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ABSTRACT

With the rapid increase in population and growth of industrialization in the
country, quality of both surface and ground water is deteriorating day by day. Land
disposal of municipal, leachate from municipal solid waste, industrial wastes and
utilization of fertilizers and pesticides in agriculture all contribute to the rise in levels of
toxic metals and also organic matter in the environment. Interactions of heavy metals with
humic substances typically control the fate and transport of metals through ground and
surface water systems. Adsorption has been recognized as an effective technology for
trace heavy metal removal and HA. Adsorption of HA causes change in the surface
properties of adsorbent by increasing in the surface negative charges as well as pore
blockage. Humic acid (HA) may improve metal adsorption by formation of metal-HA
complexes on adsorbent surfaces. On the other hand, the HA can be present in a soluble
form and form complexes with metals, which reduces metal adsorption onto the carbon..
HA in aqueous solutions can change the metal adsorptive behaviour. The simultaneous
adsorption of heavy metal and HA onto adsorbent is the best option,

Single and co-adsorption of cadmium and humic acid were carried out using
Granular Activated Carbon (GAC), iron impregnated Granular Activated Carbon (Fe-
GAC) and activated clay (A-Clay). Clay was activated by the acid treatment, while Fe-:
GAC was prepared by impregnation of Fe** onto the surface of GAC. Proximate analysis,
chemical composition (EDS analysis), scanning electronic microscope (SEM) and surface
area were carried out for detail characterization of adsorbents. Effect of pérameteris such
as pH, adsorbent dosage (m), initial concentration of adsorbate (Co) and contact time (¥)
on adsorption of cadmium and humic acid were studied and optimum conditions were
determined. Kinetic and isotherms studies were also carried out for single component.
Co-adsorption of humic acid and cadmium were conducted and effect of pH, adsorbent
dosage and contact time were found out. Effect of humic acid initial concentration on
cadmium adsorption and also the effect of cadmium initial concentration on humic acid
adsorption were determined.

GAC had the highest adsorption capacity in all the cases and the adsorption
capacity of 3 adsorbents was in the order GAC > Fe-GAC >A-Clay i.e. in case in
cadmium removal was 82.3%,78.4% and 74% for GAC, Fe-GAC and A-Clay

respectively. It was found that the effective pH for cadmium and humic acid were 6 and

III



1.1

1.2

1.3

1.4

1.5

2.1

1.2.1
1.2.2

123

1.3.1
1.32
1.3.3

1.4.1
1.4.2
14.3
1.4.4

1.4.5

CONTENTS

CANDIDATE’S DECLARATION
ACKNOWLEDGEMENT
ABSTRACT |

CONTENTS

LIST OF FIGURES

LIST OF TABLES
NOMENCLATURE

INTRODUCTION

General

Heavy Metals
Cadmium
Application
Health Effects

Regulatory Environment Standards for Cadmium
Humic Acid

Properties and Structure

Humic Acid as a Complexing Agent for Metal Ions
Environmental issues related to Humic Substance
Adsorption Fundamentals

General

Adsorption Diffusion study

Adsorption Kinetic study

Adsorption Isotherm

Factors controlling Adsorption

Objective of the Present Study

LITERATURE REVIEW

Treatment methods of Cadmium

Page No.

1
III

VIII
XIII
XVII

o« ) N

11
13
14
15
17
18
18
19
20
21

24
26
27
27



3.1

32

3.3

34

3.5

4.1

4.2
4.3

44

21
212
2.13
2.14
2.1.5

3. 1.1
3.12

3.2.1
32.2

3.3.1
3.3.2
333
334
335

33l
332

4.3.1

432
4.3.3
434

4.4.1

Electrodialysis

Electro coagulation

Ion exchange

Biosorption

Adsorption

EXPERIMENTAL PROGRAMME
Materials

Adsorbent

Adsorbate

Preparation of Absorbent

Acid activation of Clay

Preparation of Fe-GAC

Adsorbent Characterization

Proximate Analysis

Density

Scanning Electron Microscopic (SEM) Analysis
Surface area

Fourier Transform Infra Red (FTIR) Spectral Analysis
Analytical methods

Analytical measurements for Humic Acid
Analytical measurements for Cadmium
Batch Experimental Programme
RESULTS AND DISCUSSION
General

Characterization of Adsorbents

Batch Adsorption Studies

Effect of pH

Effect of Adsorbent Dosage
Effect of Initial Concentration
Effect of contact time

Adsorption Kinetic Study

Pseudo-first order model

27
27
28
28
28
39
39
39
39
39
39
39
40
40
40
40
41
4
41
41
42
43
45
45
45
56
56
59
62
70
74
74

VI



4.5

5.1
2

442
443

4.5.1
452

Pseudo-Second Order

Intra-particle Diffusion Study

Adsorption Equilibrium Study

Langmuir and Freundlich isotherm

Temkin isotherm

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

Recommendations

REFERENCES

APPENDIX-A

75
76
76
77
77
106
106
107
108
113

Vil



Fig 1.1

Fig. 1.2
Fig. 1.3
Fig 3.1

Fig 3.2
Fig 4.1

Fig4.2
Fig4.3

Fig4.4
Fig 4.5
Fig 4.6
Fig 4.7
Fig4.8
Fig 4.9

Fig 4.10

Fig 4.11

Fig 4.12

Fig 4.13

Fig4.14

Fig 4.15

Fig 4.16

LIST OF FIGURES

Applications of cadmium

Schematic of humic acid model structure

Oxidized HA molecule

Calibration curve for Humic acid

Calibration curve for Cadmium

SEM of blank and loaded A-Clay with HA and Cd
SEM of blank and loaded GAC with HA and Cd

SEM of blank and loaded Fe-GAC with HA and Cd
EDS blank and loaded A-Clay with Cd

EDS blank and loaded Fe-GAC with Cd

EDS OF blank and loaded GAC with Cd

FITR spectra of GAC, Fe-GAC and A-Clay

FTIR spectra of Humic acid and Humic acid-Cadmium
Effect of pH on removal of Cadmium using GAC, Fe-GAC and
A-Clay

_ Effect of pH on removal of humic acid using GAC, Fe-GAC and

A-Clay

Effect of pH on removal of Cadmium in coadsorption (HA-Cd)
using GAC, Fe-GAC and A-Clay

Effect of pH on removal of humic acid in coadsorption (HA-Cd)
using GAC, Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of Cadmium using GAC,
Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of humic acid using
GAC, Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of Cadmium in Co-
adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of Humic acid in Co-
adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay

14
15
42
42
48
49
50

52
53
54
55

57 .

58

58

59

60

61

61

62

Page No

VIII



Fig 4.17

Fig 4.18

Fig 4.19

Fig 4 20

Fig 421

Fig 4.22

Fig 4.23

Fig 4.24

Fig 4.25

Fig 4.26

Fig 4.27

Fig 4 .28

Fig 4.29

Fig 4.30

Fig 431

Fig 4.32

Effect of initial concentration of Cadmium on its removal using
GAC, Fe-GAC and A-Clay
Effect of initial concentration on removal of Cadmium using

GAC, Fe-GAC and A-Clay

Effect of initial concentration on removal of Humic acid using
GAC, Fe-GAC and A-Clay
Effect of initial concentration on removal of Humic acid using
GAC, Fe-GAC and A-Clay

Effect of initial concentration of Cd on removal of HA in Co-
adsorption using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Cd on removal of HA in Co-
adsorption using GAC, Fe-GAC and A-Clay

Effect of initial concentration of HA on removal of Cd in Co-
adsorption using GAC, Fe-GAC and A-Clay

Effect of initial concentration of HA on removal of Cd in Co-
adsorption using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Cadmium in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Cadmium in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Humic acid in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Humic acid in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of contact time on removal of Humic acid using GAC,
Fe-GAC and A-Clay

Effect of contact time on removal of Humic acid using GAC,
Fe-GAC and A-Clay

Effect of contact time on removal of Cadmium using GAC,
Fe-GAC and A-Clay

Effect of contact time on removal of Cadmium using GAC,

Fe-GAC and A-Clay

64

65

66

66

67

67

68

68

69

69

70

71

71

72

72

IX



Fig 4.33

Fig 4.34

Fig 4.35

Fig4.36

Fig 4.37

Fig 4.38
Fig 4.39
Fig 4.40
" Fig 4.41

Fig 4.42

Fig 4.43
Fig 4.44
Fig 4.45
Fig 4.46
Fig 4.47
Fig 4.48
Fig 4.49

Fig 4.50
Fig 4.51
Fig 4.52
Fig 4.53

Fig 4.54
Fig 4.55

Effect of contact time on removal of HA in Co-Adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of contact time on removal of HA in Co-Adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of contact time on removal of Cd in Co-Adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of contact time on removal of Cd in Co-Adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Lagergren plot for removal of Cadmium for GAC,

Lagergren plot for removal of Cadmium for Fe-GAC
Lagergren plot for removal of Cadmium A-Clay

Pseudo second order kinetics for removal of Cadmium for GAC

Pseudo second order kinetics for removal of Cadmium for Fe-
GAC

Pseudo second order kinetics for removal of Cadmium for A-
Clay

Weber Morris plot for removal of Cadmium for GAC

Weber Morris piot for removal of Cadmium for Fe-GAC
Weber Morris plot for removal of Cadmium for Fe-GAC
Lagergren plot for removal of Humic acid for GAC

Lagergren plot for removal of Humic acid for Fe-GAC
Lagergren plot for removal of Humic acid for A-Clay,

Pseudo second order kinetics for removal of Humic acid for
GAC |

Pseudo second order kinetics for removal of Humic acid for Fe-
GAC

Pseudo second order kinetics for removal of Humic acid for A-
Clay

Weber Morris plot for removal of Humic acid for GAC,
Weber Morris plot for removal of Humic acid for Fe-GAC
Weber Morris plot for removal of Humic acid for A-Clay,

Lagergren plot for removal of Cadmium in co-adsorption for

72

73

73

74

86

87
87
88
88
89
89
90

90

91

91

92

92
93



Fig 4.56

Fig 4.57

Fig 4.58

Fig 4.59

Fig 4.60

Fig 4.61

Fig 4.62

Fig 4.63

Fig 4.64
Fig 4.65

Fig 4.66

Fig 4.67

Fig 4.68

Fig 4.69

Fig 4.70

Fig4.71

Fig 4.72

GAC

Lagergren plot for removal of Cadmium in co-adsorption Fe-
GAC

Lagergren plot for removal of Cadmium in co-adsorption A-
Clay

Pseudo second order kinetics plot for removal of Cadmium in
co-adsorption for GAC

Pseudo second order kinetics plot for removal of Cadmium in
co-adsorption for Fe- GAC

Pseudo second order kinetics plot for removal of Cadmium in
co-adsorption for A-Clay

Weber Morris kinetics plot for removal of Cadmium in co-
adsorption for GAC

Weber Morris kinetics plot for removal of Cadmium in co-
adsorption for Fe-GAC

Weber Morris kinetics plot for removal of Cadmium in co-
adsorption for A-Clay

Lagergren plot for removal of Humic acid in co-adsorption GAC
Lagergren plot for removal of Humic acid in co-adsorption Fe-
GAC

Lagergren plot for removal of Humic acid in co-adsorption A-
Clay

Pseudo second order kinetics plot for removal of Humic acid in
co-adsorption for GAC

Pseudo second order kinetics plot for removal of Humic acid in
co-adsorption for Fe-GAC

Pseudo second order kinetics plot for removal of Humic acid in
co-adsorption for A-Clay

Weber Morris kinetics plot for removal of Humic acid in co-
adsorption for GAC

Weber Morris kinetics plot for removal of Humic acid in co-
adsorption for Fe-GAC

Weber Morris kinetics plot for removal of Humic acid in co-

93

94

94

95

95

96

96

97

97
98

98

99

99

100

100

101

101

XI



Fig 4.73

Fig 4.74

Fig 4.75

Fig 4.76

Fig 4.77

Fig 4.78

Fig 4.79

Fig 4.80

adsorption for A-Clay

Equilibrium adsorption isotherms for cadmium removal using
GAC, Fe-GAC and A-Clay

Equilibrium adsorption isotherms for humic acid removal using
GAC, Fe-GAC and A-Clay

Langmuir Isotherms for removal of Cadmium for GAC, Fe-GAC
and A-Clay

Freundlich Isotherms for removal of Cadmium using GAC, Fe-
GAC and A-Clay

Temkin Isotherms for removal of Cadmium using GAC, Fe-
GAC and A-clay

Langmuir Isotherms for removal of Humic acid using GAC, Fe-
GAC and A=Clay

Freundlich Isotherms for removal of Humic acid using GAC, Fe-

GAC and A-Clay

Temkin Isotherms for removal of Humic acid for Fe-GAC

102

102

103

103

104

104

105

105

XII



Table 1.1
Table 1.2

Table 1.3

Tablel .4

Table 1.5

Table 1.6

Table 1.7
Table 2.1

Table 2.2

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table A-1

LIST OF TABLES

General standards for discharge of environmental pollutants
Maximum allowable limit of heavy metal discharge from
industries according to CPCB

Maximum admissible concentration of Cadmium in drinking
water
Standards for Cadmium in Treated Leachate for disposal and

MSW

Waste water discharge standard for Cadmium concentration in
different industry by CPCB

Discharge (mg/l) Standards for Cadmium content in effluent in
different water bodies

Elemental compositions of humic substances

Studies on co-adsorption of heavy metals and humic acid using
various adsorbents.

Studies on removal of cadmium using various adsorbents.
Physico-chemical characteristics of adsorbents.
Kinetic'parameter for the removal of cadmium by GAC, Fe-GAC
and A-Clay

Kinetic parameter for the removal of Humic acid by GAC, Fe-
GAC and A-Clay

Kinetic parameter for removal of Cadmium in Co-adsorption by
GAC, Fe-GAC and A-Clay

Kinetic parameter for removal of Humic acid in Co-adsorption
by GAC, Fe-GAC and A-Clay

Isotherms parameters for removal of Cadmium by GAC, Fe-
GAC and A-Clay

Isotherms parameters for removal of Humic acid by by GAC, Fe-
GAC and A-Clay

Calibration curve for Cadmium

Page No.

