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2.1 Introduction

During textile processing, inefficiencies in dyeing result in a large amount of. 

dyestuff being directly lost in the wastewater, which ultimately finds way into the 

environment It is estimated that 5-10% of the dyes is lost in the effluent during the 

dyeing process: Dyes can be classified as follows [2.1]: anionic (direct, acid and 

reactive dyes), cationic (basic dyes) and non-ionic (dispersive dyes). Basic dyes, 

which are predominantly used in colouring acrylic fibre, are generally more toxic than 

other classes of dyes [2.2]. Methylene blue is a cationic dye of thiazine class which is 

most commonly used for colouring paper, temporary hair colorant, dyeing cottons, 

wools, etc. Though Methylene blue is not strongly hazardous it can cause some 

harmful effects. Acute exposure to Methylene blue will cause increased heart rate, 

vomiting, shock, Heinz body formation, cyanosis, jaundice, quadriplegia and tissue 

necrosis in humans [2.3]. Methylene Blue can cause eye bums which may be 

responsible for permanent injury to the eyes of humans and animals [2.4]. 

Rhodamine B (RhB) is a highly water soluble, basic red dye of die xanthene class. It 

is a typical cationic dye that has been widely used as a colorant in textiles and food 

stuffs. It is also a well-known fluorescent water tracer and biological stains. Thus, the 

study of removal of basic dyes, with Methylene Blue (MB) and Rhodamine 6G as 

model dyes from the environmental is worthwhile. The objective of the study was to 

investigate the potential of palm shell powder (PSP) (Borassus flabellifer) for the 

removal of these dyes from aqueous solutions. Column adsoiption, equilibrium, 

adsorption kinetics, effect of dose and effect of pH were studied and the efficacy of 

the adsorbent was compared with commercially activated carbon in granular form 

(CAC).
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Structures of Cationic Dyes

h3c ch3

ch3 cF ch3
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2.2 Processing of Palm shell Powder:

Palm shells, the agricultural wastes of palm fruits, which are available 

abundantly in coastal Andhra Pradesh, were used in the present study. The scientific 

name of this palm is Borassus flabellifer. The shells were washed to remove mud and 

sun dried for 24 hrs and then crushed by using jaw crusher. Powder of 70 microns size 

was separated and again washed thoroughly with distilled water and kept in water for 

48 hours by changing water for every 10 hrs and then removed and washed finally 

and dried for 4 hrs at 110°C. The processed powder was characterized and used in 

further experiments. The prepared palm shell powder from herewith is referred to as 

PSP.
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2.3 Characterization of the PSP:

The prepared PSP has been characterised for physical properties (bulk density, 

moisture content, solubility in water and acid) and chemical properties (pH, ion 

exchange capacity, iodine number). Spectral analysis of the samples using FTIR is 

also done. Thermal analysis using TG/DTA, Surface area analysis with BET, 

topographic analysis using SEM and X-ray studies were also done.

2.3.1 Bulk density:

For measuring the bulk density of the material a lOOmL graduated cylinder 

was weighed accurately and filled to 50mL mark with carbon. The cylinder with the 

carbon was weighed accurately. The apparent density was calculated by dividing the 

difference in weight by 50(Table 2.1).

2.3.2 Solubility in water:

Determination of solubility in water was done by taking ten gram of carbon 

into a one litre beaker and boiled with 300mL distilled water and 0.25N HC1 

respectively followed by digestion for around 30min. The material was washed 

thoroughly with distilled water and washings were collected along with the filtrate. 

The filtrate was concentrated on a water bath, cooled and made up to lOOmL in a 

volumetric flask. Exactly 50mL of the concentrate was transferred to a china dish, 

evaporated to almost dryness on a water bath and finally dried in an electric oven 

maintained atl05+5°C, cooled and weighed. The weight of the residue represents the 

matter soluble in water and acid (Table 2.1).
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2.3.3 pH of adsorbent:

The pH was measured by heating a suspension of ten gram carbon in 300mL 

distilled water to boiling with constant stirring. The solution was then digested for 

around 30 minutes. The material was filtered, cooled and pH of the solution was 

measured (Table 2.1).

2.3.4 Ion Exchange Capacity:

For measuring the Ion Exchange capacity, 0.5 g carbon was added to 100 mL 

solution of 0.25M sodium sulphate in a stoppered conical flask and kept for shaking 

in a temperature controlled shaking bath for 5 hours. The contents were filtered and 

the filtrate was titrated against 0.1N NaOH using phenolphthalein indicator. The ion 

exchange capacity of the carbon in meq/g (Table 2.1) was calculated from the 

following equation.

Ion exchange capacity (meq/g) = aW/V

Where, a = Normality of NaOH, V =Volume of NaOH, W =Weight of the carbon in g

Table 2.1: Physical properties of Palm Shell Powder

Physical property Value

Bulk density g/cc 0.27

pH 6.4 .

Ion-exchange capacity meq/g 0.05

Matter soluble in water (%) 0.84

Carbon (%) 45.14

Hydrogen (%) 5.59

Nitrogen (%) 0.73
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2.3.5 Surface Area Analysis:

Adsorption characteristics of the PSP samples were determined by nitrogen 

adsorption at 77.37K (Surface Area Analyser Mieromeritics, ASAP 2020 V3.03H). 

The specific surface area as determined from the isotherms using the Brunauer- 

Emmett-Teller equation. The pore volume and the BJH method was used for pore 

size distribution determination [2.5,2.6] (Table 2.1).

