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ABSTRACT

Present study was conducted to investigate the removal of total dissolved solid (TDS) from paint wastewater (PW)
by using eco-friendly biomass of phosphoric acid modified mucuna shell (MSA). Characterization of MSA is done
by (i) proximate analysis (ii) surface chemistry by FTIR (iii) surface physical morphology by SEM technique (iv)
structural analysis using X-ray diffractometer. Batch experiment was carried out to determine effect of parameters
such as pH, biosorbent dose, contact time and temperature. Adsorption capacity of the experimental results was
fitted into four isotherm model; Langmuir, Freundlich, Temkin and Dubinin-Radushkevich, but the Freundlich
isotherm model was found to have higher correlation coefficient, implying MSA had heterogeneous surface. The
adsorption kinetic has been described by pseudo-first-order, pseudo-second-order, Elovich and intra-particle
diffusion model. It was observed that the rate of TDS adsorption follow pseudo-second-order model. Free energy
of adsorption (AG°), enthalpy (AH®) and entropy (AS°®) changes are calculated to know the nature of adsorption.
The calculated value of AG° at 303K-323K indicates that the adsorption process is spontaneous. From the
calculation, values of AH° and AS°shows positive sign, which indicates that the adsorption process is endothermic
in nature and the positive,AS° suggested increased randomness at the solid/interface.
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INTRODUCTION and membrane processes (Xiong et al, 2009; Liang et
al, 2009; Zhang et al, 2013; Khatace and Dehghan,

The increase in industrialization and urbanization has 2011) .Among the different treatments available

resulted in the production of huge amount of adsorption is one of the most attractive technologies
wastewater containing all types of pollutants (EI- because of its versatility, simple dosage; case of
Sayed, 2011). Latex paints generally consist of organic operation and high efficiency for pollution removal
and inorganic pigments and dyestuffs, extenders (Rosales et al, 2012). However, the main drawback of
cellulosic and non-cellulosic thickeners, latexes, adsorption is the high cost of efficient adsorbent
emulsifying agents, anti-foaming agents, materials. Thus, alterative low-cost adsorbent which
preservatives, solvents and coalescing agents (Hedazi; requires a porous structure, mechanical and chemical
Ajjabi and Chouba, 2009; Aboulhassan et al, 2006; stability, but the manufacturing process and intended
Arami et al, 2005).Therefore, the need for treatment of applications of the products are also important
pant wastewater (PW) for regulatory compliance considerations (Del Rio et al, 2011; Cobas et al, 2014;
before discharging becomes imperative. Various El-haded, 2012).This has led a growing research
techniques have been proposed to treat wastewater interest in the production of activated carbons from
containing toxic material/metals (Nguyen et al, 2013; renewable and cheaper precursors (Padilla et al, 2013).
Gomes and Callao, 2005; Gode and Petilivan, Large variety of material have been investigated
2005).These methods include; chemical oxidation, including natural zeolites, sludge, red mud, siliceous
biological treatment, coagulation-flocculation, Fenton material, peat and chitin and chitosan (Liang et al,
process, sedimentation, adsorption, electrochemical 2009), poly aluminum hydroxide, clay mineral,
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dolomites sorbents (Dogan et al, 2007), magnetic
composite, nano particles (Abdulhalim et al, 2011) and
organo bentonite (Amosa et al, 2014a). Another
alternative was to investigate the possibility of using
agro-based inexpensive material as adsorbent. Various
kinds of activated carbon have been prepared from
low-cost precursor materials, which are predominately
vegetable wastes, such as orange peels, melon seed
(Adebowale et al, 2008; Ma et al, 2014), coir pith
(Banker et al, 2009; Abdolali et al, 2014a), coconut
coir (Auta and Hameed, 2011; Krishani et al, 2006),
bamboo dust, coconut shell, groundnut shell, rice husk
, corncob , almond shell (Nguyen et al, 2013; Gupta
and Rastogi, 2009), and palm shell (Ismail et al, 2013;
Alothman and Naushad, 2013).(Bansal et al 2009;
Park et al, 2005) used rice husk to remove nickel ions
from aqueous solution.