11

11

12

12

14
29

34

47

78

79

80

81

82

82

113

XIII



Table A-2
Table A-3

Table A-4

Table A-5

Table A-6

Table A-7

Table A- 8

Table A-9

Table A-10

Table A-11

Table A-12

Table A-13

Table A-14

Table A-15

Table A-16

Table A-17

Table A-18

Calibration curve for Humic acid

Effect of pH on removal of Cadmium using GAC, Fe-GAC and
A-Clay

Effect of pH on removal of humic acid using GAC, Fe-GAC and
A-Clay

Effect of pH on removal of humic acid in co-adsorption using
GAC, Fe-GAC and A-Clay

Effect of pH on removal of cadmium in co-adsorption using
GAC, Fe-GAC and A-Clay

Effect of adsorbent dosage. on removal of Cadmium using GAC,
Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of humic acid using GAC,
Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of Cadmium in co-
adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of adsorbent dosage on removal of Humic acid in co-
adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Cadmium using GAC, Fe-GAC
and A-Clay

Effect of initial concentration of humic acid using GAC, Fe-GAC
and A-Clay

Effect of Cadmium initial concentration on removal of Humic
acid in co-adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay
Effect of Humic acid initial concentration on rerrfoval of
Cadmium in co-adsorption [HA-Cd] using GAC, Fe-GAC and
A-Clay

Effect of initial concentration of Cadmium in co-adsorption [HA-
Cd] using GAC, Fe-GAC and A-Clay

Effect of initial concentration of Humic acid in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of contact time on removal of Cadmium using GAC, Fe-
GAC and A-Clay

Effect of contact time on removal of humic acid using GAC, Fe-

113
113

114

114

115

115

116

116

117

117

118

118

119

119

120

120

121

XIV



Table A-19

Table A-20

Table A-21

Table A-22

Table A-23

Table A-24

Table A-25

Table A-26

Table A-27

Table A-28

Table A-29

Table A-30

Table A-31

Table A-32

Table A-33

Table A-34

GAC and A-Clay

Effect of contact time on removal of Cadmium in co-adsorption

[HA-Cd] using GAC, Fe-GAC and A-Clay

Effect of contact time on removal of Humic acid in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Lagergren plot for removal of Cadmium using GAC, Fe-GAC
and A-Clay

Pseudo second order kinetics for removal of Cadmium using
GAC, Fe-GAC and A-Clay

Weber Morris plot for removal of Cadmium using GAC, Fe-
GAC and A-Clay

Lagergren plot for removal of Humic acid using GAC, Fe-GAC
and A-Clay

Pseudo second order kinetics for removal of Humic acid using
GAC, Fe-GAC and A-Clay

Weber Morris plot for removal of Humic acid using GAC, Fe-
GAC and A-Clay

Lagergren plot for removal of Humic acid in co-adsorption [HA-
Cd] using GAC, Fe-GAC and A-Clay

Pseudo second order kinetics for removal of Humic acid in co-
adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay

Weber Morris plot for removal of Humic acid in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Lagergren plot for removal of Cadmium in co-adsorption [HA-
Cd] using GAC, Fe-GAC and A-Clay

Pseudo second order kinetics for removal of Cadmium in co-
adsorption [HA-Cd] using GAC, Fe-GAC and A-Clay

Weber Morris plot for removal of Cadmium in co-adsorption
[HA-Cd] using GAC, Fe-GAC and A-Clay

Langmuir Isotherms for removal of Cadmium using GAC, Fe-
GAC and A-Clay

Freundlich Isotherms for removal of Cadmium using GAC, Fe-
GAC and A-Clay

121

122

122

123

123

124

124

124

125

125

125

126

126

126

127

127

XV



Table A-35

Table A-36

Table A-37

Table A-38

Temkin Isotherms for removal of Cadmium using GAC, Fe-GAC
and A-Clay '

Langmuir Isotherms for removal of Humic acid using GAC, Fe-
GAC and A-Clay

Freundlich Isotherms for removal of Humic acid using GAC, Fe-
GAC and A-Clay

Temkin Isotherms for removal of Humic acid using GAC, Fe-

GAC and A-Clay

128

128

129

129

XVI



NOMENCLATURE

b constant in Temkin equation
B, constant in Temkin equation
(0% initial concentration of adsorbate (mg dm™ )
Ce equilibrium concentration (mg dm™)
Kad Equilibrium constant for adsorption (dm3
mg ")
Kr Freumdlich constant (dm® mg™")
KL Langmuir constant (dm® mg—1)
Kgr Redlich—Peterson constant (dm?® mg—1)
Kr constant in Temkin equation (dm® mg™")
m adsorbent dose (g)
q adsorptive uptake of Py (mg g™")
Qe adsorptive uptake of Py at equilibrium (mg
g
e, calc calculated q. (mg g™")
Qe, exp experimental ge (mgg™")
Jm monolayer adsorptive uptake (mg g ')
t contact time (min)
T temperature (K)

XVII



Chapter-1

INTRODUCTION

1.1 General

Water is one of nature's most important gifts to mankind. Although water
covers more than 70% of the Earth, only 1% of the Earth's water is available as a
source of drinking. Yet, our society continues to contaminate this precious resource.
With the rapid increase in population and growth of industrialization in the country,
quality of both surface and ground water is deteriorating day by day. Large volumes
of poorly defined wastes, such as domestic sewage or pulp mill effluent etc, that are
sometimes discharged directly or after treatment into rivers, lakes, and oceans.
Anthropogenic sources supply specific organic compounds—agricultural chemicals,
medicinal, heavy metals and products or by-products of industrial .processes. The
range of these is as broad as the range of organic chemistry itself. Many a times, the
quality of such natural water sources become degraded and they are not fit for their
usage, viz. drinking, irrigation, industrial processing, etc.

Besides the anthropogenic sources, there are natural inputs that contribute
organic matter to water. Organic matters, which are result of both natural and
anthropogenic activities, are consistent present in the water that requires removal,
which is mixture of decomposition products of plants and animals. Organic matter in
water plays important roles in controlling geochemical processes by acting as proton
donors/acceptors and as pH buffers, by affecting the transport and degradation of
pollutants, and by participating in mineral dissolution/precipitation reactions. Organic
matter may also influence the availability of nutrients and serve as a carbon substrate
for microbially mediated reactions. Numerous studies have recognized the
importance of natural organic matter in the mobilization of hydfophobic organic
species, metals (e.g. Pb, Cd, Cu, Zn, Hg, and Cr), and radionuclide (e.g. Pu, Am, U,
and Co). The presence of NOM in the water is a major concern not only forms
carcinogenic compounds such forms carcinogenic compounds such as
trihalomethanes (THMs) during the chlorination of drinking water. Today, drinking

water treatment at the point-of-use is no longer a luxury, it is a necessity!



1.1.1 Heavy Metals

In recent years, the presence of heavy metals in industrial wastewater and
surface water has gained importance as they are dangerous and toxic. The term heavy
metal refers to any metallic chemical element that has a relatively high density and is
toxic or poisonous at low concentrations. Examples of heavy metals include mercury
(Hg), cadmium (Cd), arsenic (As), chromium (Cr), thallium (TI), and lead (Pb).
Heavy metals are importance class of pollutants as they cannot be degraded or
destroyed easily and they tend to bioaccumulate. Heavy metals may enter the human
body through food, water, air, or absorption through the skin, are responsible for
range oh health effects like ﬁausea, vomiting, diarrhoea, renal damage, hypertension,
proteinuria, kidney stone formation, testicular atrophy, skeletal deformation,
cardiovascular diseases, hypertension etc (Kula et al., 2008). Also heavy metals are
known as carcinogen and causes nervous breakdown and /or peripheral nervous
system which lead to death of human beings.

Heavy metals find their way in the environment from a variety of sources both
from nature as well as industries. But industrial discharges contribute more in the
pollution. Large scale of industrial growth has cause serious concern regarding the
susceptibility of ground water and stream water contamination due to heavy metals. A
waste material near the factories, which is subjected to reaction with percolating, rain
water and reaches the aquifer and hence degrades the ground water quality. Heavy
metals are emitted out from various sources. The primary sources are electroplating,
mining, Cd-Ni batteries, phosphate fertilizer, smelting, alloy manufacturing,
petroleum, chemical and petro-chemical, pulp and paper, textile, caustic, steel,

pesticides, leather, dye and paint etc.



Table 1.1 General standards for discharge of environmental pollutants:

Effluents (for industries operations or processes other than those industries specified

in schedule of the environment protection Rules, 1989).

Sl. | Parameter Inland Public Land for | Marine/coastal
No surface sewers irrigation | areas
water
1. | Suspended 100 600 200 (@) For process
solids mg/l, waste water.
max. (b) For cooling
water effluent 10%
above total
suspended  matter
of influent
2. | Particle size of | Shall pass | - - (a) Floatable solids,
suspended 850 micron solids max. 3mm
solids IS sieve (b) settlement
solids, max 856
microns
3. | pH value 55t09.0 5.5t09.0 5.5t09.0 {55t09.0
4. | Temperature Shall  not Shall not exceed
exceed 5°C 5°C above. the
above the receiving water
receiving
water
5. | Oil and | 10 20 10 20
greases, mg/l
max.
6. | Total residual | 1.0 - - 1.0
chlorine, mg/l
max |
7. | Ammonical 50 50 - 50

nitrogen (as N),

mg/l, max.




(Continued..)

Sl
No

Parameter

Inland
surface

water

Public

sewers

Land for

irrigation

Marine/coastal

areas

Free ammonia
(as NH3), mg/l,

max.

5.0

5.0

Biochemical
oxygen
demand (3 days
at 270C), mg/l,

max.

30

350

100

100

10.

Chemical
oxygen
demand, mg/l,

max.

250

250

11

Arsenic (as As)

0.2

0.2

0.2

12.

Mercury (as
Hg) mg/l, max.

0.01

0.01

0.01

13.

Lead (as Pb)

mg/l, max.

0.1

1.0

2.0

14.

Cadmium (as

Cd) mg/l, max

2.0

1.0

2.0

15,

Hexavalent
chromium (as
Cr+6)

max.

mg/l,

0.1

2.0

1.0

16.

Total
chromium (as

Cr) mg/l, max

2.0

2.0

2.0

17.

Copper (as Cu)

mg/l, max

3.0

3.0

3.0

18.

Zinc (as Zn)

mg/l, max

5.0

15

15




(Continued..)

Sl. | Parameter Inland Public Land for | Marine/coastal
No surface sewers irrigation | areas
water
19. [ Selenium  (as | 0.05 0.05 - 0.05
Se)
20. | Nickel (as Ni) | 3.0 3.0 - 5.0
mg/l, max.
21. | Cynanide (as | 0.2 2.0 0.2 0.2
CN) mg/l, max
22. | Fluoride (as F) | 2.0 15 - 15
mg/l, max.
23. | Dissolved 5.0 - - -
phosphates (as
P), mg/l
24 | Sulphide (as S) | 2.0 - - 5.0
mg/l, max.
25. | Phenolic 1.0 5.0 - 5.0
compounds (as
CsHsOH) mg/|,
max.
26. | Radioactive 10”7 107 10° 107
materials:
(a) Alpha
emitters
microcurie
mg/l, max.
(b) Beta | 10°° 10° 107 10
emitters micro
curie mg/l
27. | Bio-assay test | 90% suivial | 90% suivial | 90% 90% suivial of fish
of fish after | of fish after | suivial of | after 96 hours in
96 hours in | 96 hours in | fish after | 100% effluent
100% 100% 96 hours




effluent effluent in  100%
effluent

28. | Manganese 2 mg/l 2 mg/l - 2 mg/l
29. | Iron (as Fe) 3 mg/l 3 mg/l - 3mg/l
30. | Vanadium (as | 0.2 mg/l 0.2 mg/l - 0.2 mg/l

V)
31. | Nitrate 10 mg/1 - - 20 mg/l

nitrogen
Source CPCB

Table 1.2 Maximum allowable limit of heavy metal discharge from industries

according to CPCB

SI. | Parameter | Concentration not except, mg/l (expect for

No pH and temperature)

1. pH 6.0t09.0

2. Temperature Shall not exceed 5 0 ¢ above the ambient
temperature of the receiving body

3. Oil & Grease 10

4. Suspended Solids 100

5. Cyanides (as CN) 0.2

6. Ammonical Nitrogen (as N) 50

7. Total Residual Chlorine (as Cly) | 1.0

8. Cadmium (as Cd) 2.0

9. Nickel (as Ni) 3.0

10. | Zinc (as Zn) 5

11. Hexavalent Chromium (as Cr) 0.1

12. | Total Chromium (as Cr) 2.0

13. | Copper (as Cu) 3.0

14. | Lead (as Pb) 0.1

15. Iron (as Fe) 3.0

16. | Total Metal 10

Source CPCB




1.2 Cadmium

Cadmium is a naturally occurring minor element, one of the metallic
components in the earth’s crust and oceans, and present everywhere in our
environment. Cadmium (Cd) is a heavy metal which is not essential for growth of
animals or plants. It is in the same subgroup of the Periodic Table (IIB) as zinc (Zn)
and, like Zn, it occurs most frequently in aqueous systems as a divalent cation.
Industrial applications for cadmium were developed in the late 19th and early 20th
Century. Cadmium-sulfide based pigments were used as early as 1850 and appeared
prominently in the paintings of Vincent Van Gogh in the late 1800s. Thomas A.
Edison in the United States and Waldemar Junger in Sweden developed the first
nickel-cadmium batteries early in the 20th Century. Cadmium levels in the
environment vary widely. Since it can be transported continually between various
matrices viz. air, water and soil. Cadmium can transform into number of salts such as
cadmium oxide, cadmium chloride and cadmium sulphide. The mobility of these salts
in the environment affects the ecosystem. Cadmium will invariably be present in our
society, either in useful products or in controlled wastes. Today, its health effects are
well understood and well regulated so that there is no need to restrict or ban cadmium
products which, in any event, contribute so little to human cadmium exposure as to be

virtually insignificant.

Chemical properties

Sl. No. | Properties Cadmium
l. Atomic Symbol Cd
2. Atomic Number 48
3. Atomic Weight 112.40
4. Density 8.64 g/cm?
5. Oxidation States 2
6. Melting Point 321.07
7. Boiling Point 767
8. Electron Configuration | [Kr]5s°4d™




1.2.1 Application

Cadmium is intentionally added to six major classes of products where it
imparts distinct performance advantages and is present as an impurity in five major
classes of products where its presence is regarded as an environmental disadvantage
but which generally does not affect the performance of the product. The fig () below
shows applications of cadmium. The major intentional uses of cadmium are Ni-Cd
batteries, cadmium pigments, cadmium stabilisers, cadmium coatings, cadmium

alloys and cadmium electronic compounds such as cadmium telluride (CdTe).

Slanioers }
Coatings ouy, Mo Uses
7% P

NiCd RBalizries
7 G

Fig 1.1 Applications of cadmium.