Table 2.2: Surface area analysis data of PSP

Adsorbent Single point 
SA

BETSA Langmuir SA BJH Pore 
Volume

BET Av. 
Pore dia.

Unit Hfii m2/g M2/g cnrVg A

PSP 0.5623 0.6735 0.9659 0.00401 237.984

2.3.6 Scanning Electron Micrograph (SEM):

Scanning Electron Microscope (SEM) is an instrument that uses a beam of highly 

energetic electrons to examine objects on a very fine scale. The shape, size and 

arrangement of the particles making up the object that are lying on the surface of the 

sample or have been exposed by grinding or chemical etching; detectable features 

limited to a few manometers. Scanning electron micrograph (SEM) was recorded at 

1x1500 magnification using a Scanning electron microscope JSM -5610LV model 

with energy dispersive analytical X-ray (EDAX). The SEM clearly reveals the surface 

texture and porosity of adsorbent with holes as displayed in Figure 2.1. The small 

openings found on the surface indicate that it would increase the contact area and 

facilitate pore diffusion during adsorption.
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2.3.7 X-ray diffraction studies:

X-ray powder diffraction is a standard tool for the identification of amorphous 

solid phases. In a real crystal the lattice points are occupied by atoms and hence, the 

crystal lattice acts as a three dimensional diffraction grating for x-rays as they have 

wavelength of the dimensions of interatomic distances in a crystal. Powder 

difffaetograms are obtained by measuring the angles at which an x-ray beam of 

wavelength X is diffracted by the sample. Position, intensity, shape and width of the 

diffraction line give information about the spacing between two planes (hkl). The 

distance between two successive parallel planes in the crystal (d) is related to the 

diffraction angle 20 by Bragg’s law.

X - 2d sin0

Powder-XRD of the ingredients was taken by holding the sample in place on 

quartz plate for exposure to CuKa radiation of wavelength 1.5406 A. The sample was 

analyzed at room temperature over a range of 10-70° 20 with sampling intervals of 

0.02° 20 and scanning rate of 6° /min.

The study reveals that the adsorbent is crystalline and amorphous in nature as 

shown in Figure 2.2
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2Theta

Figure 2.2: XRD graph of PSP
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2.3.8 Infrared Spectroscopy:

Infrared spectroscopy is based upon the interaction of electromagnetic 

radiation with matter. Every solid, liquid or gaseous material is built up of aggregates 

of molecules or periodic lattice of well defined molecules or atoms. Majority of such 

systems of matter exhibit local dipole moment depending upon mass, binding force, 

distances and relative angle of atoms, which make up molecules or system of 

molecules. Each of these has a set of characteristic vibrational states, which are 

typical of a material. The various properties of a material are dependent upon its 

microstructure, which can be understood from the IR spectra of the material. 

Vibrational spectroscopy is the most promising and widely used method for 

characterization of materials. The advantage being that detailed micro structural 

information is obtained from the vibrational spectra. The information obtained from 

IR spectra serves as both complementary and supplementary to those obtained from 

other techniques like XRD. In the present study the spectra were collected by a Perkin 

Elmer RX1 model within the wave number range of 400-4000cm'1. Specimens of 

samples were first mixed with KBr and then ground in an agate mortar at an 

appropriate ratio of 1/100 for the preparation of the pellets.

Resulting mixture was pressed at 10 tons for 5 min. sixteen scans and 8cm'1 

resolution were applied in recording spectra. The background obtained from the scan 

of pure KBr was automatically subtracted from the sample spectra.
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Figure 2.3: FTIR Spectrum graph of PSP

Table 2.3: IR Data of PSP

Sample PSP Intensity Assignment

3422.37 Strong N-H & OH Stretching

1739.43 Strong Lactones & 5-

Wave numbers (cm-1) 1622.64,1510.19, Variable membered rings

1460.53 Variable C=0, N-H bending

1379.06, 1250.52 C-0,C-H bending

2.4 Preparations of the solutions:

All the chemicals used were of highly pure and commercially available 

AnalaR grade of Sulab Chemicals, Vadodara (India).
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2.4.1 Cationic dye Solution:

Stock solutions of dyes (lg/L) were prepared by dissolving accurately 

weighed amount of individual dye in double distilled water and subsequently diluted 

to the required concentration.

2.5 Batch adsorption studies of Cationic dyes:

Adsorption studies were carried out with lOOmL Durasil Stoppered flasks in a 

thermo regulated water bath at 25°C. A 25 mL of dye solution of known initial 

concentration was kept in contact with a required dose of PSP at constant agitation at 

200rpm. The pH of solution was adjusted using 0.1M HCL and G.1M NaOH using pH 

meter (MFRS: TOSHNIWAL INST. MFG. PVT. LTD. AJMER, CAT. NO. CL54). 

After a specific stirring time period the reaction mixture was filtered using whatmann 

filter paper and the filtrate was analysed to determine the residual adsorbate 

concentration. The dye concentration in the filtrate was determined by measuring the 

absorbance at the wavelength of maximum absorption (609 nm for MB and 524 nm 

for Rh6G) using a SYSTRONICS Digital 166 model visible spectrophotometer. The 

concentrations were determined from their respective calibration graphs (Figure 2.4). 

