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Chapter IV
Adsorption using Treated Camellia sinensis Stem (TCSS)

Sorption characteristics of treated Camellia sinensis stem (TCSS) in the chelation
of PO4%, NO3 and SO4% anions from aqueous solutions under variable operating factor are
described in this chapter.

4.1 Microscopic Studies

Particle sizes of the raw and treated CSS were calculated through longitudinal and
latitudinal measurements of granular mesh size imaged through microscope, (figure 4.1a & b)
subjected to application of multiplication factor, followed by averaging the values. As per the

results, the values particle sizes with reference to mesh sizes are listed in Table 4.1.

Table 4.1 Mesh Sizes / Particle Sizes

Mesh Sizes (BSS) | Particle Sizes (mm)
85 0.18
72 0.21
52 0.30
36 0.42
22 0.71

Figure 4.1 a Raw CSS (0.18 mm) Figure 4.1 b Treated CSS (0.18 mm)
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4.2 Physio- Chemical Characterization

Physio - Chemical parametric values of treated Camellia sinensis stem (TCSS —
0.18 mm) are listed in Table 4.2.

Table 4.2 Physio- Chemical Characteristics

Properties TCSS (0.18 mm)

pH of 1 % solution 6.52
Conductivity(mV) 35.50
Moisture (%) 1.64
Bulk density (g/L) 0.65
Specific gravity 1.37
Porosity 55.59
Ash content (%) 3.29
Acid Soluble Matter (%) 2.16
Water Soluble Matter (%) 1.32
lon Exchange Capacity (meq /Q) 0.47
pHzpo 5.13
Surface area (m?/g) 36.31
Mean Pore volume (nm) 2.5

Carbon (%) 45.78
Nitrogen (%) 1.92
Hydrogen (%) 6.54
Sulphur (%) 0.24

Surface Acidic groups (m mol g1)

Phenolic 0.63
Carboxylic 1.58
Lactonic 0.14
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TCSS exhibited almost neutral pH value and lower moisture content value
indicative of its stable nature!. The calculated bulk density less than 1 g/L implies the
presence of porous particles as evident from standard porosity value and appreciable
surface area/ mean pore diameter values derived from BET/ BJH plots (figs 4.2, 4.3).
Internal pore structure mostly decides the extent of adsorption for any material. Pore size
distribution with 0.1 —1 nm, 1 —10 nm and 10 — 100 nm refer to microporous, mesoporous
and macroporous nature of the material as per IUPAC?. BET analysis provided precise
surface area (36.31 m?/g) as calculated from the following equation, analysed by nitrogen
multilayer adsorption measured as a function of relative pressure using an automated

analyser.
SA = Xm Lav Am/My
where,
Lav — Avogadro’s Number (6.02 * 10%)

Anm — Cross sectional area of the adsorbate (0.162 nm? for the adsorbed nitrogen

molecule)
My — Molar volume (22414 mL)

Adsorption capacity (Xm) was calculated from positive slope value and intercept of
the linear BET plot?. BJH analysis was employed to determine pore size distribution and
specific pore volume. This technique characterizes pore size distribution independent of
external area due to particle size of the sample®. The centred peak of BJH plot indicate the

pore diameter of the sample as 2.5 nm, implying mesoporous nature.
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Figure 4.3 BJH Plot

Figure 4.4 depicts a typical N2 sorption isotherm indicative of type IV hysteresis
loop observed between the lower adsorption and upper desorption curves, which may be

due to capillary condensation, favouring the presence of mesopores®.
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Specific gravity, less than 2, suggest marked sequestering property of the sample.
Lower ash content value reflects on the presence of high carbon content in preference to
other elements against inorganic matter®. Minimum water soluble/acid soluble matter
values register lesser amount of sample impurity. The calculated values of pHzpc being less
than native pH, show the involvement of greater number of H* ions leaving behind
positively charged vacant sites®. This statement is supported by greater value of carboxylic

group amongst the surface acidic groups studied.