Ni-Cd Batteries - Cadmium hydroxide is utilised as one of the two principal
electrode materials in Ni-Cd batteries which have extensive applications in the
railroad and aircraft industry for starting and emergency power and in consumer
applications such as cordless power tools, cellular telephones, camcorders, portable
computers, portable household appliances and toys. Ni-Cd batteries are cost-effective
well suited for high power applications, and have high cycle lives and excellent low
temperature and high temperature performance relative to other battery chemistries

(Morrow and Keating 1997).



Cadmium Pigments - Cadmium sulphide and cadmium sulphoselenide are utilised as
bright yellow to deep red pigments in plastics, ceramics, glasses, enamels and artists
colours. They are well known for their ability to withstand high temperature and high
pressure without chalking or fading, and therefore are used in applications where high

temperature or high pressure processing is required (Cook 1994).

Cadmium Stabilisers - Cadmium-bearing stabilisers retard the degradation processes
in polyvinylchloride (PVC) which occur upon exposure to heat and ultraviolet light
These stabilisers contain organic cadmium salts, usually carboxylates such as
cadmium laurate or cadmium stearate, which are incorporated into PVC before
processing and which arrest any degradation reactions during subsequent processing

and ensure a long service life (Cadmium Association and Cadmium Council 1991).

Cadmium Coatings - Cadmium coatings are utilised on steel, aluminium, and certain
other non-ferrous metal fasteners and moving parts to provide the best available
combination of corrosion resistance, particularly in salt and alkali media, and lubricity
or low coefficient of friction. They are also employed in many electrical or electronic
applications where a good combination of corrosion resistance and low electrical
resistivity are required. In addition, cadmium coatings exhibit excellent plating
characteristics on a wide variety of substrates, have good galvanic comparability with

aluminium, and are readily solderable (Morrow 1996).

Alloys and Minor Uses - Cadmium alloys include (a) alloys in which cadmium is
present in small amounts to improve the physical, mechanical or electrochemical
properties of copper, tin, lead or zinc-based alloys or (b) low melting point fusible
alloys and high melting point joining alloys. Other minor uses of cadmium include
cadmium telluride and cadmium sulphide in photovoltaic cells, and other
semiconducting cadmium compounds in a variety of electronic applications

(Cadmium Association and Cadmium Council 1991).

Industrial Occupation for Cadmium Exposures

o Alloys production

e Battery production



e Electroplating

e Enamelling

e Paint production and use
o Phosphbrus production
e Pigment production and use
e Plastic production

e Plating

e Smelting and refining

e Solar cells production

e Soldering

e Stabilizer production

e Welding

1.2.2 Health Effects

Cadmium derives its toxicological properties from its chemical similarity to
zinc an essential micronutrient for plants, animals and humans. Cadmium is
biopersistent and, once absorbed by an organism, remains resident for many years
(over decades for humans) although it is eventually excreted. Cadmium appears to be
the largest single contributor to autoimmune thyroid disease

Cadmium, especially cadmium oxide is a 'probable carcinogen'. There is
evidence of it causing prostate and kidney cancer in humans, it has been shown to
cause lung and testicle cancer in animals. It is also a teratogeﬁ, and may cause
reproductive damage. Inhalation of smoke from burning cadmium or from cadmium
oxide is toxic to the respiratory system. It is unlikely that this sort of exposure would
occur except in cases of unusual industrial accidents. Repeated low exposures can
cause permanent kidney damage that may go unnoticed. Lung scarring can occur from
a single high exposure or repeated low exposures. Long-term exposures can cause
renal disfunction, anaemia, fatigue and loss of the sense of smell. High exposures can
cause rapid lung damage, shortness of breath, chest pain, and a build up of fluid in the -
lungs. In severe cases death or permanent lung damage occurs. High exposure may
also cause nausea, vomiting, cramps, and diarrhoea. Cadmium may also produce bone

defects (osteomalacia, osteoporosis) in humans and animals. In addition, the metal can

10



be linked to increased blood pressure and effects on the myocardium in animals,

although most human data do not support these findings.

1.2.3 Regulatory Environment Standards for Cadmium

Cadmium levels in the environment vary widely. Since it can be transported

continually between various matrices viz. air, water and soil

Table 1.3 Maximum admissible concentration of Cadmium in drinking water

Country / Organization | Max. admissible concentration/
Desirable limit/ Guideline

IS: 10500 BIS (Bureau of Indian Standards) | 0.01 mg/1

Australia 0.002mg/1

Japan, EQS (Environmental Quality 0.01 mg/1

Standards)

EEC (European Economic Community) 0.005mg/1

German ' , 0.005mg/1

USEPA (United States Environment " | 0.005mg/1

Protection Agency) '

WHO (World Health Organization) 0.003mg/1

Standards for Cadmium in Treated Leachate for disposal and MSW.

The Municipal Solid Waste (Management and Handling) Rules, 2000 of The
Environment (Protection) Act, 1986 includes the standard for the compost derived

from municipal solid wastes.

Table 1.4 Standards for Cadmium in Treated Leachate for disposal and MSW

Leachate Maximum discharge limit

Disposal of treated leachate into:

1. Inland surface waters 2.00 mg/1 as Cd (max)
2. Public sewer 2.00 mg/l as Cd (max)
MSW Compost 5.00 mg/kg as Cd (dry Wt.)
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Industry Specific Standards

The industries produce effluents of varied qualitative Quantity and

characteristics. In order to reduce the environmental pollution, industry specific

standards have been notified by Government of India under schedule 1 of The

Environment (Protection) Act, 1986.

Table 1.5 Waste water discharge standard for Cadmium concentration in

different industry by CPCB

Industry Discharge standard
Small scale industries (located in the Union Territories) 2.00

Dye and dye intermediate industries 2.00

Electroplating industries 2.00

Inorganic chemical industry (wastewater discharge) 0.02

Bullion refining 0.02

Treated effluent quality of CETP

-Discharge into surface waters 1.00

-Discharge into surface waters 2.00

Table 1.6 Discharge (mg/l) Standards for Cadmium content in effluent in

different water bodies :( Under Schedule II of the Environment (Protection) Act,

1986, general standards for discharge of effluent into different water bodies are

notified.)

Water Sources Inland surface Public Marine coastal areas
water Sewer

Permissible limits | 2.00 mg/I 1.00 mg/1 | 2.00 mg/I
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1.3 Humic Acid

Organic matters, which are result of both natural and anthropogenic activities,
are consistuent present in the water that requires removal. Humic substances (HS) are
a general category of naturally occurring, biogenic, heterogeneous organic substances.
Humic substances are the chemicals that are responsible for imparting the yellow to
brown color found in most surface water sources and have extremely large molecular
weights (in the range of 1000 to 1000,000). As a result of their large molecular
weight, humic substances behave as colloids in solution which means they are sort of
like transparent particles. They consist of several groups of substances that depending
on their solubility can be grouped as follows: humin is the fraction of humic
substances that is not soluble in water at any pH; humic acid (HA) is the fraction of
humic substances that is not soluble in water under acidic conditions (below pH 2),
but becomes soluble at greater pH; fulvic acid (FA) is the fraction of humic
substances that is soluble under all pH conditions (Aiken et al., 1985). Humic acid is
one of the major components of humic substances inturn organic matter in water.
Humic substances as a group are found in the aqueous and terrestrial environments in

a variety of forms and associations.

o Free HS consists of soluble or insoluble forms of the material itself.

e Complexed HS is chemically bound to metals, other inorganic species such as
phosphate, or organic molecules. The complexed HS is either in solution or in
particulate form.

e Surface-bonded HS is chemically bonded to other solids such as clay minerals or
iron and aluminium oxides.

Humic acids are a complex mixture of partially "decomposed" and
otherwise transformed organic materials. They occur in soil and sediment, peat, coal,
lake water, sea water, plants and coral skeletons. Humic acid is one of the major
components of humic substances. Humic acid is a condensed, refractive mixture of
aromatic organic acids which has high molecular weight (typically 500-250,000
Daltons) and display both aliphatic and aromatic character. They are dark brown to
black in colour. Humic acids are thought to be complex aromatic macromolecules
with amino acids, amino sugars, peptides, aliphatic compounds involved in linkages

between the aromatic groups.
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1.3.1 Properties and Structure

Humic acid is a very complex organic material, the structure and reactions of
which are not fully understood. Humic acid is a typical humic substance which has
high molecular weight. Analysis of a wide variety of humic substances shows that it
usually contains carbon, hydrogen, oxygen, and nitrogen within ranges (%) as

follows:

Table 1.7 Elemental compositions of humic substances

SI. No. Elements Composition
1. C 45-60
2 O 25-45
8. H - 4-7
4. N o 2-5
5 Inorganic elements (ash) 0.5-5

Humic acid consist of nonuniform distribution of functional groups joined by
a variety of aliphatic and aromatic units. The most important oxygen-containing
functional groups along with typical ranges of content (mmol functional group per g
of humic material) are carboxyl (2-6), phenolic-OH (1-4), alcoholic-OH (1-4),
carbonyl, both ketones and quinones (2—6), and methoxyl (0.2-1). (Boily and Fein,
2000). The hypothetical structure for humic acid, shown in figure (), contains free and
bound phenolic OH groups, quinone structures, nitrogen and oxygen as bridge units

and COOH groups variously placed on aromatic rings (Stevenson, 1982)

H?=O
CooH COH (HC-OH);  (sugan

1
R—(':H HC 0
|
O O N
CH CHy
Q oS
—CH
c O (peptide)

NH
Model structure of humic acid (Stevenson 1882) +

COCH

Fig. 1.2 Schematic of humic acid model structure (Stevenson, 1982)
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Bio-Liquid Complex (Bio Ag Technologies International) derived from a type of
leonardite (highly oxidized form of high organic matter) differs from their theoretical
formula, because a part of its chemical structure has been oxidized. The oxidized sites
give the entire molecule a negative charge enabling it to absorb micronutrients or

react with metal ions (Fig.1.3)

O 0 oH O H
c c CH, P o ©

HO
CH CH

Fig. 1.3: Oxidized HA molecule (Bio Ag Technologies International)

The functional groups are the location of many of the important reactions with which

HA is involved.

e It is these groups that, individually or together, enable specific reaction of humic
substances with inorganic elements and with other organic molecules in soil-
water systems.

e The functional groups are also major contributors to the ion exchange properties
of soils and sediments. In addition to being present in the above groups, both

oxygen and nitrogen appear as bridging units and in ring structures.

1.3.2 Humic Acid as a Complexing agent for Metal Ions

The complexation of metals by humic substances is of particular interest.
Humic acid is a potent chelator as well. A chelator is a molecule that binds metals,
including toxic heavy metals. The humic substances influence the biological and
physico-chemical properties of toxic ions acting as an accumulation phase for heavy
metals following the formation of metal-humate complex or chelates with different
degrees of stability (Boily and Fein, 2000). Organic matter can have a dual role: it

can reduce metal ion solubility through the binding of metal ions to solid organic
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sorbent or increase it through binding to dissolved organic matter. There are three
possibilities of binding of humic acid with metal ions:
1. By chelation between carboxyl and phenolic hydroxyl groups.
2. By chelation between two carboxyl groups.
3. By complexation with carboxyl group.

The major binding sites in humic acids are usually attributed to the carboxylic
and phenolic groups present, although other less abundant fuﬁctional groups (e.g. N-
and S-containing groups) may also be important for metal ion binding. The oxygen
containing functional groups in HA represent about a quartér of the total molecular
weight of HAs. The carboxyl (COOH) group increases in abundance with
humidification, reacts readily with metals, and gradually dissociates between pH 2.5

and 7 to form the carboxylate (COO-) group. Wang et al. (1998) suggested that

carboxylic groups dominate the uptake of metal cations by the dissoived organic
matter fraction of wastewater and sludge, and demonstrated the important role of
carboxylic groups in the uptake of metal ion. The phenolic hydroxyl (OH) group is
more abundant in the early stages of decomposition, is derived from lignin in woody
plants, reacts less with metals, and dissociates between pH 8 and 13.5 (Pillon et al.,
1986). The carbonyl (C=O) group increases in abundance with humidification, is the
main functional group and transforms into the COOH group under oxidizing
conditions. (Andelkovic et al., 2006)

The infrared (IR) spectroscopic studies of metal-humic complexes suggested
the participation of phenolic -OH and -COOH groups in binding of the metal ions
followed —C=0O and —NH- groups (Manunza et al., 1995). The reaction can be as

follows:
R-COOH + Me*— R-COOMe + H* (1)
R-OH + Me"— R-OMe + H* ()

Me" is the metal ion. This reaction leads to the acidification of the sorption solution.
The pK (dissociation constant) values of carboxylic groups are generally between 4
and 6. Thus, the increase of H' concentration in the solution due to Eq. (1) decreases
—COOH ionization and, consequently, the ion-exchange capacity. So, the pH of
aqueous solution has to be higher than 4. (Evanko and Dzombak, 1999).
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1.3.3 Environmental issues related to Humic Substance

Humic substances have many functions in the environment. In soils they
participate in the formation of soil structure and thermal regime, but interacting with
dissolved substances, they influence the accumulation and release processes of
nutrients and trace elements. Humic substances much influence soil biota and
especially microbial activity (Orlov et al., 2002). Humic substances can be
considered as a matrix onto which environmental processes are imprinted, but on the
other hand they can be considered as a reactive ingredient, actively participating in
reactions and processes going on in the soil and aquatic environment. As far as the
major reservoir of humic substances is soils, they are an important factor in various
areas of agriculture, such as soil chemistry, fertility, plant physioclogy and others.

There is no doubt that HA has many beneficial effects humic substance has
adverse effect on the aesthetic water quality as well as the biofouling of pipelines.
Humic substances are the chemicals that are responsible for imparting the yellow to
brown color found in most surface water sources. Humic substances present in the
water are transformed into mutagenic organic chlorides such as trihalomethanes by
chlorine treatment process for sterilization (Zhang and Minea, 2006).

Land disposal of municipal, leachate from municipal solid waste, industrial
wastes and utilization of fertilizers and pesticides in agriculture all contribute to the. -
rise in levels of toxic metals and also organic matter in the environment. Interactions
of heavy metals with humic substances typically control the fate and transport of
metals through ground and surface water systems. Adsorption has been recognized as
an effective technology for trace heavy metal removal and HA. Adsorption of HA
causes change in the surface properties of adsorbent by increasing in the surface
negative charges as well as pore blockage. Humic acid (HA) may improve metal
adsorption by formation of metal-HA complexes on adsorbent surfaces. On the other
hand, the HA can be present in a soluble form and form complexes with metals,
which reduces metal adsorption onto the carbon. HA in aqueous solutions can change
the metal adsorptive behaviour. The simultaneous adsorption of heavy metal and HA
onto adsorbent is the best option.