The percentage removal of the dye and the amount adsorbed (mg/g) were calculated 

by the following relationship: lOO(Cj-Cf)/ C; where Q is the initial concentration of the 

dye (mg/L) and Cf is the concentration of the dye present in solution after adsorption 

for a particular time interval (mg/L).
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Figure 2.4: Calibration graph of Rh 6G and MB

2.6 Optimization parameters for adsorption of Cationic Dyes:

2.6.1 Effect of pH on adsorption of cationic dyes:

pH plays a very important role in effective decolourisation of dye colour of 

any adsorbate-adsorbent system. pH of the system affects the nature of the surface 

charge of the adsorbent, ionization of dye and the extent and rate of adsorption. The 

hydrogen ion concentration (pH) primarily affects the degree of ionization of the dyes 

and the surface properties of PSP. These, in turn, lead to alterations in the amount of 

adsorbate removed. The effect of pH on the adsorption behaviour of cationic dyes on 

PSP was investigated by the batch process in the pH range 2-10 using 100 ppm of 

dyes (Rhodamine 6G, Methylene blue). The pH was adjusted to the desired value and 

the volume was maintained at 25mL. After addition of 0.lg of PSP and CAC the 

solutions were agitated for 2 hours. The solutions were filtered and analysed by the 

methods described in analyses of each adsorbate. With PSP as adsorbent, the
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Figure 2.5: Effect of pH on the adsorption of MB and Rh6G on PSP and CAC

maximum adsorption of the dyes was observed above pH 4.0 in the case of Methylene 

blue. From Figure 2.5 and Table 2.4 it was observed that there was no significant 

variation in adsorption capacity with change in pH above 4.0.This could be probably 

due to the fact that at high pH, OH on the surface of adsorbent will favour the 

adsorption of cationic dye molecule. In the case of Rh6G also it was observed that 

adsorption is optimum in the alkaline range and there was only 2% variation in 

percentage adsorption between pH 6 and pH 10. Hence the rest of the parameters 

were optimized at the original pH of the respective dye solutions itself. The pH of 

Rh6G solution is 5.75 and that of MB solution is 6.54.
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Table 2.4: Percentage uptake of cationic dyes at different pHs on PSP and CAG

Adsorbent: PSP, CAC; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30°C, Initial 

concentration: lOOppm, Wt of adsorbent: O.lg; Volume of aqueous phase: 25mL, Contact time: 

120min. pH: 1-9.

PH

Percentage uptake of cationic dyes

PSP CAC

MB Rh6G MB Rh6G

2 67.3664 55.1232 48.95 35.7966

3 94.75 80.1642 - -

4 97.0176 91.95 54.8969 36.3101

5 97.4847 92.378 - -

6 97.4295 92.873 56.98 37.6425

7 97.64 93.7708 - -

8 97.839 94.4576 61.81 42.8148

10 98.45 95.2978 62.686 44.16

2.6.2 Effect of agitation time and dose on adsorption of cationic dyes:

The optimum dose for the maximum adsorption of respective adsorbate 

species under study was established from 25mL of aqueous phase onto 0.05 to 0.4 g 

of PSP and 0.2 to 1.0 g of CAC. The concentration of adsorbate used was lOOppm 

(Methylene Blue and Rhodamine 6G) in case of PSP and CAC as adsorbent. The 

effect of agitation time was investigated by varying the agitation time between 10 to 

120 minutes. The percentage adsorbed in each instance was established and the results 

are tabulated in Table 2.5 and 2.6.
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Figure 2.6: Effect of dose and time on the adsorption of MB and Rh6G
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Table 2.5: Effect of adsorbent dose and Variation of time on MB & Rh6G by 

PSP

Adsorbent: PSP; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30°C, Initial concentration: 

lOOppm, Wt. of adsorbent: (0.05-0.4) g; Volume of aqueous phase: 25mL, Contact time: (10-120) min, 

pH: 6.54(MB), 5.75(Rh6G) •

Percentage uptake of Cationic dyes

Dose
(g) 0.05 0.1 0.2 0.3 0.4

Time
(min) M.B Rh6G M.B Rh6G M.B Rh 6G M.B Rh6G M.B Rh 6G

10 73.88 59.84 85.35 72.11 96.90 82.50 98.85 94.24 99.02 98.49

20 80.69 61.41 89.92 74.29 98.00 89.25 98.96 97.164 99.10 98.7

30 92.16 62.26 93.38 75.00 98.60 91.00 99.01 97.64 99.34 98.73

60 92.63 73.52 95.52 85.54 98.90 95.25 99.05 98.27 99.37 98.82

120 96.55 80.47 96.83 90.94 99.19 95.75 99.36 98.88 99.48 99.08

The effect of varying the PSP Mid CAC mass on aqueous dye solution are 

presented in Table 2.5 and 2.6. Of the two adsorbents, PSP gave the greater removal 

at all levels of the adsorbent dose. From Figure 2.6 it is seen that as the dose of the 

adsorbent increased with respect to the agitation time the qe value was decreased in 

the case of both the dyes on the adsorption of PSP and CAC respectively.
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Table 2.6: Effect of adsorbent dose and variation of time on MB & Rh6G by 

CAC
Adsorbent: CAC, adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30°C, Initial concentration: 

lOOppm, Wt. of adsorbent: (0.2-1.0) g; Volume of aqueous phase: 25mL, Contact time: (10-120) min, 

pH: 6.54(MB), 5.75(Rh6G)

Dose(g)

Time
(min)