Comparison of three specific parametric values (table 4.3) is made with other bio-
sorbents reported earlier. It is understood from the tabular columns TCSS exhibit lesser ash
content and moisture percentage which suffice enhanced active sites / stable nature. Also,

lower bulk density value support greater exteriority with many pores.
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Table 4.3 Material Characteristics vs Literature Report — A Comparison

(current study)

Adsorbents Ash Content (%) | Bulk Density (g/L) | Moisture (%0)
Tea waste’ 4.8 0.34 6.4
Moringa oleifera bark® 11.1 3.7 7.5
Apple peel® 7.4 2.4 12.2
Wheat straw!? 7.7 1.8 6.7
Corn Stalks™ 6.4 2.7 8.8
Camellia sinensis stem 399 0.65 Led

4.3 SEM and EDAX Analyses

Information drawn from SEM images are as follows, heterogenous surface with

aggregate particles (fig 4.5) was found to undergo surface morphological changes with

opened pores due to chemical modification (fig 4.6). Smoothening of unoccupied pores

after the experimental run with respective anions reflect homogenous structures instead of

porous nature (figs 4.7- 4.9) facilitating the adsorption of anions*2.

Presence of PO4+*, NOs™ and SOs* anions peaks at 1- 3 keV substantiate the

adsorption on TCSS (figs 4.11 - 4.13) against their absence in the unloaded spectra

(fig 4.10).
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Figure 4.9 SO4% - loaded TCSS
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Figure 4.10 Unloaded TCSS

Figure 4.11 PO4* loaded TCSS
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Figure 4.12 NOs" - loaded TCSS Figure 4.13 SO4% - loaded TCSS

4.4 FT-IR Spectral Studies

Unloaded TCSS (fig 4.14 a) shows peaks corresponding to O-H (3747 cm™), C=0
(1646 cm™) functional groups C-H (1475 cm™) and C-O (883 cm™) stretching vibrations
respectively®3. The sorption bands (fig 4.14 b) at 3773 cm™ and 2924 cm* refer to O-H and
C-H stretching of carboxyl group and alkane respectively. It is inferred from the prominent
peaks at, 2378 cm™ and 1518 cm, the involvement of C=C alkyne and amide stretching.
The characteristic peak at 998 cm™ is imply P-O stretching vibration, indicative of
phosphate sorption onto TCSS'. A peak at 1032 cm™ (fig 4.14 ¢) in nitrate loaded
spectrum, indicates N-O stretching, evidencing the sequestration of NOs™ ions by the
modified material®>. As per infrared analysis, 800 -1000 cm™ region is assigned to S-O
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stretching®®. Therefore, the peak observed (fig 4.14 d) at 867 cm™ is an accordance with
the above statement, wherein the sorption of sulphate anion is obvious. Overall peak shifts,
show the participation of functional groups present in the biomass surface during anion

binding process.
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Figure 4.14 FT-IR Spectra
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4.5 Batch Equilibration Experiments
4.5.1 Impact of Particle Size

Figure 4.15 registers maximum sorption capacity of TCSS for all the verified systems at
a smaller particle size (0.18 mm) offering larger surface area for enhanced removal of anions®”.
Minimal sorption at increasing particle sizes could be due to the appreciable diffusional
resistance to mass transport, wherein maximum internal surface is least utilized for adsorption.
Similar observations were made by Monoj Kumar Mondal et al., and Lahieb Faisal Muhaisen

et al., while employing rice husk/fruit juice residue and lemon peel as sorbent materials®*®,
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Fig: 4.15 Impact of Particle size

4.5.2 Impact of Initial Concentration and Agitation Time

Initial concentration of any sorbate species plays a key role during an agitation
experiment in the determination of sorbents’ sorption capacity?’. Figures 4.16 and 4.17
(plotted as per the values listed in table 4.4) registered 49.26 mg/g and 46.92 mg/g
adsorption capacity of TCSS for PO4*/ NOs chelation by 100 mg/L initial anion
concentration, whereas, figure 4.18 showed a maximum of 47.95 mg/g sorption capacity

by the material for SO4> uptake at an initial concentration of 250 mg/L. All the three
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graphs, recorded a diminishing anion sorption beyond the maximum sorption, which may
be due to saturation of binding sites on the biomass surface leading to increased number of
unadsorbed ions from the aqueous solution. Also, the curve pattern implies that the highest
sorption had occurred at 10 mins, which favour the existence of numerous vacant sites upto
the time frame of 10 minutes. A significant repulsive force is expected to operate between
the solute molecules and the bulk phase, which is supported by the plateau appearance of
the curves, further?. Therefore, specific initial anion concentrations and 10 minutes contact

time have been fixed as optimized parameters for forthcoming experimental verification.