Activated carbon is usually used as adsorbent materials because of their
extended surface area, micro porous structure, high adsorption capacity and high

degree of surface reactivity. Furthermore, the presence of different surface functional
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groups on activated carbon, especially oxygen groups such as carboxylic, carbonylic,
lactonic and phenolic [Bandosz et al. 1992] leads to the adsorption of ions of heavy
metals (Al-Asheh et al., 2003; Naseem and Tahir, 2001). By the impregnation of
Fe3+ onto the surface of untreated granular activated carbon (GAC) an amorphous

layer of FeOOH is formed as per the following equation
Fe** +30H  — FeOOH + H,O (1.1)

Formation of such layer of FeOOH increases the net positive charge (NPC) of
the GAC-Fe and improves the adsorption capacity. The clay minerals in soils play the
role of natural scavengers in removing and accumulating contaminants in water
passing through the soil by ion exchange and adsorption. Clay minerals have great
potential as inexpensive and efficient sorbents owing to their chemical and
mechanical stability, high surface area and structural properties, high cation exchange
capacity (CEC), tendency to hold water in the interlayer sites, and the presence of
Brensted and Lewis acidity. Treatment of clay minerals with concentrated inorganic
acids usually at high temperature replaces exchangeable caﬁons with H" ions with
simultaneous partial elimination of Al and other cations from both tetrahedral and
octahedral sites, but leaving the SiO4 groups largely intact. Hence acid activation

increases the adsorbent capacity of clay.

1.4 Adsorption Fundamentals
1.4.1 General

Adsorption is a surface phenomenon. It is used as a separation process where a
species present in a fluid phase is transferred to the solid phase and gets attached to
the solid surface, if the concentration of the species in the fluid-solid boundary region
is higher than that in the bulk of the fluid . In an adsorption process, molecules or
atoms or ions in the fluid phase get concentrated or accumulated on the surface of a
solid, where they bond with the solid surface or are held there by weak inter-
molecular forces. The accumulated or concentrated species on the surface of solid is

called the adsorbate, and the porous solid material is known as an adsorbent.
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1.4.2 Adsorption Diffusion Study

In adsorption systems, the mass transfer of solute or adsorbate onto and within
the adsorbent particle directly affects the adsorption rate. It is not only important to
study the rate at which the solute is removed from aqueous solution in order to apply
adsorption by solid particles to industrial uses but also it is necessary to identify the
step that governs the overall removal rate in the adsorption process in order to
interpret the experimental data. There are essentially four steps in the adsorption of a
solute from the bulk liquid solution by an adsorbent.

1. Transport of solute from the bulk of the solution to the external film

surrounding the adsorbent particle

2. Diffusion of the adsorbate from across the external liquid film to the

external surface of the adsorbent particle.

3. Diffusion of the adsorbate from the pore mouth through the pores to

the immediate vicinity of the internal adsorbent surface

4. Adsorption of the adsorbate onto the interior surface of the adsorbent.

All these processes play a role in the overall sorption of the solute from the
bulk liquid solution to the internal surface of an adsorbent. In a rapidly stirred, well
mixed batch adsorption, mass transport from the bulk solution to the external surface
of the adsorbent is usually rapid. Therefore, the transport resistance of the adsorbate
from the bulk of the solution to the exterior film surrounding the adsorbent may be
small and can be neglected. In addition, the adsorption of adsorbate at surface sites
(step 4) is usually very rapid, and thus offers negligible resistance in comparison to
other steps, i.e. steps 2 and 3. Thus, these processes usually are not considered to be

the rate-limiting steps in the sorption process.

Stages in adsorption process

Adsorption is thought to occur in three stages, as the adsorbate concentration
increases.
Stage 1: First, a single layer of molecules builds up over the surface of the solid. This
monolayer may be chemisorbed and is associated with a change in free energy that is
a characteristic of the forces that hold it.
Stage 2: As the fluid concentration is further increased, second, third etc., layers form

by physical adsorption; the number of layers which can form can limited by the size
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of the pores.
Stage 3: Finally, for adsorption from the gas phase, capillary condensation may occur
in which capillaries become filled with condensed adsorbate, when its partial pressure

reaches a critical value relative to the size of the pore.

1.4.3 Adsorption Kinetic Study

In order to investigate the adsorption processes, various kinetic models are used
to describe the time-course of adsorption of a species onto an adsorbent. The kinetic
models include pseudo-first-order, pseudo-second-order; rate expressions when the
diffusional mass transfer resistances (external to solid, i.e. in the fluid phase, and
internal-pore and surface diffusion) are considered to be negligible. The mass transfer

based models include intra-particle diffusion model.

Pseudo-first order model
The rate of sorption to the surface should be proportional to a driving force

times an area, and the pseudo first order equation is

L= ky(qe—q) (1.2)

Where g is the amount of adsorbate adsorbed at time t (mg/g), ¢. is the adsorption
capacity in equilibrium (mg/g), k: is the rate constant of pseudo-first order model
(1/min), and t is the time (min). After definite integration by applying the initial

conditions at t=0, ¢=0 and ¢ = ¢, ¢;= ¢ , the equation becomes

k
1 —g)=logg ——2L ¢ 1.3
og(q, —q,)=logg, 5303 (1.3)

This equation is the so-called Lagergren equation (Lagergren, 1898). This equation is,
however, valid only for the initial period of adsorption. A plot of log(g, —¢g,) versus

t enables the determination of the kinetic constants.

Pseudo-Second Order
The pseudo-second-order model can be represented in the following form:

dq 2 '
2 k(g — 1.4
7 s(q.—q,) (1.4)
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where ks is the pseudo second order rate constant (g mg' min'), g. the amount of
solute ions adsorbed at equilibrium(mg g"') and q: is the amount of solution ions
adsorbed on the sorbent at any time, t (mg g™). ‘
This equation can be integrated with g,=0 at 1 =0, and q,= g, at t=t, to give

t 1 1

et (1.5)
q, ksq; 4.

At t— 0, g— 0 and Eq. (2.3) gives the initial sorption rate,

dq 2
— =h=k 1.6
dt 1 Sqe ( )

where h, the initial sorption rate, has the units of mg g min™.
The linearized plot of #/g; versus ¢ is the so-called ratio correlation. The ¢, and
the % along with the k; can be determined experimentally from the slope and

intercept of the plot of #/q, versust.

Intra-particle Diffusion Study
An empirically found functional relationship, common to the most adsorption
processes, is that the uptake varies almost proportionally with t-1/2, the Weber-Morris

plot rather than with the contact time t.
g, =k 1% +1 (1.7)
where, k,, is the intra-particle diffusion rate constant (mg g’ min™?) and 7 (mgg™) is

a constant that gives an idea about the thickness of the boundary layer, i.e., the larger

the value of 7, the greater is the boundary layer effect.

The slope of the Weber and Morris plots: q versus ¢t°°, are defined as a rate
parameter (k,), characteristic of the rate of adsorption in the region where intra-
particle diffusion is rate controlling. The higher the value of %, the higher is the

intraparticle diffusion rate.

1.4.4 Adsorption Isotherm .
The successful representation of the dynamic adsorption of solute from a

solution onto an adsorbent depends upon the equilibrium between the two phases.

Adsorption equilibrium is established when the amount of adsorbate adsorbed on the

solid surface of adsorbent is equal to the amount desorbed. At its equilibrium
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condition the amount of solute adsorbed on the solid adsorbent surface and the
solution concentration remain constant. The relationship between the amount of
adsorbate adsorbed and the adsorbate concentration remaining in solution is described
by an isotherm. The adsorption isotherm can be depicted by plotting solid phase
concentration against liquid phase concentration graphically. Equilibrium isotherms
are measured to determine the capacity of the adsorbent for the adsorbate.

A variety of different isotherm equation have been proposed, some of which
have a theoretical foundation and some being of a more empirical nature. Langmuir,
Freundlich, Temkin, Brunauer-Emmet-Teller (BET), redlich-Peterson (P-R) etc. are
commonly used adsorption isotherm models for describing the dynamic equilibrium.
In practice, the two-parameter equations (Freundlich, Langmuir and Temkin) are
more widely used than the three-parameter equations (Redlich-Peterson and
Langmuir-Freundlich) due to the inconvenience of evaluating three isotherm
parameters. However, a three parameter equation can often provide a better fit a the

isotherm data than two-parameter one.

Langmuir isotherm:
Langmuir [1918] isotherm is derived with the basic assumption that the

sorption takes place at specific homogeneous sites within the adsorbent.

g =FitnCe o S 1 ,C (1.8)
1+KLCe qe KLqm qm

'AG/RT) and is the

where, K| is a constant related to the free energy of adsorption (K - e
reciprocal of the concentration at which the adsorbent is half-saturated. C, is the
equilibrium liquid phase concentration (mg dm™). It is a measure of the attraction
forces between an adsorbate molecule and a solid adsorbent surface. g, signifies

the adsorption capacity (mg/g) corresponding to complete monolayer coverage. The
assumptions of the Langmuir model are that the (1) surface is homogeneous, which
means that the adsorption energy is constant over all surface adsorption sites (2)
adsorbed atoms or molecules are adsorbed at definite sites, and (3) that each site can
accommodate only one molecule or atom. A plot of either C./g, versus C, or the
multiple regression fit of the equation with the experimental data enables the

determination of the constants.
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Freundlich isotherm
The Freundlich equation [Freundlich, 1906] is one of the earliest empirical

equations used to describe equilibria data. This equation takes the following form:
q,=K,C"" or lnq2=anF+llnCe (1.9)
n

where, K is the Freundlich constant (I/mg), C. is the equilibrium liquid phase

concentration (mg dm™) and 1/n is the heterogeneity factor. The parameter n is

usually greater than unity. These constants can be calculated from the plot of In(C,)
versus In(g,). the Freundlich equation is most usefulfor dilute solutions over small
concentration ranges. It is frequently applied to the adsorption of impurities from a
liquid solution on to activated carbon. A high K and high n value is an indication of
high adsorption through out the concentration range. A low k and high n indicates a
low adsorption through out the concentration range. A low n value indicates high

adsorption at strong solute concentration.

Temkin isotherm

Temkin isotherm contains a factor that explicitly takes into account the
interactions between the adsorbing species and the adsorbent. This isotherm assumes
that (i) the heat of adsorption of all the molecules in the layer decreases linearly with
coverage due to adsorbate-adsorbate interactions, and (ii) that the adsorption is
characterized by a uniform distribution of binding energies up to some maximum
binding energy [Temkin and Pyzhev, 1940; Kim et al., 2004]. Temkin isotherm is

represented by the following equation:

a.= 20K, C) (1.10)
Eq. (3.4.9) can be expressed in its linear form as:
q,=B,InK, +B,InC, (1.11)
: RT : ;
where, B, = e and is related to the heat of adsorption. (1.12)

b and K, is the equilibrium binding constant (dm> mol™) corresponding to the
maximum binding energy. A plot of g, versus InC, enables the determination of the

isotherm constants X, and B, .
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1.4.5 Factors Controlling Adsorption
The amount of adsorbate adsorbed by an adsorbent from aqueous solution is

depend upon a number of factors which are discussed below.

Nature of Adsorbent

The adsorption capacity of an adsorbent depends upon its physicochemical
characteristics, specific surface area and its affinity for the adsorbate. Adsorption
capacity is directly proportional to the exposed surface of the adsorbent. For the non-
porous adsorbents, the adsorptioh capacity is inversely proportional to the particle
diameter whereas for porous material it is practically independent of particle size.
However, for porous substances particle size affects the rate of adsorption. For
substances like GAC, the breaking of large particles to form smaller ones open up
previously sealed channels making more surface accessible to the adsorbent.

Pore sizes are classified in accordance with the classification adopted by the
International Union of Pure and Applied Chemistry (IUPAC) [ITUPAC, 1982], that is,
micro-pores (diameter (d) < 20 A), meso-pores (20 A < d < 500 A) and macro-pores
(d > 500 A). Micro-pores can be further divided into ultra-micropores (d <7 A) and
super micro-pores (7 A <d <20 A). For liquids, the adsorption of organic molecular
would generally be facilitated by mesopores, which effect faster intra-particle

migration of the adsorbate.

pH of Solution

Adsorption from solution is strongly influenced by “pH” of the solution. The
adsorption of cations increases while that of the anions decreases with increase in pH.
The solution pH affects the surface charge of the adsorbents and, therefore, the
adsorption process through dissociation of functional groups, viz. surface oxygen
complexes of acid character such as carboxyl and phenolic groups or of basic
character such as pyrones or chromens, on the active sites of the adsorbent. The
hydrogen ion and hydroxyl ions are adsorbed quite strongly and therefore the
adsorption of other ions is affected by pH of solution. Change in pH affects the

adsorptive process through dissociation of functional groups on the adsorbent surface
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active sites. This subsequently leads to a shift in reaction kinetics and equilibrium
characteristics of adsorption process. It is an evident observation that the surface
adsorbs anions favourably at lower at pH due to presence of H' ions, whereas the
surface is active for the adsorption of cations at higher pH due to the deposition of

OH- ions.

Initial Concentration of Adsorbate

A given mass of adsorbent can adsorb only a fixed amount of adsorbate. So
the initial concentration of the adsorbate in the solution is very important. The
amount adsorbed decreases with an increase in the adsorbate concentration as the
resistance to the uptake of solute from the solution decreases with an increase in the
solute concentration. Therefore, the rate of adsorption increases because of the

increasing driving force

Contact time

The studies of the effect of contact time between adsorbent and adsorbate have
significant importance. In physical adsorption, most of the adsorbate species are
absorbed species are adsorbed on the adsorbent surface with in short contact time. The
uptake of adsorbate is fast in the initial stages of the contact period and becomes slow
near equilibrium. Strong chemical binding of adsorbate requires a longer contact time
for the attainment of equilibrium. Available adsorption results reveal that the uptake
of heavy metals is fast at the initial stages of the contact period, and there after it

becomes slow near equilibrium.

Degree of agitation

Agitation in batch mode of operation is most important to ensure proper
contact between the adsorbent and the solution. At lower agitation speed, the
stationary fluid film around the particle is thicker and the process is mass transfer
controlled. With the increase in agitation this film decreases in thickness and the
resistance to mass transfer due to this film reduces and after a certain point the
process becomes intra particle diffusion controlled. Whatever is the extent of agitation
the solution inside the process remain unaffected and hence for intraparticle mass

transfer controlled process agitation has no effect on the rate on the adsorption.

25



Temperature

Temperature is one of the most important controlling parameter in adsorption.
Adsorption is normally exothermic in nature and the extent and rate of adsorption in
most cases decreases with increasing temperature of the system. Some of the
adsorption studies show increased adsorption with increasing temperature. This
increase in adsorption is mainly due to increase in number of adsorption sites caused
by breaking of some of the internal bonds near the edge of the active surface sites of

the adsorbents.