Percentage uptake of Cationic dyes

0.2 0.6 0.8 1.0

M.B Rh 6G M.B Rh 6G M.B Rh6G M.B Rh6G

10 30.5 25.00 65.018 25.78 82.276 41.015 93.47 93.125

20 39.88 26.172 68.75 26.56 90.205 44.53 96.735 93.35

30 46.36 26.95 78.54 32.03 93.47 48.046 99.029 93.75

60 49.16 34.375 87.406 41.406 98.787 51.56 99.43 94.453

120 79.94 41.796 97.49 48.437 98.805 67.187 99.496 95.23

Initially the rate of increase in the percent dye removal has been found to be 

rapid which slowed down as the dose increased. With rise in adsorbent dose, there is 

less commensurate increase in adsorption, resulting from lower adsorptive capacity 

utilization of adsorbent [2.8]. The rate of adsorption is higher in the beginning as 

sites are available and unimolecular layer increases. The subsequent slow rise 

observed in percent removal suggests that adsorption and intra-particle diffusion 

could be taking place simultaneously with dominance of adsorption. Thus, the results 

obtained indicate that PSP has a large potential as an adsorbent for dye removal than 

CAC.
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Figure 2.7: Effect of concentration of MB and Rh6G adsorption on PSP

2.6.3 Effect of concentration on the adsorption of cationic dyes:

The effects of initial concentration of MB or Rh6G on the amount of dye 

adsorbed on PSP were studied to obtain the adsorption capacity. Different 

concentrations of the respective dyes (Methylene Blue and Rhodamine 6G) ranging 

from 100-500 ppm in a total aqueous phase volume of 25 mL, with the pH of the 

medium maintained at 6.54 for MB and 5.75 for Rh 6G was agitated with 1,0g of PSP 

for two hours and the amounts adsorbed on respective adsorbent were determined as 

described earlier was observed that adsorption of dye decreased with an increase in 

dye concentration in the solution, suggesting that removal of dye is dependent upon 

the concentration of the dye solution. But as a whole the qe value increased with the 

increase in dye concentration as observed in the plot in Figure 2.7. From Table 2.7 it 

was observed that as the concentration of dye increased the percentage removal 

decreased indicating that the number of adsorption sites on the adsorbent decreases by 

increasing adsorbate concentration.

MM)

5<N) -

PSP -MB Rh6G
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Table 2.7: Effect of variation in concentration of MB and Rh6G

Adsorbent: PSP; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30°C, Initial concentration: 

(100-500) ppm, Wt. of adsorbent: 1.0 g; Volume of aqueous phase: 25mL, Contact time: 120 min. pH: 

6.54(MB), 5.75(Rh6G)

Concentration
(ppm)

Percentage uptake of Cationic dyes

MB Rh6G

100 98.93 98.61

200 97.84 97.88

300 97.31 96.63

400 96.23 96.09

500 95.96 94.98

2.6.4 Effect of temperature on the adsorption of dyes:

Effect of temperature on the adsorption kinetics of PSP and CAC were 

conducted at a pH of 6.54 for MB, 5.75 for Rh6G and 100 mg 171 initial dye 

concentration. From Figure 2.8 it can seen that as the temperature increases from 40 

to 70°C the corresponding qe values increases suggesting physisorption as the 

mechanism in the case of PSP while the reverse order of qe in the case of CAC 

indicates the chemisorption to be the mechanism as the temperature increases from 30 

to 70°C.

From Table 2.8 and 2.9 it is seen that with increasing temperature from 40 to 

70°C the adsorption capacity of PSP decreased. This indicates that adsorption of dyes 

on to PSP is controlled by exothermic process, and the maximum adsorption is nearly 

98.25% and 95.51% for 120 min at 70°C for MB and Rh-6G respectively and the 

removal of dye is 24.5616 mg/g and 24.8663 mg/g for MB and Rh-6G respectively.
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Figure 2.8: Variation in the temperature of dyes on PSP and CAC

Table 2.8: Effect of Temperature on MB and Rh6G removal by PSP

Adsorbent: PSP, adsorbate: Rhodamine 6G, Methylene blue; Temperature: 40-70 °C, Initial 
concentration: lOOppm, Wt. of adsorbent: 0.1 g; Volume of aqueous phase: 25mL, Contact time: 120 
min, pH: 6.54(MB). 5.75(Rh6G)

Time
(min)

Percentage uptake of anionic dyes

(40°C) (50"C) (60°C) (70"C)

. MB Rh 6G MB Rh 6G M.B Rh 6G M.B Rh 6G

10 98.40 94.06 97.64 92.50 96.08 88.09 94.64 83.98

20 98.51 94.38 97.85 93.67 97.54 89.77 96.68 88.59

30 98.60 96.36 98.49 95.08 98.40 91.99 96.76 88.87

60 98.84 97.59 98.71 96.02 98.60 94.14 97.76 92.11

120 98.99 99.03 98.82 97.62 98.75 97.42 98.25 95.51

qc
(m

g/
g)
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Table 2.9; Effect of Temperature on MB & Rh6G removal by CAC

Adsorbent: CAC; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30-70°C, Initial 

concentration: lOOppm, Wt. of adsorbent: 0.2 g; Volume of aqueous phase: 25mL, Contact time: 120 

min, pH: 6.54(MB), 5.75(Rh6G)

Time
(min)

Percentage uptake of anionic dyes

(30°C) (40°C) (50°C) (60°C) (70°C)

