharp and is due to 
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increased order in graphitization in the carbon structure. The intense band at 1078 cm
-1

 

is attributable to SO3H. The band centered around 1732 cm
-1

 is due to C=O vibrations. 

The band centered around 1578 cm
-1

 is associated with quinone groups [36]. Infrared 

spectra of GBCS2 as shown in Fig. 3.10 (b) shows intense band at 2100 cm
-1

 and this 

peak overshadows the intensity of other peaks. This suggests that GBCS2 possesses 

higher degree of ordered graphitization. The band at 3441 cm
-1

 is sharp and intense 

indicating presence of surface hydroxyl groups. Table 3.1 gives some of the IR 

assignment of functional groups on glycerol based carbon surface.   

An important feature of the IR spectra of these samples is the relative intensity of the 

bands at 1070 cm
-1

 and the band at ~2100 cm
-1

. These bands are associated with SO3H 

groups and increased graphitization respectively. The intensity of SO3H band in GBCS2 

is much less in relation to the 2100 cm
-1

 band. On the contrary the intensity of SO3H 

band in GBCS1 is very high and relatively larger than its 2100 cm
-1

 band. This suggests 

that in GBCS2 the decreased sulphur content (or SO3H) is associated with greater 

formation of ordered graphitic carbon structures. 

 

The SEM/EDS analysis presented below confirms the observations.  

Carbon 

sample 

At % of the elements 

C O S K 

GBCS1 87.07 10.47 2.44 0.02 

GBCS2 95.85 2.30 1.85 -- 

 

The sulphur content in GBCS2 is much less (1.85 %) compared to 2.44 % in GBCS1. 

Further there was enhancement in carbon content of GBCS2 as compared to that of 

GBCS1. 
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Fig. 3.10: Infrared spectra of glycerol based carbons (a) GBCS1 and (b) GBCS2. 
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3.4.3 Textural properties of glycerol based carbons GBCS1 and GBCS2 – BET 

sorptometry and SEM analysis  

N2 adsorption desorption isotherms and corresponding pore size distribution profiles 

(BJH) obtained for the glycerol based carbons GBCS1 and GBCS2 are shown in Fig 3.11.  

The adsorption isotherms of both these samples are essentially of Type I and analogous 

to that of GBCZ described in the previous section. However as expected for a Type I 

isotherm, there is no complete saturation in a small region beyond P/Po ~ 0.8 upto 1. 

Hence the final phase of the isotherm profiles appears like in Type II. The non-existence 

of plateau is representative of monolayer-multilayer adsorption with condensation 

taking place only at a relative pressure of 1. Such isotherms are known to be observed in 

case of open and stable surfaces and are also seen in the microporous materials [37]. 

Puziy et al [38] observed such isotherm for calgon carbon with pore structure consisting 

of both micropores and mesopores.  

Most of the activated carbons are highly microporous and investigating the micropore 

size distribution and assessment of total micropore volume still remains a problem. N2 

adsorption is regarded as only the first step for characterizing microporous carbon. 

Similar isotherm profile was observed for microporous carbon cloth JF517 [39]. Both 

GBCS1 and GBCS2 showed distinct hysteresis loop of type H4 in the P/Po region of 0.5-

1.0. This is indicative of the presence of micro and mesopores. The specific surface 

area, total pore volume and a average pore size obtained from N2 adsorption desorption 

isotherm are summarized in Table 3.5. 
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Fig. 3.11: Pore size distribution (BJH) and N2 adsorption desorption isotherms of 

carbons (a) GBCS1 and (b) GBCS2 
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Table 3.5: Textural properties obtained from BET analysis of glycerol based carbons 

GBCS1 and GBCS2. 

Sample SBET 

(m
2
 g

-1
) 

VTotal 

(cm
3
 g

-1
) 

VMicropore 

(cm
3
 g

-1
) 

VMesopore 

(cm
3
 g

-1
) 

Average pore 

radius (nm) 

GBCS1 1069 0.60 0.40 0.13 1.12 

GBCS2 2289 1.31 0.72 0.54 1.14 

GBCZ 1577 1.23 0.77 0.50 1.12 

 

For comparison the values of GBCZ are also shown in Table 3.5. All the samples not 

only showed similar shaped adsorption profiles; there average pore radius were also 

similar having a value of around 1.12 nm. It is interesting to note that unlike GBCS1; the 

pore volume of GBCS2 and GBCZ was similar and so too their micropore and mesopore 

volumes. It may be recalled that of GBCS2 and GBCZ were ZnCl2 activated samples. 

The only difference was incase of GBCS2, the surfactant SDS was used along with 

glycerol. Thus the presence of surfactant SDS caused higher pore volume as well as 

provided much larger surface area.  

The surface morphology of glycerol based carbons GBCS1 and GBCS2 was examined 

from SEM analysis at different magnification. Fig.3.12 shows SEM images taken at a 

magnification of 60000 X. A highly porous surface was observed in case of both the 

carbons.  
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Fig. 3.12: SEM images of GBCS1 at a magnification of (a) 10000x, (b) 60000x and 

GBCS2 at a magnification of (c) 10000x (d) 60000x.  
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3.5 Adsorption of methylene blue on glycerol based carbons (GBCK, GBCZ, GBCS1 

and GBCS2) 

The synthesized glycerol based activated carbons were found to possess large surface 

area and enhanced porosity. Their adsorption ability was investigated by using 

methylene blue as model adsorbent. Fig. 3.13 shows a comparative adsorption behavior 

of these carbons. The corresponding extent of adsorption is presented below.  

Carbon 

type 

 

Activation method 

Adsorption (mg g
-1

)  

Surface 

area 
After 3 

hours 

After 20 hours 

GBCK KOH activation of GBC-120 1180 1700 1653 

GBCZ ZnCl2 activation of GBC-120 1290 2400 1577 

GBCS1 CTAB + KOH 850 1000 1069 

GBCS2 SDS + ZnCl2 1380 1600 2289 

 

 

Fig.3.13: Comparative kinetic plots of adsorption of methylene blue on glycerol based 

carbon samples. (Volume of adsorbate: 200 mL, Dosage of adsorbent: 20 mg, 

Temperature: 299 K, Contact time: 20 hours, Initial concentration = 50 µg mL). 
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In chapter II, the adsorption behavior of the un-activated sample GBC-120 was reported 

[10]. It showed high adsorption capacity of 1050 mg g
-1

. All the activated samples 

reported here showed similar or much higher adsorption. At the end of 3 hours, the high 

surface area carbons showed higher adsorption. The GBCS2 carbon which has highest 

surface area showed rapid initial adsorption with a value of ~ 1400 mg g
-1

 within 3 

hours. At this time the adsorption with the relatively low surface area carbons was much 

slower and the adsorption was significantly less. All the carbons generally showed 

equilibrium adsorption after 12 hours. Further equilibriation did not have much effect 

on extent of adsorption except for GBCZ. It showed gradually rising adsorption and 

reached unusually high value of 2400 mg g
-1

. It is attributed to relatively higher 

concentration of SO3H as evident from their infrared spectra vis a vis higher S/O ratio. 

Adsorption of methylene blue on the carbons was thus influenced by interplay of factors 

such as surface area, porosity and surface functionalities. 
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3.6 General adsorption behavior of the activated carbons GBCK and GBCZ 

GBCZ showed highest adsorption for methylene blue. So the details adsorption study of 

activated glycerol based carbon GBCK and GBCZ was carried out. 

 

3.6.1 Experimental 

3.6.1.1 Effect of initial pH 

To investigate the effect of pH on adsorption of methylene blue on GBCK and GBCZ. 2 

mg of each was added to two conical flask of 250 mL capacity containing 100 mL of 

methylene blue solution (25 μg/mL). pH of the solution was adjusted in the range 2-10 

using NaOH or HCl solution. Adsorption data was recorded after two hours. 

 

3.6.1.2 Adsorption kinetics and determination of equilibration time 

Time required to establish equilibrium between the adsorbed methylene blue on carbon 

and the amount of methylene blue in solution was investigated.  200 mL of methylene 

blue solution of concentration 50 µg/mL was kept for equilibration with 20 mg of 

carbon sample. pH of the solution was adjusted to 6. The progress was monitored by 

taking 1.0 mL of solution at different time intervals until equilibrium was recorded. The 

data obtained was then fitted in different kinetic models. 

 

3.6.1.3 Adsorption Isotherm 

To determine the adsorption isotherm of GBCK and GBCZ, different initial 

concentrations of methylene blue solution (10-50 mg/L) were equilibriated with ~ 2 mg 

of GBCK and GBCZ carbons. The pH of all the solutions was adjusted to optimum value 
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of 6. All the solutions were equilibrated at a fixed equilibration time of 20 hours. The 

adsorption data obtained was then fitted in different adsorption isotherm models. 

 

3.6.2 Results and discussion 

3.6.2.1 Effect of initial pH on adsorption efficiency 

Effect of solution pH on adsorption behavior is primarily studied to know the optimum 

pH for adsorption on particular adsorbent. GBCK and GBCZ show a maximum 

adsorption capacity of 66% and 70% respectively at a pH of around 6 (Fig. 3.14). On 

increasing the pH further in the alkaline range adsorption was observed to drop 

significantly. Thus all the further studies was carried out with pH of the solutions 

adjusted to 6±0.2. 

3.6.2.2 Effect of contact time and adsorption equilibrium  

Adsorption-time behavior of GBCK and GBCZ was investigated by monitoring the 

amount of methylene blue adsorbed at definite time intervals (Fig. 3.13). Initial 

adsorption pattern was linear with respect to time up to 3 hours with maximum 

adsorption capacity of 1185 and 1290 mg/g for GBCK and GBCZ respectively. Later for 

GBCK, adsorption slows down by reaching equilibrium value of 1686 mg/g whereas for 

GBCZ, noticeably large adsorption is seen after the initial adsorption stage and it 

reached a high adsorption capacity of 2471 mg g
-1

. 
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Fig. 3.14: Adsorption efficiency of (a) GBCK and (b) GBCZ carbon at different initial 

pH values. 

 

3.6.2.3 Adsorption isotherms 

From the general adsorption isotherm profiles presented in Fig.3.15, Freundlich 

isotherm tends to fit better for entire range of concentration in case of GBCK as well as 

for GBCZ. Langmuir adsorption is often a representative of most adsorption behavior on 
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activated carbon materials. It involves rapid increase in adsorption with increase in 

concentration, and finally lead to a plateau region as the surface adsorption sites are 

saturated with adsorbate molecules. The Freundlich adsorption isotherm is mainly 

indicative of formation of multilayer beyond saturation. 

 
Fig. 3.15: General adsorption isotherm profiles for the glycerol based carbons (a) GBCK 

and (b) GBCZ. 
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Fig 3.16: Langmuir isotherm and Freundlich isotherm for adsorption of Methylene blue 

on GBCK and GBCZ. 

 

Table 3.6: Values of Langmuir adsorption isotherm and Freundlich adsorption isotherm 

parameters during adsorption of methylene blue on activated glycerol based carbons 

GBCK and GBCZ. 

Sample Langmuir isotherm Freundlich isotherm 

 

GBCK 

Xm (mg/g) 4048 k (mg/g) 1288 

K (L/mg) 0.558 1/n 0.715 

R
2
 0.915 R

2
 0.919 

 

GBCZ 

Xm (mg/g) 4000 k (mg/g) 1702 

K (L/mg) 0.862 1/n 0.558 

R
2
 0.856 R

2
 0.895 
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As can be seen from Fig. 3.16 the data of adsorption of methylene blue on GBCK and 

GBCZ fitted well for Langmuir isotherm with R
2 

value of ~ 0.9. However the value of 

Xm i.e. the maximum adsorption capacity obtained from the Langmuir plot was too high 

compared to observed value of ~2400 mg g
-1

. Thus it suggests that at higher 

concentration adsorption doesn’t follow Langmuir isotherm. The K value is a Langmuir 

adsorption constant and it is related to energy of adsorption. The calculated K for GBCK 

and GBCZ are less than 1 suggesting Van der Waals type of adsorption. It may be seen 

from Fig. 3.15, the experimental points beyond 30 mg L
-1

 suggest multilayer formation 

indicative of Freundlich adsorption behavior. The data was also fitting for Freundlich 

isotherm model with R
2 

value of ~0.9. The parameter 1/n obtained from Freundlich 

isotherm model is a measure of intensity of adsorption and it ranges from 0 - 1. The 

values of 1/n obtained in the present case were ~0.5 – 0.7 within this range. The 

maximum calculated adsorption obtained for GBCK and GBCZ were 1288 mg g
-1

 and 

1702 mg g
-1

 respectively. In case of GBCK the maximum adsorption capacity observed 

from experiment (Fig. 3.13) was ~1700 mg g
-1

. It thus matches well with that obtained 

from Freundlich model suggesting that GBCK show better fit for Freundlich adsorption 

isotherm at entire concentration range. Similarly the experimental value for GBCZ at the 

end of 4 hours of adsorption was ~ 1300 mg g
-1

. This value is close to calculated value 

(1288 mg g
-1

) obtained from Freundlich model. Thus for GBCZ the Freundlich 

adsorption isotherm was not applicable in the entire concentration range. It is attributed 

to its comparatively wider pore radii distribution as compared to GBCK.  
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3.6.2.4 Kinetics of Adsorption  

The pseudo first-order and pseudo second-order kinetic models were employed to 

understand kinetics of the adsorption process by adapting the following linear equations. 

Fig. 3.17 gives kinetic plots for adsorption of methylene blue on GBCK and GBCZ.  

The coefficient of determination (R
2
) obtained from best fit points, did not show 

significant difference when adsorption data was fitted in pseudo first-order model for 

both the samples. The values were ~ 0.95 and 0.93. But R
2
 value obtained for pseudo 

second order kinetic model was close to 1. Also, the value of ‘qe observed’ obtained 

from pseudo second order kinetics model (2500 mg g
-1

 for GBCZ and 1666 mg g
-1

 for 

GBCK) was quite close to ‘qe calculated’ (2471 mg g
-1

 for GBCZ and 1685 mg g
-1

 for 

GBCK). Thus the kinetic model analysis confirm the observed high initial rate of 

adsorption of the cationic dye in the glycerol based carbons investigated.  
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Fig. 3.17: Pseudo first and second order kinetic plots for adsorption of methylene blue 

on GBCK and GBCZ. 

 

Table 3.7: Kinetic parameters obtained from application of Pseudo First order and 

second order kinetic models. 

Sample Pseudo First order kinetic model Pseudo Second order kinetic model 

 R
2
 K1 (min

-1
) qe 

(mg g
-1

) 

R
2
 K2 

(g mg
-1

 min
-1

) 

qe 

(mg g
-1

) 

GBCK 0.948 8.3 ×10
(-4)

 682 0.999 7.0×10
(-6)

 1685 

GBCZ 0.930 8×10
(-4)

 1386 0.998 2.2×10
(-6)

 2500 

*qe calculated values for GBCK and GBCZ are 1685 and 2471 mg g
-1

 respectively. 
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Summary & Conclusions 

(i) Activated glycerol based carbons (GBCK and GBCZ) were prepared by using KOH 

and ZnCl2 as chemical activating agents. The mixture of un-activated glycerol based 

carbon GBC-120 and chemical activating agents were heated at 800 
o
C in N2 

atmosphere. 

(ii) Surfactant mediated activation of glycerol based carbon using CTAB and SDS 

surfactants were carried out and were further chemically activated as in for GBCK 

and GBCZ. The resultant carbons were denoted as GBCS1 and GBCS2. 

(iii) Synthesized glycerol based carbons GBCK, GBCZ, GBCS1 and GBCS2 showed 

characteristic peaks at ~ 24
o
 and ~ 43

o
. An additional peak at 2θ ~14

o
 observed was 

due to formation of oxidized graphitic surface. 

(iv)  From Infra red spectral analysis it was observed that the C=C band intensity at 1625 

cm
-1

 in GBCK was greatly increased suggesting enhanced aromatization following 

activation. The peak at 2100 cm
-1

 was observed indicating enhanced graphitization. 

The Raman spectra of these carbons showed two distinct peaks at Raman shift 

values of 1296 cm
-1

 and 1596 cm
-1

 and are known as D and G bands respectively.  

(v) BET analysis showed that activation resulted in large enhancement in surface area 

as well as evolution of pores in the carbon structure with a relatively large pore 

volume. Thus the surface area and pore volume before activation
 
was 21 m

2
 g

-1
 and 

0.06 cm
3
 g

-1
. These values became as high as 2290 m

2
 g

-1
 and 1.31 cm

3
 g

-1
 for 

GBCS2; the carbon obtained using SDS surfactant. Glycerol based carbon activated 

using KOH is found to be largely mesoporous and ZnCl2 activation is observed to 

induce microporosity in the carbon.  

(vi)  Maximum adsorption capacity of ~2400 mg g
-1

 is shown by the ZnCl2 activated 
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carbon GBCZ for adsorption of methylene at pH of 6. Adsorption efficiency 

increased with increase in solution pH from 2-6. The GBCS2 showed less adsorption 

in spite of its much larger surface area in comparison to GBCZ due to partial loss of 

SO3H functionalities. 

(vii) The adsorption data could be fitted in Freundlich adsorption isotherm over entire 

concentration range. Adsorption kinetics studies display better fit for pseudo second 

order kinetic for adsorption of methylene blue on GBCK and GBCZ adsorbents. 
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Introduction 

Transition metal oxides are among the attractive class of solids due to their remarkable 

properties such as adsorbents, catalysts, magnetic materials, energy storage materials 

etc. These properties are mainly related to presence of electrons in the outermost d-

orbitals of metal ion. They possesses ionic, covalent or metallic bonding and can also 

form ternary oxides like spinel, perovskite etc. Transition metal oxides possess wide 

range of magnetic properties such as having magnetic behaviors like paramagnetism, 

diamagnetism, ferrimagnetisms, ferromagnetism and anti-ferromagnetism. With respect 

to their electrical conductivity, large numbers of these oxides are semiconductors. Some 

of transition metal oxides show phase transition from one type of crystal structure to 

another and such transitions are accompanied with change in electronic and magnetic 

properties. Several transition metal oxides show broad range of non-stoichiometry 

which influence their physical properties and chemical reactivity. This deviation in 

stoichiometry can lead to either increase in density by interstitial arrangement in the 

lattice or decrease in density creating vacancies [1]. Doping another metal ion in such 

oxides would thus show prominent change in its properties.  

Pure and doped oxides of 3d transition metals like Fe, Cu, Mn, Zn, Ni, Co etc are 

widely studied. The present work is focused on synthesis of Fe-Mn oxides such as α-

Fe2O3 (pure and Mn doped) and α-MnO2 (pure and Fe doped) and to find their 

applicability in adsorption, catalysis and electrochemical behavior either alone or as a 

component of composites with the synthesized carbons. The prepared oxides were 

characterized by instrumental techniques like TG-DTA, FT-IR, XRD, BET analysis, 

TEM, VSM and ICP-AES analysis. 
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4.1. α-Fe2O3  

Among various polymorphic forms of ferric oxide, the most abundant forms, α-Fe2O3 

(hematite) and γ-Fe2O3 (maghemite) are most widely investigated [2, 3]. The former 

having advantage of higher stability while the latter, even though it is a metastable form, 

is often more desired owing to its high saturation magnetization, ~ 40-80 emu g-1. The 

magnetism varies upon the methods of synthesis. Further, α-Fe2O3 is antiferromagnetic 

below Morin temperature (260 K) and shows a very weak ferromagnetic behavior (< 1 

emu g-1) between 260 K and the Neel temperature (950 K). The enhancement in 

magnetic behavior is also seen following divalent transition metal ion doping such as 

Mn2+, Cu2+ etc. [4]. The various properties and applications of α-Fe2O3 have been 

recently reviewed [5]. The present investigation deals with a co-precipitation synthesis 

approach to obtain a ferromagnetic α-Fe2O3 by Mn2+ doping. The synthesis parameters 

such as temperature of calcinations etc, are aided through TG-DTA analysis of its Fe-

Mn oxide precursor. The Mn2+ doped α-Fe2O3 thus obtained, showed enhanced catalytic 

and photo-Fenton activity in addition to its ferromagnetic behavior. 