Table 4.4 Impact of Initial Concentration and Agitation Time

Time Amount Adsorbed mg/g

System (min) | 50 100 150 200 250 300
mg/L mg/L mg/L mg/L mg/L mg/L

5 36.42 | 47.38 37.65 35.84 | 32.74 | 29.62

10 | 37.69 | 47.49 37.54 3563 | 3229 | 29.48

PO - 15 | 3651 | 47.32 36.84 3548 | 31.89 | 29.25
TCSS 20 | 36.72 | 4654 36.62 3453 | 3156 | 28.94
25 | 3534 | 4573 35.45 3416 | 3050 | 27.85

30 | 35.16 | 4456 35.10 3328 | 3018 | 27.73

5 36.65 | 46.13 42.12 39.84 | 3794 | 34.18

10 | 36.43 | 44.14 42.65 39.55 | 37.67 | 34.15

NOs - 15 | 36.84 | 4584 41.96 39.18 | 3745 | 33.28
TCSS 20 | 3641 | 4453 41.15 3894 | 3628 | 33.12
25 | 3590 | 43.14 40.84 3838 | 36.14 | 3224
30 | 3523 | 4254 40.28 38.14 | 3548 | 30.84

5 32.93 | 3457 37.26 3853 | 4225 | 40.38
10 | 33.19 | 34.88 37.94 39.42 | 46.84 | 41.14

SO - 15 | 3258 | 34.28 36.74 38.25 | 44.32 | 40.89
TCSS 20 | 3245 | 33.89 36.26 37.92 | 4256 | 40.64
25 | 3236 | 33.36 35.84 37.14 | 4147 | 39.42

30 | 3214 | 32.68 35.56 36.67 | 40.79 | 38.93
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4.5.3 Impact of Dosage

The impacts of dose variations (50 mg - 300 mg: 50 mg) for the three studied
systems are listed in table 4.5. Approximately 95% removal of PO4>/ NOs  and SO4? ions

is achieved at dosages of 200 and 250 mg respectively. The rate of adsorption was

insignificant with further increase in dosage, which shall be due to partial cell aggregation

at higher TCSS dose leading to decrease in the number of active sites?.

Table 4.5 Impact of Dosage

Percentage removal (%)
Systems
50 mg 100mg | 150mg | 200mg | 250 mg | 300 mg
POs* - TCSS 89.3 93.8 94.3 95.7 93.6 89.5
NOs - TCSS 80.5 85.5 90.6 945 92.8 87.4
S04* - TCSS 85.4 89.4 92.9 93.82 95.3 88.3
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4.5.4 Impact of pH

pH value is a key monitoring parameter in sorption technique. Its effect, studied in
the range of 3 — 11 is shown in figure 4.19. Maximum anion removal had occurred at pH
— 5, may be due to the protonation of TCSS surface at acidic pH promoting strong
electrostatic forces of attraction with studied anions, thereby implying positive
adsorption?®, Retarded anion removal at higher pH indicates the competency of hydroxy!
ions against studied anions for the sorption sites, leading to lower preferential anion
chelation. The above discussions are evidenced from the inverted parabolic curves of the
figure. A similar trend has been reported in the removal of anions by Lahieb Faisal

Muhaisen et al?*., and Hakan Demiral et al?.,.
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Figure 4.19 Impact of pH

4.5.5 Impact of lons

The influence of cations (magnesium and sodium) and anions (chloride and
fluoride) on the PO4*/ NOs / SO4* - TCSS systems carried out at varied initial ionic

concentrations are listed in table 4.6.
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A marked inhibition by Mg?* ion against Na* ion in the percentage removal of the
studied anions can be explained by the smaller ionic radii value of Mg?* (0.72 A) with

lesser degree of hydration against greater ionic radii of Na* ion (1.02A)%.

Cl- and F ions exhibited minimal inhibition during adsorption studies. PO4* and
S04 ions with corresponding three and two valency charges possess greater tendency to
get adsorbed, than the monovalent co-ions. Though the studied NOs™ ion and the co-ions
are monovalent, the minimal inhibition by the latter is due to their extended hydration

energy than the former, with lesser hydration energy, in turn, favouring its adsorption?’.