M.B Rh6G M.B Rh 6G M.B Rh6G M.B Rh 6G MB Rh6G

10 27.71 - 28.64 - 30.97 2.80 32.46 6.15 47.29 9.50

20 30.04 0.83 30.97 1.81 39.13 4.97 45.20 8.71 49.58 16.99

30 31.44 2.21 32.37 3.39 40.30 11.67 48.46 13.84 53.13 27.05

60 34.24 7.93 38.43 11.67 41.70 13.84 54.52 24.68 62.92 55.64

120 47.76 12.26 49.86 14.04 51.12 31.39 52.43 51.10 75.05 60.37

In the case of CAC % removal increased as the temperature increases with 

increase in time and the maximum adsorption is nearly 75% and 60% at 120 min at 

70°C for MB and Rh-6G respectively and the removal of dye is 18.76 mg/g and 15.09 

mg/g for MB and Rh-6G respectively. Results show that temperature plays an 

important role on the dye adsorption capacity of PSP. At high temperature, the 

thickness of the boundary layer decreases, due to the increased tendency of the dye to 

escape from the biomass surface to the solution phase, which results in a decrease in 

adsorption as temperature increases [2.9].

The decrease in adsorption with increasing temperature, suggests weak 

adsorption interaction between biomass surface and the dye, which supports 

physisorption where as in the case of CAC it is chemisorption.
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2.6.5 Thermodynamic studies:

Thermodynamic parameters such as AG°, AH0 and AS0 were determined using 

standard thermodynamic relationships.

The free energy of adsorption, AG°, can be related to the equilibrium constant Ka 

(L-mol'1), corresponding to the reciprocal of the Langmuir constant Ka [2.10]

AG° = - RT In Ka (1)

where R is the gas universal constant (8.314 Jmol-1 K-l) and T is the absolute 

temperature.

The changes in enthalpy, AH0, and entropy, AS0, can be estimated by 

lnKa= AS°/R-AH°/(RT) (2)

From Table 2.10 it is evident that the negative values of apparent enthalpy 

change show an exothermic physical adsorption favoured by decreased temperature. 

The negative values of AG° confirm that the basic dye adsorption on PSP is a 

spontaneous process. It has been reported that AG° up to -20 kJ/mol are due to 

electrostatic interaction between adsorption sites and the adsorbate (physical 

adsorption), while AG° values more negative than -40 kJ/mol involve charge sharing 

or charge transfer from the adsorbent surface to the adsorbate to form a coordinate 

bond (chemical adsorption)[2.11]. The AG° values obtained in this study for the two 

dyes are <-10 kJ/mol, which indicates that physical adsorption was the predominant 

mechanism in the adsorption process.

The apparent entropy change values are almost constant over the temperature 

range. The positive entropy characterize an increased disorder of the system due to 

the loss of water which surrounding the dye molecules at the adsorption on the PSP. 

It can be suggested that the driving force for adsorption process is an entropy effect 

[2.12].
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Table 2.10: Thermodynamic Parameters for Rhodamine 6G and Methylene Blue 
at different time and temperature intervals
Adsorbent: PSP; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30°C, Initial concentration: 

lOOppm, Wt. of adsorbent: O.lg; Volume of aqueous phase: 25mL, Contact time: (10-120) min, pH: 

6.54(MB), 5.75(Rh6G)

Time
(min)

Rhodamine6G Methylene Blue
Temp.

(K) InKa
-AGU

KJ/mol
ASU

KJ/mol
-AH0

KJ/mol LnKa
-AG°

KJ/mol
AS0

KJ/mol
-AH°

KJ/mol

120

313 3.2314 8.4090 - - 3.2013 8.6607 - -
323 2.3168 6.2217 0.2573 76.8728 3.0455 8.1784 0.0659 13.0996

333 2.2360 6.1906 0.1481 43.1270 2.9832 8.2590 0.0532 9.4526

60

313 2.3035 5.9943 - - 3.0617 7.9673 - -
323 1.7860 4.7962 0.1493 43.4256 2.9534 7.9310 0.0527 9.1025

333 1.3804 3.8218 0.1316 39.9931 2.8688 7.9426 0.0489 8.3540

30

313 1.8799 4.8919 - - 2.8688 7.4655 - -
323 1.5648 4.2022 0.0971 26.4814 2.7907 7.4943 0.0435 6.5644

333 1.0447 2.8924 0.1173 36.1838 2.7299 7.5579 0.0408 6.0201

20

313 1.4238 3.7051 - - 2.8034 7.2951 - -
323 1.2984 3.4869 0.0434 10.5351 2.4338 6.5358 0.1164 31.0626

333 0.7747 2.1447 0.0856 26.3715 2.2927 6.3474 0.0855 22.1264

10

313 1.3664 3.5557 - - 2.7358 7.1194 - -
323 1.1158 2.9965 0.0745 21.0586 2.3365 6.2739 0.1234 33.5820

333 , 0.6036 1.6711 0.1044 33.0489 1.8134 5.0204 0.1351 39.9691

2.6.6 Column studies:

Column studies were conducted using down flow technique, 1.0 g of PSP was 

transferred into glass column of 1cm diameter. The column height is about 3 cm. 

Glass wool was kept at the bottom of the column to avoid the loss of adsorbent with 

the liquid flow. The dye solution was fed into the column at a flow rate of lmL/min 

and definite volumes of the effluent were collected. The initial amount of the dye in
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the fraction passed and the amount found in the effluent fraction gave the amount of 

dye retained by the adsorbent. The pH of the solution was maintained at its original 

pH- 6.54 for Methylene Blue and 5.75 for Rhodamine 6G.