 

4.1.1 Investigation towards synthesis of doped α-Fe2O3 

In a typical synthesis, 0.05 mole of MnCl2.4H2O and 0.1 mole of FeCl3 (anhydrous), 

were mixed in 100 mL of distilled water. The resulting solution was added dropwise 

into NaOH (0.80 moles) solution under constant stirring. The brownish black 

suspension thus obtained, was kept for digestion for 3 hours. It was then filtered and 

washed till the filtrate was free of chloride and dried at 100 oC for 5 hours. This ‘as 

prepared’ sample (designated as MF1) was divided into several portions for further 

treatment at various elevated temperatures such as 200 oC, 450 oC, 600 oC and 750 oC. 



133 
 

For convenience the samples thus obtained, were labelled as MF2, MF4, MF6 and MF7 

respectively. (The simplified codes were indicative of M for Mn, F for Fe and the 

numerals 1, 2, 4, 6 or 7 were used to represent the first numeral of the temperatures used 

for thermal treatments). The Mn doped α-Fe2O3 was formed at around 600 oC. 

Pure α-Fe2O3 was synthesized by similar method wherein 0.1 mole of FeCl3 solution 

was added drop wise to 0.8 mole of NaOH solution kept on a magnetic stirrer. It was 

further washed, dried at 100 oC and a part of it was further calcined at 600 oC in air for 2 

hours. These products were labeled as F1 and F6 respectively. 

 

4.1.2 Thermal and XRD analysis of the Fe-Mn oxides 

Fig 4.1 gives TG-DTA profile of the ‘as prepared’ Fe-Mn oxide material (MF1) 

recorded in air from ambient temperature up to 1000 oC. It showed rapid mass loss upto 

about 180 oC, which was mainly due to loss of physisorbed and hydrogen bonded water. 

There was no further significant mass loss upto 1000 oC. However, examination of the 

corresponding DTA profile revealed a broad exothermic peak in the above temperature 

range with a maximum at ~ 600 oC. This suggested occurrence of some structural 

transformation around this temperature. Hence in modified synthesis, the ‘as prepared’ 

sample MF1 was further investigated by heat treatment in air at 600 oC and 750 oC for 2 

hours. The resulting products were designated as MF6 and MF7 respectively. It may be 

noted that the corresponding sample F1 (prepared without Mn) also shows an 

exothermic profile in a narrower temperature range with a maximum at around 800 oC. 

This underlines that crucial role Mn plays in the structural transformation of Fe-Mn 

oxide. The samples MF1, MF6 and MF7 were further characterized by XRD as shown 

in Fig. 4.2.  
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Fig. 4.1: (a) TG-DTA-DTG curves of the synthesized Fe-Mn oxide (MF1) obtained in 

air atmosphere in the temperature range of 30 oC to 1000 oC. (b) corresponding thermal 

analysis profiles of iron oxide sample (F1) 

 

 

For comparison, the sample F1 was prepared in the same way as MF1, but without the 

presence of Mn. It is seen from Fig. 4.2 (b) that the undoped iron oxide (F1) showed a 

relatively amorphous pattern with peaks characteristic of α-FeOOH phase (JCPDS card 

number 29-0713). On the other hand the diffraction peaks in the ‘as prepared’ material 
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MF1 were observed at 2θ values of 30.20, 35.45, 43.22, 53.59, 62.65 degree 

corresponding to Miller indices (220), (311), (400), (422), and (440),  reminiscent of 

cubic MnFe2O4 phase (JCPDS Card. 10-0319) [6]. 

Thus, MF1 was essentially an amorphous manganese ferrite in which the 100 intensity 

peak was observed at 2θ value ~ 35. In addition three other peaks were also observed at 

2θ ~ 22, 34 and 36, which were characteristic peaks due to α-FeOOH as mentioned 

earlier. Thus MF1 is in fact a mixed phase due to MnFe2O4 + FeOOH. 

However the XRD profile of the heat-treated sample at 600 oC (MF6) exhibited a 

characteristic diffraction pattern for α-Fe2O3 phase (JCPDS card 33-0664) [5]. In MF6 

there is also presence of a small peak at 2θ ~ 35 due to presence of some residual Mn 

ferrite phase. Thus, XRD analysis confirm that the  amorphous Fe-Mn mixed oxide 

following heat treatment beyond 600 oC gets transformed to Mn doped α-Fe2O3 phase. 

Thus MF6 is essentially an α-Fe2O3 with a trace of MnFe2O4. When the sample was 

further heated to 750 oC (MF7), no significant change in the XRD pattern was observed, 

but the XRD peaks became sharper indicating better crystallization of the α-Fe2O3 

phase. Also the characteristic peak due to MnFe2O4 at 2θ ~35, completely disappears as 

temperature was raised to 750 oC, thus indicating formation of pure α-Fe2O3 phase at 

this temperature. 
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Fig. 4.2: X-ray powder diffraction pattern of Fe-Mn oxides (a) as Fe-Mn oxide mixed 

phase (MF1) gets transformed to MF7 which is Mn doped α-Fe2O3  (b) synthesized iron 

oxides in absence of Mn wherein α-FeOOH (F1) gets transformed to α-Fe2O3  (F6 and 

F8). 

 

 

4.1.3 TEM in relation to XRD analysis 

Fig. 4.3 gives the TEM images of the pure and Mn doped iron oxide samples.  The 

details of TEM characteristics and XRD analysis are summarized in Table 4.1.     
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It is shown above from XRD analysis that F1 is α-FeOOH phase. The TEM image of F1 

indicates that it is formed as a cluster of nanorods. However when synthesis was carried 

out in presence of Mn2+ to obtain MF1, a mixed phase of α-FeOOH and MnFe2O4 was 

observed. The TEM image of MF1 supports this observation wherein α-FeOOH 

component was present as nanorods embedded in a diffuse cloud like dispersion due to 

particles of the amorphous manganese ferrite. Further, when MF1 was heat treated at 

600 oC to obtain MF6, a structural transformation occurred and the amorphous ferrite 

phase as well as the α-FeOOH got transformed into α-Fe2O3 having a trace of MnFe2O4. 

The TEM image of MF6 revealed better resolved nanorods of the α-Fe2O3 phase and the 

manganese ferrite cloud getting almost vanished. It is clear from Fig. 4.3 (a) or from the 

particle dimensions presented in Table 4.1, that the length of nanorods increased from 

240 nm to 450 nm in MF6 and its aspect ratio was nearly double, from 3.4 to 6.0. 

Further the TEM image of MF7 which is Mn2+ doped α-Fe2O3, shows disappearance of 

nanorods and the particles acquired wide oblong shapes with the width of nanoparticles 

getting doubled from ~ 70 nm to 140 nm. This is associated with the doping of Mn2+ 

into the structure of α-Fe2O3. On the other hand, the undoped iron oxides α-Fe2O3 (F6 or 

F8) continue to be nanorods as in Fig. 4.3 (b).  

 

4.1.4 Transformation of Fe-Mn oxide in Mn-doped α-Fe2O3. 

To understand the transformation of the mixed phase sample MF1 into α-Fe2O3 at 600 

oC, two additional samples were synthesized by thermal treatment of MF1 at 200 and 

450 oC. This corresponds to the temperatures around the region BC in the DTA profile 

(Fig. 4.1). The resulting samples designated as MF2 and MF4 were further 

characterized by XRD. Their XRD profiles are also presented in Fig. 4.2. It is seen from 
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the profile of MF2 in Fig. 4.2 (a) that most of the peaks disappeared and the XRD 

profile was largely amorphous. The main peaks of α-FeOOH at about 2θ ~22 and that of 

MnFe2O4 around 2θ ~35 were greatly diminished in intensity. At 450 oC, as evident in 

the XRD profile of MF4, the peaks due to α-FeOOH completely disappeared and only a 

trace of MnFe2O4 peak was present. Further comparisons of XRD profiles of the MF1 to 

MF7 samples in Fig. 4.2 (a) indicate disappearance of peaks due to MnFe2O4 especially 

in the 2θ region between 30 - 40o. This is accompanied by appearance of peaks due to α-

Fe2O3. This structural transformation is summarized in Scheme 4.1. 

 
Scheme 4.1: Structural transformation of the ‘as prepared’ sample MF1 into a Mn2+ doped α-

Fe2O3 (MF7); ccp and hcp in the illustration is indicative of structures formed by cubic and 

hexagonal close packing of O2- ions respectively. 

 

Bulk manganese ferrite MnFe2O4 is known to have chemical composition close to 

normal spinel (fcc close packed structure) with about 20 % of Mn2+ present in the 

octahedral sites, exchanging places with the Fe3+ going into tetrahedral sites as in 

[ 𝑀𝑛0.8  
2+ · 𝐹𝑒0.2

3+ ]t  [ 𝑀𝑛0.2  
2+ · 𝐹𝑒1.8

3+ ]oct O4. On the other hand, α-Fe2O3 is a hematite 

structure with ⅓ vacant octahedral sites in its hcp structure of O2- ions. When MnFe2O4 

component of MF1 or MF6 gets homogenized into MF7 to form a pure α-Fe2O3 phase, 

it has to occur via a rearrangement of oxygen ion close packing from ccp to hcp type. 
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During the process, Mn2+ ions would diffuse into the available vacant sites resulting into 

formation of Mn2+ doped α-Fe2O3. Such diffusion of Mn2+ ions was also proposed 

during calcination of a sol-gel synthesized manganese ferrite [7]. 

 

4.1.5 Surface area and porosity 

To understand the surface properties, the synthesized materials were characterized by 

BET measurements. The surface area and pore characteristics obtained from adsorption-

desorption isotherms (Fig. 4.4) are presented in Table 4.2. It is seen that the ‘as 

prepared’ samples F1 and MF1 showed large surface areas in the range 150 – 180 m2 g-

1. They showed type II b adsorption isotherm profiles [8, 9] with well defined hysteresis 

loops (similar to H4 type) in the P/Po range of 0.4 to 1.0. This indicates presence of 

mesopores with no well defined pore structure. The corresponding heat treated samples 

F6 as well as the Mn2+ doped α-Fe2O3 sample MF6, showed much lower surface areas ~ 

20 – 30 m2 g-1. Their adsorption-desorption profiles, indicated very low N2 adsorption. 

They were of type III with small hysteresis loop (type H3) in the P/Po range of 0.8 - 1.0. 

The low surface area and porosity of MF6 and MF7, is attributed to its high density 

achieved due to filling of the voids by Mn2+ doping during the thermal transformation. 

This is in agreement with an earlier result that higher temperatures induce migration of 

Mn2+ ions from tetrahedral sites into octahedral sites [7, 10]. Further, from pore size 

distribution plots (insets in Fig. 4.4b), it is observed that both pure α-Fe2O3 (F6) and 

Mn2+ doped α-Fe2O3 (MF6) are mesoporous in nature. However in MF6, maximum 

percentages of pores were ranging from 2.5 – 6 nm with average pore radius being 2.8 

nm. On the other hand, the range in F6 is wider, i.e. pore size ranges from 2 – 30 nm 

with average pore radius being 16 nm. As a result, F6 showed larger pore volume of 
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0.20 cm3 g-1 as compared to Mn2+ containing α-Fe2O3 which showed a pore volume of < 

0.07cm3g-1. 

 
Fig. 4.4: (a) N2 adsorption desorption isotherms and pore size distribution profiles of the 

synthesized samples. (b) Pore size distribution plots of the synthesized samples where 

MF1 is (α-FeOOH+ MnFe2O4);  MF6  is Mn2+(α-Fe2O3) ;  F1 is α-FeOOH and          F6  is undoped 

α-Fe2O3 
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4.1.6 Magnetic behavior  

The magnetic characteristics of the samples are presented in Fig. 4.5 and Table 4.2. It 

can be seen from the figure that the ‘as synthesized’ Fe-Mn oxide sample (MF1) was 

ferromagnetic having saturation magnetization of 12.7 emu g-1. When it was 

transformed to Mn2+ doped α-Fe2O3 (MF6 or MF7), the ferromagnetic behavior was 

slightly less (~ 8 emu g-1). However the undoped α-Fe2O3 did not show such 

ferromagnetic behavior. 

 
Fig. 4.5: Room temperature magnetization curves of the synthesized Fe-Mn and iron 

oxide samples where MF1 is (α-FeOOH+ MnFe2O4);  MF6 or MF7 were Mn2+(α-Fe2O3) ; 

  

F1 is α-FeOOH  and  F6  is undoped α-Fe2O3 
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4.1.7 Catalytic activity 

The catalytic activity of the samples was investigated for their ability to decompose 

hydrogen peroxide. The reaction was carried out in alkaline medium both in presence 

and absence of sunlight as iron oxides are known to decompose H2O2 through Fenton or 

photo-Fenton process. This reaction is relevant to advance oxidation processes [11]. The 

relative catalytic activity is evident from the activity profiles presented in Fig. 4.6. 

 
Fig. 4.6: Catalytic activity of the Mn doped α-Fe2O3 samples MF6 and MF7 in relation 

to the corresponding undoped iron oxide, for decomposition of H2O2 in presence and 

absence of sunlight. where MF6 or MF7 were Mn2+(α-Fe2O3)  and F6  is undoped α-Fe2O3 

 

It can be seen from the Fig. 4.6 that all the samples show significant catalytic activity. 

The doped sample MF7 or Mn2+(α-Fe2O3) was most active as compared to the 

corresponding undoped sample F6. Fe3+ ion is known to decompose hydrogen peroxide 

[12], as per reaction (1) in scheme 4.2. In alkaline medium, the ferric ion from the 

surface of Fe2O3(s) catalyst interacts with H2O2 resulting in formation of Fe2+ as shown 

in the reaction (2). The reduction of ferric ion is accompanied by evolution of O2. The 

Fe2+ species generated as per equation (2) causes further decomposition of H2O2 through 
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intermediate formation of HO* and HO2
* species as illustrated in the above scheme. 

Presence of Mn2+ in the structure would further enhance the rate of O2 evolution due to 

similar reactions occurring in presence of the Mn2+/Mn3+ redox couple. 

 

Scheme 4.2 Mechanism of decomposition of hydrogen peroxide 

 

Thus it is seen that the Mn2+ (α-Fe2O3) is much more reactive than the pure or undoped 

α-Fe2O3. When the reaction was studied in presence of sunlight, the reactivity increased 

further due to photo Fenton effect wherein the generated conduction band electrons 

would produce additional reactive intermediates (Fe2+ and OH*). Thus the Mn2+ doped 

α-Fe2O3 sample synthesized in this work was ferromagnetic with high catalytic activity. 
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4.2 α-MnO2 (OMS-2) and Fe-OMS-2 

Manganese octahedral molecular sieve materials with [MnO6] octahedra are widely 

studied as they are economical and eco-friendly materials. These octahedra are linked 

via corner or edges leading to different structural features of manganese dioxides. Due 

to their porous structures, ion exchange ability and acid-base properties they find 

applications in batteries, catalysis and other chemical processes [13-14]. Xiao et al. [14] 

studied different metal cation doped manganese oxide OMS-2 materials and it was 

observed that OMS-2 have comparatively lower surface area and pore volume but 

higher thermal stability than doped OMS-2. Thus doping with Ce and Sn metal ions 

showed enhancement in thermal stability and supercapacitance behavior of OMS-2 [15, 

16] 

In present investigation, pure and Fe doped OMS-2 were synthesized by KMnO4 

oxidation of MnSO4. These samples were further characterized by Infrared 

spectroscopy, X-ray diffraction, ICP-AES analysis, TG-DTA, BET analysis and TEM. 

Their activity towards electrocatalytic oxidation of methanol and ethanol was 

investigated and was also studied for their capacitance application. 

 

4.2.1 Synthesis of OMS-2 and Fe-OMS-2 

Mn OMS-2 was synthesized by following an earlier procedure [17]. Thus hot 0.37 M 

KMnO4 solution was added drop wise to 0.52 M MnSO4 solution containing 3 mL of 

conc. HNO3 by stirring the solution continuously on a magnetic stirrer. Then the 

mixture was constantly agitated and refluxed for 24 hrs on a rotamantle by maintaining 

the temperature to 90 oC. The residue of MnO2 was extracted in hot water after cooling 
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to room temperature, then filtered and washed till neutral pH. The product was dried 

overnight at 120oC.  

Similarly Fe+3 doped OMS-2 samples were prepared by adding calculated quantities of 

ferric nitrate to MnSO4 solution. Thus OMS-2 samples containing 0.3, 2.5 and 3.5 % Fe 

respectively were prepared. 

 

4.2.2 Characterization 

Synthesized OMS-2 and Fe-OMS-2 samples were first examined using ICP-AES 

analysis to determine % metal present in the final product. The results are presented in 

Table 4.3. 

 

Table 4.3: % Fe and % Mn in Fe doped OMS-2 obtained from ICP-AES analysis. 

Sample code % Fe % Mn 

0.3 % Fe-OMS-2 0.29 60.2 

2.5 % Fe-OMS-2 2.53 57.5 

3.5 % Fe-OMS-2 3.49 44.1 

 

Fig. 4.7 gives the TG-DTA profile of OMS-2. The major mass losses in the temperature 

range of 35− 800 °C were observed. (i) The mass loss between 35 – 250 oC is associated 

with loss of physisorbed and hydrogen bonded water and (ii) between 250 – 570 oC is 

due to loss of lattice oxygen in the form of gaseous molecules from the surface. The 

mass loss of about 4 % between 580 and 660 °C is caused by evolution of structural 

oxygen associated with chemical decomposition. This loss in oxygen is accompanied 

with reduction of Mn from +4 to +3 oxidation state. This was due to transformation of 

α-MnO2 phase to Mn2O3 [17]. Thus over this temperature range OMS-2 tunnel structure 
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become unstable and at temperature above 650 oC, Mn2O3 gets transformed to Mn3O4 

by further loss of lattice oxygen [18].  

Further the TG profiles of Fe-OMS-2 are presented in Fig. 4.8 and their mass loss 

values are given in Table 4.4. It is seen that Fe doped OMS-2 samples show similar 

thermal behavior as that of undoped OMS-2. However, % mass loss for 0.3% Fe doped 

OMS-2 was half (~ 5%) in comparison to that of OMS-2 (~ 10%) in the temperature 

range of 35 to 570 oC. Similarly for 2.5 % Fe-OMS-2 the % mass loss was ~ 4.5 %. 

Thus, thermal stability of OMS-2 increased with Fe doping upto 2.5 %. But as % Fe 

dopant was further increased from 2.5 to 3.5 %, decrease in thermal stability was 

observed with increase in % mass loss of ~ 12 %.  

 

 

Fig. 4.7: TG-DTA profile of OMS-2 in oxygen atmosphere. 
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Fig. 4.8: TG profile of OMS-2 and Fe-OMS-2 in oxygen atmosphere. 

 

 

Table 4.4: Thermal analysis of pure and Fe doped OMS-2 samples. 