Table 4.6 Impact of lons

Percentage Removal (%0)
Systems A;gg:nrcin;?\i/grl];n (ﬁg}ﬁ) Cations Coions
Mg?* | Na* | CI F
100 76.7 784 | 865 | 894
200 75.8 77.2 | 85.3 88.2
PO4* - TCSS 96.7 300 74.3 75.8 | 82.7 87.4
400 70.5 73.4 | 813 86.8
500 71.6 72.5 | 80.1 86.2
100 69.3 702 | 828 | 86.3
200 68.5 69.4 | 816 85.9
NOs™ -TCSS 94.5 300 76.1 68.8 | 80.7 85.2
400 66.5 673 | 793 | 846
500 64.8 66.5 | 789 | 837
100 74.8 759 | 84.2 88.2
200 73.5 743 | 82.3 86.5
SO4* - TCSS 95.3 300 72.8 726 | 816 | 853
400 70.6 70.4 | 80.4 84.2
500 69.1 68.3 | 79.8 83.6
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4.5.6 Impact of Temperature

The values (table 4.7) suffice increased anion adsorption with temperatures.
The inclined removal might be due to the greater number of active sites on sorbent surface,
increased mobility of ions at higher temperatures and reduced boundary layer thickness,

reflecting in restriction of mass transfer resistance and surface anion precipitation?,

Table 4.7 Impact of Temperature

Percentage Removal (%0)
Systems
293 K 303 K 313K 323K 333K
POs* -TCSS 924 95.7 96.3 97.8 98.7
NOs™- TCSS 91.8 945 954 96.6 97.9
S04* -TCSS 92.1 95.3 95.9 97.2 98.3

4.6 Desorption/ Regeneration Studies

Notable adsorption capacity and appreciable reusability without significant loss in
the sorption ability of modified materials would promote economic value of the method.
Desorbing ability of loaded anions and the regenerating capacity of TCSS in consecutive
cycles, determined by batch mode studies represented through graph and bar charts
respectively (figs 4.20 & 4.21). Increase in concentration of desorbing medium
(0.01 — 0.05 N HCI) reflected in the decline of desorption in all the three cases, thus
suggesting 0.01N HCI registered a maximum of 93 % recovery?®. Relationship between
regeneration cycles and adsorption capacity of POs* adsorbed by TCSS was maximum
viz., 49.53, 47.25 and 45.32 mg/g for the first, second and third cycles and the
corresponding desorbed amounts recorded were 36.23, 34.76 and 32.56 mg/g
demonstrating regenerating capacity. Similar trends were observed for other two systems,

emphasizing the reusability of TCSS.
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4.7 Statistical Analysis

Batch experimental data determined for TCSS system under their optimized
conditions were verified using SPSS 20 software. Descriptive, Correlation and ANOVA
studies to assess the significant level of particle size, anion concentration, dosage and pH

were statistically calculated and recorded in table 4.8.

Negative Pearson co-efficient values in most parameters favour extended sorption.
Probability (P) values observed to be less than the significant value implies rejection of
null hypothesis for all the studied anions®. F > Feit values derived from ANOVA

calculations fulfil statistical significance.

Table 4.8 Statistical Data

Descriptive ANOVA
Pearson
System Parameter Correlation p
Mean SD | SE F Ferit
Particle size 37.96 8.07 |3.61 |-0.9182 6.31E% (108.26 |5.31
POs* - |nitial anion concentration |36.93 6.69 |(2.73 |-0.7418 0.0047 13.00 4.96
TCSS
Dosage 39.50 6.95 (2.83 |0.5036 0.0053 1251 |4.96
pH 41.66 5.48 |2.45 |-0.6042 1.85E% |149.68 |5.31
Particle size 39.26 6.94 |(3.10 |-0.9698 1.5E 156.66 |5.31
_ll\_l((:)gs Initial anion concentration |39.47 445 11.81 |-0.4890 0.0053 12.56 4.96
Dosage 38.42 6.76 [2.76 |0.5122 0.0051 12.72 |4.96
pH 40.62 471 |2.10 |-0.7847 1.01E% |175.26 |5.31
Particle size 36.86 7.60 (3.40 |-0.9026 5.01E% |115.10 |5.31
SO Initial anion concentration |39.05 5.16 |2.10 |0.8269 0.0052 [12.63 |4.96
A
TCSS Dosage 36.51 6.89 (2.81 |0.6494 0.0047 13.08 |4.96
pH 40.66 5.14 |2.30 |-0.5449 1.61E% |155.18 |5.31
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4.8 Adsorption Isotherms