The break through capacity of MB and Rh6G when a column is used was 

studied by passing 100 ppm solution of both the dyes. The ratio CJC0 where Ce is the 

initial concentration of dye in the effluent and C0 is the dye in the feed was calculated. 

A graph was plotted of Ce/C0 versus volume of solution passed as shown in Figure 

2.9. From Figure 2.9 it is evident that the volumes of aqueous solution containing 100 

ppm of dye that can be treated are 1.215 L and 1.005 L for MB & Rh6G respectively. 

The exhaustive capacities determined are 121.5 and 105.0 mg/g for MB and Rh6G 

respectively.

The PSP was used for the removal of Rh6G from an effluent coming from 

Rh6G manufacturing industry. 300 mL of effluent containing 150 ppm of Rh6G could 

be treated. The exhaustive capacity determined was 45 mg/g. In the packed column, 

the available active sites of adsorbent are minimum. So, the amount of dye adsorbed 

was found to be less when compared with batch adsorption experiments.

Figure 2.9: Break through graphs of MB & Rh6G
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2.6.7 Adsorption Isotherms:

Proper analysis and design of adsorption separation processes requires 

relevant adsorption equilibria as one of the vital information. In equilibrium, a certain 

relationship prevails between solute concentration in solution and adsorbed state (i.e., 

the amount of solute adsorbed per unit mass of adsorbent). Their equilibrium 

concentrations are a function of temperature. Therefore, the adsorption equilibrium 

relationship at a given temperature is referred to as adsorption isotherm. Several 

adsorption isotherms originally used for gas phase adsorption are available and 

readily adopted to correlate adsorption equilibria in adsorption. The most widely used 

among them are Freundlich and Langmuir equations. The application of these 

isotherms is discussed. The results of the adsorption experiments were analyzed using 

Freundlich, Langmuir models to determine the mechanistic parameters associated 

with adsorption.

2.6.7a Freundlich isotherm:

Freundlich isotherm is an empirical equation. This equation is one among the 

most widely used isotherms for the description of adsorption equilibrium. Freundlich 

isotherm is capable of describing the adsorption of organic and inorganic compounds 

on a wide variety of adsorbents including biosorbent. This equation has the following 

form

qe = Kf Ce 1/n (3)

Eq. (3) can also be expressed in the linearized logarithmic form 

Log qe = log Kf+ 1/n log Ce (4)
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The plot of log qe versus log Ce has a slope with the value of 1In and an 

intercept magnitude of log Kf. log Kf is equivalent to log qe when Ce equals unity. 

However, in other case when 1 In = 1, the Kf value depends on the units upon which qe 

and Ce are expressed. On average, a favorable adsorption tends to have Freundlich 

constant n between 1 and 10. Larger value of n (smaller value of 1 In) implies stronger 

interaction between adsorbent and adsorbate while 1 In equal to 1 indicates linear 

adsorption leading to identical adsorption energies for all sites [2.13]. As a robust 

equation, Freundlich isotherm has the ability to fit nearly all experimental adsorption- 

desorption data, and is especially excellent for fitting data from highly heterogeneous 

adsorbent systems.

2.6.7b Langmuir isotherm:

Another widespread-used model for describing adsorbate sorption is the 

Langmuir model. Langmuir equation relates the coverage of molecules on a solid 

surface to concentration of a medium above the solid surface at a fixed temperature. 

This isotherm is based on three assumptions, namely adsorption is limited to 

monolayer coverage, all surface sites are alike and only can accommodate one 

adsorbed atom and the ability of a molecule to be adsorbed on a given site is 

independent of its neighbouring sites occupancy. By applying these assumptions, and 

a kinetic principle (rate of adsorption and desorption from the surface is equal), the 

Langmuir equation can be written in the following form

qe = qmax(KaCe/(l+KaCe)> (5)

This equation is often written in different linear forms [2.21,2.29]

Ce /qe = (1/qmax) Ce + 1 /( Ka qmax) (6)
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l/qe (1/ Ka C]max) 1! Ce + (l/^max) (7)

4e Qmax " (1/ Ka)(q«/ Ce) (8)

Ce) Ka CJmax "Kaqe (9)

The decrease of Ka value with temperature rise signifies the exothermicity of 

the adsorption process (physical adsorption) [2.15, 2.26-2.29], while the opposite 

trend indicates that the process needs thermal energy (endothermic), leading to 

chemisorptions [2.14, 2.16-2.25]. In physical adsorption, the bonding between 

adsorbate and active sites of the adsorbent weakens at higher temperature in contrast 

with chemisorptions bonding which becomes stronger.

The data obtained from the isotherm studies were tested for applicability to the 

above two isotherm models (Figure 2.10). Tables 2.11 show the values of the 

parameters of the two isotherms and the related correlation coefficients.