1.5 Objective of the present study

The objectives of the present study are:

I. Characterization of Granular Activated Carbon (GAC), Iron impregnated Granular
Activated Carbon (Fe-GAC) and Activated Clay (A-Clay), which includes proximate
analysis, surface area, bulk density, SEM and FTIR etc.

2. Study the effect of pH, adsorbent dosage, initial concentration and contact time on

the removal of humic acid and cadmium independently.

3. Study the effect of pH, adsorbent dosage, initial concentration of Humic acid and
Cadmium and contact time on the removal of humic acid and cadmium by co-

adsorption.

4. Study the kinetics for single and co-adsorption of humic acid and cadmium using

Lagergran, pseudo second order and Weber Morris rate models.

5. Study of the isotherms used to find the adsorption capacity of the adsorbents.
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Chapter -I1
LITERATURE REVIEW

A comprehensive review is presented here on various studies, which have
been reported out for the removal of heavy metal and humic acid by adsorption using

various absorbents. The literature review comprises of the following:

2.1 TREATMENT METHODS OF CADMIUM

Several techniques have been used for the treatment of wastewater containing
heavy metals. Techniques include physio-chemical processes, such as, adsorption,

electro coagulation and biosorption etc.

2.1.1 Electrodialysis

Electrodialysis is an electrically driven membrane separation process that is
capable of separating, concentrating, and purifying selected ions from aqueous
solutions. The process is based on the property of ion exchange membranes to
selectively reject anions or cations. Electrodialysis is a membrane separation
technique where ionized species in solution are transported, through ion-exchange
membranes, under the influence of an electric field. When a solution containing ionic
species is introduced into the cell compartments, anions migrate toward the anode and
cations migrate toward the cathode crossing anion-exchange and cation-exchange
membranes. An alternate disposition of the membranes, separating the cell
compartments, allows the ions that are able to cross the anion-exchange membrane to
be stopped by the cation-exchange membrane and vice versa. With such technique it
is possible to obtain a diluate and a concentrated solution containing ionic species
(Marder et al., 2004). '

2.1.2 Electro coagulation

The electrocoagulation technologies are essentially electrolytic processes that
involve the destabilization of suspended, emulsified or dissolved pollutants in an
aqueous medium, by the application of an electric current. In electrocoagulation (a

process similar to chemical coagulation), there is a reduction of the net surface charge
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to a point where the colloidal particles can approach closely enough for Van der
Waal’s forces to hold them together and allow aggregation to take placé. The surface
charge reduction is a consequence of the decrease of the repulsive potential of the
electrical double layer by the presence of an electrolyte having an opposite charge.
This mechanism corresponds to the destabilization of colloidal particles. During
electrocoagulation, the coagulant is generated in situ by electrolytic oxidation of an
anode of appropriate material. Charged ionic species are removed from wastewater by
allowing ions to react with oppositely charged ions, or with flocs of metallic

hydroxides generated within the effluent (Escobar et al., 2006).

2.1.3 Ion exchange

Ion exchange has been in the use as treatment process for heavy metals fro
decades. A typical heavy metal ion exchange system has a fixed bed resin with ability
to exchange or remove cation or anion. Ion exchange resins are classified as cation
exchangers, which has positively charged mobile ions available for exchange, and
anion exchangers, whose exchangeable ions are negatively charged. In general,
divalent and trivalent ions are easier to remove than monovalent ion using ion

exchange (Wojtowicz and Stoklosa, 2002, Lin et al., 2008).

2.1.4 Biosorption

Biosorption is one of recent technique, used for removal of heavy metals from
wastewater. Biosorption is the binding and concentration of heavy metals from
aqueous solutions (even very dilute ones) by certain types of inactive, dead, microbial
biomass. Research on biosorption is revealing that it is sometimes a complex
phenomenon where the metallic species could be deposited in the solid biosorbent
through different sorption processes of ion exchange, complexation, chelation,

microprecipitation, etc. (Vilar et al., 2008,).

2.1.5 Adsorption

Adsorption is one among the most cost effective and simple technique.
Adsorption is a mass transfer process by which a substance is transferred from the
liquid phase to the surface of a solid, and becomes bound by physical and/or chemical

interactions.

28



6<

‘K[oAnoadsax

‘nD-VH-S pue VH—qd-S Se pasodold sem wa)sAs juauodwos-221y)

u1 9)[[09Z/YVH—N)) Pue 331[09Z/yH—qd JO 2Imonns uonexajdwos ayJ, ¢
710 Jo uondiospe pasealoul Inq pIoe dlwny jo uondiospe paseardap

ut Sunypnsar ‘uondiospe Ay 3ouAN[FUL PLo. StWNY pue NY URMIAG
uonexs[dwos pue uondiospe 2AnHdWOd “WalsAs proe-omunty/ o uf ¢
"pIoe oruny

pue +7qd y1oq jo uondiospe paonpal ur Sunynsal ‘proe dlwny yum
uondiospe aAnnadwos payqIyxd +~§ ‘wa)sAs proe-oruny/, qd uJ ‘g

‘A[eanoadsal ‘8/8w g/ pue 89 ‘¢z 21 ¢ Hd ‘Do (€ Je pIoe orwuny +29d "0 (8000)
pue _qd ‘,.nD Jo sanroeded uondiospe ay; ‘vopdiospe o[3uls Jo '] | pue  pide  olwny Bmoyoaz | “re 10 Suem | T
SWISYIOSI Yorjpunalj pue ynwdueT °g
‘uonjdiospe 3qLIOSOp 0} Pasn 2I9M SO1JAULY JOPIO PUOIIS PUE ISIL “f
‘uondiospe proe drwuny oY) Ul 3sBIIIP Ul Fun[nsai ‘proe
oruny jo :o:&o%u Pim pajedwod sperow >>mo: :o:&o%w-oo uy ‘¢
. bo>sooﬁwa ‘3/3w1 g7 pue /¢ 0} paseardul «9d
sem uondiospe _n) pue _q ‘SwosAs YH-n) pue YH-9d 104 ‘T
" +N "K[aAnvadsal ‘8/8w 9¢ pue ¢/ ‘@ +1D) seow £aeay (8002)
Jo Ayoedes uondiospe pajqiyxa ‘ploe slwny pue ‘suol _nHpue _qd °[ | pue pioe  olunyg yse K[ | “|e 10 Suemy | ‘I
ON
ERLIEREY (1] | 3)eqIospy Judqrospy SUAIIJAL | IS

*S)uUaqIOSpe SNOLIEA uisn pIde dImIny pue s[ejow £Aedy Jo uondiospe-0d uo sapmys [°7 d[qelL

*1°T 9]qe) 995 SIBYDILISII [BIAAS Aq awiry Suo] aouls A[OpIm PAIPNIS Uaq Sey JUIGIOSE SNOLIBA UO PIoB dIWny pue s[eow AAeay Jo uondiospe-o0))

5




0t

[9801pAY 2y) Jo d9e}ins ay) Je sdnoid [euonjouny pue jeqlospe UaIMIAq
uonexa[dwod sy} woiy S)nsalr Ajurewr sa1dads 19112 jo uondiospy °z
“INo paLLed 219Mm sa19ads Y1oq Jo uondiospe-09 pue Jayjoue

Iayye $9103ds auo Jo uondiospe [enuanbas ‘uondiospe saroads 9jSuIg °|

pioe

olumny  pue  pesq

Speaq [9301pAY uesoNy)

(007) ‘reg
pue ue x

- ug

AQ pamo][0} ‘saxo[dwioo VH [qe)S ISOW 3y} uLio] d) punoj sem  pOd '
"UOI [BJaW 3} JO 2INJeU Y UO pue

209 umoliq SunoA ay o urduio ayy ‘Hd uo A[3uons spuadap uondiog ‘|

(,,PO pue
,7UZ) Suol [eIo ]y

ouuSI]

(9007) ‘uejs1y

pue UBAI[YSq

‘ueyjost inwdue

quapuadap-Hd A[3uons aq 0) punoj sem ssjduues pasuI[SSOId 0JUO

proe orwny pue (,pD ‘,z1D SE yons) suol [ejow Aaeoy jo uondiospy “¢
"2Injoni)s

[eo13ojoydiow snoJod e passassod SIATIBALIIP UBSOIYD PIANUISSOI)) "€
‘sorpadoid Burjjoms-mof A[9A1IR[2I PIMOYS pue ‘BIpaw

J1Seq pue SIpIde Y10q Ul d[qnJosul Sem UesONYI-]A[D PIYUI-SSOID T
‘SaAT)Ippe Aue Jnoyim anbruys9) uonjerpesn oyy Juisn paredard

- aIom (UeSONYDIIAYISWAXOQIRD) SSAIIBALIAD UBSOIYD PAUISSOI) *]

proe sruny

pue (PO ~*,;nD)
suor [ejow AABSY

(uesonyojAyrowAxoqied)
SOAIRALIP

UBSONYD  paUI[SSOI)

(L002)
“le 1@ S8uo]

"pajeAnjoe dy uo uondiospe  nQ Jo asearout ue ul Furnsal

09330 uonjexa[duwiod € dAeY [[im PIoE dlwny pue _n) diym ‘uondiospe
oAnIRAWOd NQIYX2 OS[e VH pue qd ‘U0GIEd PajeAl}dr oy uQ

"p1oe orwuny yim uondiospe sannaduwos jussaid

[lis,.Qd pue ,nD ‘TT-INDIA 2y} UO ‘WalsAs ajeqiospe-Areurq uf ¢
-aseaJoul st Hd se puaxn Suisearoap

® SMOUS VH 9[1ym Hd Surseaisur yym asealoul [[im uondiospe

179d pue_n) ‘uondiospe sy douanjyul Apueotugis [jim gd uonnjos§ ‘g
"UOQIED PIJRAIIOE JO JEY) URY) 2I0W VH PUE *, qd °, D Jo sanvedes
uondiospe oy syuasaid ZZ-NDIN oY} ‘WIsAS E_osomEoO 93urs uf °|

24d °, ;"0
pue pioe oluny

U0qIBd PIJBAIOY

pue  ZT-INOW  9M[07

(L00D) “Te 10
eueInqienypia ],




It

3y} 9QLIOSAP 01 pasn A[[nJSSadons SI [apow uoisnyyip sjontedenuy 'g
uondiospe ayy

ut suot 12ddoo Jo aouejsisal oysuer) ssew Joy3iy Ay3i[s sasned VH v
o

Jo ayeydn a3 UO doUINJUI SSI] PEY SUOL J[BQOD JO/PUB JUIZ JO IDUISALJ “¢
DD < UOIRAUIDUOD

VH a3 1e uondiospe ay} saaosdwi pue uondiospe Jaddod ur aseardap

2 $asned (D)) UoneIUAdUOD [BINID > UONBAUIOU0D VH Y IV '

‘Hd uonnjos uo juopuadap A[ysiy sem uondiospe VH °I

(VH) proe orungy
pue suol Joddo)H

uogie)) pajeAndy

(+002)
‘nf pue usdy)

'syd

JU2I0JJ1p om] a3 1k (sanisod §v) aSueyo Adonus sjqeinoaey a51e e Yym
(sAne3ou Hy) s8ueyd snosuejuods 3)eOIPUI SIN[BA S|, “OIULISYIOPUS

9q 0} PUNOJ SeM [[BIIAO UOIIBAI UoNexa[dwWod Sjewny—Uuo!l [ejoul oY | “§
° pue  Hd 1€ pue saimjesadwd) pansap ay) [[e Je sjewiny—uyz

uey) 195381q s1 ewny—p)) 1oy |4 501 JurISUOD A)N[IGRIS [RUOIIPUOD Y], ¢
"s9xa]dwod syewny—ejaul jje J0J sarmeroduis) pue Hd

Zuisearour Aq pasearoul (ug 30[) syueISuod AN[IGeIs [eUONIPUOD Y], *T
‘poyowr wnuqiinba

a3ueyoxa-uol s, 1Iaqnyog Suisn Aq UOP Sem SUOI [e1atl KAABIY OM]) LIIM
siseQ beizy wox proe srwny jo uonexsjdwos ay} uo uonesnsaAy] ‘|

1P PUE U7

proe orungy

€00z “MHey
pue 1oyeq

"uondiospe Jo Juaxa 3y} FuUIUIULIIAP Ul J[OI

yuepodun A19A ® Aejd suorioeioul d1uedio-fejow ‘uondiospe-00 10 ‘§
"$9103ds

juanbasqns ay) Jo uondiospe paprelar Jo padsuryua Ul Funjnsal ‘paqrospe
2q 01 saroads juanbasqns ay) se say1s Surpuiq sures ay) Adnov0 Jo ‘Iof
say1s Suipulq [eUOI}IppE Sk 30’ JOYII Ued SA103ds pagiospe A[SnolAdld “¢
speaq




(49

'ss3%01d uondiospeasd ayy uey ssooosd uondiospens i) 10§ uondiospe
Jo unowre 19y31y APY3SI|S © S1 219y} ‘n)) Jo P Pue qd 0] PIAIISqO sem
sassaooad uondiospeod pue uoidiospeaid 9y} U9 JOUISYIP ON “§
PIAIISO SBM 9JIUO[[LIOW}UOU

U0 g4 p2qIospe Jo junowre ay} ul 23ueyd d[qeInseatl Ou Ing "paseardul

Sem PIOB J1WNY p2gIospe Y} Uaym nY) pue p)) J0J PaAIdasqo sem pioe
uondiospe Jo Junowre 9y} u aseaoul WFis & ‘YH Jo uondiospeaid 10 "¢ | slwny pue (,,"D
"APYS1[S pasearoul JUoLIowuoW ‘ (6661)
uo uondiospe pioe Jruny ‘[elow JuUIeAIQ Jo 3duasald uj 7 PUg PO 4d) ‘ZaIezZuon
-quopuadap Hd sem uondiospe proe orwng "1 | Spelow AAROH 9IUO[[LIOUNUOIN puenty | ‘[
"PaseaIdUIl SBM UOIIBIIUIIUOD
VH SE S3582109p S[eIoUIll 93Iy) [[e 03u0 suol Uz jo uondios g
"940T PUB G U99M)3q PISBIOUL UIJOBY UO J[IYM ‘PIsBAIOUI UOIIRIUIOUOD
VH st paseaiodp APYSI[s pues uo paqios suol qq Jo unowe YL
PaseaIdul YH PIAJOSSIP JO UOIIRIIUIIUOD
oy se pasealoul A[pider paipns sjesourui e uo suot ny) jo uoldios ¢ (,z"O pue uz
UBs IO 3)10[ed Uo Uey) urjoey uo Joysiy sem yH Jo uondiog 'z | .
P Tg ul wawEQE YNm paseardsap uondios yH d[iym +Ad) suol [Esw (cuoe)) (6661)
Hd Juisearour yym pamoaey sem uz pue n7) ‘ qd Jo uondiog ‘[ | pue pioe omuny | Ae[d> pue Jo[ed ‘pueg | “[e 10 o1A01dd | 01
06001 Sem 31 YH 10§ o[iym ‘Ajoandadsal
%8S PUE %86 21om qd pue n) Jo a3ejuoorad uondiosa( g
‘wayjost inwidue] ‘f
,29d pue, ) jo uondiospe sy pasearsul VH JO 30Udsald ‘¢ (,,9d pue nD)
3/3ui [17'] pue SUoL [elow (1002)
3/3w 657’0 21m Gd pue ) I0j sonioedes uondiospe wnuixe g | -
‘uonjesado Jo opow snoNUIUOd pue Ydjeg [ | pue proe  olwny pues pajeod uoi] | uay) pue 1| "6

‘sonjoupy uondiospe 1addod




te

"Hd s1y3 aaoqe uondiospe oy aonpai pue )74 mo[3q Hd je wniwped
Jo uondiospe ay) 30UBYUS PJNOM SPIOE JIA[N JO s9ouasaid Y], 7
suayost uondiospe Jeaur| °|

(I
PO pue pioe onuny

eUILUN| Y/

«.—ﬁ

(6861)
13 nx

j4!