Adsorption process is well understood through isotherm models which describe the
relation between adsorbate concentration with respect to amount of sorbate adsorbed per
unit mass of sorbent®!. Experimentally verified data as applied to the isothermal equations,
listed in table 4.9, were fitted into Langmuir (fig 4.22), Freundlich (fig 4.23), Temkin
(fig 4.24) and Dubinin — Radushkevich (fig 4.25) isotherm plots. Isothermal constants
deduced from the slopes and intercepts of the linear graphs, the correlation coefficients

(R?) and mean free energy (E) are summarized in table 4.10.

Table 4.9 Equilibrium Concentrations- Isothermal Study

System | Anion Conc. | Langmuir | Freundlich Temkin DKR
(mg/L) Ce [Celge|logCellogqe|[InCe| e |E*10°|In Qe
50 1.82 | 0.19 | 0.26 | 0.96 | 0.59 | 1.18 | 12.16 | 2.21
100 513 | 026 | 0.71 | 1.28 | 1.63 | 1.36 | 2.01 | 2.96
PT%“SS s 150 742 | 030 | 0.87 | 1.38 | 2.24 | 1.52| 1.01 |3.19
200 13.89 | 0.41 | 1.14 | 1.52 | 2.76 | 1.60 | 0.30 |3.51
250 2455 | 0.61 | 1.39 | 1.59 | 3.20 | 1.72| 0.10 | 3.68
300 43.62| 0.97 | 1.63 | 1.65 | 3.77 | 1.67 | 0.03 | 3.79
50 1.13 | 0.07 | 0.05 | 1.99 | 0.12 | 1.53 | 25.50 | 2.74
100 3.99 | 0.18 | 0.60 | 1.33 | 1.38 | 1.62 | 3.17 | 3.07
'IFlgs?’,s 150 559 | 020 | 0.74 | 1.44 | 1.72 [ 1.69| 1.71 |3.32
200 9.36 | 0.29 | 0.97 | 1.50 | 2.23 | 1.73| 0.65 | 3.45
250 23.14 | 0.64 | 1.36 | 1.55 | 3.14 | 1.79| 0.11 |3.57
300 39.17| 1.00 | 1.59 | 1.58 | 3.66 | 1.82 | 0.04 | 3.65
50 1.63 | 0.07 | 0.21 | 1.31 | 048 | 1.42 | 1452 | 3.01
100 354 | 012 | 054 | 1.45 | 1.26 | 1.48 | 3.92 |3.34
SO 150 724 | 019 | 0.85 | 1.57 | 1.97 | 1.53| 1.06 | 3.62
TCSS 200 13.13 | 0.33 | 0.11 | 1.59 | 2.57 | 1.57 | 0.34 | 3.67
250 18.23 | 0.44 | 1.26 | 1.60 | 2.90 | 1.64 | 0.18 |3.70
300 24.94 | 057 | 1.39 | 1.64 | 3.21 | 1.67| 0.09 |3.77
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Table 4.10 Isothermal Constants

Langmuir Isotherm Flrg:ﬂg:::]h Temkin Isotherm DKR Isotherm
Systems

mogl | R e 2| R | amon| ® | e ccaimen| F
PO, -

TCSS 54.70 | 0.14]0.9997| 7.99 |2.00|0.9791| 0.12 | 198.85 | 0.9486 | 33.90 2.10 |0.8437

'II\'ICC:)Sss 44.16 10.32]0.9980| 15.92 |3.80|0.9648 | 0.24 | 370.81 |0.9292| 31.79 410 |0.7475

2-
?8;8 49.74 10.46 |0.9983| 19.49 |3.73]0.9694 | 0.29 | 303.32 |0.9305| 40.01 3.19 |0.9222