    

   Sample 

%  mass loss Phase transition 

temperature from 

DTG signal (oC) 100 – 250 oC 250 – 570 oC 570 – 800 oC 

OMS-2 5 5 5 595 

0.3 % Fe-OMS-2 3 2 4 601 

2.5 % Fe-OMS-2 3 1.5 3.5 597 

3.5 % Fe-OMS-2 8 4 3.5 601 
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Fig 4.9:  Infrared spectra of OMS-2 and Fe doped OMS-2. 

 

Fig 4.9 displays IR spectra of synthesized OMS-2 and Fe-OMS-2 materials. The intense 

absorption band due to Mn-O lattice vibrations in the octahedra usually appears between 

400-800 cm-1. OMS-2 shows three peaks in this range at about 721, 521, and 474 cm-1. 

The band at about 721 cm-1 is characteristic absorption due to O-Mn-O bond vibration 

[19, 20]. Peaks at 521 and 474 cm-1 are attributed to stretching modes of Mn-O bond in 

the octahedra [21, 22]. Fe doped OMS-2 also shows characteristic peaks due to 

vibrations of Mn-O bond. But as % Fe dopant increases from 0.3 to 3.5 %, the peak at 

~474 cm-1 was observed to decrease in intensity. 
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Fig. 4.10: X-ray diffraction patterns of undoped OMS-2 and Fe doped OMS-2. 

 

XRD patterns were recorded for these samples in the 2θ range of 10°−80°. All the 

peaks in the X-ray diffraction pattern (Fig. 4.10) of undoped and doped OMS-2 samples 

could be indexed to α-MnO2 phase. The 100 intensity peak in all the samples were 

observed at 2θ ~ 37.52 and is attributed to (211) plane of α-MnO2 (JCPDS No: 44-0141) 

[23, 24]. For Fe doped OMS-2 the XRD peaks become sharper indicating increase in 

particle size. Thus, it can be concluded that small percent of Fe doping in α-MnO2 does 

not alter its structure but can affect the crystallinity and particle size. Similar 

observation was made by Hui et al. [25] for their study on Fe doped manganese oxides. 

However the XRD pattern of 3.5 % Fe-OMS-2 appeared diffuse and the 100 intensity 

peak shifted to 2θ ~ 37.50.  
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Fig. 4.11: N2 adsorption desorption and pore size distribution profiles (inset) of (a) 

OMS-2 (b) 0.3% Fe-OMS-2. 
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Fig. 4.12: N2 adsorption desorption and pore size distribution profiles (inset) of (a) 2.5% 

Fe-OMS-2 (b) 3.5% Fe-OMS-2. 
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Table 4.5: The estimated values of surface area, porosity and Scherrer crystallite sizes 

of OMS-2 and Fe doped OMS-2. 

Sample Surface area 

(m2 g-1) 

Pore 

volume 

(cm3 g-1) 

Pore 

radius 

(nm) 

Scherrer 

crystallite 

sizes (nm) 

OMS-2 137 0.80 8.0 8.1 

0.3 % Fe doped OMS-2 123 0.40 3.0 16.2 

2.5 % Fe doped OMS-2 94 0.67 4.4 16.3 

3.5 % Fe doped OMS-2 90 0.57 3.1 10.5 

 

Fig. 4.11 and 4.12 gives N2 adsorption desorption isotherms and pore size distribution 

profiles of OMS-2 and Fe doped OMS-2. Isotherms observed for OMS-2 as well as Fe-

OMS-2 can be classified as type III isotherm with very narrow hysteresis loops in the 

relative pressure ranges of P/Po ~ 0.3-0.4 for OMS-2 which is indicative of the presence 

of mesopores in the material. However when compared to OMS-2, Fe doped OMS-2 

shows lower adsorption at high relative pressure of 1 and the hysteresis loop is in very 

narrow range of 0.6-0.9 of P/Po. The BET surface area obtained for 0.3 % Fe doped 

OMS-2 materials was comparatively less than pure OMS-2. Further with increase in % 

Fe dopant to 3.5 % the surface area considerably decreased to ~ 90 m2 g-1 from a value 

of 137 m2 g-1 for pure OMS-2.  Fe doping also leads to decrease in total pore volume to 

half that of undoped OMS-2. Also pore size decreases from 8 nm (OMS-2) to 3-4 nm 

(Fe doped OMS-2). Pore size distribution profile shows that large volume is contributed 

by mesopores in the range of 2-30 nm in OMS-2 whereas for Fe doped OMS-2 with 

2.5% and 3.5 % Fe, maximum mesopore volume is due to smaller mesopores having 

radius of less than 10 nm. TEM images (Fig. 4.13) revealed rod shaped structures for 
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OMS-2. On the other hand the Fe doping resulted in increase in width of the rods 

leading to narrow oblong shaped particles. 

 

 
Fig.4.13: TEM images of (A) OMS-2 (B) 0.3% Fe-OMS-2 (C) 2.5% Fe-OMS-2 (D) 

3.5% Fe-OMS-2. 

 

 

 

 

 

 



157 
 

Summary & Conclusions 

 Mn2+ doped ferromagnetic α-Fe2O3 nanoparticles having saturation magnetization 

around 8 emu g-1, have been synthesized by an economical and eco-friendly co-

precipitation route. The synthesis involved addition of Fe(II) and Mn(II) chlorides in 

a molar ratio of 2:1 to an aqueous solution of alkali and the resulting precursor MF1 

was dried and characterized by TG-DTA and XRD. 

 The investigation revealed that the synthesized precursor was a mixed phase of (α-

FeOOH + MnFe2O4) which when calcined beyond 600 oC, got transformed into 

Mn2+(α-Fe2O3) nanorods and particles with wide oblong shapes. The corresponding 

iron oxide synthesized without Mn produced only nanorods having no such 

ferromagnetic character (Ms ~ 0.8 emu g-1). 

 The Mn2+(α-Fe2O3) nanoparticles showed high catalytic activity towards 

decomposition of H2O2 and the catalyst being ferromagnetic, could be easily 

recovered using an external magnet. The activity was further enhanced when the 

catalytic reaction was carried out in presence of sunlight due to photo-Fenton 

process. 

 OMS-2 (α-MnO2) and Fe doped OMS-2 was synthesized by KMnO4 oxidation of 

MnSO4 method.  

 Fe doping resulted in decrease in surface area of OMS-2 along with reduced pore 

volume and pore sizes giving rise to smaller mesopores. X-ray diffraction patterns 

of Fe-OMS-2 did not alter much as compared to pure OMS-2. TEM images revealed 

rod shaped structures for OMS-2. On the other hand Fe doping resulted in increase 

in width of rods leading to narrow oblong shaped particles. 
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CHAPTER V 

ELECTROCHEMICAL PROPERTIES  

OF GLYCEROL BASED CARBONS  

AND THEIR NANOCOMPOSITES 

 

 

 

5.1: Supercapacitance 

5.2: Electrocatalytic oxidation of methanol 

5.3: Electrocatalytic oxidation of ethanol 
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General introduction  

Carbons are important materials in energy research in the area of supercapacitors and 

electrocatalytic supports in fuel cells. In this investigation carbons with high surface 

area are produced from glycerol; the latter being available in abundance as a byproduct 

of transesterification reaction during biodiesel production process in the industry.  

H2-O2 fuel cells use H2 as fuel and are more efficient than batteries or fossil fuel power 

stations. However, transportation cost, energy loss during transportation and hydrogen 

storage are some of the issues that need to be faced when employing H2-O2 fuel cells. 

Direct methanol fuel cells are interesting as methanol as a fuel has advantages over 

other fuels due to ease of storage and transportation. The electrocatalysis is relatively 

simple due to absence of C-C bond as compared to higher alcohols like ethanol and 

propanol. In spite of its substantial capability one of the downside of the direct alcohol 

fuel cells is use of precious metals like Pt as electrocatalyst. Pt alone shows a very high 

activity for methanol oxidation but it has a poor tolerance for CO. This led to the 

development of bimetallic catalysts with the second metal used should be more 

oxophilic than Pt.  Currently the most promising fuel cell catalyst is Pt-Ru/C (where C 

is carbon support with high surface area) 

Further carbon materials are largely investigated for supercapacitor electrode materials 

as they possess good electrical conductivity and high surface area. They are used for 

energy storage such as in supercapacitor- battery/fuel cell hybrid systems.  

Therefore the present investigation is undertaken to evaluate supercapacitance and 

electrocatalytic activity of glycerol based carbons. Also MnO2 and its composites with 

glycerol based carbons are screened for capacitance under similar experimental 

conditions. Glycerol based carbons are also examined for its activity as electrocatalytic 
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support in methanol/ethanol fuel cells. In this investigation Ru on glycerol based carbon 

is synthesized and examined for its activity towards methanol/ethanol electro-oxidation 

in combination with commercially available 10% Pt/C and previously synthesized α-

MnO2 (OMS-2). 

 

5.1 Supercapacitance behavior of glycerol based carbons and its composites 

Development in the area of electronic devices is influenced by energy sources of high 

energy density and power density. In this context, supercapacitors seemed propitious as 

it has numerous applications in energy storage systems in addition to electronic devices.  

Commercial carbon based supercapacitors have low energy density issues [1-3]. Among 

other candidates explored for supercapacitor electrode materials, metal oxides have 

gained increasing attention. Specifically transition metals oxides are favorable for 

capacitor application as these metals exhibit variable oxidation states and so their oxides 

have capability of storing energy via chemical redox mechanism. However, research 

shows that the major problem with employing metal oxides in capacitors is their low 

electrical conductivity. Considering these issues, supercapacitor research was further 

extended to developing a good composite material comprising of carbon and metal 

oxides. It was observed that composites of various carbons with metal oxides like 

MnO2, RuO2, Fe2O3 exhibited improved capacitance behavior.  
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5.1.1 In the present work following synthesized materials are investigated for their   

capacitance (synthesis described in chapter III and chapter IV) 

i. Activated glycerol based carbons 

GBCK: KOH activated carbon 

GBCZ: ZnCl2 activated carbon 

GBC-800: It is obtained from carbonized glycerol GBC-120 and heated to 800 

o
C in N2 atmosphere 

ii. Surfactant modified glycerol based carbons 

GBCS1: Glycerol based carbon synthesized using CTAB surfactant 

GBCS2: Glycerol based carbon synthesized using SDS surfactant 

iii. Commercial carbons 

CNT and VulcanXC-72R 

iv. Metal oxides 

α - MnO2 also known as OMS-2 and Fe doped OMS-2 

 

5.1.2 Capacitance measurement 

The capacitance of the samples was determined by cyclic voltammetry (CV). The 

measurements were carried out at various scan rates ranging from 2 to 100 mV/sec 

using CH electrochemical instrument (Instrument Model: CHI6107D). Aqueous 

Ag/AgCl/KCl (0.1M) was used as a reference electrode and Pt wire as a counter 

electrode. The working electrode was prepared by first making an ink of carbon using 

Nafion solution. The ink was then applied to the glassy carbon surface which was 

initially cleaned using alumina powder. The electrode was then allowed to dry overnight 

at ambient temperature. The electrolyte used was 0.5 M Na2SO4.  
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The capacitance (C) which is mainly charge storage capacity of the material is a 

quantitative property expressed by equation: 

𝐶 =  𝐼 ÷ (𝑎 × 𝜈)                                    (1) 

Where I is the average current in ampere, ν is scan rate in V s
-1

 and a is geometrical area 

of glassy carbon electrode used (0.071 cm
2
). 

 

5.1.3 Results and discussion 

(a) Capacitance of Glycerol Based Carbons 

In the present work, capacitance behavior of some standard carbons was investigated 

(SWCNT, VulcanXC72R and acetylene black), along with synthesized glycerol based 

carbons, OMS-2 and glycerol based carbon-OMS-2 composites.  

Fig. 5.1 and 5.2 gives cyclic voltammograms of the glycerol based carbons while the 

profiles of commercially available carbons are presented in Fig. 5.3. The corresponding 

capacitance values at a scan rate of 2 mV s
-1

 are presented in Table 5.1 in relation to 

their surface area and porosity characteristics. It can be seen from the Table that 

generally all the glycerol based carbons show capacitance in the range of 100 – 650 mF 

cm
-2

. This value is much higher than the capacitance of the commercial carbons wherein 

the Vulcan XC-72R and CNT showed values of only 5.2 and 31 mF cm
-2

 respectively. 
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Fig. 5.1: Cyclic voltammetry profiles of carbons at different scan rate recorded in 0.5 M 

Na2SO4 (a) GBCK (b) GBCZ at different scan rates. 
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Fig. 5.2: Cyclic voltammetry profiles of glycerol based carbons at different scan rate 

recorded in 0.5 M Na2SO4 (a) GBCS1 (synthesized using surfactant CTAB) (b) GBCS2 

(synthesized using surfactant SDS). 
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Capacitance offered by carbons is normally influenced by combined effect of the 

following three factors  

i) Structural properties like surface area and pore size distribution 

ii) Micropore volume  

iii) Surface functionalities like hydroxyl groups are also known to enhance the 

capacitance through a redox mechanism leading to additional 

pseudocapacitance [4-5].  

The redox reaction in presence of –OH group can be represented as: 

 

Infrared spectra of glycerol based carbons showed existence of several functionalities 

on its surface (Fig. 2.3 and Fig. 3.4). Moreover it was noted that specifically micropores 

can enhance the specific capacitance when the size of electrolyte ion is in micropore 

range (< 2 nm) [6].  It is generally the interplay of the factors of surface area and 

micropore volumes that determine the magnitude of capacitance among the glycerol 

based carbons (GBC
s
). Thus from Table 5.1, it can be seen that GBCS2 have highest 

accessible surface area and large pore volume among the GBC
s
. It thus offers higher 

capacitance of 640 mF cm
-2

 as compared to the other glycerol based carbons examined. 

Further, the surface functionalities of the glycerol based carbons makes them 

hydrophilic. In the aqueous electrolyte therefore they facilitate diffusion of the ions and 

consequently enhance the capacitance.  

In comparison to GBCS2; the sample GBCZ has lower capacitance (500 mF cm
-2

). 

GBCS2 and GBCZ have almost similar micropore volumes ~ 0.70 cm
3
 but GBCZ 

possesses comparatively lower surface area and thus lower charge storage ability. GBCK 
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on the other hand shows even much lower capacitance (~ 220 mF cm
-2

). It has similar 

surface area as GBCZ but much lower micropore volume (~ 0.43 cm
3
 g

-1
) which is 

approximately half that of GBCZ. Among GBC
s
, GBCS1 showed low specific 

capacitance ~ 104 mF cm
-2

. It is due to the combined effect of its lowest surface area 

and pore volumes. To confirm the effects of surface area, porosity and surface 

functional groups, the sample GBC-800 was synthesized. As mentioned earlier it was 

obtained by thermal treatment of GBC-120 at 800 
o
C to defunctionalize most of its 

surface. Fig. 2.3 gives comparative IR spectra of GBC-120 and GBC-800. It is seen that 

in GBC-800, the intensity of most functional groups is greatly reduced. It is also clear 

from Table 5.1 that its surface area and porosity is greatly diminished with very less 

micropore volume of 0.08 cm
3
 g

-1
. As expected its specific capacitance is lowest (~1.3 

mF cm
-2

). Thus surface area and micropore volume affects to a large extent the 

capacitance property of the carbon material. 

 

Table 5.1: Surface characteristics and capacitance (mF cm
-2

) of carbon materials 

Sample SBET 

(m
2
 g

-1
) 

VTotal 

(cm
3
 g

-1
) 

VMicropore 

(cm
3
 g

-1
) 

VMesopore 

(cm
3
 g

-1
) 

Capacitance 

(mF cm
-2

) 

GBCS2 2289 1.31 0.72 0.54 640 

GBCZ 1577 1.23 0.77 0.50 500 

GBCK 1653 1.76 0.43 1.20 220 

GBCS1 1069 0.60 0.40 0.13 104 

GBC-800 425 0.22 0.18 0.01 1.3 

VulcanXC72R 306 0.36 0.08 0.21 5.2 

SWCNT 2431 3.98 0.43 2.80 31 
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Similarly Vulcan XC72R presented very low capacitance of 5.2 mF cm
-2

. This is due to 

its very low accessible surface area and negligible micropore volume of 0.08 cm
3
 g

-1
.  

However in case of SWCNT the capacitance is quite low (~31 mF cm
-2

) inspite of the 

fact that its surface area is very high (2289 m
2
 g

-1
) and micropore volume is 0.43 cm

3
 g

-

1
. This is due to its lower micropore volume and absence of surface functionalities in 

comparison to GBC
s
. Fig. 5.4 gives a plot of capacitance as a function of scan rate. It 

can be seen from the figure that capacitance decreases with increase in the scan rate 

from 2 to 100 mV s
-1

. 
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Fig. 5.3: Cyclic voltammetry profiles of commercially available carbons at different 

scan rates recorded in 0.5 M Na2SO4 (a) SWCNT (b) VulcanXC72R. 
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Fig. 5.4: Plot of capacitance as a function of scan rate. 

 

 

(b) Capacitance of OMS-2 and Fe-OMS-2 

Among different transition metal oxides examined for capacitance, RuO2 is known to 

exhibit high charge storage capacity with exceptional cyclability as well [7]. At the 

same time RuO2 is known to be too costly and toxic. MnO2 on the other hand is a 

promising pseudocapacitance material which is also non toxic and also affordable. The 

present investigation concerns with determination of capacitance of OMS-2 form of 

MnO2 and Fe doped OMS-2 and its composites with the synthesized glycerol based 

carbons. Fig. 5.5 gives cyclic voltammograms of OMS-2 and Fe doped OMS-2 in 0.5 M 

Na2SO4 at a scan rate of 2 mV s
-1

. Table 5.2 gives the corresponding capacitance values 

in relation to their surface areas.  
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The pure or undoped OMS-2 possesses higher surface area of ~137 m
2
 g

-1
. The presence 

of Fe
3+

 in OMS-2 caused decrease in surface area. As the Fe concentration increased the 

surface area was observed to progressively decrease. There was a correlation between 

capacitance and surface area of the metal oxides examined. Undoped sample with 

higher surface area showed higher capacitance. 

 
Fig. 5.5: Cyclic voltammograms of OMS-2 and Fe-OMS-2 in 0.5 M Na2SO4 at a scan 

rate of 2 mV s
-1

. 

 

Table 5.2: BET surface area and Specific capacitance of OMS-2 and Fe doped OMS-2. 

Sample SBET (m
2
 g

-1
) Capacitance (mF cm

-2
) 

OMS-2 137 280 

0.3 % Fe-OMS-2 123 260 

2.5 % Fe-OMS-2 94 245 

3.5 % Fe-OMS-2 90 190 
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(c) Capacitance of the GBC-OMS-2 composites 

As seen in Table 5.1, the GBCs showed higher capacitance than the commercial 

carbons. The high capacitance values > 500 mF cm
-2

 were shown by GBCS2 and GBCZ. 

This capacitance is EDLC or electrical double layer capacitance. It is known that EDLC 

can be enhanced when coupled with pseudocapacitance; the latter being provided by 

transition metal oxides having variable reversible oxidation state during charge 

discharge process. Hence the composite was prepared using OMS-2 which is in fact a 

polymorphic form of MnO2 known as α-MnO2. Its reversible oxidation states are Mn
3+

 

and Mn
4+

. GBCZ having a high capacitance value of 500 mF cm
-2

 was chosen for initial 

optimization of the ratio of the two components GBCZ and OMS-2. Individually their 

capacitance values were 500 mF cm
-2

 and 180 mF cm
-2

 respectively. A suitable 

composition of the two was expected to give an enhanced effect.  