Consequently, the scope of this study is not only to
prepare chemically cost-effective activated carbon
from mucuna shell with H3PO4 as an alternative
adsorbent for removal of total dissolved solid (TDS)
from PW, but also to characterize it and investigate the
effects of operating parameters such as solution pH,
contact time, amount of adsorbent and temperature.
Adsorption isotherm data were fitted to four different
isotherm equations such as Langmuir, Frenudlich,
Temkinand Dubinin-Radushkevichand constants of
isotherm equation were determined. Furthermore, four
kinetic models including pseudo-first-order, pseudo-
second-order, Elovich and intra particle diffusion
models were also used to analyze the adsorption
kinetics. Thermodynamic parameters such as standard
free energy, enthalpy and entropy were also
investigated to understand the spontaneity of the
adsorption process. Infrared spectra (FTIR), Scanning
Electron Microscopy (SEM), X-ray diffraction (XRD)
and X-ray fluorescence (XRF) were verified for
characterization of mucuna shell adsorbent.

2.Materials and methods
2.1 Material collection
2.1.1 Paint wastewater

The wastewater used in this study was taken from a
major paint industry located in Enugu Nigeria, and
physicochemical analysis was carried using APHA
method of analysis (APHA/AWWA, 1995).

2.1.2 Preparation of biosorbent

Mucuna shell residues, collected from local market in
Enugu city, Nigeria, were dried in sunlight and the cut
into small pieces. The dried mucuna shell were
crushed, washed with 0.5% HCL to remove all dirt,
dried in an oven at 105°C, ground, and sieve to mesh
size of 1-4mm. It is then carbonized in a furnace at
250°C for 2hr to yield the carbonized mucuna shell
residue (MSC).

2.1.2.1 Preparation of H;POsactivated carbon (MSC)

The MSC was soaked in ortho-phosphoric acid
solution with the ratio of (1:1 of MSC: H3POy).

The impregnation ratio (IR) was calculated using

WH3Poa
IR = _7370%
Wwmsc

1

where, H; PO, is dry weight (g) of ortho Phosphoric
acid pellet, and Wy, s is dry weight (g) of char.

Then, the impregnated sample is dehydrated in an
oven at 110°C, and activated in muffled furnace of
200°C for 1hrs. The obtained H3PO4 activated carbon
(MSA) was soaked in de- ionized water several times
for half an hour with constant stirring after cooling
until pH of filtrate reached (6-8). This was followed by
drying in an oven at 105°C, and stored in air-tight
container for further characterization and adsorption
studies. The yield is defined as the dry weight of
activated carbon per weight of char utilized for
activation.

Yield (%) = =< x 100

2

where w, and w,, are the dry weight of MSA (g) and
dry weight of precursor (g), respectively.

2.3 Characterization of materials
2.3.1 Paint wastewater

Standard methods (APHA/AWWA, 1995) were
applied to determine the physiochemical and
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biological characteristic of the paint wastewater and
presented in Table 1.

Table 1: Characteristic result of PW

Parameter Temp.(°C) pH COD BODs TDS POy Colour E.C Turb. TSS Cl SO
(mg/L) (mg/L) (mg/L) (mg/L) (ms/cm) (NTU (mg/L) (mg/L)
)
Values 27 7.4 14340 1345 1198.8 6.8 0.034  303.2 100 9532 248 1329.0
2.3.2 MSA sample spectrometer (FTIR-84005, SHIMADZU). The

Physical and chemical characteristic of MSA,
including proximate analysis was determined by
ASTM and presented in Table 2 (ASTM D-3172-89).
Surface function groups were detected using FTIR

Table 2: Characteristic results of MSA

surface morphologies of MSA before and after TDS
adsorption were identified by using SEM technique
(JEOL JSM-6335F, USA). The XRF and XRD pattern
of MSA was collected on X-ray powder diffraction
(Bruker, D8 Discovery EVA, Germany).