4.8.1 Langmuir Model

Langmuir constant (gm) interpreting sorption capacity as 51.72 mg/g, 43.16 mg/g,
46.74 mg/g for PO4>, NOs", SO4% respectively, exhibit good agreement with adsorption
capacities as per batch studies. R? values calculated for the Langmuir plot is almost near to
unity favouring the fit in of the Langmuir model for all the systems3. Equilibrium
parameter values (RL), a dimensionless separation factor, calculated from the sorption
intensity (b) is listed in table 4.11. These values fall in within O - 1 reveal favourable
adsorption for Langmuir model.
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Figure 4.22 Langmuir Plot
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Table 4.11 Equilibrium Parameter (RL)

Conc. mg/L PO4* - TCSS NO3-TCSS SO4% TCSS
50 0.12 0.05 0.04
100 0.06 0.03 0.02
150 0.04 0.02 0.01
200 0.03 0.01 0.01
250 0.02 0.01 0.08
300 0.02 0.01 0.07

4.8.2 Freundlich Model

Freundlich isotherm is commonly used to study sorption occurring on
heterogeneous surfaces. 1/n value indicates the degree of non-linearity between solution
concentration and sorbent material. Generally, if 1/n value is lower than 1, the sorption
process is understood to be more of chemical nature®3. However, the calculated values of

1/n being greater than 1 for the TCSS systems, indicate the nature of sorption to be physical.

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 1.8
log Co

Figure 4.23 Freundlich Plot

95



4.8.3 Temkin Isotherm Model

Lower At (binding constant) and higher Bt (heat of adsorption) values arrived from
Temkin plot represent weak sorbate/ sorbent interactions®. This is made from the
observations of improper fit of linearity due to scattered points of ge and In Ce values.
Further, correlation coefficient values (=~ 0.9000) favour least applicability of Temkin
model for the reported systems.
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Figure 4.24 Temkin Plot

4.8.4 Dubinin—Kaganer-Radushkevich (DKR) Model

DKR isotherm is applied to estimate the mean free energy in process of determining
sorption nature of the system. Mean free energy (E) values calculated as per equation 16
(in chapter III under 3.26.4) using BDR constant value are observed to be 2.10, 4.10 and
3.19 KJ/ mol for PO4*, NO3 and SO4? sorption. These values less than 8 KJ/ mol reveal
that the systems are favoured by monolayer coverage®.
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4.8.5 Comparison of Isotherm Models

Experimental data, as resulted from optimized conditions, recorded 49.26 mg/g,
46.92 mg/g and 47.95 mg/g for POs*/ NOs and SO4* systems, which are in good
agreement with the calculated isothermal constant values (gm- 51.72 mg/g, 43.16 mg/g,
46.74 mg/g) referring, the adsorption capacity to be in lieu of Langmuir model. This is
further supported by R? values, nearness to unity, as evident from the linearity of Langmuir
plots. Since, isothermal constants for other models do not validate the batch output, the
studied systems follow monolayer adsorption, favouring the applicability of Langmuir

isothermal model.
4.9 Adsorption Kinetics

Kinetic studies play a key role in describing the adsorption mechanism, mass
transfer process and potentiality of rate controlling step during the sorption process®.

Pertinence of Pseudo first order, Pseudo second order, Elovich and Intra particle diffusion
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models were studied using calculated experimental data as per table 4.12. Equilibrium
adsorption capacities (qca), Pseudo model constants (K1, Kz), Correlation coefficients (R?),
sum of squares of error (SSE) values calculated from the respective plots (figs 4.26, 4.27), with

reference to the observed experimental data for the three systems are listed in table 4.13.

Table 4.12 Pseudo Models — Data

PO - TCSS NO3z - TCSS SO - TCSS
ng‘e (e ~100 mg/L) (e ~100 mg/L) (Qe -250 mg/L)
(min) Log Log Log

t/ t/ t/
@a) | | ey | | T | @eay | | T
5 192 [1532| 019 | 1.90 | 1387 | 036 | 2.35 | 23.86 | 0.20