A series of composites were prepared as follows 

Components Ratio of the components (OMS-2 and GBCz) 

OMS-2 (%) 50 70 80 90 

GBCZ   (%) 50 30 20 10 

Capacitance of the GBCZ-

OMS-2 composite (mF cm
-2

) 

164 108 82 52 

  

It was seen that as percentage of OMS-2 was increased in the composite from 50 % to 

90 % its capacitance performance lowers and it dropped from 164 mF cm
-2

 to 52 mF 

cm
-2

. This must be due to blocking of accessible sites of GBCZ by OMS-2. It was thus 

observed that the capacitance of the composites has dropped to low values. Not only 

OMS-2 did not enhance the capacitance, it was observed to be detrimental in the chosen 

composition range. 
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Further optimization was carried out using much lower quantities of OMS-2 as shown 

below  

Components Ratio of the components (OMS-2 and GBCz) 

OMS-2 (%) 0.5 1.0 2.0 3.0 

GBCZ   (%) 99.5 99 98 97 

Capacitance of the GBCZ-

OMS-2 composite (mF cm
-2

) 

620 675 325 223 

 

Thus 1 % OMS-2 in the composite gave optimum capacitance of 675 mF cm
-2

. It was 

thus clear that capacitance enhancement occurs when OMS-2 is in a very low 

proportion. Best results were obtained when proportion of OMS-2 was ~ 1%. The CV 

profiles of some of the composites are given in Fig. 5.6 and the results of optimization 

are summarized in Fig. 5.7. The ratio of 1:99 for OMS-2:GBC
s
 composite thus offer 

higher capacitance compared to all other ratios examined. The conductive matrix 

provided by carbon for OMS-2 in the composite helps to improve the conductivity of 

the overall composites. But excess surface functional groups could lower the 

conductivity of the carbon.  

 
Fig. 5.6: Cyclic voltammetry profile of OMS-2 and GBCZ composites at a scan rate of 2 

mV s
-1

. 
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Fig. 5.7: Plot of capacitance versus % OMS-2 in OMS-2-GBCZ composites. 

(a) decrease in capacitance as % MnO2 increase 

(b) determination of optimum composition to get maximum capacitance for the 

composite. 
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Similar results were obtained for other GBC-OMS-2 composites as shown in Table 5.3.  

Table 5.3: Enhancement in capacitance of the GBC carbons when made into a 

composite with 1% OMS-2.  

Carbon sample GBCS2 GBCZ GBCK GBCS1 

Capacitance (mF cm
-2

) 640 500 220 104 

Capacitance of composites with 1% OMS-2 

(mF cm
-2

) 

1320 675 300 280 

 *Capacitance of OMS-2 alone is 280 mF cm
-2

. 

 

Thus an use of mere 1 % OMS-2 resulted in large capacitance particularly when the 

carbons were GBCS2 and GBCS1. The capacitance value of 1320 mF cm
-2

 for the 

composite GBCS2-OMS-2 was remarkably high. This synergistic interaction is believed 

to be due to cooperative redox behavior of surface functional groups and reversible 

conversion of Mn
4+

 to Mn
3+

 and back to Mn
4+

 during charge-discharge process. This is 

in addition to the electrical double layer capacitance of the carbons. 
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5.2 ELECTROCATALYSIS OF METHANOL OXIDATION REACTION (MOR) 

Fuel cells are expected to significantly mitigate demand for fossil fuels. In order for this 

to materialize it is important that the research shall focus on making fuel cells 

economical. Pt on carbon (PtC) is a well known electro-catalyst used in fuel cells at it 

shows very high activity. Research shows that Ru together with Pt shows excellent 

activity towards alcohol oxidation reaction. In addition to different bimetallic or 

trimetallic catalyst combinations, various carbon materials as catalyst supports are also 

explored for their catalytic activity. The type and nature of carbon material employed, 

has a remarkable influence on electrocatalytic activity.  

The present investigation deals with  

i. Synthesis of Ru metal catalyst supported on glycerol based carbons Ru-

GBC
s
 

ii. Preparation of bimetallic catalysts PtC-Ru(GBC
s
) 

iii. Preparation of bi and tri components catalysts using OMS-2 

iv. Evaluation of the synthesized catalysts for electro-oxidation of methanol. 

 

5.2.1 Experimental details 

Two techniques namely cyclic voltammetry and Tafel Polarisation were employed to 

evaluate activity of the catalysts and their composites.  

i. Cyclic voltammetry was performed using CH instrument (Instrument Model:  

CHI6107D). In a three electrode assembly, Pt wire was used as a counter 

electrode and Ag/AgCl as reference electrode. The working electrode was 

prepared by loading of the catalysts on glassy carbon. The ink of the catalyst 

under study was first prepared as follows: 60 mg of catalyst component or 30-30 



179 
 

mg of each two components or 20-20-20 mg each of three components were 

intimately mixed in presence of required amount of isopropyl alcohol. Then a 

few drops of Nafion solution were added to form a homogenous mixture (Nafion 

solution was ~5% in a mixture of lower aliphatic alcohols and water). The ink 

was then applied to glassy carbon surface which was previously polished using 

alumina powder. The electrode was then allowed to dry overnight at room 

temperature. The tests were carried out in 0.5 M H2SO4 and 1 M ethanol or 

methanol as the case may be. 

ii. Tafel polarization studies were carried out in a separate three electrode 

assembly. The reference electrode used was saturated calomel electrode (SCE 

having potential 0.242 Volts v/s SHE) and Pt was a counter electrode. The 

working electrode was prepared by applying the catalyst ink to Toray carbon 

paper of 1 cm × 1 cm dimension. The ink was prepared by first dispersing the 

catalyst powder in isopropanol for few minutes followed by addition of Nafion 

solution. The electrolyte was 0.5 M H2SO4 and 1 M methanol or ethanol. 

 

Synthesis of 5 % Ru on glycerol based carbons and their characterization 

RuCl3.xH2O is used as a Ru metal source and glycerol based carbons as a support 

material for preparation of Ru/GBC catalysts. 1 g of carbon support was dispersed in an 

aqueous solution of Ru (III) ions.  Ru (III) solution was prepared by dissolving 0.13 g of 

RuCl3.xH2O in H2O.  Slurry was obtained by stirring the above solution for ~1 h. The 

KOH solution was used as stabilizing agent with OH
-
/Ru molar ratio of 8 [9]. 0.15 M 

NaBH4 was added dropwise to the above mixture under continuous stirring. The final 

product was filtered and washed till the filtrate was neutral and then dried at 70 
o
C.   
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5 % Ru on VulcanXC72R was also synthesized under similar condition. 

The percent Ru in the synthesized RuC samples were ~ 3% obtained from ICP-AES 

technique for % metal determination. Prepared Ru/Cs were further characterized by 

XRD, BET surface area and SEM. X-ray diffraction patterns are presented in Fig. 5.8. 

 

Fig. 5.8: X-ray diffraction patterns of GBCK and RuGBCK. 

 

Fig. 5.8 displays powder XRD pattern of the GBCK and Ru/GBCK catalyst. XRD 

pattern of GBCK has been earlier discussed in Chapter 3. Accordingly the peaks 

centered at ~ 14
o
 and 23

o
 in the 2θ region of 10

o
 – 30

o 
were assigned to activated carbon 

GBCK. In addition to these reflection planes, the peak at ~ 43
o
 is also related to 

reflections from (100) planes in carbon structure. In comparison to GBCK, Ru/GBCK 

shows very sharp peak at ~ 44
o
 as the peak is also associated with Ru (PDF-2, Card 00-

006-0663, ICCD, 2004) [10-11]. 
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Fig. 5.9: N2 adsorption desorption isotherm and pore size distribution profiles (a) 

Ru/GBCK (b) Ru/GBCZ  
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Fig. 5.10: N2 adsorption desorption isotherm and pore size distribution profiles (a) 

Ru/GBCS1 (b) Ru/GBCS2.  
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Table 5.4 Surface area, porosity data of synthesized Ru/GBCs samples. 

Sr. No. Catalysts Surface area 

(m
2
 g

-1
) 

Pore volume 

(cm
3
 g

-1
) 

Average pore 

size (nm) 

 

1 

GBCK 1653 1.76 2.13 

Ru-GBCK 869 0.89 2.05 

 

2 

GBCZ 1577 0.96 1.67 

Ru-GBCZ 1150 0.80 1.12 

 

3 

GBCS1 1069 0.60 1.13 

Ru-GBCS1 1017 0.57 1.14 

 

4 

GBCS2 2289 1.31 1.14 

Ru-GBCS2 1856 1.12 1.21 

 

Fig. 5.9 and 5.10 gives N2 adsorption desorption profiles of GBC carbons following 

modification with Ru. The corresponding profiles of unmodified GBCs were earlier 

presented in Fig. 3.6 and Fig. 3.11. A comparison of Fig 5.9 and Fig 5.10 with Fig 3.6 

and Fig. 3.11 would suggest no significant alteration in overall shapes of the profiles in 

presence of Ru. N2 adsorption desorption profiles closely resemble in shape with the 

respective activated glycerol carbons. However the volume of maximum gas adsorbed 

by the samples at high relative pressures P/Po decreases in the Ru-GBC samples. Table 

5.4 highlights decrease in surface area following Ru insertion. Relatively lower surface 

area was observed after insertion of Ru in GBCK, which is indicative of incorporation of 

Ru in the carbon. Thus the surface area decreases considerably from 1653 m
2
 g

-1
 for 

pure or unmodified GBCK to 869 m
2
 g

-1
 for Ru/GBCK. SEM images of Ru/GBCK, 

Ru/GBCZ, Ru/GBCS1 and Ru/GBCS2 are given in Fig. 5.11. 
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Fig. 5.11: FE-SEM (a) Ru/GBCK (b) Ru/GBCZ (c) Ru/GBCS1 (d) Ru/GBCS2.  

 

 

5.2.2 Results and discussion 

Electrocatalytic activity of Ru supported carbons for MOR 

Fig. 5.12 displays comparative Tafel plots for Ru/C samples for methanol oxidation 

reaction carried out in acidic medium. Activity of the catalysts is extracted from the 

Tafel plots and expressed in terms of i100 i. e. current produced at an overpotential of 

100 mV. These values are presented in Table 5.5 in relation to RuVulcanXC72R and RuC.    

RuVulcanXC72R was prepared to compare the activity of the glycerol based carbons with a 

standard carbon support. Similarly commercially available RuC obtained from Arora 
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Matthey, Kolkata (India) was also studied. RuGBCK showed a significantly higher 

activity as compared to other Ru supported carbons like GBCZ, GBCS1 and GBCS2.  

Thus a current of 430 µA was observed with RuGBCK as compared to current values in 

the range 50 – 100 µA for the other carbons including Vulcan XC72R. Although less it 

was comparable to the other commercial carbon RuC. Thus GBCK carbon produced in 

this work by a simple synthesis procedure could be an effective and economical 

alternative support for electrocatalysts in fuel cells. This enhanced activity with GBCK 

could be related to its structural properties. GBCK possesses high mesopore volume 

(Table 5.1) in comparison to other GBCs. Its mesopore volume was 1.20 cm
3
 g

-1 
which 

was much higher as compared to values < 0.54 cm
3
 g

-1 
for other carbon samples, thus 

investigated for methanol electro-oxidation reaction. Thus GBCK behaves as a more 

favorable support for alcohol electro-oxidation. Its suitability can be related to the ease 

of mass transfer ascribed to the specific structure of mesoporous carbon supports [12-

13]. Additionally the presence of oxygen functionalities on the carbon surface also 

contribute to better diffusion of methanol via mesopores as they provide superior 

wettability in aqueous electrolyte in comparison to non-functionalized carbon supports. 

Thus Carmo et al. [14-15] concluded that HNO3/H2SO4 oxidized carbon VulcanXC72R 

showed enhanced activity for methanol oxidation.  
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Fig. 5.12: Tafel polarization studies for methanol oxidation reaction in 0.5 M H2SO4 on 

GBC supported Ruthenium catalyst. 

 

 

Table 5.5: Current produced i100 in µ amps, at overpotential of 100 millivolts for Ru/Cs 

and its composites with Pt/C catalysts. 

Catalyst i100 (µA)  Catalyst i100 (µA) 

RuVulcanXC72R 94  PtC 450 

RuC (commercial sample) 661  PtC – RuC 830 

RuGBCK 430  PtC - RuGBCK 925 

RuGBCZ 50  PtC – RuGBCZ 830 

RuGBCS1 94  PtC – RuGBCS1 45 

RuGBCS2 73  PtC – RuGBCS2 570 
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Electrocatalytic activity of bimetallic catalysts 

The bimetallic PtRu catalyst is known to be efficient catalyst for methanol electro-

oxidation. It is due to better hydrophilicity of Ru as compared to Pt. Commercially 

available 10 % Pt/C (obtained from Sigma Aldrich) was initially checked for its 

electrocatalytic activity for methanol oxidation. It showed a significant activity by 

producing a current of 450 µ amps. Hence it was chosen to obtain bimetallic catalyst 

with the synthesized Ru/GBCs. Thus composite catalysts were prepared by 

homogenizing 10 % PtC with the synthesized Ru/GBCs in 1:1 ratio.  

 
Fig. 5.13: Tafel plots of bimetallic composites studied for methanol electro-oxidation 

reaction in 0.5 M H2SO4. 

 

From the i100 values derived from Fig. 5.13 (Table 5.5) it can be observed that the 

bimetallic catalysts studied showed improved catalytic activity compared to the 

individual catalysts, due to synergistic interaction of the two components used. Thus 

better results were obtained with the Pt/C and Ru/GBCK combination. It can be seen that 
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a current of 925 µ amps produced by this catalyst with GBCK was significantly higher 

as compared to the bimetallic catalysts prepared using other GBC supports. This once 

again underlines the importance of the glycerol based carbon support GBCK prepared in 

this investigation and highlights its suitability as a promising alternative support in 

electrocatalytic oxidation of methanol. 

 
Fig. 5.14: The cyclic voltammetry profiles of the bimetallic catalyst composites in 0.5 

M H2SO4 solution and 1 M methanol at a scan rate of 2 mV s
-1

. (a) PtC - RuC (b) PtC - 

RuGBCK (c) PtC - RuGBCZ electrodes. 

 

Table 5.6: Parameters from cyclic voltammograms of methanol electro-oxidation 

reaction on the bimetallic catalysts investigated. 

 

Catalysts 

Peak  potentials Current values  

If / Ib forward scan 

Ef (V) 

  reverse scan 

Eb (V) 

If  × 10 
(-4) 

(A) 

Ib  × 10 
(-4) 

(A) 

PtC-RuC 0.54 0.38 0.34 0.65 0.52 

PtC-RuGBCK 0.53 0.40 6.34 3.98 1.59 

PtC-RuGBCZ 0.52 0.37 0.14 0.72 0.19 
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Cyclic voltammetry (CV) also provides a simple method to evaluate relative 

electrocatalytic activity of the samples. In the forward (or +ve going scan) methanol 

undergoes oxidation at the electrocatalysts surface forming intermediates. The forward 

current thus observed is If. In the reverse scan, methanolic residues which did not 

desorbs from the catalyst surface get reoxidised and generate the observed current Ib. 

The catalyst efficiency can thus be represented as If/Ib. A good electrocatalysts is the 

one in which If >> Ib. Further, the potential at which methanol is oxidized is also crucial. 

A good electrocatalyst induces oxidation of methanol at less +ve potential, implying 

more facile oxidation of methanol. CV profiles for methanol oxidation reaction in 0.5 M 

H2SO4 solution are presented in Fig. 5.14. The parameters extracted from these profiles 

are summarized in Table 5.6.  

The CV for PtC - RuC (commercial sample) shows methanol oxidation peak in forward 

scan at 0.54 V and reverse peak is observed at 0.38 V which is mainly due to oxidation 

of intermediate species adsorbed on the surface of the catalysts during the forward 

methanol oxidation reaction. In forward scan PtC-RuGBC composites also show both the 

peaks due to methanol oxidation process. Comparatively methanol oxidation by PtC-

RuGBCZ and PtC-RuGBCK catalysts occur at lower potentials than the commercial sample 

composite. Thus GBC catalysts can be considered good supports for noble metal 

catalysts in methanol oxidation reaction. 

The peak current density in the forward scan serves as benchmark for the catalytic 

activity of Pt nanoparticles during methanol dehydrogenation. The peak current density 

on PtC – RuGBCK was enhanced compared with PtC – RuC indicating GBCK as a good 

support for noble metal catalysts. Thus the eak current density of the synthesized 

electrocatalyst PtC – RuGBCK was 18.5 times that on PtC – RuC which has both 
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commercial catalyst components. The overall catalytic efficiency depends on the values 

of If/Ib. Thus the bimetallic catalyst PtC-RuGBCK which shows If/Ib value of 1.59 is three 

times higher than the corresponding value show by the catalyst PtC-RuC whose value 

was merely 0.52 (Table 5.6). The Pt-Ru catalyst synthesized in this work using GBCs 

generally showed significantly higher activity for electro-oxidation of methanol. 
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5.3 ELECTROCATALYSIS OF ETHANOL OXIDATION REACTION (EOR) 

Alcohols like methanol and ethanol with power densities close to 6 or 8 k Wh kg
-1 

[17] 

are considered the most appropriate fuels for direct alcohol fuel cells (DAFC
s
). 

However the efficiency and cost of these fuel cells are largely influenced by the activity 

and stability of the electrocatalysts used. Though costly, noble metal catalysts continue 

to be more effective and have therefore been investigated extensively by aiming to 

reduce the quantities used. Metal nanoparticle carbon supported catalysts are believed to 

be the most promising materials for efficient and stable catalysis in fuel cells. In the 

present work, Pt-Ru-Mn(OMS-2)/C catalyst composition is investigated for anodic 

oxidation reaction of ethanol. 

 

The activity of Ru and Pt-Ru catalysts supported on various carbons 

(a) Tafel polarization studies 

The Ru catalysts supported on GBCs were investigated for electro-oxidation of ethanol. 

Fig. 5.15 gives various Tafel plots. The corresponding current values extracted from 

these plots at an overpotential of 100 mV are presented in Table 5.7. 

All the Ruthenium-GBC
s
 showed significant activity for EOR. They showed currents in 

the range 50 – 175 µ amps. In comparison, the Ru modified commercial carbon sample 

RuVulcan XC72R showed very poor activity (current of merely 17 µ amps) towards electro-

oxidation of ethanol. This improved effect for Ru/GBCs is attributed to the interplay of 

several favorable factors such as higher surface area, well developed pore structure and 

surface oxygen functionalities present in glycerol based carbons.  
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Fig. 5.15: Tafel polarization studies for ethanol oxidation reaction using Ru on various 

samples in acidic medium. 

 

Table 5.7: Current produced in µ amps, at overpotential of 100 mV for different 

catalysts for ethanol oxidation reaction.  

      Carbon 

supported Ru 

metal catalyst 

     Electrocatalytic  

activity 

i100 (µ A) 

      Pt-Ru bimetallic 

catalysts 

     Electrocatalytic  

          activity  

       i100 (µ A) 

RuC 170  PtC – RuC 340 

RuVulcanXC72R 17  PtC - RuGBCK 532 

RuGBCK 175  PtC – RuGBCZ 225 

RuGBCZ 50  PtC – RuGBCS1 160 

RuGBCS1 160  PtC – RuGBCS2 100 

RuGBCS2 100    

            * i100  for PtC is 8 µA 
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The RuGBCK catalyst in particular continues to show superior performance than the other 

catalysts. It was earlier seen (Table 5.5) that RuGBCK also had higher activity for MOR 

among the GBCs. Thus for ethanol oxidation on RuGBCK, a current of 175 µ amps was 

observed which increased to 532 µ amps when combined in the bimetallic catalyst PtC-

RuGBCK. The other bimetallic catalysts showed much lower activity with currents less 

than 350 µ amps. 