‘WIBSAS djeuIdy/ vH oy

ur uondiospe ([1) pD 2y» seonpai Appuesygiugis uonexd|dwod VIdad 'S
"puan [eIousd

(ID PO 10§09 VH ~ uondiospe snosuejjnunts < VH 310§2q (1D PO v
"aeway Aq aeidn ([]) p) saseasoul proe orwny Jo audsaid ayf, ¢
*SOIIS1I910€IRYD uonexa)dwos a9eyins a3ueyoxd puedi Funiqryxs

‘Hd Surseasour yiim sasea1osp 231eway 03uo uondiospe proe SN ‘7
[opow uonexa[duwod 3JeJIns J1)eIS0NIID

-uou e Jo asn ay1 £q ameway ojuo uondiospe (1)pD Jo Surjjapowt 3y, °|

wniwpes

pue pe dmungy

SIBWAl

pue

(S661)
‘regeureyg

s1Ae(]

tl

"SpIoe pagqJospe 2y} Jo sdnoig [euonduny punoqun pagieyd

A1eAne3ou ayp yum ([I1) 1D SUOIIED Y} JO SUONORINUI ) 0} SUIMO
‘paouByUD SeM PIQIOSPE ID) JO JUNOWE 21} ‘UOHBIUIOUOD PIoe JOYSIH ¢
"PAAIISQO SBM PIQIOSpe

(11D 1D JO junowWwe 3y} Ul 3SB3IIP 331E| B ‘UONRIUIIUOD PIOB MO[ IV {
3uons KIdA alom

(11D 1D Jo 2ouasaid ay) ul yr) 10 SUOIORISUI JBQIOSPR-JUSQIOSPY €
TeIoW 2y Jo aduasqe ayy ut ueyy (1[1) 1D Jo

aouasaid ayy ut no JaySiy A[IySis sem y 1 pue yo) Jo uondiospe ayJ, ‘7
'VO>> VL

> VH 19pio oy ul ‘yH pue V[, uey} Joy31y yonur sI yo) jo uondiospy |

40 pue (VH)
poe  Jlwny pue

(V1) proe owue]

u0QqJed pajeAndy

(8661) “IB 10
BIDIRN)-0LID,]

(vD) pie oljen




122

‘parenofed
a19m ssad01d uondiospe ay Jo ( cmS Adonua prepuess omﬁ Adpeyiua
plepuess 003 A310u3 2015 prepuels ‘siojowreied orweuApoulsay) Y,
“pasn 21oMm SULISYOSI YIIpunai, pue anwue] ¢

‘Jopowr 1aplo jsa1j-opnasd Joj 31y Jood KI9A SMOYS Inq [9potll

ajonued-enul pue [9pow JOPIO puodas-opnasd papoddns eep onoury Ay 7
*K1aanpadsal jw O¢/3 01 pue 9 < Hd ‘Uiw 9

punoj a1om a3esop juaqiospe ‘Hd wnumdo ‘owm wiiqiinbs sy, '

(IDpPd

"uoneAljde qHuz
AQ Qu0)s  QAIO
wolty patedaid

uogie) paAIBANOY

(8007) “1e 12 BINY

“A[oAnoadsal *,.5 W [900°0
pue ©, unw  §Jw /¢°] ¢ W L7000 oM (%) JUBISLOD JOJSURI) SSBUI [BUIIXD
oy pue (PY) Juelsuod Jagsuel; ssew oponaedenur ayy (1) ayes uondiospe Y7, 9

- 8

Sw 7€ parenba (11)pD) 103 waqiospe A ay1 Jo Anoedes uondiospe oy F_. s
‘uonydios

[PULISYIOST [9POW 0} PAsn Iom SULISYIOST YoI[punds] pue Inwidue| YL
*1op10-)sitj-opnasd Jo [apowr & Aq paqLIdsap aq ued uondios Jo soneun| Y7, ¢
-, Hd 18 paurelqo sem gIALL oy Aq [eaowsas (I1) pO winwndo sy, 'g

"yIeq meJ 0) uostiedwiod Ui SUOI el AAe3Y 10]

A5UQ101J39 [EAOWAI S} PAOURYUS JUSSLAI UOIUS, YIIm SIeq B JO UOIBIYIPOIA “|

(1D PO

Nied 921) suid

(8007) ‘unsinQg
pue ungry

1

JouaIaJu]

218qIOSPY

1U9QIOSpY

SQ0U2IJoY

‘0N
IS

‘§)UIQI0SPE SHOLIBA SUISN WINIWPED JO [EAOWIAI U0 SAIPNIS 7T dqeL

*7°Z 31q®) 938 SJUSQIOSPE SNOLIBA

Buisn sayoIeasal [I9A3S Aq SOpEoSp Jse] Aouls A[9pla paIprus Usaq sey anbruyody uondiospe Juisn Jojemalsem WOL WRIWDPE) JO [BAOWSY




¢t

'suol (J)pD 10y ssavoad uondios ay jo

ainjeu snoauejuods 2y} pue AN[IQISEI] 2Y) ULUOD DO PUB DDA ‘dDS 0o
uondios ([[)pD 10J paurelqo SanjeA JuJIJJ309 UOISnJIp o[onued-enur oy,
"JU9QJIOSPE Y} JO JOBLINS I9INO ) OJUO SUOI ([) PO JO J2Ar|OUOUI JO UOTJRULIOJ
Ay} p23sad3ns uLdYJOS! YOI[pundl, pue Jnwdue] jo Aijiqesidde oy ¢

‘DS <D< DO 19pio oy} ur ‘AjoAnosadsal

‘dDS Pue DD “DOf 10J %S8 PUB %66 ‘%S 66 -ZIA SUIQIOSPE dU) [[& 10]

9 Hd 18 paA1asqo sem suol [eloul ([]) wniwped Jo uondiospe wnwixew ayJ ‘7
"I/8 07 30 9s0p uaqlospe ue yim wdi 05z Jo paads Surums je urw

09 JO aw 1083U02 B Y3IM ()'9 Hd 18 paAIasqo Sem [BAOWAI [EJOW WINWIIXEJA] "

(1) PO

(Oon

ed

[10 eydosje[ pue
(DON) qoduI0d

z1e|y (dDS)
assedeq suedredng

(8002) “Te 10 81D

‘uonnjos snoanbe ur suor [ejawr 1oy30 Jo souasard

oy Aq passaxddns sem uondIos ay) ‘SwIsAs Arento) pue Areuiq ay) u] 4
"A[IU3ISISUOS 10U Ing Y3Inoy) [epuawiIadxs

oy} Jussaidas Ajjerauad 01 punoj ale s[apowr Ydsi[punai pue nwdue] ‘¢
"SWA)ISAS

o[3urs e ur

(IDPD < (INad < (ID3H Jo 12pIo 3y} Ul sfeldwr Juimoj[oj aus Jo uondiospy 'z
‘sonsudRIRyd Uondiospe

aA1adWod 3y) 21S1ISAAUI 0} PAIONPUOd d1oM ([/3W) UOIRIIUSOUOD UOI [BAUI
Surkiea ynm suoisAs (A1ero) pue Areulq) jusuodwod-ninw pue -OUoA * |

(IDpD pue
(D31 “‘(nad

[9S010e uoqie)

(8002)

“Ie 19 npaAlipey]

(1D pD Sutsowar

10J JUQIOSPE JS0-MO[ JANBUII)[E U SI JUOIS JAI[O WO UOGJED PIJBAIDY "9
"8 W ST'06L JO ealE

a90eLINS 9103ds Y Y}IM SUOJS JAIO WO SUOGIED PIJeAL}OR paonpoad ay) jo

o[dwes 3s9q 9y} sem UOIIN[OS [DHUZ 2,07 YIM paonpoid suoqies pajeAndy ¢




9¢

suonnjos

snoonbe u1 sjejow Aaeay denus o3 ayensqns Juistwod aq 03 punoy 44§ °§
"ULIBYIOST YO1[punaly “f

"Suol

[e1aw 3y} Yyi1oq JO [eAowdl wnwiido ayj JOJ JUIIINS Sem ] /3 § JO S0P V '€
‘Ajoanoadsaar 3/3w

$'€v 3/3W 1°9¢ 9q 01 punoj a1am (11)qd pue (I1) pD Joj Atoedeo uondiospy g
"K1eanoadsar (11) q4 pue (11)p) 10j gd wnumdo punoj 91om ¢ pue ¢'¢ Hd 1

(I
qd pue (IDPD

(d€s)
dind 199¢ 1e3ng

(8002)
“Ie 32 ueAlYd

-quasald aram syelawl asay) A[uo uaym (INpD

JoAo (11)qd 103 Atunge Suisearoul ue JUIMOYS ‘pajen|eAd os[e sem asseSeq
adei3 uo says uondiospe awes ay3 10J S[eIdW UAIMISq uonnadwos Y| "¢
"Ajpansadsal ‘(11)qd pue (11)pD 10}

[-8 [oww 8740 pPue $/.°() 39 03 punoj pue japow anwdue] ay) Suikjdde £q
suuayyost uondiospe wiolj pajejnojed aJom s[ejaul 10§ Aoedeo uondiospy -z
A1aAnoadsar {(11)ad pue (I1)pD 10} € pue £ d1am punoj sanjea Hd a4 [, °[

(I
qd pue (IDPD

asseSeq adein

(8002)
‘Ie 19 ejjouLe

‘[opow .JapJo-)si1j opnasd ay} ueyy

e1ep uondios ay} Jo uone|1I09 19139q sapiaoid [apouw JopIo-puodas opnasd ayy
1eys sajedlput O 87 aunjeladwa) pue 9 Hd 18 uondios Jo Apms sonaury Y[ g
‘A[oAnoadsal ‘o1uisyjoxa pue s[qises) sem ssaooid oy

1) pamoys (oHV) a3ueyd Adjeyiua sy pue («HV) a8ueyo AS1oud aa1] Y], ‘¥
"L'ST 01 661 Wox pasea1odp (y)

1UBISUOD Yot[punal] pue §/3w ¥ 01 $ 69 WoI) pasea1ddp st (xewh) Anoedes
uondiospe wnwixew oy} ‘Yo G4 03 7 wioy aryesadwiay ur Juisearou] ¢

"BJep [ejuawiliadxa Ino pajjapow Ajdrenbape arom

S[opow ysI[punal,] pue Jnw3ue] syl Jey} sajesrpur Apnis WIdyosi Y[, g
‘%9799 sem Hd S1y] Je [eAOWII WNIWPED WnWIXBW

oy pue 9 sem Hd winwmdo oy jey) pazesipur saipmys Hd yoreq sy -1

(10]e)

ed SAIO

(8007) bnorejy
pue 1oquy-[y




L

-anpaad Jo 8/p) jo Swi 74°( sem [apow

sewoy [, 9y} Sursn sjuawiadxd uwinjoo ur winiwped 1oj aipaad jo Ajidedeo
oAnNdiospe 9y} pue BJEp UWN[O 9Y} 9QLIOSIP O} Pasn Sem [OPOW SBWOY |, Y[, °¢
“ULISYIOSI YOI[punai] Y3 pamoj[oJ aJad uo wniwpes

10} usoped uondiospe sy} jey) pAMOYS ejep 3y Jo sisA[eue ULISYIOS] “f

"EJep dlauny

3y} PaqLIOSap 1S9q [SPOU )l UOI}OBAI J9PIO-pPU0d3s-opnasd s, e 32 OH Y[, '€
4 9 sem d1ad uo uondiospe

WwiNIwWped 1o} suwn wnuqinbs yeyy payesiput 9 Hd je saipngs o1jouy sy, ‘g
"04,GG Sem Hd SIy) 1B [BAOWII WINfWPED WINWIXeUW 3} puB ()'9 Sem

Hd wnwmdo sy, ‘uonendioaid 03 anp Ajqeqoid sem [eaowal wnjwped ‘6 Hd
puokagd ‘0] pue ¢ usamiaq patreA sem Hd ay) usaym ‘o406 01 () WOLJ Paseaoul
onjaad uo uondiospe wniwpes ay) Jey) pajesipul satpys Hd yoyeq Y, |

§10]%0)

g

(2002)
ueAeySerell A

pue ue3epeIyleN

01

"[opOW YOI[punal 3y} udy) 19139q [dpow JInwiuey
-winwndo 9q 0) punoj sem JUSQIOSpe Jo /3 ] Jo 9so( ‘¢
*K1oAnadsar (JDIN pue (I1) pD 10JS°9 pue (9 Jo anjea Hd wnumdo g

"1/3wg] pue |/Fup|
JO UOHRJIUIOUOD B JB PALINDJ0 [A[OIU puR WNIWpe) JO uondiospe WnWIxe |

(N
pue (IDPD

yse A|j ossedegq

(£002)
“Ie 10 v)dnn)

[spou JapIo-puoods-opnasd pamorjof sonauly uondios ayJ, °g

"DV JO 3/3W /%1 PUE $9°41 “0°1 [ 29 03 punoj

s ([Puz pue (IDIN ‘(IDPO 103° cwp/3w 0og = 00 10§ Andedes I1saydiy syf, p
Y ¢ 2q 03 punoj sem duwny wnwndQ ¢

"suol ([puz pue (IDIN ‘(IDPD

JO [eAowa1 Jo} cwp/3 ()7 2q 03 punoj sem a8esop juaqiospe wnumdQ g

"0°9 OHd 1€ Ind50 03 punoy

sem (IDuz pue (IDIN ‘(IDPD "ZIA ‘suones ay} [[e Jo uondIos wnunxe ‘|

(1) IN pue

IVD

(£007)
“J© 19 BARISBALIG

(ID uz ‘aDpd




8¢

‘Syuenyyye [erusnput wLem Jo Suoyuow uoynyrod ur

Aunqera sit Sunreotpur O o€ 12 950t weyy 0 I yesdn 1oyBry sMOYS Py puen) °¢
: AN 103 0D JO [owu 6()°g] PUe’p) JO Jowuy9 ¢ |

PUE 311 10J "0 Jo joww 0g°8] pue ‘p) JO [OWWYE €] “a'T 2AnJonijs adme|
Ae[5 a1 01 UO suoI [EIOW JO Annqesdueyoxa ay saaoxdu 3uryoes| p1oy ¢
N 10} "D JO [owwg |

PUE "D JO Jowul ¢]°¢ pue 3| 10§ N JO [OWW 9('E PUe PO JO [OWUI §'¢ P
“o'I” sanurjoey Jo Anjiqeadueyoxa oy SI010p SUO[e UOBIJIPOW [BULIDY ], "7 .
PIYIpOW [eULIY) pUE PIJEALIOT PIOE SEm SSNUIIOBY'[ | pue  ([)PD SONuUIIoeY] | 8661 “12 10 feing | ‘yj




Chapter — 111
EXPERIMENTAL PROGRAMME

This chapter deals with the materials and methods of analysis, and the

experimental procedures adopted to collect the experimental data.