Carbon  Moisture Ash content Surface area Bulk density Iodine number Yield Point of zero
sample content % % (mg/g) (g/cm?) (mg/g) % charge
MSA 3.64 4.86 864.02 0.39 864.53 21.43 8.51

3 Batch adsorption experiments

Batch experiments were performed to determine
adsorption isotherm, kinetic and thermodynamic
parameters of TDS adsorption on MSA, as a function
of initial pH, contact time, temperature and adsorbent
dosage. The adsorption experiments were carried out
by adding MSA into 250-ml Erlenmeyer flask with
glass stoppers, containing 50ml of PW solution with a
fixed concentration of 181mg/L at 30°C.The flasks
were shaken in a thermostatic mechanical shaker
(HAAKE SWB20, Fission Ltd Germany) for
30mins.At the end of each run and before
measurement of residual TDS, all samples were
centrifuged for 10mins using a centrifuge (Sigma-301,
Germany) with a speed of 3500rpm and then passed
through a filter paper Whattman 42. The absorbance
of the supernatant was estimated to determine the
residual TDS concentration, and was measured before
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and after treatment using UV-vis spectrophotometer
(UV-1650A, Shimadzu, Japan) at A, 560nm.To
increase the accuracy, all experimentswere done in
triplicate basis.The effect of pH was observed by
studying the adsorption of TDS over the pH range
from 2-10. The pH of PW solution was adjusted by
using NaOH or HCL solution and was determined
using pH meter (HACH 103). The adsorption studies
were carried out at different temperature (30°, 40°,
50°C). This is used to determine the effect of
temperature on the thermodynamic parameters. The
amount of adsorption at time t, g, (mg/g), was
calculated using the following formula.

= (Ca:nct)V 3
whereCy(mg/L) is the liquid phase concentrations of
PW at any time, C, (mg/g) is the initial concentration
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of the TDS in PW solution, V is the volume of the
solution (L) and m is the mass of dry adsorbent (g).

The amount of equilibrium adsorption, g, (mg/g) was
calculated using the formula

_ (Co—Ce)V
m

de

Where,C, andC, (mg/g) are the liquid phase
concentrations of TDS initially and at equilibrium.

The TDS removal percentage can be calculated as
follows,

% of TDS removal= 2=

X 100 5

o

whereC, and C, (mg/L) are the initial and equilibrium
concentration of the TDS in PW solution (Shama and
Gad, 2013).

3 Results and discussion
3.1 Characterization results

3.1.1 Physiochemical and biological characteristics of
PW and MSA

The physiochemical and biological characteristics of
PW used in this study were presented in Table 1. From
the results, it can be seen that total suspended solid
(TSS), total dissolved solid (TDS), carbon oxygen
demand (COD) and biological oxygen demand (BOD)
contributing to the perceived turbidity of PW. With
this, it is significant enough for the application of
adsorption process towards the removal of TDS from
PW.From Table 2, the higher surface area
(864.02mg/g) and low ash content associated with
MSA was an indication of a greater adsorptive
potential (Hossain et al, 2012). Since iodine number is
the most fundamental parameter used to characterize
activated carbon performance, it is a measure of
activity level; higher number of iodine, indicates
higher degree of activation (Table 2). This agrees with
previous work (Ademiuyi et al, 2009). To understand
the adsorption mechanism it is necessary to determine
the point of zero charge (pH_,) of the adsorption.The
point of intersection of the resulting curve with
abscissa, where pH was zero, gives the pHg,.
Adsorption of cations is favoured at pH>pH,,,. while
the adsorption of anions is favoured at pH < pH,y.
(Budinova et al, 2006). In this work, pH,,. for MSA
is 8.51This result is shown in Fig 1.