In glycerol based carbons like GBCZ, GBCS1 and GBCS2 maximum pore volume is 

contributed by micropores (Table 5.1). Therefore their efficiency decreases as 

micropores are too small and create diffusion limitation during electro-oxidation of 

alcohol. Conversely the presence of larger mesopores would facilitate diffusion 

pathways for the reaction intermediates. Thus if we compare porosity of the similar 

surface area samples GBCK (~1650 m
2
 g

-1
) and GBCZ (~1580 m

2
 g

-1
), the corresponding 

mesopore volumes were 1.20 and 0.50 cm
3
 g

-1
. Accordingly, their currents observed 

during EOR were 175 and 50 µ amps under the same experimental condition. These 

results underline the importance of surface area and mesoporosity of the carbon 

supports for the electrocatalysis. 

 

 

 

 

 

 

 

 



194 
 

(b) Cyclic voltammetry studies 

Fig. 5.16 gives cyclic voltammogram for ethanol oxidation when Pt and Pt-Ru 

bimetallic catalysts were used. It can be seen that the Pt catalyst apparently shows much 

higher currents at potentials -0.09 V and 1.2 V as compared to Pt-Ru catalyst. It also 

shows a small current at a´ and a peak c´ in the reverse scan. The peaks at -0.09 V and 

1.2 V are due to hydrogen and oxygen evolution associated with decomposition of 

water. Thus the Pt catalyst was very effective in water electrolysis. It was not as 

effective for ethanol electro-oxidation as evident from the small current produced at a´. 

on the other hand, the Pt-Ru catalyst didn’t show any significant currents at x and y, 

thus implying the relative inactivity of the bimetallic catalyst for water decomposition. 

However this catalyst showed significantly well resolved peaks at the potentials at ‘a’ 

and ‘b’ in the forward scan and ‘c’ in the reverse scan. These peaks are due to ethanol 

oxidation, thus implying superior activity of Pt-Ru bimetallic catalysts for ethanol 

oxidation. This result is in agreement with Tafel polarization results wherein relative i100 

current value for PtC and PtC-RuGBCK catalysts were 8 and 532 μ amps respectively.  

Fig. 5.17 shows amplified version of CV profile of PtC-RuGBCK for the sake of 

comparison with  PtC-RuC bimetallic catalysts prepared using commercial Ruthenium 

catalyst. It can be seen that the ethanol oxidation peaks ‘a’ and ‘b’ were not well 

resolved and were observed at lower potentials between 0.30 – 0.50 volt. On the other 

hand the bimetallic catalyst prepared from the synthesized Ru catalyst i. e. PtC-RuGBCK 

showed peaks at relatively higher potentials with much larger currents. These results are 

also in agreement with Tafel polarization studies, wherein i100 currents for PtC-RuC and 

PtC-RuGBCK were 340 and 532 μ amps respectively as shown in Table 5.7. Thus the 
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synthesized RuGBCK catalyst gave superior performance as compared to the 

corresponding commercial catalyst.  

 
Fig. 5.16: The CV profiles of PtC and PtC - RuGBCK electrodes in 0.5 M H2SO4 solution 

and 1 M ethanol at a scan rate of 2 mV s
-1

. 

 

 
Fig. 5.17: The CV profile of PtC - RuGBCK electrode shown in relation to the PtC-RuC 

electrocatalyst in 0.5 M H2SO4 solution and 1 M ethanol at a scan rate of 2 mV s
-1

. 
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Activity of the catalysts in presence of Mn OMS-2 

Ethanol electro-oxidation using Mn OMS-2 as a component of the catalyst composite 

was investigated further. Catalysts tested were two and three component systems such 

as 

i RuC –S 

ii RuGBCK -S 

iii PtC-RuC-S 

iv PtC-RuGBCK-S 

v PtC-RuGBCS2-S 

Where S is the abbreviation used for Mn OMS-2, RuC is a commercially available 

Ruthenium metal catalyst on carbon, RuGBCK and RuGBCS2 are the synthesized 

Ruthenium catalysts supported on GBCK and GBCS2.  

The Tafel plots obtained using these catalysts are presented in Fig 5.18 and 5.19 and the 

corresponding currents are given in Table 5.8. 
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Figure 5.18: Tafel plots for ethanol electro-oxidation on the synthesized composite 

catalysts. 

 

 

 
Figure 5.19: Tafel plots of different catalysts for ethanol oxidation; the electrolyte was 

1M ethanol and 0.5 M H2SO4.  
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Table 5.8: Current produced i100 in µ amps, at overpotential of 100 millivolts for various 

catalysts composition. 

Catalyst io (µA cm
-2

) Tafel 

slopes 

Anodic transfer coefficient 

(αa) 

PtC 8.0 163 0.37 

RuC 171 175 0.34 

PtC-RuC 340 182 0.33 

PtC-RuGBCK 532 151 0.39 

PtC-RuC-OMS-2 1508 466 0.13 

PtC-RuGBCK-OMS-2 340 84 0.70 

PtC-RuGBCS2-OMS-2 735 31 1.9 

OMS-2 101 275 0.22 

 

Among the various composites thus studied using PtC, RuC and OMS-2, significant 

catalytic activity was observed for PtC-RuC-OMS-2 tri-component catalyst. It showed 

the highest current of 1508 µ amps while the other tri component catalysts showed 

much less currents which were approximately in the range of 100 – 800 µ amps. 

Therefore the activity of this tri component catalyst was further investigated.  

The catalysts and their composites were first characterized by X-ray diffraction patterns 

Fig. 5.20 displays the powder XRD pattern in relation to its individual components. The 

commercial RuC shows a sharp peak at about 2θ value of 26
o
 and a small peak at 21

o
. 

These diffraction peaks are associated with the carbon material used as support. The 

peak due to Ru metal is observed at 2θ ~ 43
o
 as evident in the figure. It is attributed to 

Ru (002) plane [10]. Further Pt/C catalyst exhibits diffraction peaks due to (111), (200) 

and (220) planes at 2θ values of 39.9◦, 46.55◦ and 67.85◦, respectively. These are the 

characteristic peaks for Pt nanomaterial with face-centered cubic structure (JCPDS No. 
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04-0802) [21]. In addition to that there exist a broad peak at 2θ of ~ 25
o
 and is attributed 

to carbon support of the PtC. Further the intensity of the peak due to Pt at 2θ value of 

40
o
 is significantly decreased in the composite catalyst PtC-RuC-OMS-2. Also the 

diffraction peaks of the individual components in the composites are comparatively 

weaker. The Scherrer particle sizes of Pt were 2.12, 0.27 and 0.24 nm for PtC, PtC-RuC 

and PtC-RuC-OMS-2 respectively. The apparent decrease I particle sizes of Pt NP
s
 could 

be due to presence of greater dispersion of Pt or increase in Pt-Pt distances in the 

composites. The peaks due to OMS-2 (MnO2) appear at 2θ values of 12.78
o
, 17.98

o
, 

28.65
o
, 37.68

o
, 41.91

o
, 49.96

o
, 55.98

o
, 60

o
 and 65.43

o
 corresponding to (110), (200), 

(310), (211), (301), (411), (521), (600) and (002) respectively. They compare well with 

JCPDS file 20-908 for Mn OMS-2. Thus the XRD patterns of the tricomponent catalyst 

PtC-RuC-OMS-2 was a homogenous blend of the three individual components. Fig. 5.19 

shows Tafel plots using this catalyst as well as the plots obtained using individual 

components. Table 5.8 also gives the values of Tafel slopes and Transfer coefficients. 

The values of Tafel slopes for individual components were in the range 160-185 mV 

dec
-1

. However the tricomponents composite catalyst PtC-RuC-OMS-2 showed a very 

high Tafel slope of 466 mV dec
-1

 beyond an overpotential of around 40 mV. In general 

increased slope indicate existence of diffusion limitation for adsorbed intermediates and 

additional energy may be needed for the reaction to progress [18, 22]. 

From Table 5.9 it is evident that Tafel slopes greatly increase in presence of metal 

oxides, particularly when SnO2 was used in combination with a palladium metal 

catalyst. Hence the unusually high Tafel slope of 466 mV dec
-1

 when the metal oxide 

OMS-2 is used in the present investigation imply a different mechanistic pathway 

during EOR. 
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Table 5.9: Tafel slopes reported in literature for EOR [17, 18]. 

Catalysts Pd/C Pd-

MnO2/C 

Pd-

SnO2/C 

Pd-

NiO/C 

Pt-Ru/C 

+ SnO2 

Pt-Ru/C 

+ TiO2 

Tafel slopes 

(mV/dec) 

 

155 

 

193 

 

308 

 

190 

 

186 

 

192 

 

 
Fig. 5.20: XRD pattern of Pt/C, Ru/C, Mn OMS-2 and the composite Pt-Ru-MnOMS-

2/C. 

 

In alcohols like methanol and ethanol, electro-oxidation is known to be a multistep 

reaction (as presented earlier in chapter I). It thus start with cleavage of O-H bond or 

Cα-H bond giving CH3CH2O or CH3CHOH type species which get further oxidized to 

acetaldehyde (CH3CHO) or acetyl (CH3CO) etc. intermediates. They get adsorbed on 

the catalyst surface at low potential range. The above ethanolic intermediates can get 

further dehydrogenated followed by C-C bond cleavage resulting in formation of COads 

species. Metal-CO bond is known to be very strong due to back donation of electrons 

from metal antibonding orbital to –CO. This can lead to blocking of active catalyst site 

making it less active. Further dissociative adsorption of water molecule lead to the 

surface –OH species such as Pt-OH or Ru-OH. The –OH  species which gets readily 
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formed on surface of metal like Ru forming Ru-OHads, brings about the oxidation of CO 

to CO2.  

It is known from previous studies [23] that OMS-2 is an active catalyst for MOR 

wherein methanol dehydrogenates on OMS-2 to form adsorbed S---COads; the latter 

eventually desorbs as CO2 by taking up lattice oxygen O
2-

. However EOR activity of 

OMS-2 is observed to be quite low (Table 5.8). In fact all the individual components 

PtC, RuC, OMS-2 or PtC-RuC showed very low current in the range of about 10-350 μ 

amps. However as mentioned above, the composite catalyst formed from them showed a 

synergistic effect with an unusually large current of 1508 μ amps. On the other, the 

catalysts showed a low anodic transfer coefficient of 0.13. This showed that EOR 

activity is promoted without much input of outside electrical energy. Thus electron 

transfer could occur through participation of lattice oxygen O
2-

.  
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Figure 5.21: Cyclic voltammogram for ethanol oxidation reaction in 0.5M H2SO4 for 

PtC-RuC-Mn-OMS-2 in relation to OMS-2 and PtC-RuC catalysts. (The catalysts use to 

make the composites were RuC and PtC. In a single component catalyst the mass of the catalyst 

was 10 mg. In the bimetallic catalyst Pt and Ru were 1:1 ratio for mass of 10 mg. In tri-

component catalyst Pt, Ru and OMS-2 were in mass ratio of 1:1:1). 

 

Fig. 5.21 shows the CV profile of this catalyst. The profile doesn’t show the 

conventional peaks a, b or c as seen in Pt-Ru bimetallic catalyst as was observed in Fig. 

5.17. This confirms the hypothesis of alternate pathway followed for ethanol oxidation 

reaction in the presence of OMS-2 via possible intervention of lattice oxygen. 
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Summary & Conclusions 

1. Synthesized glycerol based carbons were studied for the electrochemical 

applications like  

(i) capacitance  

(ii) electrocatalyst support for oxidation of methanol and ethanol in fuel 

cells. 

2. Capacitance behavior was investigated using cyclic voltammetry technique in 

0.5 M Na2SO4.  

(i) For the four GBCs that were investigated the following results were 

observed for the capacitance. 

GBCS2 > GBCZ > GBCK > GBCS1 

The capacitance was found to increase with 

 Surface area 

 Microporous nature 

 Presence of oxygenated functional groups 

(ii) Undoped MnO2 showed capacitance of 280 mF cm
-2

 and it decreased 

upon Fe doping. This is because Fe doping lowers the surface area of the 

doped MnO2. 

(iii) Composites were prepared by blending together GBC
s
 with 1 % OMS-2. 

The resulting capacitance was significantly increased. Thus when a 

composite of GBCS2 was prepared with OMS-2, there was a synergistic 

increase in capacitance from 640 mF cm
-2

 to 1320 mF cm
-2

. 
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3. Electrocatalytic oxidation of methanol was investigated on Ruthenium catalyst 

supported on glycerol based carbons and compared with Ruthenium catalysts 

supported on commercial carbons. 

(i) Among the catalysts tested, Ru supported on GBCK showed highest 

electrocatalytic activity. It follows order 

RuC> RuGBCK > RuGBCS2 > RuGBCZ 

(ii) When bimetallic catalysts were prepared with commercial Pt catalyst the 

activity followed the order 

PtC-RuGBCK  >  PtC-RuGBCZ  ≈  PtC-RuC > PtC-RuGBCS2   

Thus the GBCs synthesized in the present investigation were generally better 

electrocatalytic support material for oxidation of methanol.  

4. A tri-component nanocomposite prepared from PtC, RuC and OMS-2 exhibited 

higher electrocatalytic performance for ethanol oxidation. 
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A B S T R A C T

In the present investigation a glycerol based carbon was synthesized by partial carbonization of glycerol using
concentrated H2SO4 in the molar ratio 1:4. The carbonized material was further treated at 120 °C and 350 °C to
obtain the carbons GBC-120 and GBC-350 respectively. The samples were characterized by XRD, ir, thermal
analysis (TG-DTG-DTA), pzc measurements; SEM and BET surface area analysis. The TGA showed a gradual
weight loss up to about 800 °C. The adsorption studies were carried out using methylene blue as a model ad-
sorbate. The BET surface area of GBC-120 and GBC-350 were determined to be 21 and 464m2 g−1. The GBC-120
gave maximum adsorption capacity with nearly 100% dye removal efficiency using 8 10milligrams of the ad-
sorbent powder, when the dye concentration was 25 μgmL−1. It showed Type I adsorption isotherm profile at
lower concentration range and the data could be readily fitted into Langmuir adsorption model. At higher
concentration the adsorption data showed a better fit for Frumkin adsorption model. The adsorption generally
increased with temperature and showed a favorable free energy change. The GBC-350 showed comparatively
less adsorption and but the data could also be fitted in Langmuir adsorption profile. Investigation of adsorption
kinetics revealed better fit with pseudo second order kinetic model for both GBC-120 and GBC-350. GBC-120 due
to presence of SO3H surface functionality showed a high adsorption capacity ∼1050mg g−1 which is sig-
nificantly higher than the literature values.

1. Introduction

There is a continuing interest in developing newer methods of
synthesis of carbon materials as adsorbents and catalysts. In recent
times, increasing attention is given to develop functionalized carbon
materials that could both act as excellent catalysts and also have im-
proved adsorption characteristics [1]. Carbon catalysts with acid
functionalities are finding increasing use in organic transformations. A
glycerol based carbon (GBC) was recently synthesized by partial car-
bonization of glycerol using sulfuric acid. This carbon was found to be
an effective solid acid catalyst in organic transformations including
chemo selective synthesis [2–5]. This was due to the presence of acidic
functionalities such as SO3H on its surface. Thus the GBC carbon was
found to be advantageous over other carbon catalysts owing to its ease
of synthesis, efficiency and comparative stability.

On the other hand activated carbons obtained from different natural
sources including nutshells, wood, coconut husk etc. often need ap-
propriate chemical or physical activation in order to get efficient ac-
tivity. However glycerol as a carbon source is readily available as a
byproduct of biodiesel production industry and is thus cost effective. In
addition to being used as a catalyst, a glycerol based carbon was also
recently synthesized for adsorptive removal of antibiotics from their

aqueous solutions [6,7].
Apart from being used as adsorbents and catalysts, carbons are also

required as supports for noble metal catalysts such as electrocatalysts in
fuel cell reactions. The catalysts used in fuel cells are often platinised
carbons such as Pt-C or Pt-Ru/C etc. These carbon supports need to be
very pure carbon materials free from any metallic impurities as well as
free from any residual chloride or sulphur. Since glycerol is readily
available in a pure form, it is amenable towards appropriate synthesis
of pure carbon materials of desired properties. Depending upon
synthesis conditions, it should also be possible to use glycerol as a raw
material to synthesize pure microporous carbon or mesoporous carbon
with desired surface functionalities. A series of investigations would
thus be required to selectively develop various forms of carbon starting
from glycerol as a raw material and then tailor its properties to make it
useful either as an adsorbent or as a catalyst or as a catalyst support or
having combination of these characteristics. In the present investiga-
tion, a glycerol based carbon is synthesized and examined for its ad-
sorption behavior towards removal of methylene blue. The knowledge
gained here is expected to be a background information when further
studies are undertaken in development of suitable glycerol based
carbon materials. Since methylene blue is also a well known pollutant
associated with effluents from textile industry, the present investigation
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will throw light not only on surface characteristics of the glycerol based
carbon but also on its efficacy in mitigating pollutants by adsorption.

The activated carbons play a crucial role in mitigating pollutants
such as dyes, pharmaceuticals, surfactants, heavy metal ions etc. by
adsorption from industrial waste waters [8–12].

The dyeing process in the textile industry leads to release of ap-
proximately 10–15% dyes into the environment. The effluents from
these industries thus carry a large number of dyes and other additives
which are added during the coloring process [13]. Due to their high
water solubility they get readily transferred through water bodies. They
may also undergo degradation to form products that are highly toxic
[14]. Thus removal of dyes from the water bodies is important as they
are harmful for living beings. A widely used cationic dye in different
industries is methylene blue which is known to be carcinogenic.

Adsorption by activated carbons is an important process for removal
of pollutants particularly dyes and metal ions from industrial waste
waters. Adsorption is a very effective separation technique in terms of
initial cost, simplicity of design, ease of operation and insensitive to
toxic substances. It is a tertiary technology during waste water treat-
ment for adsorption of micropollutants, as well as to remove colour and
odor [15]. The efficiency of removal by adsorption from solution de-
pends upon the nature of dyes (cationic or anionic dyes), pH of ad-
sorbate solution, pzc of the adsorbent and its surface functionalities, as
well as surface area and porosity of the adsorbent. The use of different
adsorbents like clay, silica materials, zeolite and activated carbons for
removal of methylene blue (MB) has been extensively studied and is
recently reviewed [16]. A variety of adsorbents have been designed
depending upon the type of adsorbates to be removed. Activated car-
bons are generally more effective adsorbents for removal of high mo-
lecular weight compounds particularly those with low water solubility.
However activated carbons with surface functionalities are efficient for
adsorbing a wider range of organic pollutants such as dyes and phar-
maceuticals.