3.1 Materials
3.1.1 Adsorbent

Adsorption of Cadmium and Humic acid were studied using three adsorbents,
namely, Activated Clay (A-Clay), Iron impregnated Granular Activated Carbon (Fe-
GAC) and the commercial grade Granular Activated Carbon (GAC). Clay was
obtained from potters of Roorkee, Uttarkhand. Coconut-based GAC was purchased
from ZeoTech Adsorbents Pvt. Ltd., New Delhi.

3.1.2 Adsorbate

All the chemicals used in the study were of analytical reagent (AR) grade.
Cadmium was procured from, Rankem , Mumbai (India) and Humic acid, sodium
salt was procured from Sigma Aldrich (Germany). The stock aqueous solutions of
1000 mg/l concentration has been prepared for each of the compound by taking

respective amount of chemicals in distilled water (DW).

3.2 Preparation of Absorbent
3.2.1 Acid activation of Clay

Fifty grams of natural clay, with a particlé size of 0.02-0.06 mm, were
activated by refluxing with 250 ml of 1M H,SO, at 80°C in a round-bottom flask for 2
h. The slurry was air-cooled and filtered. The filter cake was repeatedly washed with
distilled water until the filtrate was neutral. Finally, it was dried in an oven at 110°C

before use [Chang et al., 2004].

3.2.2 Preparation of Fe-GAC

Hundred grams of the granular activated carbon was treated with 240 ml of

ferric chloride solution containing 2.5% Fe®* (pH 6.8+0.2), the pH was raised to 12 by
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the addition of 1N NaOH solution. The high pH value for impregnation was
considered for generation of maximum surface charges on the surface of GAC-Fe.
The impregnation was carried out at 70°C on a water bath till the complete
evaporation of water was observed and then it was dried at 110°C for 24 h. The dried
material was washed with distilled water till the washing liquid became free from iron

and then dried to constant weight (Mondal et al., 2008).

3.3 Adsorbent Characterization

The physico-chemical characteristics of the three adsorbents were determined

by using standard procedure as described below.

3.3.1 Proximate Analysis

Proximate analyses of the adsorbents were carried out using the procedure
given in IS 1350:1984. Sample was divided into two portions. The first portion of the
sample was placed in a silica crucible and its moisture was determined. To determine
the moisture content, sample was weighed and kept in oven at 105 °C, for 1 h. After 1
h the dry weight of sample was taken and % moisture was determined from the
difference of initial weight and final weight (dry weight). After that, the sample was
heated to 750 °C in a muffle furnace and maintained at this temperature for 2 h or
more till a constant weight of the residue was obtained. The weight of the residue
represented the ash content of the adsorbent. The second portion of the sample was
placed in a crucible, covered with a lid and heated in the furnace at 600 °C for six
minutes and thereafter at 950 °C in the furnace for another six minutes. Thereafter the
crucible was kept in a dessicator for cooling and then the crucible was weighed. The
volatile matter was found by subtracting the corresponding moisture determined

previously

3.3.2 Density
Bulk densities of the adsorbents were determined by using MAC bulk density

meter.

3.3.3 Scanning Electron Microscopic (SEM) Analysis
To understand the morphology of the adsorbents before and after the

~
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adsorption of adsorbate, the SEM micrographs were taken using LEO, Model 435 VP,
UK. The particles were first gold coated using Sputter Coater, Edwards S150, to

}:irovide conductivity to the samples. The SEM micrographs were taken thereafier.

3.3.4 Surface area

Textural characteristics of adsorbents were determined by nitrogén adsorption
at 77.15 K to determine the specific surface area and the pore diameter using an
ASAP 2010 Micromeritics instrument and by Brunauer-Emmett-Teller (BET)
method, using the software of Micromeritics. Nitrogen was used as cold bath (77.15
K).

3.3.5 Fourier Transform Infra Red (FTIR) Spectral Analysis

FTIR spectrometer (Thermo nicolet, Model Magna 760) was employed to
determine the presence of functional groups in the adsorbents at room temperature.
Pellet (pressed-disk) technique has been used for this purpose. The sample was mixed
with KBr (IR spectroscopy, grade) thoroughly and pellet was made by using a special
mold provided to make pellet under the pressure of 15 ton. The spectral range was
from 4000 to 400 cm™.

3.4 Analytical methods

3.3.1 Analytical measurements for Humic Acid

The concentration of HA in the liquid sample was determined by a Perkin
Elmer Lambda 35 double beam spectrophotometer. A standard solution of HA was
taken and the absorbance was determine at different wavelengths to obtain a plot of
absorbance versus wavelength. The wavelength corresponding to maximum
absorbance (Apax) Was determined from this plot. The Ayax for HA was found to be
254nm. Calibration curve was plotted between the absorbance and the concentration

of HA solution. The linearity of calibration curve (fig 3.1) from indicated the
applicability of the Lambert-Beer’s Law.
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Fig 3.1 Calibration curve for Humic acid

3.3.2 Analytical measurements for Cadmium

Concentration of Cd was determined using Atomic Absorption spectroscopy
(AAS) (GBC Avanta, Australia). The AAS used for Cd (II) concentration in the
samples had the detection limit of 0.009 mg/l at the wavelength of 228.8 by using air—
acetylene flame. Before the analysis, the sample was diluted to a metal ion
concentration in the range of 0.2—1.8 mg/1l with distilled water. Calibration curve was
plotted between the absorbance and the concentration of Cd (II). The linearity of

calibration curve (fig 3.2) from indicated the applicability of the Lambert-Beer’s Law.
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Absorbance -
=4 —
e (7]

I !

e
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()]
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0 . T ,

0 0.5 1 1.5 2
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Fig 3.2 Calibration curve for Cadmium
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3.5 Batch Experimental Programme

The batch adsorption studies were performed to study the effect of different
parameter like initial pH, adsorbent dosage (m), initial adsorbate concentration (Co)
and contact time (f) on adsorptive removal of HA and Cd (II). Batch experiments
were conducted at 301 °C. For each experimental run, 50ml of the HA and Cd (II) of
known concentration were taken in 100ml stoppered conical flask. The samples were
agitated in a temperature controlled shaking water bath. Samples were withdrawn at
appropriate time intervals. The filtrate solution was analyzed for remaining
concentration of HA and Cd (II). The effect of pH was studied over a pH range of 2 to
8. For the optimum amount of adsorbent, 50 ml HA and Cd (II) solutions were
contacted independently with different amounts of adsorbent till equilibrium was
attained.

To study the adsorption kinetics, 50 ml of the aqueous solution containing
known concentration of the adsorbate and known amount of absorbent was taken in a
100m! of conical flasks. The flasks were kept in a temperature-controlled shaker and
the aqueous solution-adsorbent mixtures were stirred at 150 rpm. At the end of the
predetermined time ¢, the flasks were withdrawn, their contents were filtered and the
supernatant analyzed for the respective sorbate concentration. For adsorption
isotherms, solutions of different concentration were agitated with known amount
adsorbent till the equilibrium was achieved. Experiments were conducted out at the
optimum pH by using a fixed amount of adsorbent with 50m! of the respective sorbate
solutions having initial concentration in the range of 25-200 mg/l for Cd (II), 20-
100mg/1 for HA.

Similarly, for co-adsorption, effect of pH, contact time and adsorbent dosage
were also studied in the same manner, by keeping concentration of HA and Cd(1l)
constant. For effect of initial concentration of HA, the Cd (II) concentration was kept
constant while the HA concentration varied. Similarly for the effect of initial
concentration of Cd (II), HA concentration was kept constant while the Cd (II)
concentration varied.

The removals of metal ions from the solution and the metal uptake in the solid

phase or surface loading, ge (mg/g), were calculated using the following relationships:

43



Percentage metal ions removal= (Cy-C.)* 100
Ce
Amount of adsorbed metal ions per g of solid (ge) = (Cy-C)V
m
Where
Cy is the initial metal ion concentration (mg/1),
Ce is the metal ion concentration (mg/l) at any time ¢,
V the volume of the solution (1)

m is the mass of the adsorbent (g).
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‘ Chapter -1V
RESULTS AND DISCUSSION

4.1 General

This chapter presents the results and discussion on the adsorption of humic
acid and cadmium from aqueous solutions onto commercial grade granular activated
carbon (GAC), iron impregnated granular activated carbon (Fe-GAC) and activated

clay (A-Clay). This chapter has been divided into the following sections:

1. Characterization of adsorbents
2. Batch adsorption studies
3. Kinetic and isotherm studies

4.2 Characterization of Adsorbents

Proximate analysis was carried out for physico-chemical characteristics. The
physico-chemical characteristics of GAC, Fe-GAC and A-Clay are given in the table
4.1. Proximate analysis showed that GAC and Fe-GAC has approximately same ash
and fixed carbon percentage. Bulk density of A-clay was higher than both Fe-GAC
and GAC. It can also be seen that bulk density of the GAC has increased drastically
after iron impregnation,

For structural and morphological characteristics, scanning electron microscope
(SEM) analysis and Energy Dispersive Spectrum (EDS) were carried out. The SEMs
of the blank GAC, Fe-GAC and A-Clay and HA, Cd (II) and HA-Cd loaded GAC, Fe-
GAC and A-Clay are shown in Fig. 4.1 through 4.3. These figures revealed the
surface texture and porosity of the blank and loaded adsorbents. Comparing the SEM
of GAC and Fe-GAC blank (Fig. 4.2 and 4.3) it can be seen that an amorphous layer
was formed on GAC due to the impregnation of Fe**. Due to this reason the specific
surface area of GAC-Fe was less than GAC (Table 4.1).

The EDS X-ray detector measures the number of emitted X-rays versus their
energy. The energy of the X-ray is characteristic of the element from which the X-ray
was emitted. A spectrum of the energy versus relative counts of the detected X-rays is

obtained and evaluated for qualitative and quantitative determinations of the elements
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present in the sampled volume. Fig (4.4 - 4.9) shows the energy dispersive spectrum
for the GAC, Fe-GAC and A-Clay before and after adsorption of Cd. Fig 4.10 shows
the FTIR of GAC, Fe-GAC and A-Clay.Spectrum of GAC (fig 4.10) showed that
there was only C to C stretching. In A-Clay spectra, (fig 4.10) there was O-H and N-H
group stretching at 3433.46 cm™, 3622.87 cm™ and 3698.44 cm™. There appeared to
be a C=N group around the wavelength of 1630.88. Band at 796.94 cm™ and 784.08
cm™ is due to symmetric and asymmetric stretching of Fe-O stretching.

Fig 4.8 shows the FTIR of humic acid and humic acid-cadmium. FTIR
provided the structural detail of HA and HA-Cd. For HA, a peak at 3400 cm’
indicates hydrogen-bonded O-H stretching vibrations from phenolic and aliphatic OH
groups. At 2920 cm’ there was asymmetric stretching vibrations of aliphatic C-H
bands in  -CH3 and —CH2 units and Symmetric C—H stretch of aliphatic bonds in —
CH3 and  —CH2 units was appeared at 2851 cm™. A peak at 1550-1580 cm™' may be
due to C=C stretching in aromatic rings, asymmetric stretching stretching of -COO",
hydrogen- bonded C=0, or C=C stretching alkenes conjugated with carbonyl groups
or other double bonds. A peak at 1384 cm™ may be due to O-H bending vibrations of
alcohol. (Organic matter in water). For HA-Cd, there was a sharp peak at finger print
region i.e. at 627.23 and 636.13 cm™ due to symmetric and asymmetric stretching of
Cd-O. There were sharp peaks at 1142.21 ¢cm™, 1142.41 cm™ and 1089.07 cm™ due to
formation of complex with Cd, which was not found in HA spectra. A peak at
1384.29 was due to N=0O. There was a sharp peak at 1629.22 and broadening at
3467.36 cm™ which indicated for Cd*".
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Table 4.1: Physico-chemical characteristics of adsorbents

Characteristics GAC Fe-GAC A-Clay
Proximate analysis

Moisture (%) 4.41 3.79 4.158
Volatile matter (%) 3.32 3.9 =

Ash (%) 50.4 51.9 -
Fixed Carbon (%) 41.91 40.37 -

Bulk density (kg/m’) 599.32 850.2 1131.8
Chemical composition

EDS analysis

C 75.18 9.19 12.95
0O 9.88 37.27 44.23
Si 10.0 16 30.37
Al 2.83 6.33 7.83
Fe 1.11 22.68 2.66
Ca * 3.04 N

Mg - 4.5 -
Surface area (BET) m*/g 358.3 348 90.3
Monolayer Volume cm®/g 82.308 79.948 20.735

47




M % i : g 5
Mag | Det e 20.0pm Mag iDet; WO
1500 ETD] 10 0 mm i 10:16:52 AM: 11T ROORKEE 2000x}ETD) 16 4 mm i 102

A-Clay — Blank A-Clay -- Cd

THV | Mag | Det] WD | 8/9/2008 u
20.0 k¥ 20005 ETD!1C 3 mmi4:57:27 PM IIT ROORKEE | : 3 “iiT ROORKEE

A-Clay -- Cd-HA - A-Clay -- HA

Fig 4.1 SEM of blank and loaded A-Clay with HA and Cd
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4.3 Batch Adsorption Studies

In order to study the effect of different parameters the batch operations were
found most suitable. Batch adsorption experiments were carried out in 100 ml
stoppered conical flask for removal of Cd(Il), HA and Cd-HA from the solution of
known concentrations. Effect of various parameters viz. adsorbent dose (m ), initial

pH ( pH,), contact time (¢) and initial concentration (C,) on the adsorption of HA

and Cd(II) onto GAC, Fe-GAC and A-Clay adsorbents have been discussed in this

section.