10 191 |18.16| 0.42 191 | 1469 | 0,68 235 | 3567 | 0.38

15 1.89 |20.83| 0.67 191 | 16.25 | 0.92 234 | 26.34 | 0.56

20 1.89 |22.17 | 0.96 192 | 18.34 | 1.09 2.34 | 28.40 | 0.70

25 1.88 | 23.64 | 1.37 193 | 19.22 | 1.30 234 | 30.13 | 0.82

30 1.87 | 2559 | 1.95 193 | 2046 | 1.46 233 | 3245 | 0.92

4.9.1 Pseudo First Order Model

Pseudo first order plot (log ge-g: vs t) as depicted in figure 4.26, reveal lower
correlation coefficient values (< 0.90) and marked variations in the calculated sorption
capacity (qcar) values from the graph against that registered in the experimental data (Qexp).
These observations imply the unfavourable condition of applying Pseudo-first order model
for the systems. This is further supported by higher SSE values which does not favour

positive adsorption.
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Figure 4.26 Pseudo First Order Model

4.9.2 Pseudo Second Order Model

Plot of t/q: versus t (fig 4.27) shows R? values near to unity, as derived from the
straight lines. Also, the gcal Values (antilog of intercept) in lieu with gexp values favour the
suitability of pseudo-second-order model to describe the adsorption kinetics, being sufficed

with minimal SSE values®.

1.6

5 10 15 20 25 30
t

Figure 4.27 Pseudo Second Order Model
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Table 4.13 Pseudo First Order/ Pseudo Second Order Parametric values

Pseudo First Order

Pseudo Second Order

C':A(\)n_c. of Gexo

(mgl) | (™9 ity iy | R | SSE | ety oy | R | ssE

PO.3 - TCSS
50 37.69 | 17.37 0.53 (0.8886| 3.17 | 35.71 0.46 (0.9997| 0.11
100 57.26 | 86.15 0.50 1|0.8933| 6.46 | 47.49 0.58 10.9908| 2.98
150 3754 |120.06| 0.92 (0.8945|13.73 | 36.33 0.42 (0.9997| 0.22
200 35.63 |173.22| 0.69 (0.8380|22.89 | 33.15 0.32 (0.9994| 0.78
250 32.29 |226.04| 0.46 (0.8478|32.21 | 30.01 0.34 (0.9994| 0.45
300 29.48 |279.12| 0.46 |0.8262|41.58 | 27.77 0.27 10.9989| 0.47

NOs - TCSS
50 32.43 | 23.12 0.62 (0.8632| 155 | 31.44 0.32 (0.9997| 0.16
100 48.92 | 87.84 0.34 |0.8659| 6.82 | 44.14 2.02 10.9956| 3.96
150 40.65 |125.48| 0.92 1|0.8862|14.13 | 38.49 0.34 (0.9989| 2.02
200 3755 |177.13| 0.69 [0.8338|23.26 | 36.38 0.39 10.9994| 1.86
250 35.67 |229.72| 0.46 (0.8936|32.34 | 34.33 0.36 0.9996| 1.89
300 33.15 |284.11| 0.69 |0.8767|41.82 | 32.17 0.18 |[0.9956| 1.83

SO4% - TCSS
50 33.19 | 30.81 0.73 10.8469| 1.11 | 31.52 0.17 1(0.9978| 0.39
100 34.88 | 73.06 018 0.8316| 6.36 | 32.72 0.19 (0.9973| 2.02
150 37.74 |125.95| 0.13 |0.8431|14.66 | 35.85 0.22 (0.9986| 1.34
200 39.42 |174.22| 0.92 (0.8284|22.46 | 37.94 0.21 (0.9989| 1.24
250 5295 |228.08| 0.16 |0.8516|30.52 | 46.84 0.81 [0.9966| 2.40
300 41.14 |1276.18| 0.69 [0.8196| 39.17 | 40.48 0.18 (0.9963| 1.77
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4.9.3 Elovich Model

Homogenous / heterogenous nature of any solid surface possessing sorption
characteristics in favour of its adsorption pattern is well explained by Elovich model®°.
Kinetic rate constants: initial adsorption rate (a); extent of surface coverage () derived
from the intercepts and slopes of Elovich plot, (fig 4.28), along with R? values are shown
in table 4.14. It is inferred from the table, that the constants o and B are inversely related at
all the studied concentrations of the anions. A study increases in the B values with respect
to increasing concentrations shall be due to extensive surface coverage onto TCSS, leading
to increased activation energy*®. Non linearity of the plotted points with lesser R? values
imply less favourable nature of Elovich model to be applied to the studied systems.