Zhang et al., [17] have examined the comparative adsorption of two
cationic dyes (Rhodamine B and Methylene blue) by milled sugarcane
bagasse which gave an adsorption capacity of 31mg g−1. Similarly
Xiong et al., [18] studied the adsorption of methylene blue on titanate
nanotubes and maximum adsorption capacity of 133mg g−1 was re-
ported. Among all the described adsorbents in literature, the ability of

activated carbons is eminent for adsorption of dyes due to its ease of
availability and economic feasibility. It is one of the most widely used
adsorbent as compared to all other materials. Adsorption of methylene
blue onto activated carbon produced from steam activated bituminous
coal was reported with maximum adsorption capacity of 580mg g−1 at
equilibrium [19]. Further, adsorption from aqueous solutions onto
carbon nanotubes was also studied wherein monolayer adsorption ca-
pacity of 132mg g−1 was observed [20]. Recently a high adsorption
capacity for methylene blue (714mg g−1) was reported when birnessite
type manganese dioxide in presence of diatomite, was used as an ad-
sorbent for the removal of MB in alkaline solution (pH 11). It was
however not considered favorable for regeneration and reuse [21]. The
microwave-induced H2SO4 treated activated carbon obtained from rice
agricultural wastes was also used for methylene blue sorption and
maximum adsorption capacity of 62.5mg g−1 at initial pH of 7 is re-
ported [22]. In general carbon materials obtained from various biomass
sources showed adsorption capacity of methylene blue in the range
100–600mg g−1[23–30].

The nature of interaction between the adsorbate molecules and the
adsorbent can be understood from the adsorption isotherms. An ad-
sorption isotherm is a plot which relates the amount of substance ad-
sorbed to the equilibrium concentration of the adsorbate molecules in
the solution at a specified temperature. The amount adsorbed depends
on the nature of adsorbate and adsorbent which in turn affect the shape
of adsorption isotherm profile. The data is usually investigated in terms
of different adsorption isotherm models which include, Langmuir,
Freundlich, Frumkin adsorption isotherms. These are considered in the
present investigation. The Langmuir Isotherm assumes that adsorption
is of monolayer and all the active sites on the adsorbent surface are
equivalent in energy. Freundlich adsorption isotherm explains the
multilayer adsorption behavior. For understanding interaction between
adsorbed molecules, the applicability of Frumkin adsorption isotherm is
generally investigated. The description of adsorption isotherms and
kinetic models [31–36] used in this work are briefly summarized in
Table 1.

Table 1
Review of some adsorption and kinetic models.

Sr. No. Adsorption Isotherm Parameters and their significance

1 Langmuir adsorption isotherm x=Amount of methylene blue adsorbed per unit mass of carbon (mg g−1).

=
+

x xmKc
Kc1

xm=Maximum adsorption capacity with complete monolayer coverage on the surface of carbon (mg g−1).

= +.
x xmK c xm
1 1 1 1 c=Concentration of methylene blue in the solution which is in equilibrium with the carbon.

K= Langmuir adsorption constant which is related to energy of adsorption

2 Freundlich adsorption isotherm k= Freundlich adsorption constant which is indicative of maximum adsorption capacity.

=x kc n
1 1/n=Measure of intensity of adsorption.

= +x k clog log log
n
1 (1/n= 0− 1)

3 Frumkin adsorption isotherm α=adsorbate interaction parameter

=
−

−e cα βθ
(1 θ)

2 θ
55.55

β=Adsorption-desorption equilibrium constant.

= +
−( )log logθ

θ c
β αθ

(1 ) 55.55
2

2.303
θ=Amount of adsorbate adsorbed at equilibrium.

=Where θ M
Mads

M=Concentration of the dye adsorbed at equilibrium.
Mads=Maximum amount of dye adsorbed at equilibrium.

Kinetic models (expressions in linear form) Parameters and their significance

1. Pseudo first order kinetic model K1 and K2 are first and second order rate constants.

− = −q q q tlog( ) loge t e
K1

2.303
2. Pseudo second order kinetic model qe is the amounts of dye adsorbed at equilibrium and qt is the amounts of dye adsorbed at time t.

= +
t
qt

t
qe K qe

1

2 2
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2. Experimental

2.1. Chemicals and materials

Glycerol (GR) was purchased from Molychem (India), Sulphuric
acid (AR) was obtained from RUNA (India), Methylene blue (dye con-
tent> 96.0%.) was purchased from S D Fine-Chem Limited (India).
Double distilled water was used during the adsorption studies.

2.2. Synthesis and characterization of glycerol based carbon

The sulphonated glycerol based carbon was synthesized by dehy-
dration of glycerol using sulphuric acid in the molar ratio (1: 4) [2,6].
Thus 25mL (Density= 1.84 gmL−1) of sulphuric acid was added drop
wise to 10 g of glycerol under continuous stirring over a period of
25min (approximately at the rate of 1mLmin−1). During the process,
glycerol was taken in a 500mL beaker and kept on hot plate magnetic
stirrer. The sulphuric acid was added from an overhead reservoir. As
the temperature was increased from ambient temperature to 180 °C, the
clear solution gradually became a brown viscous mass. The temperature
of the product was continued to be maintained at 180 °C for another
20min until the evolution of the gases was completed. The black mass
was then filtered and washed with hot water until the washings were
neutral. The product was designated as GBC-120. The yield of GBC-120
(carbon-SO3H) was 0.467 g per gram of glycerol used. The details of
preparing GBC-120 and GBC-350 are summarized in Scheme 1.

2.3. Characterization

The carbon samples were characterized by XRD on a Rigaku Ultima
IV diffractometer using Cu-Kα radiation of wavelength of 1.5419 Å.
Thermal analysis was carried out using TG-DTA analyzer (NETZSCH
STA 409 PC) in N2 atmosphere at a heating rate of 10 °Cmin−1. The
infrared spectra were recorded in KBr dispersion, using Shimadzu IR
Prestige-21 FTIR spectrophotometer from 4000 to 400 cm−1. The sur-
face area was obtained by multipoint BET method and BJH pore size
distribution analysis using Quantachrome® ASiQwin™ – Automated Gas
Sorption system. The morphology of carbon samples was determined

with environmental scanning electron microscope (Ouanta FEG 250).
To determine pHpzc of the carbon samples, various solutions having pH
values ranging from 2 to 10 were prepared. The pH values were ad-
justed by drop wise addition of HCl (0.02M) or NaOH (0.02M)–50mL
solutions of 0.01M NaCl. 0.15 g of carbon was then added to each of
these solutions, which were then stirred for 24 h. The final pH of the
solutions was then measured. A graph of final pH v/s initial pH was
plotted and the pHpzc was obtained from the intersection point.

2.4. Adsorption

2.4.1. Effect of adsorbent dosage
2, 4, 6, 8, 10mg of GBC-120 were each taken in conical flasks

containing 100mL of 5 μgmL−1 solution of methylene blue. The ad-
sorption was carried out at pH 4.7. The flasks were kept for shaking
overnight (∼15 h) and the amount adsorbed in each case was de-
termined.

2.4.2. Effect of initial methylene blue concentration
The dye concentration were varied from 10 to 50 μgmL−1. The

adsorption was carried out using 2mg of GBC-120. The adsorption was
allowed to take place overnight (∼15 h). The adsorption was carried
out at pH 4.7.

2.4.3. Effect of initial pH
2mg of GBC-120 was contacted with 50mL of 50 μgmL−1 of me-

thylene blue at different pH (2.6-9.6). The flasks were kept for shaking
for 2 h and then the amount of methylene blue adsorbed was de-
termined.

2.4.4. Effect of contact time and determination of adsorption equilibrium
The time required to establish equilibrium between the concentra-

tion of methylene blue adsorbed and its concentration in the solution
was determined. Thus 20mg of the previously dried carbon sample was
added to known concentration (50 μgmL−1) of methylene blue
(pH=7). The progress of adsorption was monitored by taking out
1.0 mL aliquots of the solution at various predetermined time intervals
until the equilibrium is reached. The data was interpreted in terms of
relevant kinetic models.

2.4.5. Adsorption isotherms
The adsorption isotherms of GBC-120 and GBC-350 carbons were

determined at ambient temperature by equilibriating various con-
centrations of methylene blue with a know amount of the carbons
(∼ 2mg). All the solutions were allowed to equilibriate at 25 °C at
predetermined equilibriation times. The equilibrium concentrations
were calculated by measuring the absorbance of methylene blue solu-
tion in each case. The data was then fitted in various adsorption iso-
therm and kinetic models.

3. Results and discussion

3.1. Characterization techniques

3.1.1. XRD and thermal analysis
The synthesized glycerol based carbon was characterized by XRD,

thermal analysis and infra-red spectroscopy. Fig. 1 gives the XRD pro-
files of the samples GBC-120 and GBC-350.

Both the samples showed the expected two broad peaks at 2θ
around 20–24° and 43° which correspond to reflection planes of (002)
and (100) respectively [37]. It was observed that the peak at 43° was
diffuse for the as prepared GBC-120 sample, due to its comparatively
amorphous nature.

Fig. 2 gives thermal analysis profiles of GBC-120 carried out in N2

atmosphere. The TGA profile (Fig. 2a) shows an initial weight loss
of∼ 16.4% up to 108 °C, due to loss of physisorbed and hydrogen

Scheme 1. Flow chart for synthesis of the glycerol based carbons (GBC-120 and GBC-
350).

A.A. Narvekar et al. Journal of Environmental Chemical Engineering 6 (2018) 1714–1725

1716



bonded water. Further weight loss continues till about 800 °C due to
gradual loss of the surface functional groups. The DTA shows a broad
endothermic profile in this temperature range with a maximum around
600 °C. This suggested that the loss of surface functionalities was ac-
companied with structural rearrangement, resulting in development of
porosity in the carbon structure. It can be seen from Fig. 2(b) that the
TG-DTG profile of GBC-120 exhibits a broad weight loss between 180
and 700 °C. This broad range shows three distinct regions. The peak at
220 °C is considered as characteristic for decomposition of −SO3H and
eCOOH groups. A large broad peak between 280 and 460 °C is due to
decomposition of lactones and phenolic groups. And the similar broad
peak from 460 to 700 °C is due to decomposition of carbonyl group.
These results are in agreement with a recent report on a similarly
prepared carbon based catalyst [38].

3.1.2. Infrared spectral analysis
Fig. 3 gives the infrared spectra of GBC-120 carbon and the spectra

recorded after subjecting it to various heat treatments between 200 and
800 °C.

The glycerol based carbon which is known to have eSO3H groups
attached to polycyclic cluster of graphitic rings, shows characteristic
absorptions in the infrared region of 1720–900 cm−1 [39–43]. The
corresponding assignments are given in Table 2.

From Fig. 3b, it can be observed that when GBC-120 was heated at
varying temperatures above 120 °C, the intensity of −SO3H peak at
1044 cm−1 decrease. This peak vanished by 300 °C while the other
peaks at 1208 cm−1 and 1355 cm−1 which are also due to −SO3H
functionality were still +present. Thus the thermal treatment at 300 °C
resulted in partial decomposition of −SO3H due to dehydroxylation of
the adjacent sulphonyl groups. The other peaks at 1593 and 1721 cm−1

were due to C]C and C]O groups respectively. The carbonyl peak is a
composite peak due to eCHO and eCOOH and in agreement with the ir
spectra reported earlier [44]. A eCHO functionality was expected as it
is known that glycerol in presence of sulphuric acid decomposed via an
acrolein type intermediate which has a eCHO group [45]. The peak at
1721 cm−1 was present till 700 °C. It eventually disappeared for the
GBC-800 sample when the carbonyl functionalities were finally de-
composed. This is supported by the evidence from the thermal analysis
profile (Fig. 2) that decomposition of the surface functionalities gets
completed around 800 °C.

3.1.3. Surface area, porosity and SEM
Fig. 4 gives the N2 adsorption desorption isotherms along with pore

size distribution profiles for GBC-120 and GBC-350. A clear hysteresis

Fig. 1. XRD profiles of the glycerol based carbons obtained by treatment of the as pre-
pared carbons at 120 °C and 350 °C using Cu-Kα radiation of wavelength of 1.5419 Å.

Fig. 2. (a) TG-DTA plot of GBC-120 in nitrogen atmosphere and (b) Comparison of TG/
DTG profiles (N2 atmosphere, heating rate of 10 °Cmin−1).

Fig. 3. Infrared spectra of GBC carbons (a) spectrum of GBC-120 (b) spectra of various
GBC carbons heat treated between 200 and 800 °C (using KBr dispersion).

Table 2
The assignments corresponding to different frequencies observed in the infra-red spectra
of glycerol based carbons.

Frequencies cm−1 Functional groups

1721 C O stretch of COOH and carbonyl group
1593 C C stretch of graphitic rings
1355 O S O stretch of eSO3H
1208 (i) Symmetric S O stretch

(ii) CeOH stretching of phenolic group
1044 Asymmetric stretching of SO3H
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loop was observed for both the samples. The surface area and porosity
values are presented in Table 3 along with SEM data.

It can be seen from Table 3 that GBC-120 with its associated SO3H
functionalities showed a relatively small surface area of about
21m2 g−1. On the other hand GBC-350 showed much larger surface
area of 464m2 g−1. This suggested that the partial decomposition of
SO3H greatly enhances the surface area of the carbon due to greater
dispersion of the GBC-350 particles. This is supported by the respective
SEM images (Fig. 5) wherein GBC-120 shows larger agglomerates as
compared to GBC-350. Further, the increased surface area of GBC-350
exposes its surface porosity resulting in its having much larger pore
volume. Thus the pore volume of GBC-350 was 0.099 cm3 g−1 as
compared to 0.065 cm3 g−1 for GBC-120 even though both the samples
have similar pore radii of around 18.3 Å.

3.2. General adsorption behaviour

The adsorption studies were carried out to investigate the influence
of SO3H groups on the carbon surfaces. The removal efficiency of the
methylene blue dye from the solution was calculated using the relation

=
−

×Removal C C
C

(%) 100i e

i (3.1)

and equilibrium adsorption was determined using the equation:

=
−

×q C C
W

Ve
i e

(3.2)

Ci and Ce are the initial and equilibrium concentrations of the dye in
μgmL−1 respectively, W is the weight of carbon in g and V is volume of
the dye solution in litres.

3.2.1. Effect of adsorbent dosage
The effect of adsorbent dosage was studied by taking methylene

blue solution of 25 μgmL−1. 100mL aliquots of the above solution were
equilibrated by stirring with varying quantities of the adsorbents for
15 h. The resulting adsorption behavior is shown in Fig. 6. It can be
seen that the relative percent removal of the dye gradually increased
and the adsorption efficiency was nearly 100% with 8–10mg of the
carbon. The adsorption capacity or qe thus obtained using equation 3.2
was around 300mg g−1 of the carbon. This investigation was carried
out at pH 4.7. This was the unadjusted pH value was observed when
GBC-120 carbon was stirred in methylene blue solution. Further studies
were carried out to investigate the effect of pH on probable enhance-
ment in adsorption.

3.2.2. Effect of initial pH
2mg of GBC-120 carbon was stirred for 2 h with 50mL of methylene

blue solution having concentration of 50 μgmL−1. The pH of the so-
lutions were adjusted in the range 2.6–9.6 using either HCl or NaOH.
Fig. 7 shows the percent efficiency of methylene blue at various pH
values. It can be seen from Fig. 7 that there is low adsorption efficiency
at lower pH values and the adsorption tends towards maximum in the
pH range 7–9. Therefore the subsequent adsorption studies were carried
out at pH around 7.

The adsorption capacity at pH 7 using Equation (3.2) was
428mg g−1.

3.2.2.1. Adsorption following regeneration. GBC-120 was regenerated by
treatment with small amount of concentrated H2SO4. Further, 10mg of
the regenerated carbon was treated with 20mL of methylene blue
solution of concentration 50 μgmL−1and the pH was adjusted to 7. The
adsorption was carried out for 2 h using the original and regenerated
carbons. The amount adsorbed in both the cases was found to be around
419mg g−1. Thus GBC-120 carbon could be easily regenerated and
reused.

3.2.3. Effect of initial methylene blue concentration
Adsorption studies were carried out by equilibriating 2mg of GBC-

120 carbon using 100mL methylene blue solution having initial con-
centrations of 10, 20, 30, 40, 50 μgmL−1. The pH of each solution was
adjusted to 7. The results are presented in Fig. 8. It can be seen from the
figure that the mass of 2mg carbon could completely remove methy-
lene blue solution from its initial concentration of 10 μgmL−1. This was
equivalent to an adsorption capacity of 500mg g−1.

3.2.4. Effect of contact time and determination of adsorption equilibrium
The adsorption was studied by equilibriating 20mg of carbon with

methylene blue solution of concentration 50 μgmL−1. The adsorption
was studied in two separate experiments in which the pH of the me-
thylene blue solution was 4.7 and 7.0 respectively. The adsorption was
carried out for about 15–20 h until no further adsorption occurred as
evident from constant absorbance of the supernatant solution. The re-
sulting adsorption time profiles are given in Fig. 9.

At pH 4.7, the amount adsorbed gradually increased and became
maximum (about 300mg g−1) after about 13 h. It is seen in the pre-
vious section that adsorption increases with pH. Hence adsorption

Fig. 4. Pore size distribution and N2 adsorption-desorption isotherm (inset) for the carbon
samples (a) GBC-120 and (b) GBC-350.

Table 3
The values of surface area, pore volume and pore size of GBC-120 and GBC-350 from BET
analysis.

Sample Surface Area
(m2 g−1)

Pore
volume
(cc g−1)

Pore
radius
(Å)

SEM/EDAX Analysis Wt (%)
of the elements

C O S

GBC-120 21.00 0.06 18.38 82.45 15.82 1.74
GBC-350 464.00 0.10 18.27 87.55 12.09 0.36
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equilibrium-time profile was also investigated at pH 7.0. It was seen
that adsorption increased at relatively faster rate and equilibrium was
reached within 7 h. The amount adsorbed under this condition reached
a high value of about 1050mg g−1. This is noteworthy since the recent
literature suggest that maximum adsorption capacity of methylene blue
on activated carbon is up to about 580mg g−1. This high adsorption
capacity of GBC-120 is due to its SO3H functionality. It is shown that
when surface functional groups are affected by thermal treatment at
350 °C the adsorption capacity significantly drops to 130mg g−1.

3.3. Adsorption isotherms

An adsorption isotherm is a plot of amount of substance adsorbed
per unit mass of adsorbent as a function of various equilibrium con-
centrations at a specified temperature. Typically an adsorption iso-
therm falls in one of the six specified categories [46]. Accordingly the
plots are classified into Type I, Type II etc. The nature of these plots

Fig. 5. SEM images of (A) GBC-120 (B) GBC-350.

Fig. 6. Effect of amount of adsorbent on adsorption efficiency Volume of adsorbate:
100mL, Temperature: 298 K, Contact time: 15 h, Initial Conc: 25 μgmL−1.

Fig. 7. Relative adsorption efficiency of GBC-120 carbon at different pH values Volume of
adsorbate: 50mL, Dosage of adsorbent: 2 mg, Temperature: 298 K, Contact time: 2 h,
Initial Conc: 50 μgmL−1.

Fig. 8. Effect of intial concentration of methylene blue on adsorption efficiency Volume
of adsorbate: 100mL, Dosage of adsorbent: 2mg, pH of the solution: 7.0, Temperature:
298 K, Contact time: 15 h.

Fig. 9. Kinetic plots obtained when GBC-120 carbon samples were equilibrated with
methylene blue solution at pH=4.7 and 7.0. (qt is the amounts of dye adsorbed at
various time interval t) Volume of adsorbate: 200mL, Dosage of adsorbent: 2mg,
Temperature: 298 K, Contact time: 15–20 h, Initial concentration= 50 μgmL.
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depends on nature of adsorbate and adsorbent. Further the adsorption
is influenced by the surface area, porosity and nature of surface func-
tionalities of the adsorbent. Various mathematical expressions are
available to describe the nature of adsorption as described in Table 1.
Typical adsorption behavior involves Langmuir adsorption. It corre-
sponds to rapid rise in adsorption as concentration increases, and ends
up with a plateau region due to saturation of surface adsorption sites.
The Freundlich adsorption isotherm extends to further adsorption be-
yond saturation due to formation of multilayers.