From Table 2.11 it can be observed that MB conforms to the Freundlich 

isotherm model for adsorption onto PSP. The values of 1/n, less than unity for MB is 

an indication that significant adsorption takes place at low concentration but the 

increase in the amount adsorbed with concentration becomes less significant at higher 

concentration and vice versa[2.30].
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Table 2.11: Isotherm Constants

Adsorbent: PSP; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30°C, Initial concentration: 

lOOppm, Wt. of adsorbent: (0.05-0.4) g; Volume of aqueous phase: 25mL, Contact time: (10-120) min, 

pH: 6.54(MB), 5.75(Rh6G)

Isotherm Parameter MB Rh6G

Freundlich

K/ (mg/ g)(dm3/mg)1 /n 0.6605 -2.4654

N 1.2681 1.9786

r2 0.9449 0.9250

1/a 0.7886 1.9786

Langmuir

qe(mg/g) 12.3781 11.9956

qm (mg/g) 4.2512 19.6531

Ka (L/mg) 0.0399 -0.1035

r2 0.9423 0.9813

Negative values for the Langmuir isotherm constant indicate the inadequacy of 

this model to explain the adsorption process, since the constant represents the surface 

binding energy. For MB however, adsorption onto PSP conforms to both the 

Langmuir and Freundlich models. From the Figure 2.10 it is evident that, the linear 

plots of Freundlich and Langmuir models were good fit in the case of Methylene blue 

but in the case of Rhodamine 6G Freundlich is some what better than Langmuir 

model. Table 2.12 shows the comparison of maximum monolayer adsorption capacity 

of some cationic dyes on various adsorbents reported in the literature along with PSP 

used in this work
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Langmuir Plot of Rh6G
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Figure: 2.10: Freundlich and Langmuir adsorption isotherm plots of MB &
Rh6G
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Table 2.12: Comparison of adsorption capacities of cationic dyes on other 
adsorbents

Material Dye mg/g References

Pyrolyzed petrified sediment Methylene Blue 2.39 [2.39]

Carbon from scrap tires Rhodamine B 307.2 [2.40]

Grape fruit peel Crystal violet 254 [2.41]

Fuel oil fly ash Methylene blue 47 [2.42]

Peat Methylene blue 190-240 [2.43]

Bentonite Methylene Blue 48.309 [2.44]

Activated carbon- epicarp of 
Ricinus communis malachite green 99.04% [2.45]

Carbon- Arundo donax 
root

malachite green 8.69 [2.46]

Activated carbon- Euphorbia 
rigida (H2SO4 activation) methylene blue 114.45 [2.47]

Apricot stone 
activated carbon Basic dye 221.23 [2.48]

PSP MB 4.2512 Present study

PSP Rh6G 19.6531 Present study

2.6.8 Adsorption Dynamics:

Adsorption equilibria studies are important to determine the efficacy of 

adsorption. In spite of this, it is also necessary to identify the adsorption mechanism 

type in a given system. For the purpose of investigating the mechanism of adsorption 

and its potential rate-controlling steps that include mass transport and chemical 

reaction processes, kinetic models have been exploited to test the experimental data. 

In addition, information on the kinetics of adsorbate uptake is required to select the 

optimum condition for full-scale batch removal processes. Adsorption kinetics is 

expressed as the solute removal rate that controls the residence time of the adsorbate
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in the solid-solution interface. In practice, kinetic studies are carried out in batch 

reactions using various initial adsorbate concentrations, adsorbent doses, particle 

sizes, agitation speeds, pH values and temperatures along with different adsorbent and 

adsorbate types. Then, linear regression is used to determine the best-fitting kinetic 

rate equation. [2.31]

Several adsorption kinetic models have been established to understand the 

adsorption kinetics and rate-limiting step. These include pseudo-first and pseudo- 

second-order rate model, Weber and Morris adsorption kinetic model, The pseudo- 

first and pseudo-second-order kinetic models are the most well studied models.

2.6.8a The pseudo-first-order kinetic:

The Lagergren first-order rate expression based on solid capacity is generally 

expressed as follows

dq/dt = Ki(qe-q) (10)

Integration of Eq. (10) with the boundary conditions as follow: t=0, 

q = 0, and at t-t,q~q, gives

ln(qe-q) = In qe-Ki t (11)

Eq. (12) can be written in the non-linear form 

q = qc(l-exp(-Kit) (12)

Hypothetically, to ascertain the rate constants and equilibrium metal uptake, 

the straight-line plots of log (qe ~q) against t of Eq.(l 1) were made at different initial 

adsorbate concentrations[2.32]. The qc value acquired by this method is then 

contrasted with the experimental value. If large discrepancies are posed, the reaction
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cannot be classified as first-order although this plot has high correlation coefficient 

from the fitting process.

In order to obtain the rate constants, the straight-line plots of log (qe-q) against 

t were made for PSP at different initial dye concentrations (Figure 2.11). The intercept 

of the above plot should be equal to log qe. However, if the intercept is not equal to 

the equilibrium dye uptake then the reaction is not likely to be first order even if this 

plot has high correlation coefficient with the experimental data [2.36]. Correlation 

coefficients were found to be between 0.9874 and 0.9723 for MB and Rh6G 

respectively but the calculated qe was found to be not equal to experimental qe, 

suggesting the insufficiency of Pseudo-first order model to fit the kinetic data for the 

initial dye concentrations examined. A time lag, probably caused by the presence of 

boundary layer or external resistance controlling at the beginning of the adsorption 

process was argued to be the responsible factor behind the discrepancy [2.33]. The 

negative values of the rate constant suggest that pseudo first order is not a good fit. 

The rate constants and the correlation coefficients for all concentrations tested have 

been summarized in Table 2.13

2.6.8b The pseudo-second-order kinetic:

Predicting the rate of adsorption for a given system is among the most 

important factors in adsorption system design, as the system’s kinetics determines 

adsorbate residence time and the reactor dimensions [2.34]. As previously noted that 

although various factors govern the adsorption capacity, i.e., initial adsorbate 

concentration, temperature, pH of solution, adsorbent particle size, adsorbate nature, a 

kinetic model is only concerned with the effect of observable parameters on the 

overall rate [2.31],
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Pseudo-second order model is derived on the basis of the adsorption capacity of the 

solid phase, expressed as

dq/dt = K2(qe-q)2 (13)

Integration of Eq. (14) with the boundary conditions t=0, q- 0, and 

at t = t,q = q, results in

l/(qe-q) =l/qe +K2t (14)

Eq. (15) can be stated in the linear form as

t/q = t/qe + 1/K2qe2 (15)

The pseudo-second-order rate constants were determined experimentally 

by plotting t!q against t.