30 +

25

q¢

20

15 4

10 1 1 1 1 1
15 2.0 2.5 3.0 35

Int

Figure 4.28 Elovich Plot
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Table 4.14 Elovich Constants

3-_ - 2- _
Conc. POs> - TCSS NO3 . TCSS SO4~ - TCSS

(mg/L) o B R?2 o B R2 o B R2

50 31.02 1.16 | 0.8328 | 29.11 | 1.44 | 0.8268 | 22.26 | 1.48 | 0.8188

100 28.91 1.27 | 0.8943 | 26.91 | 1.57 | 0.8843 | 21.59 | 1.77 | 0.8507

150 26.90 1.38 | 0.8254 | 22.38 | 1.78 | 0.8530 | 20.26 | 1.93 | 0.8453

200 24.19 1.65 | 0.8106 | 20.72 | 1.84 | 0.8727 | 18.59 | 2.16 | 0.8230

250 2151 1.75 | 0.8388 | 17.59 | 2.07 | 0.8357 | 17.25 | 2.79 | 0.8957

300 17.93 1.98 | 0.8400 | 12.68 | 2.27 | 0.8682 | 15.74 | 2.98 | 0.8369

4.9.4 Intraparticle Diffusion Model

Two portions (inclined, steep) as obvious from the plot (fig 4.29) indicate that
sorption had occurred on the sorbent’s surface followed by intraparticle diffusion*'. Values
of boundary layer thickness (C) and pore diffusion (Kid) related to the first and second parts
of the curves were calculated from the intercepts and slopes respectively and listed in table
4.15. The contribution of interior sorption sites of TCSS is significant with larger diffusion
rate in the attainment of saturation point.*? Kig values being directly proportional to initial
anion concentrations reveal extended diffusion for increased sorbate species. Amongst the
three anions, marked Kiq values is observed for phosphate ion, for which the reason could

be better diffusive nature with respect to ionic valency.
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Figure 4.29 Intraparticle Diffusion Plot

Table 4.15 Intraparticle Diffusion Constants

Conc. PO.* - TCSS NOgz™- TCSS SO4% - TCSS

(mg/L) Kid C Kid C Kid C
50 1.65 22.51 1.04 25.03 1.56 16.54
100 2.55 25.48 154 28.48 2.14 17.52
150 2.86 28.55 1.86 32.99 2.76 21.82
200 3.37 35.01 2.38 41.40 2.97 23.32
250 3.69 38.30 2.95 48.51 3.51 26.32
300 3.80 44.85 3.29 53.60 3.78 31.30
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4.9.5 Comparison of Kinetic Models

Pseudo-second-order model with R? values almost near to one, suggested the
notable linearity of the plot in preference to Pseudo-first-order and Elovich models, where
their R? values are in the range of 0.8100 — 0.8900 only. This statement in favour of Pseudo-
second-order model, is supported by the obtained gca values, more similar to the numericals
of the amount adsorbed as per experimental observations.

4.10 Adsorption Dynamics

Thermodynamic constants AG°, AH® and AS° are derived from the slopes and
intercepts of Van’t Hoff’s plot (In Kc vs 1/T) as depicted in figure 4.30. Change in free
energy with respect to different temperatures at which the sorption systems were
experimentally verified, are calculated as per equation 22 (in chapter 11l under 3.16).
Negative values of AG° and positive values of AH°/AS® (table 4.16) imply the
feasibility/spontaneity, endothermicity/extended mobility at the solid/liquid interfaces
during the reaction. Similar trend was recorded by authors while studying the sorption

characteristics of soya bean husk, red mud and rice straw*24344,

0.50

0.45

0.35

0.30 1

0.25

3.0 3.1 3.2 3.3 3.4

T * 1073

Figure 4.30 Van’t Hoff’s Plot
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Table 4.16 Thermodynamic Constants

P043- - TCSS NO3'- TCSS SO42- _ TCSS
Temp. o o o ] -
(K) AGex107 At AS AG°x107? AH° AS AG°x107 AH AS
wmol | ¥ L KL kymol | yyymol | Y | kyme | K| KV
mol mol mol mol mol
293 | -0.68 -0.91 0.74
303 | -0.78 -1.01 .0.86

313 -090 |286|12.07| -1.13 252 | 11.70 -0.98 | 3.05]12.92

323 -1.03 -1.25 -1.11

333 -1.16 -1.37 -1.27
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