Fig. 10(a) gives the general adsorption isotherm profile observed in
this work for adsorption of MB on GBC-120. It showed Type I adsorp-
tion behavior in the lower concentration range. Such a behavior is
expected for Langmuir adsorption isotherm. However at higher con-
centration above 10 μgmL−1 of the adsorbate, adsorption suddenly
increased suggesting an overall Freundlich type of adsorption behavior.

The general adsorption behavior represented above in Fig. 10(a),
the experimental points can be fitted in one or more mathematical
descriptions of adsorption isotherm models such as those reviewed in
Table 1. Fig. 10 (b-d) gives corresponding plots. The data extracted
from these plots is presented in Table 4.

It is clear from Fig. 10(b) that the data fitted well for Langmuir
adsorption isotherm with coefficient of determination R2 value of 0.93
and value of Xm obtained from the graph was close to the observed
value around 750mg g−1. The low value of Langmuir adsorption con-
stant K is indicative of predominantly Van der Waals type of adsorption.
On the other hand Freundlich adsorption 1/n was about 0.22.1/n which
represents intensity of adsorption usually have values between 0 and 1.
From the qe versus C plot (Fig. 10(a)) it is seen that the overall fit is
better for Freundlich adsorption isotherm across the full concentration
range studied.

However it is seen from Fig. 10(d) that the Frumkin adsorption
isotherm fits the experimental data well at higher concentration with
coefficient of determination R2 value of 0.99 with a positive interaction

parameter α having a value of 3.9 μgmL−1. This is due to multiple
adhesive interactions between the surface SO3H groups and MB mole-
cules as well as the cohesive attractive interaction between the ad-
sorbed MB multilayers. Evidence for such interactions during adsorp-
tion of MB on smectites was reported earlier [47]. Further the high
value of α equal to 3.9 is also indicative of lateral interaction between
the adsorbate molecules in adjacent layers resulting in greater tendency
for desorption or breakdown of the multilayers. This is supported by
negative value of β. The various adsorption mechanisms are sum-
marised in Fig. 11.

3.4. Thermodynamic studies

The evaluation of thermodynamic parameters following adsorption
studies have been recently reviewed [50–53]. Thus the free energy
change for the adsorption process and the corresponding Langmuir
adsorption constant KL can be shown to be related by the equation
[48,50]

Fig. 10. (a) General adsorption Isotherm and (b-d) Applicability of various adsorption models for adsorption of methylene blue on GBC-120 at 25 °C and pH=7.

Table 4
Values of various adsorption isotherm parameters during adsorption of methylene blue on
GBC-120.

Volume of adsorbate: 100mL, Dosage of adsorbent: 2 mg, pH of the solution: 7.0,
Temperature: 298 K, Contact time: 15 h

Langmuir Freundlich Frumkin

Xm (mg/g) 754.00 k (mg/g) 415.00 α (μg/
mL)

3.90

K (L/mg) 1.00 1/n 0.22 β (μg/
mL)

−172.00

R2 (Linear) 0.93 R2 (Linear) 0.93 R2 0.99
R2 (Non

Linear)
0.84 R2 (Non

Linear)
0.97 – –

A.A. Narvekar et al. Journal of Environmental Chemical Engineering 6 (2018) 1714–1725

1720



= −ΔG RTlnKo
L (3.3)

The Langmuir isotherm with the following form has been commonly
used for description of adsorption data at equilibrium [50]

=
+

q qe max
C K

C K 1
e L

e L (3.4)

in which qe and qmax are the adsorption capacity of adsorbent at
equilibrium (mg g−1) and its maximum value, Ce, is the equilibrium
concentration of adsorbate in solution (moles L−1),

KL can be calculated using the Eq. (3.4) [50]:

=
−

K θwhereL
θ
θ C e

q
q(1 )

e
e e

e

max (3.5)

Since ΔGo= ΔHo− TΔSo, it follows that the enthalpy of activation
and entropy of activation can be evaluated by using the equation

= − +lnK ΔH
R T

ΔS
R

1
L

o o

(3.6)

Where R is the universal gas constant (8.314 Jmol−1 K−1) and T is
temperature in Kelvin at which adsorption is carried out. Fig. 12 gives a
plot of ln KL v/s 1/T from which the activation parameters are calcu-
lated and are given in Table 5.

It is clear from these values that the free energy change becomes
progressively more negative suggesting increasing spontaneity in ad-
sorption as the temperature was increased from 289 K to 323 K. The
enthalpy of activation for the adsorption process as calculated from the
ln K v/s 1/T plot, was 102 KJ mol−1. This confirmed that the formation
of the activated complex during adsorption is an endothermic process.

3.5. Adsorption behavior of GBC-350

GBC-350 is formed by partial decomposition of SO3H groups from
GBC-120. When GBC-350 was stirred in methylene blue solution its pH
remained close to 6.5. Fig. 13(a–d) gives the general adsorption iso-
therm profile and its applicability to various adsorption isotherm
models. It showed comparatively low adsorption (∼130mg g−1) which
was about 10 times less than that observed for GBC-120.

It can be seen from Fig. 13(a) that there was initial rapid rise in
adsorption. This was followed by decrease in adsorption till there was
saturation of adsorption. Such a behavior is generally observed during
monolayer formation. As expected the Langmuir adsorption model
fitted the data more appropriately with R2 value of 0.95 as compared
when other adsorption models, Freundlich and Frumkin were used
wherein the R2 values were found to be generally less than 0.9.

Fig. 14 describes the comparative adsorption behavior of GBC-120
and GBC-350.

It can be seen from the above Figure that GBC-120 showed rapid
adsorption in the beginning till it reached equilibrium at the end of 7 h.
On the other hand, GBC-350, although showed much lower adsorption,
its initial rate of adsorption was much higher as evident from the initial
slope of 61mg g−1 h−1 as compared to GBC-120 whose initial slope
was only 28mg g−1 h−1. The higher equilibrium adsorption of
1050mg g−1 on GBC-120 was due to presence of large amount of
−SO3H as compared to GBC-350, where some surface functionalities
were lost upon the thermal treatment.

The adsorption in GBC-350 was to a large extent completed after
about 5 h. However complete equilibriation was not reached as there
was very small amount of adsorption which occurred very slowly in the
time interval of 5–17 h. Hence in GBC-350, it can be considered as a two
stage adsorption process (i) initial equilibrium due to high surface area
(ii) the second slow equilibrium, due to tendency of MB to diffuse into
the micropores that were developed in the sample after heating it at
350 °C as discussed earlier in 3.1. Accordingly, to evaluate the kinetic
parameters, the GBC-350 sample is referred to as GBC-350(I) and GBC-
350(II). The corresponding adsorption profile is shown resolved in
Fig. 14 (inset)

Further GBC-120 showed relatively low pzc value of 2.0 as com-
pared to that of GBC-350 (3.5). Therefore it is expected that the cationic
dye MB will be preferentially adsorbed on GBC-120 having large
number of highly acidic sulphonyl groups generally in a dissociated

Fig. 11. Summary of the adsorption mechanism discussed in the Section 3.3.

Fig. 12. Plot of ln KL v/s 1/T for adsorption of methylene blue on GBC-120 at various
temperatures between 289 and 323 K.

Table 5
Evaluation of thermodynamic parameters during adsorption of methylene blue on GBC-120 at various temperatures.

Volume of adsorbate: 100mL, Dosage of adsorbent: 2 mg, pH of the solution: 7.0, Contact time: 2 h

T (K) qe (mg g−1) Ce (μgmL−1) θe KL (L mg−1) KL (Lmol−1) × 10 5 ln KL 1/T ×10 3 ΔG (KJmol−1) ΔHo (KJmol−1) ΔSo (KJmol−1)

289 265.40 11.70 0.57 0.12 0.37 10.51 3.46 −26.05 102.00 0.44
299 338.00 8.10 0.73 0.33 1.08 11.58 3.34 −28.70
304 372.20 6.40 0.80 0.65 2.07 12.24 3.28 −30.33
313 427.80 3.60 0.92 3.48 11.1 13.92 3.19 −34.49
323 461.90 1.90 1.00 – – – 3.09 –
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form. The high adsorption in GBC-120 is due to hydrogen bonding
between H of −SO3H functionality on GBC-120 surface and N of the
methylene blue dye. A similar hydrogen bonded interaction was pro-
posed during adsorption of methylene blue on iron oxide surface [49].
Further enhanced adsorption is also due to interaction of the cationic
dye with the dissociated sulphonyl groups.

3.6. Kinetics of adsorption

The adsorption process from solution generally involves diffusion of
the dyes (i) from the bulk solution to near the surface of the adsorbent
followed by (ii) diffusion at the boundary layer.

The boundary layer is composed of the surface functionalities of the
adsorbent and the pre-adsorbed layer of the adsorbate (MB) as well as
the layer of water dipoles. Therefore the boundary layer can offer re-
sistance to diffusion of the adsorbate before the actual adsorption in-
teraction occurs on the available surface sites. (iii) The adsorbate mo-
lecules may further diffuse inside the pores of the adsorbent depending
upon the nature of adsorbate, adsorbent and equilibriation time [20].

The kinetic data obtained on the GBC samples in the present in-
vestigation (Fig. 14) was then fitted in thr first and second order kinetic
models (Table 1).

3.6.1. Applicability of pseudo first and pseudo second order kinetic models
for GBC-120 and GBC-350

Fig. 15. gives the pseudo first and pseudo second order kinetic plots
for GBC-120, GBC-350(I) and GBC-350(II). The resulting kinetic para-
meters are summarized in Table 7.

It can be seen from the R2 values that the GBC-120 (Table 6) showed
a relatively better fit for pseudo second order kinetics. This is confirmed
by the fact that the value of qe observed is more closer to the calculated
value for all the initial concentrations. On the other hand for GBC-
350(I), the R2 values as well as the observed and calculated qe values
differed widely, 29 and 130mg g−1 respectively for pseudo second

Fig. 13. (a) General adsorption Isotherm and (b-d) Applicability of various adsorption models for adsorption of methylene blue on GBC-350 at 25 °C.

Fig. 14. Comparative investigation of adsorption-time behavior of the glycerol based
carbons at 25 °C (a) GBC-120 and (b) GBC-350.
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order kinetic model. Thus the adsorption process did not follow first as
well as pseudo second order kinetics. However GBC-350(II) showed a
good fit for pseudo second order adsorption process (R2= 0.999) as the
observed and calculated values of qe (156 and 139mg g−1) were quite
close. The investigation of the kinetic data was further extended to
some of the other well-known kinetic models.

4. Conclusions

A glycerol based carbon (GBC) was synthesized by partial carboni-
zation of glycerol using con H2SO4 in the molar ratio 1:4. The carbo-
nized material was further treated at 120 °C and 350 °C to obtain the
carbons GBC-120 and GBC-350 respectively.

The samples were characterized by XRD, ir, thermal analysis (TG-
DTG-DTA) and pzc measurements. The TGA showed a gradual weight
loss up to about 800 °C. The ir spectra of the GBC-120 showed

characteristic absorptions due to eSO3H groups. The ir spectra were
also recorded of GBC samples heat treated at various higher tempera-
tures. All the peaks due to surface functionalities were eventually dis-
appeared for the GBC-800 sample, in agreement with thermal analysis
wherein the decomposition was complete around this temperature
(800 °C). The BET surface area of GBC-120 was 21m2 g−1 while GBC-
350 showed much larger surface area of about 464m2 g−1.

The adsorption studies were carried out using methylene blue as a
model adsorbate. The GBC-120 gave maximum adsorption capacity of
1050mg g−1. The adsorption efficiency was observed to be dependent
on initial concentration of the dye. There was nearly 100% dye removal
efficiency using 8–10 milligrams of the adsorbent powder, when the
dye concentration was 25 μgmL−1.

The GBC-120 showed Type-I adsorption isotherm profile at lower
concentration range which obeyed conventional Langmuir adsorption
isotherm models. However at higher equilibrium concentration above

Fig. 15. Application of pseudo first and pseudo second order kinetic models during equilibriation of methylene blue on the GBC samples. GBC-350(I) is initial stage of adsorption and
GBC-350(II) is second stage of adsorption.

Table 6
Kinetic parameters obtained from application of pseudo first and pseudo second order kinetic models for adsorption of MB on GBC carbons initial concentration of 50 μgmL−1.

Samples pseudo first order kinetic model pseudo second order kinetic model qe calculated (mg g−1)

R2 K1 (min−1) qe observed (mg g−1) R2 K2 (g mg−1 min−1) qe observed (mg g−1)

GBC-120 0.91 0.0046 385 0.99 4.17*10(−5) 865 1050
GBC-350 I 0.96 0.0286 408 0.70 1.56× 10(−5) 029 130
GBC-350 II 0.97 0.0036 098 0.99 5.14× 10(−5) 156 139
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10 μgmL−1, the data fits better in Frumkin adsorption model with R2

value of 0.989 due to large interaction between the adsorbate mole-
cules. The adsorption generally increased with temperature and showed
a favorable free energy change.

The GBC-350 showed comparatively less adsorption in spite of its
much larger surface area due to loss of SO3H functionalities. The ad-
sorption data could be fitted in Langmuir adsorption isotherm profile.
Investigation of adsorption kinetics revealed better fit with pseudo
second order kinetic model for GBC-120 while GBC-350 showed a un-
ique two stage adsorption profile and the data could be better fitted into
pseudo second order kinetic model.

This investigation is expected to be an important contribution for
further development of glycerol based carbon as an adsorbent, catalyst
as well as catalysts support such as in electrocatalysis related to fuel cell
where very pure carbon is necessary.
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Abstract
The present investigation concerns synthesis of a ferromagnetic Mn2+-doped α-Fe2O3 following a co-precipitation method. 
Thus, an aqueous solution containing Fe3+ and Mn2+ ions in a molar ratio of 2:1 was precipitated as hydroxides and then 
dried at 100 °C. The product was characterized by XRD, TEM and TG–DTA. XRD and TEM analysis revealed that the 
‘as-prepared’ material was largely ‘amorphous’ containing mixed-phase nanoparticles of α-FeOOH and MnFe2O4. The 
TG showed mass loss up to 250 °C while the DTA profile exhibited a broad exothermic peak in the temperature range 
~ 300–800 °C, suggesting structural transformation. Additional phases were also synthesized by calcination of the initial 
product, at various temperatures, which were 200 °C, 450 °C, 600 °C and 750 °C. It was observed that in the temperature 
interval 600–750 °C, the material was transformed to Mn2+-doped α-Fe2O3 nanorods and nanoparticles having wide oblong 
shapes. The results were compared with pure α-Fe2O3 which was similarly synthesized without the presence of Mn2+. It was 
observed that unlike pure α-Fe2O3 which was antiferromagnetic, the Mn2+(α-Fe2O3) sample was ferromagnetic and showed 
much higher catalytic activity toward decomposition of hydrogen peroxide. The catalytic decomposition of H2O2 could be 
explained on the basis of Fenton and photo-Fenton effects.

Keywords  α-FeOOH · TG–DTA · Ferromagnetic · Mn2+ doped · α-Fe2O3 · Fenton effect

Introduction

Iron oxides continue to evoke considerable interest due to 
their technological importance in several areas as well as 
because of their ease of availability and generally low-cost 
synthesis. They are attractive as they possess tunable proper-
ties such as optical, electrical, magnetic, electrochemical and 
catalytic. They become particularly relevant owing to non-
toxicity, biocompatibility, chemical inertness, environmen-
tally friendly nature [1]. The range of magnetic as well as 
electrical properties owned by transition metal oxides is sig-
nificant. Among various polymorphic forms of ferric oxide, 
the most abundant forms, α-Fe2O3 (hematite) and γ-Fe2O3 
(maghemite), are most widely investigated [2, 3]. The for-
mer is having advantage of higher stability while the latter, 
even though it is a metastable form, is often more desired 
owing to its high saturation magnetization which is often in 
the range 40–80 emu g−1. The magnetism varies upon the 

methods of synthesis. Further, α-Fe2O3 is antiferromagnetic 
below Morin temperature (260 K) and shows a very weak 
ferromagnetic behavior (< 1 emu g−1) between 260 K and 
the Neel temperature (950 K). The enhancement in magnetic 
behavior is also seen following divalent transition metal ion 
doping such as Mn2+ and Cu2+ [4]. Various properties and 
applications of α-Fe2O3 have been recently reviewed [5].

Further, enhancement in one or more properties is often 
achieved by employing suitable synthetic strategies and/or 
preparing doped metal oxides [8–10]. Several methods have 
also been adopted for synthesis of iron–manganese oxides 
and manganese ferrites to obtain materials of higher mag-
netism and catalytic activity [2–7]. Yuping et al. reported 
formation of a mixture of α-Fe2O3 and MnFe2O4 phases 
produced from a Fe–Mn containing slurry whose magnetic 
properties could be of interest as catalysts or as catalyst sup-
port material [11]. Iron–manganese mixed oxide catalysts 
were also studied for catalytic combustion of ethanol, and 
the catalytic activity was found to be greatly influenced by 
the Fe:Mn ratio of the mixed oxide formed [12] and several 
other catalytic processes [13, 14]. Fe(III) oxides are well 
known to show high activity for catalytic decomposition of 
H2O2 [15, 16], the activity being dependent on surface area 
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and particle sizes [17, 18]. Several synthetic strategies have 
been adopted to obtain hematite of high reactivity, such as  
surfactant-assisted synthesis [16], combustion synthesis [19, 20],  
sol–gel method [21, 22] and co-precipitation method [23]. 
These methods have to be chosen considering their cost-
effectiveness and methods that would avoid or minimize 
emission of hazardous gases. The recent trend is to adopt 
simple aqueous solution methods of co-precipitation to 
obtain α-Fe2O3, as that affords better control over synthesis 
conditions, product morphology and particle sizes [23, 24].

The present investigation deals with a co-precipitation 
synthesis approach to obtain a ferromagnetic α-Fe2O3 by 
Mn2+ doping. The synthesis parameters such as tempera-
ture of calcinations are aided through TG–DTA analysis of 
its Fe–Mn oxide precursor. The Mn2+-doped α-Fe2O3 thus 
obtained showed enhanced catalytic and photo-Fenton activ-
ity in addition to its ferromagnetic behavior.

Experimental

Synthesis

In a typical synthesis, 0.05 mol of MnCl2.4H2O and 0.1 mol 
of FeCl3 (anhydrous) were mixed in 100 mL of distilled 
water. The resulting solution was added dropwise into NaOH 
(0.80 mol) solution under constant stirring. The brownish 
black suspension thus obtained was kept for digestion for 
3 h. It was then filtered and washed till the filtrate was free of 
chloride and dried at 100 °C for 5 h. This ‘as-prepared’ sam-
ple (designated as MF1) was divided into several portions 
for further treatment at various elevated temperatures such 
as 200 °C, 450 °C, 600 °C and 750 °C. For convenience, the 
samples thus obtained were labeled as MF2, MF4, MF6 and 
MF7, respectively. (The simplified codes were indicative of 
M for Mn and F for Fe, and the numerals 1, 2, 4, 6 or 7 were 
used to represent the first numeral of the temperatures used 
for thermal treatments.)

Pure α-Fe2O3 was synthesized by similar method wherein 
0.1 mol of FeCl3 solution was added dropwise to 0.8 mol 
of NaOH solution kept on a magnetic stirrer. It was further 
washed and dried at 100 °C, and a part of it was further cal-
cined at 600 °C in air for 2 h. These products were labeled 
as F1 and F6, respectively.