A straight line could be obtained and qe and K2 could be calculated. Good fits 

were observed for all initial concentrations (Figure 2.11) indicating that adsorption 

reaction can be approximated with the Pseudo-second-order model.

Correlation coefficients are tabulated along with the rate constants in Table 

2.13 which were found to be 1.000 and 0.9999 for MB and Rh6G respectively, and 

the calculated qe values obtained from the second-order kinetic model agree with the 

experimental qe values for both the cases.

These suggest that the adsorption of dyes onto PSP follows the second-order kinetic 

model and chemical adsorption might be the rate-limiting step. Since PSP in our 

experiments has very high equilibrium adsorption capacity qe, the adsorption rates are 

very fast and the equilibrium times short. The adsorption capacities qt of the dyes at 

10 min for almost all the initial concentrations reached over 98% of the calculated 

equilibrium adsorption capacities. Such short equilibrium times coupled with high 

adsorption capacity indicate a high degree of affinity between the dyes and PSP [2.37]
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Figure 2.11: Pseudo First-order and Pseudo Second-order graphs of MB &
Rh6G

Table 2.13: Kinetic parameters for cationic dyes

Adsorbent: PSP; adsorbate: Rhodamine 6G, Methylene blue; Temperature: 30"C. Initial concentration: 

lOOppm. Wt. of adsorbent: 0.2 g; Volume of aqueous phase: 25mL, Contact time: (10-120) min, pH: 

6.54(MB), 5.75(Rh6G)

Kinetics Parameter MB Rh6G

Experimental qe(mg/g) 24.7481 24.7555

Pseudo-First
Order

qe (mg/g) 18.858 23.1096

K| (min'1) -0.0122 -0.01 13
9
r 0.9874 0.9723

Pseudo-Second
Order

qe (mg/g) 24.7525 24.9377

Kt ( g/mgmin ) 0.0046 0.04013
9

r 1.0000 0.9999

Intra-particle
K, (mg/gmin05) 0.05724 0.0237

9
r 0.9356 0.9699
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2.6.8c Intraparticle Diffusion:

According to the model of intra-particles diffusion based on the theory 

proposed by Weber and Morris [2.35] a graphic plot for adsorption capacity at time t, 

qt, versus square root of time, t0 5, should be linear for a rate controlled by intra­

particle-diffusion.

The linear form of the equation:

qt= Kt05 (16)

indicates that, if the intra-particles diffusion is the sole rate controlling step, the plot 

should be linear through the origin.

Study of intra-particle diffusion model gave r2 values of 0.9699 for Rh6G and 

0.9356 for MB and plot between adsorbate concentration and square root of time was 

linear suggesting that adsorption process could be controlled by intra-particle 

diffusion.

2.6.9 Banghams equation:

The Bangham equation indicates a direct proportionality between the length 

change of a porous body and a change of surface energy.

Bangham’s equation is employed to further confirm whether the adsorption process is 

diffusion controlled. [2.38]

loglog[Co'/Co'-q'm'] = log (Ko m' /2.303V) + otlog t (17)

where Co' is initial concentration of adsorbate in solution (mmol/L), V is volume of 

solution (mL), m' is weight of adsorbent used per liter of solution (g/L), q' is the 

amount of adsorbate retained at time t (mmol/g), a and Kp are constants. The double 

logarithmic plot according to equation (17) yielded linear curves showing that the
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Figure 2.12: Intra-partiele diffusion and Banghams plots of Cationic dyes

diffusion of the adsorbate into the pores of the adsorbent perfectly controls the 

adsorption process. The plots obtained for loglog [Co'/Co'-q'm'l against log t (Figure 

2.12) were linear with good correlation coefficients (MB: 0.9789, Rh6G: 0.9499). 

The results thus conform to Bangham’s equation and indicate that the adsorption of 

the dye is pore diffusion controlled process.
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2.7 Conclusions:

Palm Shell Powder is a promising adsorbent for removal of the cationic dyes, 

Methylene Blue and Rhodamine 6G from water. The surface of the PSP particles was 

heterogeneous, non-specific and non-uniform in nature. Different operational 

parameters observed during the process of investigations reveal that the pH, 

temperature, contact time, adsorbent dose and concentrations of the adsorbate govern 

the overall process of adsorption. The batch studies clearly demonstrate that there is 

> 94 % removal for concentrations as high as 500 ppm. The exhaustive capacities 

determined are 121.5 and 105.0 mg/g of adsorbent for MB and Rh6G respectively. 

The equilibrium adsorption is achieved in 120 min. The adsorption of Methylene Blue 

on PSP was exothermic. However Pseudo second order model is the best fit for the 

adsorption of dyes onto PSP suggesting that the adsorption of dyes by PSP may 

involve not only physisorption but also chemisorption. PSP was found to be more 

effective than CAC for the removal of MB and Rh6G. In addition it is a low cost 

adsorbent. PSP was found to be effective for the removal of Rh6G from effluent.
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