Final pH
N

initial pH

10 12

Fig. 1. Point of zero charge (pH,,) of MSA used for the adsorption of TDS



Okolo B.I. et al/LAUTECH Journal of Engineering and Technology 15(1) 2021:53-74

3.1.2 FTIR spectral analysis

The FTIR analysis was used to identify the different
functional groups present in MSA. Fig. 2a and b,
shows the functional groups according to their
corresponding wave number before and after
adsorption (Fomkin, 2009). Chemical modification in
general improved the adsorption capacity of
adsorption of adsorbent. The MSA surface is oxidized
by treatment with phosphoric acid (H3P0,) leading to
the generation of HPO4 type carbon functional groups
which bear significance in the redox chemistry of
carbon materials (Attia et al, 2006).From Fig 2a and b,
the adsorption peaks at 3429.43cm'indicates the
existence of free hydroxyl groups in water. The band
located at 879.54cm’! associated with HPO; 2 ions due
to the stretching vibration of the link PO (H). The band
located at 879.54 associated with HPO;? ions, is
found to be shifted to 877.61cm'after adsorption, this
may be responsible for the chemical interaction of the
TDS with HPO;? group in MSA. The peaks 1346.31
to 1043.49cm™'was due to —C-O stretching in alcohols,
phenols, ether, ester, acids lactose’s and carboxyl
anhydrides (NageswaraRao et al, 2011).The peaks at
1874-1757cm'pertaining to the —~C=0 stretching in

carbonyl and carboxyl groups and in lactones (Dai
Fullah et al, 2007).The peak 1757.15cm™ corresponds
to the C=0 stretching that may be attributed to the
hemicelluloses and  lignin  aromatic  group
(Jambulingam et al, 2007). The C=C stretching
vibration  between 1566.13-1654.92cm’! is
indicativeof alkenes and aromatic functional groups
(Mall et al, 2006).Peaks detected at 1000-1100cm™' in
the spectrum of the activated carbon prepared,
represents the presence of C-O-C stretching vibrations
of esters, ether or phenol groups whereas the weak to
medium peaks located at 428.20-879.54cm is
assigned for C-H out-of plane bending of benzene
derivatives, OH stretching vibrations of C-O-H
band.The results obtained agreed with the previous
results where C-H out-of plane bending vibration for
benzene derivatives were found on the surface of
various  activated carbon  (Prahas et al,
2008).Therefore, from the above results, it can be
concluded that HPO; % and PO; ™ group are involved in
the interaction with TDS. The analysis of FTIR shows
that the functional group contributes to the adsorption
of TDS on the surface of MSA (Prahas et al, 2008; Yun
et al, 2008; Garg et al, 2009).

[an)
[y
[\

Fig 2a: FTIR spectrum analysis of MSA adsorbent before adsorption of TDS in PW
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Fig 2b: FTIR spectrum analysis of MSA adsorbent after adsorption of TDS in PW

3.1.3 Scanning electron microscopy (SEM)

The prepared activated carbon was examined by using
scanning electron microscopy JEOL (JSM-6480LV)
to analyze the surface of the adsorbent.A significant
pore structure exists with a series of rough cavities
distributed over the surface of MSA. This was due to
the breakdown of Lignocellulose at high temperature
of volatile compounds leaving samples with well -
developed pores .Fig 3 presents the SEM micrograph
illustrating the morphology of the adsorbent (MSA)
before (A) and after (B) adsorption of TDS in PW.

jacceleratin
A

Before

After modification with H3Po,, many various sizes of
pores in a honey comb can be observed on the surface
of MSA after adsorption.The micrograph after
adsorption of TDS, had their surface covered with
irregular adhered substances which were suspected to
be the adsorbate molecules (TDS), unlike the structure
of the adsorbent (MSA) before adsorption which had
a clear plain surface. Similar types of pore
arrangement were observed in the activated carbon
prepared from palm fiber jute and coconut fibers (Tan
et al, 2008; Phan et al, 2006).