Characterization

The characterization of the samples was carried out using 
various techniques. X-ray diffractometer (a Rigaku Ultima 
IV diffractometer) with Cu Kα radiation was used to deter-
mine phase structures of the samples. The magnetic proper-
ties of the samples were measured at 27 °C using a vibrat-
ing sample magnetometer (Quantachrome Versa Lab). 

Thermal analysis was carried out using TG–DTA analyzer 
(NETZSCH STA 409 PC) in oxygen atmosphere at the heat-
ing rate 10 °C min−1. Scherrer density was calculated using 
formula d = 8M/NV (M is molar mass, N is Avogadro’s num-
ber and V is volume of the unit cell). In order to determine 
surface area and pore characteristics of the synthesized sam-
ples, Brunauer–Emmett–Teller (BET) isotherms were stud-
ied. The morphology of the samples was identified by TEM. 
The percentage of Mn and Fe was obtained from ICP-AES 
analysis, and the data were correlated with values obtained 
from chemical analysis. Thus, % Mn was determined by 
EDTA complexometric titration using thymolphthalexone 
indicator while % Fe was determined by colorimetry using 
KSCN. The catalytic activity of the samples was determined 
by their ability to decompose H2O2. Thus, 10 mg of the cata-
lyst was stirred in 20 mL of 0.1 M KOH and 1 mL of 20 
volume H2O2. The evolved gas was measured by exposing 
the solution to sunlight. The experiments were also repeated 
in the absence of sunlight. The catalytic activity of the syn-
thesized samples was expressed in terms of volume of O2 
gas evolved in a given time interval.

Result and discussion

Synthesis, thermal and XRD analysis of the Fe–Mn 
oxides

As iron and manganese oxides or their mixed phases con-
tinue to evoke considerable attention over the years, the 
present investigation was undertaken to elucidate structural 
parameters of a typical iron–manganese oxide following a 
conventional synthesis. The starting molar composition was 
2:1 for Fe:Mn. Thus, the metal salts were precipitated in 
alkaline medium and the resulting product was characterized 
by thermal analysis.

Figure 1 gives TG–DTA profile of the ‘as-prepared’ 
Fe–Mn oxide material (MF1) recorded in air from ambient 
temperature up to 1000 °C.

The TG profile of MF1 (Fig. 1a) showed rapid mass loss 
up to about 180 °C, which was mainly due to loss of phys-
isorbed and hydrogen-bonded water. There was no signifi-
cant further mass loss up to 1000 °C. However, examination 
of the corresponding DTA profile revealed a broad exother-
mic peak in the above temperature range with a maximum 
at ~ 600 °C. This suggested occurrence of some structural 
transformation around this temperature. Hence, in modi-
fied synthesis, the ‘as-prepared’ sample MF1 was further 
investigated by heat treatment in air at 600 °C and 750 °C 
for 2 h. The resulting products were designated as MF6 and 
MF7, respectively. It may be noted that the corresponding 
sample F1 (prepared without Mn) also shows an exothermic 
profile in a narrower temperature range with a maximum at 
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around 800 °C. This underlines the crucial role Mn plays in 
the structural transformation of Fe–Mn oxide as elaborated 
below in ‘TEM in relation to XRD analysis’ and ‘Trans-
formation of Fe–Mn oxide in Mn-doped α-Fe2O3’ sections.

The samples MF1, MF6 and MF7 were further character-
ized by XRD as shown in Fig. 2.

For comparison, the sample F1 was prepared in the same 
way as MF1, but without the presence of Mn. It is seen from 
Fig. 2b that the undoped iron oxide (F1) showed a relatively 
amorphous pattern with peak characteristic of α-FeOOH 
phase (JCPDS card number 29-0713). On the other hand, 
the diffraction peaks in the ‘as-prepared’ material MF1 
were observed at 2θ values of 30.20, 35.45, 43.22, 53.59, 
62.65 degree corresponding to Miller indices (220), (311), 
(400), (422) and (440), reminiscent of cubic MnFe2O4 phase 
(JCPDS Card. 10-0319) [1].

Thus, MF1 was essentially an amorphous manganese fer-
rite in which the 100 intensity peak was observed at 2θ value 

~ 35. In addition, three other peaks were also observed at 
2θ ~ 22, 34 and 36, which were characteristic peaks due to 
α-FeOOH as mentioned earlier. Thus, MF1 is in fact a mixed 
phase due to MnFe2O4 + FeOOH.

However, the XRD profile of the heat-treated sample at 
600 °C (MF6) exhibited a characteristic diffraction pattern 
for α-Fe2O3 phase (JCPDS card 33-0664) [5]. In MF6, there 
is also the presence of a small peak at 2θ ~ 35 due to the pres-
ence of some residual Mn ferrite phase. Thus, XRD analysis 
confirms that the amorphous Fe–Mn mixed oxide following 
heat treatment beyond 600 °C gets transformed to Mn-doped 
α-Fe2O3 phase. Thus, MF6 is essentially an α-Fe2O3 with a 
trace of MnFe2O4. When the sample was further heated to 
750 °C (MF7), no significant change in the XRD pattern was 
observed, but the XRD peaks became sharper indicating bet-
ter crystallization of the α-Fe2O3 phase. Also the characteris-
tic peak due to MnFe2O4 at 2θ ~ 35 completely disappears as 
temperature was raised to 750 °C, thus indicating formation 
of pure α-Fe2O3 phase at this temperature.

TEM in relation to XRD analysis

Figure 3 gives the TEM images of the pure and Mn-doped 
iron oxide samples.

The details of TEM characteristics and XRD analysis are 
summarized in Table 1.

It is shown above from XRD analysis that F1 is an 
α-FeOOH phase. The TEM image of F1 indicates that it is 
formed as a cluster of nanorods. However, when synthesis 
was carried out in the presence of Mn2+ to obtain MF1, 
a mixed phase of α-FeOOH and MnFe2O4 was observed. 
The TEM image of MF1 supports this observation wherein 
α-FeOOH component was present as nanorods embedded 
in a diffuse cloud-like dispersion due to particles of the 
amorphous manganese ferrite. Further, when MF1 was 
heat-treated at 600 °C to obtain MF6, a structural transfor-
mation occurred and the amorphous ferrite phase as well as 
the α-FeOOH got transformed into α-Fe2O3 having a trace of 
MnFe2O4. The TEM image of MF6 revealed better resolved 
nanorods of the α-Fe2O3 phase and the manganese ferrite 
cloud getting almost vanished. It is clear from Fig. 3a or 
from the particle dimensions presented in Table 1 that the 
length of nanorods increased from 240 to 450 nm in MF6 
and its aspect ratio was nearly double, from 3.4 to 6.0. Fur-
ther, the TEM image of MF7 which is Mn2+-doped α-Fe2O3 
shows disappearance of nanorods and the particles acquired 
wide oblong shapes with the width of nanoparticles getting 
doubled from ~ 70 to 140 nm. This is associated with the 
doping of Mn2+ into the structure of α-Fe2O3. On the other 
hand, the undoped iron oxides α-Fe2O3 (F6 or F8) continue 
to be nanorods as shown in Fig. 3b. It is also observed that 
the undoped iron oxide showed brighter and well-defined 
electron diffraction rings. However, electron diffraction 
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pattern in the presence of Mn is relatively diffused and less 
intense.

Transformation of Fe–Mn oxide in Mn‑doped 
α‑Fe2O3

To understand the transformation of the mixed-phase sample 
MF1 into α-Fe2O3 at 600 °C, two additional samples were 

Fig. 2   X-ray powder diffraction 
pattern of Fe–Mn oxides (a) 
as Fe–Mn oxide mixed phase 
(MF1) gets transformed to MF7 
which is Mn-doped α-Fe2O3, 
(b) synthesized iron oxides in 
the absence of Mn wherein 
α-FeOOH (F1) gets transformed 
to α-Fe2O3 (F6 and F8)

20
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Fig. 3   a TEM images and 
electron diffraction pattern 
(inset) of the Mn containing 
iron oxide samples. MF1 was 
a mixed oxide obtained by 
co-precipitation from Fe(III) 
and Mn(II) salts followed by 
drying the product at 100 °C. 
MF6 was obtained by calcina-
tion of MF1 at 600 °C. MF7 
was prepared by heating MF1 in 
air at 750 °C. b The iron oxide 
F1 was prepared by precipita-
tion from Fe(III) salt and drying 
at 100 °C. F6 was obtained by 
calcination of F1 at 600 °C. 
F8 was prepared by heating F1 
in air at 800 °C where MF1 is 
(α-FeOOH + MnFe2O4); MF6 or 
MF7 was Mn2+(α-Fe2O3); F1 is 
α-FeOOH (goethite) and F6 and 
F8 were undoped α-Fe2O3
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synthesized by thermal treatment of MF1 at 200 and 450 °C. 
This corresponds to the temperatures around the region BC 
in the DTA profile (Fig. 1). The resulting samples desig-
nated as MF2 and MF4 were further characterized by XRD. 
Their XRD profiles are also presented in Fig. 2. It is seen 
from the profile of MF2 in Fig. 2a that most of the peaks 
disappeared and the XRD profile was largely amorphous. 
The main peaks of α-FeOOH at about 2θ ~ 22 and those of 
MnFe2O4 around 2θ ~ 35 were greatly diminished in inten-
sity. At 450 °C, as evident in the XRD profile of MF4, the 
peaks due to α-FeOOH completely disappeared and only a 
trace of MnFe2O4 peak was present. Further comparisons of 
XRD profiles of the MF1 to MF7 samples in Fig. 2a indicate 
disappearance of peaks due to MnFe2O4, especially in the 2θ 
region between 30° and 40°. This is accompanied by appear-
ance of peaks due to α-Fe2O3. This structural transformation 
is summarized in Scheme 1.

Bulk manganese ferrite MnFe2O4 is known to have chem-
ical composition close to normal spinel (fcc close packed 
structure) with about 20% of Mn2+ present in the octahedral 
sites, exchanging places with the Fe3+ going into tetrahedral 

sites as in [ Mn
2+

0.8
·Fe3+

0.2
]t [ Mn

2+

0.2
·Fe3+

1.8
]oct O4. On the other 

hand, α-Fe2O3 is a hematite structure with 1/3 vacant octa-
hedral sites in its hcp structure of O2− ions. When MnFe2O4 
component of MF1 or MF6 gets homogenized into MF7 to 
form a pure α-Fe2O3 phase, it has to occur via a rearrange-
ment of oxygen ion close packing from ccp to hcp type. 
During the process, Mn2+ ions would diffuse into the avail-
able vacant sites resulting into formation of Mn2+-doped 
α-Fe2O3. Such diffusion of Mn2+ ions was also proposed 
during calcinations of a sol–gel synthesized manganese fer-
rite [25].

Surface area and porosity

To understand the surface properties, the synthesized materi-
als were characterized by BET measurements. The surface 
area and pore characteristics obtained from adsorption–des-
orption isotherms (Fig. 4) are presented in Table 2. It is seen 
that the ‘as-prepared’ samples F1 and MF1 showed large 
surface areas in the range 150–180 m2 g−1. They showed 

Table 1   Synthesis, XRD and TEM characteristics of the Fe–Mn oxide samples

a The simplified codes are indicative of M for Mn, F for Fe, and the numerals 1, 2, 4, 6, 7 or 8 were used for convenience, to represent the first 
numeral of the temperatures used for thermal treatments MF1 was obtained by co-precipitation from aqueous solution of Fe2+ and Mn2+ in 
molar ratio of 2:1 followed by thermal treatment at 100 °C. Samples MF2 and MF4 were also synthesized by calcinations of MF1 at 200 °C and 
450 °C, respectively. F1 was similarly prepared but without the presence of Mn2+

Codea Temp of thermal 
treatment of MF1 or 
F1/oC

Oxide phases Scherrer crystal-
lite sizes/nm

TEM shapes Average TEM particle size/nm Density

Length Width Aspect ratio XRD 
density/g cm−3

Tap 
density/g cm−3

(a) Fe–Mn oxides
 MF1 100 α-FeOOH + MnFe2O4 22.4 Nanorods in 

diffuse cloud
240 70 3.4 4.9 0.91

 MF6 600 α-Fe2O3 + MnFe2O4(trace) 28.1 Nanorods 450 75 6.0 7.1 1.13
 MF7 750 Mn2+(α-Fe2O3) 25.2 Wide oblong 200 140 1.4 7.1 1.33

(b) Iron oxides without Mn
 F1 100 α-FeOOH 18.9 Nanorods 550 55 10.0 6.4 0.60
 F6 600 α-Fe2O3 19.5 Nanorods 500 70 7.1 5.2 0.58
 F8 800 α-Fe2O3 28.6 Nanorods 400 85 4.7 5.2 0.63

Scheme 1   Structural trans-
formation of the ‘as-prepared’ 
sample MF1 into a Mn2+-doped 
α-Fe2O3 (MF7); ccp and hcp in 
the illustration are indicative of 
structures formed by cubic and 
hexagonal close packing of O2− 
ions, respectively

450 °C 750 °C

10 20 30 40 50 60 70 80
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type II b adsorption isotherm profiles [26, 27] with well-
defined hysteresis loops (similar to H4 type) in the P/Po 
range of 0.4 to 1.0. This indicates the presence of mesopores 
with no well-defined pore structure. The corresponding heat-
treated samples F6 as well as the Mn2+-doped α-Fe2O3 sam-
ple MF6 showed much lower surface areas ~ 20–30 m2 g−1. 
Their adsorption–desorption profiles indicated very low N2 
adsorption. They were of type III with small hysteresis loop 
(type H3) in the P/Po range of 0.8–1.0. The low surface 
area and porosity of MF6 and MF7 are attributed to its high 
density achieved due to filling of the voids by Mn2+ dop-
ing during the thermal transformation. This is in agreement 
with an earlier result that higher temperatures induce migra-
tion of Mn2+ ions from tetrahedral sites into octahedral sites 
[25, 28]. Further, from pore size distribution plots (insets 
in Fig. 4b), it is observed that both pure α-Fe2O3 (F6) and 
Mn2+-doped α-Fe2O3 (MF6) are mesoporous in nature. How-
ever, in MF6, maximum percentages of pores were ranging 
from 2.5 to 6 nm with average pore radius being 2.8 nm. On 
the other hand, the range in F6 is wider, i.e., pore size ranges 
from 2 to 30 nm with average pore radius being 16 nm. As 
a result, F6 showed larger pore volume of 0.20 cm3 g−1 as 
compared to Mn2+ containing α-Fe2O3 which showed a pore 
volume of < 0.07 cm3g−1. 

Magnetic behavior and catalytic activity

The magnetic characteristics of the samples are presented in 
Fig. 5 and Table 2. It can be seen from the figure that the ‘as-
synthesized’ Fe–Mn oxide sample (MF1) was ferromagnetic 
having saturation magnetization of 12.7 emu g−1. When it 
was transformed to Mn2+-doped α-Fe2O3 (MF6 or MF7), 
the ferromagnetic behavior was slightly less (~ 8 emu g−1). 
However, the undoped α-Fe2O3 did not show such ferromag-
netic behavior.

The catalytic activity of the samples was investigated for 
their ability to decompose hydrogen peroxide. The reaction 
was carried out in alkaline medium both in the presence 
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MF6 is Mn2+(α-Fe2O3); F1 is α-FeOOH and F6 is undoped α-Fe2O3

Table 2   Synthesis and catalytic activity of the samples in relation to surface area, porosity and magnetic characteristics

Code Oxide phases Surface 
area/m2 g−1

Pore size/nm Pore vol-
ume/cm3 g−1

Magnetization characteristics Catalytic activity 
in terms of vol-
ume of O2 evolved 
after 4 min of 
H2O2 decomposi-
tion reaction/mL

Ms/emu g−1 MR/emu g−1 HC/Oe Sunlight Dark

MF1 MnFe2O4 + α-FeOOH 177 3.8 0.20 12.7 0.83 146 24.0 20
MF6 α-Fe2O3 + MnFe2O4(trace) 19 2.8 0.07 8.4 0.16 10.4 12.6 10.5
MF7 Mn2+(α-Fe2O3) 21 1.9 0.03 7.9 0.07 9.6 25.0 19.4
F1 α-FeOOH 159 3.8 0.23 10.0 – – 2.7 0.0
F6 α-Fe2O3 32 16 0.20 0.68 0.02 568 6.0 1.5
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and in the absence of sunlight as iron oxides are known to 
decompose H2O2 through Fenton or photo-Fenton process. 
This reaction is relevant to advance oxidation processes [29]. 
The relative catalytic activity is evident from the activity 
profiles presented in Fig. 6.

It can be seen from the figure that all the samples show 
significant catalytic activity. The doped sample MF7 or 
Mn2+(α-Fe2O3) was most active as compared to the cor-
responding undoped sample F6. Fe3+ ion is known to 
decompose hydrogen peroxide [15], as per reaction (1) 
in scheme 2. In alkaline medium, the ferric ion from the 

surface of Fe2O3(s) catalyst interacts with H2O2 resulting 
in the formation of Fe2+ as shown in the reaction (2). The 
reduction of ferric ion is accompanied by evolution of O2. 
The Fe2+ species generated as per equation (2) causes further 
decomposition of H2O2 through intermediate formation of 
HO* and HO2* species as illustrated in the above scheme. 
The presence of Mn2+ in the structure would further enhance 
the rate of O2 evolution due to similar reactions occurring in 
the presence of the Mn2+/Mn3+ redox couple.

In the present investigation, it is thus seen that the Mn2+ 
(α-Fe2O3) is much more reactive than the pure or undoped 
α-Fe2O3. When the reaction was studied in the presence of 
sunlight, the reactivity increased further due to photo-Fen-
ton effect wherein the generated conduction band electrons 
would produce additional reactive intermediates (Fe2+ and 
OH*). Thus, the Mn2+-doped α-Fe2O3 sample synthesized 
in this work was ferromagnetic with high catalytic activity.

Summary and conclusions

1.	 Mn2+-doped ferromagnetic α-Fe2O3 nanoparticles hav-
ing saturation magnetization around 8 emu g−1 have 
been synthesized by an economical and eco-friendly 
co-precipitation route. The synthesis involved addition 
of Fe(II) and Mn(II) chlorides in a molar ratio of 2:1 to 
an aqueous solution of alkali, and the resulting precur-
sor MF1 was dried and characterized by TG–DTA and 
XRD.

2.	 The investigation revealed that the synthesized pre-
cursor was a mixed phase of (α-FeOOH + MnFe2O4) 
which when calcined beyond 600 °C got transformed 
into Mn2+(α-Fe2O3) nanorods and particles with wide 
oblong shapes. The corresponding iron oxide synthe-
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Fig. 5   Room temperature magnetization curves of the syn-
thesized Fe–Mn and iron oxide samples where MF1 is 
(α-FeOOH + MnFe2O4); MF6 or MF7 was Mn2+(α-Fe2O3); F1 is 
α-FeOOH and F6 is undoped α-Fe2O3
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Scheme 2   Mechanism of decomposition of hydrogen peroxide
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sized without Mn produced only nanorods having no 
such ferromagnetic character (Ms ~ 0.8 emu g−1).

3.	 The Mn2+(α-Fe2O3) nanoparticles showed high catalytic 
activity toward decomposition of H2O2, and the cata-
lyst being ferromagnetic could be easily recovered. The 
activity was further enhanced when the catalytic reac-
tion was carried out in the presence of sunlight due to 
photo-Fenton process.
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