4.3.1 Effect of pH:

The pH is one of the key parameters in the adsorption process. The pH has
significant effect on adsorption, as it affects the surface charge of adsorbent and also
chemical speciation of the adsorbate. Effect of pH on the adsorption of Cd (1) is
shown in the fig 4.9. Cd**, Cd(OH)*, Cd(OH)s, Cd(OH)ys) are the forms of cadmium,
present in deionised water [Garg et al., 2008]. Adsorption of Cd (II) increased with
increase in the pH of the solution. The removal efficiencies increased sharply from pH
2 to pH 6 and thereafter remained constant. The % removals at pH 2 were 30.4%,
24.3% and 15.2% whereas it was 84%, 78.7% and 75% at pH 6 for GAC, Fe-GAC
and A-Clay respectively. Based on the results, all the experiments were conducted at
pH 6. There was no significant change in rate of adsorption due to precipitation of Cd
ions at higher pH (Gaballah and Kilbertus, 1998, Al-Anber et al., 2008). At low pH,
the H ions compete with cadmium ions on the active sites, as a result removal was
very low. As the pH increases, the H" ion concentration decreases and hence the
positively charged Cd ions are adsorbed at negatively charged sites on adsorbent
(Gupta et al., 2006, Al-Anber et al., 2008). Reed and Matsumoto showed the Cd (II)
ion predominates at pH below 7 and it begins to precipitate out as Cd(OH); at pH
values just above 9. At pH 8, the species distribution is approximately 90% Cd(II) and
10% Cd(OH)".

Effect of pH on the adsorption of HA is shown in the fig 4.10. Humic acid
contains both hydrophobic and hydrophilic moieties as well as many chemical
functions of carboxylic, phenolic, carbonyl, and hydroxyl groups connected with the

aliphatic or aromatic carbons in the macromolecules (Davies and Ghabbour, 1998).
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The existence of carboxylic and phenolic groups predominantly in humic acid results
in carrying negative charges in the aqueous solution. As shown in fig. 4.10, the
capacity for HA adsorption was found to increase in general with decreasing pH. At
low pH, the HA exist as partly or fully undissociated/protonated forms while
adsorbents present positive charge, which favours the HA adsorption due to the
electrostatic abstraction. The surface of adsorbents becomes negatively charged as the
pH increased. Thus, HA adsorption was less. It was observed from the fig 4.12 that
between pH 2 and 5 there was no significant change in the removal. As the pH
increased there was drastic decrease in the removal from 68%, 63% and 60% at pH 5
to 30%, 29% and 24.6% at 8 for GAC, Fe-GAC and A-Clay respectively. Based on
this result pH 5 was chosen as the optimum pH.

Figs 4.11 and 4.12 show the effect of pH on co-adsorption of HA-Cd on GAC,
Fe-GAC and A-Clay. It was be seen that even in the co-adsorption system the
adsorption capacity for Cd(Il) increased with increase in the pH. Similarly HA also
showed the same trend as in single adsorption. It was found at pH 35, the capacity for
HA adsorption starts to decrease drastically while for Cd(II) adsorption capacity was

almost constant. So pH 5 was the considered to be optimum pH for co-adsorption.
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Fig 4.9 Effect of pH on removal of Cadmium using GAC, Fe-GAC and A-Clay
(Co= 50mg/l, Adsorbent dosage=5g/1, T=300 K)
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Fig 4.10 Effect of pH on removal of humic acid using GAC, Fe-GAC and A-Clay

(Co= 50mg/l, Adsorbent dosage=5g/l, T=303 K)
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Fig 4.11 Effect of pH on removal of Cadmium in coadsorption (HA-Cd) using

GAC, Fe-GAC and A-Clay (Co= 50mg/l of HA &Cd, Adsorbent dosage=10g/l,

T=303 K)
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Fig 4.12 Effect of pH on removal of humic acid in coadsorption (HA-Cd) using
GAC, Fe-GAC and A-Clay (Co= 50mg/] of HA &Cd, Adsorbent dosage=10g/1,
T=303)

4.3.2 Effect of Adsorbent Dosage ()

The effect of adsorbent dosage (M) on removal of HA (Co=50mg/1), Cd(II)
(Co=100mg/l) and HA-Cd (Co=50mg/l both HA and Cd(II)) by GAC, Fe-GAC and
A-Clay have been shown in Figs. 4.13 — 4.16. From the figures, it was generally
found that the removal for a fixed concentration increased with an increase in amount
of adsorbent but the capacity of the adsorbent for the sorption of adsorbate, i.e. the
amount of adsorbate sorbed per unit weight of adsorbent decreased with an increase in
adsorbent dose. The removal percent increased with increase in adsorbent dose due to
increase in the total available surface area of the adsorbent particle.

From fig 4.13, it was observed that Cd(II) removal increased significantly with
increase in m upto 10 g/l for Fe-GAC and A-Clay, while for GAC upto m=5g/l
Beyond m =10 g/l , the removal remained almost unaffected by the adsorbent dosage.
At m < 10g/l, the adsorbent surface becomes saturated with Cd. For m > 10 g/l the
Cd(IT) removal became very low. Thus m = 10 g/l is chosen as the optimum dose for
the removal of Cd(Il). For HA, it was observed from fig 4.14, that there was a drastic

increase in the removal upto m=5g/l, i.e from 18.5%, 14.5 and 23.1% at m=1g/I to
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68%, 63% and 58% at m=5g/l for GAC, Fe-GAC and A-Clay respectively. For
m>5g/l the removal was almost constant. Hence the optimum dose was 5g/l for HA.
Fig 4.15 and 4.16 shows the effect adsorbent dosage on co-adsorption. In co-
adsorption HA-Cd, Cd(II) removal gradually increased as m increased, while for HA
the increase was sudden upto m=5g/l for GAC and A-Clay than Fe-GAC. The

optimum adsorbent dosage was found to be 10g/l for co-adsorption.
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Fig 4.13 Effect of adsorbent dosage on removal of Cadmium using GAC, Fe-GAC
and A-Clay (Co= 100mg/l, pH=6, T= 300K)
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Fig 4.14 Effect of adsorbent dosage on removal of humic acid using GAC, Fe-
GAC and A-Clay (Co= 50mg/l, pH=5, T= 300K)
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Fig 4.15 Effect of adsorbent dosage on removal of Cadmium in Co-adsorption

[HA-Cd] using GAC, Fe-GAC and A-Clay (Co= 50mg/l, pH=5, T= 300K
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Fig 4.16 Effect of adsorbent dosage on removal of Humic acid in Co-adsorption

[HA-Cd] using GAC, Fe-GAC and A-Clay (Co= 50mg/l, pH=35, T= 300K)

4.3.3 Effect of Initial Concentration (C,)

The effect of C, on the adsorption of HA, Cd (II) and HA-Cd is shown in

Figs. 4.17 - 4.26. For single adsorption, the removal of HA and Cd (II) decreased with
an increase in Cy, although the total amount of adsorbate adsorbed per unit mass of
adsorbent, i.e. g, increased with increase in Cyp. The increase in adsorption uptake with
an increase in Cy is attributed to an increase in the driving force for adsorption and a
decrease in resistance to the uptake of adsorbate by the adsorbents from the solution.
From the fig 4.17 and 4.18, it was found that thé adsorption capacity q.
increased rapidly from 2.5mg/g, 2.45mg/g and 2.4mg/g at Co=25mg/l to 9.65mg/g,
8.55mg/g and 7.45mg/g at C0=125 mg/l for GAC, Fe-GAC and A-Clay, respectively.
Later increase in Co had no significant change in g.. As the g. increased the removal
percent decreased. It was also observed that all the three adsorbents followed the same
trend but only the efficiency differed in the order GAC>Fe-GAC>A-Clay. Fig 4.19
and 4.20 shows the effect of initial concentration of HA. Similarly the g. started to

increase significantly in the initial concentration and later was almost constant.
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Co-adsorption of heavy metal ion and HA adsorption was different from that
in single-component adsorption. The adsorption of Cd (II) was reduced in the
presence of HA while adsorption of HA significantly increased in presence of metal
ion. Fig (4.21-4.22) shows the effect of Cd(II) initial concentration on humic acid
adsorption. As per Wang et al., (2008) during the co-adsorption process, competitive
adsorption of humic acid and heavy metal ions will occur on surface hydroxyl sites. In
the presence of humic acid, complexation of metal ions with humic acid can occur via
the functional groups, carboxylic and phenol, which are not binding to the solid
surface:

HA-COOH + Me**— HA-COOMe + H'

HA-OH + Me**— HA-OPb + H'

There are two possible structures for the adsorption of metal and organic complex
compounds on mineral surfaces. One is the S-Me-HA and the other is the S—-HA-Me,
where S represents the adsorption site on the solid surface and Me is the metal ion
Many researchers have suggested S—-Me-HA is the suitable model (Liu and
Gonzalez, 1999, Katsumata et al., 2008). It can be seen from the fig (4.23 - 4.24) that
HA adsorption increased as concentration of Cd (II) increased. Single component
adsorption of HA, the removal was around 72%, 66% and 61%, while in presence of
Cd(II) removal increases to around 80%, 75% and 76% for GAC, Fe-GAC and A-
Clay respectively. The effect of initial concentration of HA on Cd (1I) adsorption has
been shown in the fig (453 - 4.24). It can be seen that initially the removal of Cd(II)
increased slightly, as the concentration of HA increases the removal of Cd (II)
decreases from 82%, 77.4% and 68.8% to 66.6%, 50.8% and 57% for GAC , Fe-GAC
and A-Clay respectively.
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Fig 4.17 Effect of initial concentration of Cadmium on its removal using GAC,

Fe-GAC and A-Clay (pH=6, Adsorbent dosage=10g/1, T=300 K)
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Fig 4.18 Effect of initial concentration on removal of Cadmium using GAC, Fe-

GAC and A-Clay (pH=6, Adsorbent dosage=10g/l, T=300 K)
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Fig 4.19 Effect of initial concentration on removal of Humic acid using GAC,

Fe-GAC and A-Clay (pH=5, Adsorbent dosage= 5g/l, T=300 K)
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Fig 4.20 Effect of initial concentration on removal of Humic acid using GAC,

Fe-GAC and A-Clay (pH=5, Adsorbent dosage= 5g/l, T=300K)
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Fig 4.23 Effect of initial concentration of HA on removal of Cd in Co-
adsorption using GAC, Fe-GAC and A-Clay (pH=5, Adsorbent dosage= 10g/],
Co=50mg/l [Cd], T=300 K)
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Fig 4.24 Effect of initial concentration of HA on removal of Cd in Co-
adsorption using GAC, Fe-GAC and A-Clay (pH=S, Adsorbent dosage= 10g/1,
Co=50mg/1 [Cd], T=300 K)

67



qe [Cd] (mg/g)

—— GAC
—a— Fe-GAC
—&— A-Clay

0 . T T

0 50 100 150 200 250
Co| Cd] (mg/l)

Fig 4.25 Effect of initial concentration of Cadmium in co-adsorption [HA-Cd]
using GAC, Fe-GAC and A-Clay (Co [HA] = 50mg/l, pH=5, T=303 K, m=10g/l)
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Fig 4.26 Effect of initial concentration of Cadmium in co-adsorption [HA-Cd]
using GAC, Fe-GAC and A-Clay (Co [HA] = 50mg/l, pH=5, T=303 K, m=10g/])
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Fig 4.27 Effect of initial concentration of Humic acid in co-adsorption [HA-

Cd] using GAC, Fe-GAC and A-Clay (Co [Cd] = 50mg/], pH=5, T=303 K,

m=10g/1)
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Fig 4 .28 Effect of initial concentration of Humic acid in co-adsorption [HA-Cd]
using GAC, Fe-GAC and A-Clay (Co [Cd] = 50mg/Il, pH=5, T=303 K, m=10g/1).
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4.3.4 Effect of Contact Time

The contact time, ¢ between adsorbate and adsorbents is an important factor in
the adsorption process. A rapid uptake of the adsorbate and the establishment of
equilibrium in a short period signifies the efficacy of the adsorbent for its use in the
wastewater treatment. Fig 4.29-4.30 shows the effect of contact time for removal of
HA by GAC, Fe-GAC and A-Clay. From the Fig 4.29- 4.30 it can be observed that
initially the removal was rapid around 60% for first 60 mins and thereafter, the
adsorption rate decreased gradually, finally reached to around 68%. It was found that
the removal was constant after 3h for HA. Hence 3h was optimum contact time. For
Cd(II), fig 4.31 - 4.32 shows the effect of contact time. Even Cd (II) also followed the
same ttend as HA but the optimum time was Sh. Fig 4.33-4.34 shows the effect of

contact time for co-adsorption of HA-Cd. Similarly in co-adsorption optimum time

was 3 h,
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Fig 4.29 Effect of contact time on removal of Humic acid using GAC,
Fe-GAC and A-Clay (pH=5, Adsorbent dosage= 5g/], T=300 K, Co=50mg/])
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Fig 4.30 Effect of contact time on removal of Humic acid using GAC,

Fe-GAC and A-Clay (pH=5, Adsorbent dosage= Sg/l, T=300 K, Co=50mg/l)
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Fig 4.31 Effect of contact time on removal of Cadmium using GAC,

Fe-GAC and A-Clay (pH=6, Adsorbent dosage= 10g/l, T=300 K, Co=100mg/1)
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Fig 4.32 Effect of contact time on removal of Cadmium using GAC,

Fe-GAC and A-Clay (pH=6, Adsorbent dosage= 10g/1, T=300 K, Co=100mg/1)
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Fig 4.33 Effect of contact time on removal of HA in Co-Adsorption [HA-Cd]
using GAC, Fe-GAC and A-Clay (pH=5, Adsorbent dosage= 10g/l, T=300 K,
Co=50mg/I for HA and Cd)
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Fig 4.34 Effect of contact time on removal of HA in Co-Adsorption [HA-Cd]
using GAC, Fe-GAC and A-Clay (pH=5, Adsorbent dosage= 10g/l, T=300 K,
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