After

Fig 3: SEM micrographs of mucuma shell acid (MAS) treated adsorbent before and after adsorption
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3.1.4 X-ray Diffraction Analysis

X-ray diffraction technique is a powerful tool used to

analyze the crystalline nature of materials. If the
material under investigation is crystalline, well
defined peaks are observed, while non-crystalline or
amorphous system shows hallow instead of a well-
defined peaks.

In this study, the identification of the mineralogical
constituents and phase properties of MSA was
conducted by X-raydiffractometer (XRD-6000
SHIMADZU, Japan) and illustrated in Fig. 4 This is
done at 260 value between 10° and 80°Cat scan rate of
2 degree per minute. Thus MSA has a completely

amorphous structure which is expected for organic
materials. The broad peaks and absence of sharp
peaks, reveals predominantly amorphous structure
which is an advantageous property of well-defined
porous adsorbent (Valenta Nabais et al, 2009).The X-
ray diffraction pattern of MSA, shows the presence of
intense lines characteristics of Mica/llltes, kaolinite
and quartz. The reflection associated with Mica/Illites
is characterized by reflection located at 260 =
17° and 25° and kaolinite at26 = 20° and 21°,
whileMica/Illites was located at 17°,18° and 24°
and kaolinite at 20° and 22°. This result was also
reported by other researchers (Valenta Nabais et al,
2009).

W smectite 1.22%
W Palvyorsiite 109 %
Kaalinte 84.56 %
W Cuartz0.35 %
Il Calcits 0.00 %
Dalomite 0.00 %
Wl vicanice 277 %

y
S000 — M
n—#".

Fig 4: X-ray diffraction pattern of mucuna shell acid (MSA) treated adsorbent

3.2.1 Effect of dosage

To investigate the effect of dosage, experiments were
conducted by varying adsorbent mass (20-100mg) at
fixed initial concentration of 18Img/L. The
biosorption of TDS as shown in Fig.5 increases with
an increase in biosorbent dosage. Such behavior is
obvious because with an increase in biosorbent
dosage, the number of active sites available for TDS
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would be more. As time increases, more amounts of
TDS gets adsorbed onto the surface of the biosorbent
due to Vander Waals forces of attraction and result in
decrease of available surface area. The adsorbates
normally form a thin one molecule thick layer over the
surface. When this monomolecular layer covers, the
capacity of the biosorbent is exhausted (Nnadi et al,
2009; Bhattacharya et al, 2005; Ozacar et al, 2003).
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3.2.2 Effect of pH

Solution pH is an important monitoring parameter
influencing the adsorption behavior of adsorbate onto
biosorbent surface due to its impact on both the surface
binding sites of the biosorbent and the metal ion
solution. In the present study, the effect of pH on
biosorption of TDS onto MSA was studied in a range
of 2-10 and was shown in Fig. 5. The 99.75% removal
of TDS was observed at pH 8, indicating that the
biosorption was strongly pH dependent. The pH,p,.
value of MSA was determined as 8.51 (Fig.1). At
pH < pH,p, the carbon surface has a net negative
charge (Ajjabi and Chouba, 2009;0zacar et al, 2003;
Senthilkumar et al, 2006). At pH 2, a significantly high
electrostatic attraction exists between negatively
charged TDS ions and MSA surface. At low pH, the
cations compete with the H* ions in the solution for
active sites and therefore lower adsorption (Lugo-
Lugo et al, 2009).

3.2.3 Effect of contact time

The uptake of TDS as a function of contact time is
shown in Fig.5. The removal rate was rapid initially
and then gradually diminished to attain an equilibrium
time beyond which there was no significant increase
in the rate of removal. Hence, in this work, 40min was
chosen as the equilibrium time. The fast adsorption
rate at the initial stage may be explained by an
increased availability in the number of active binding
sites on the adsorbent surface.

3.2.3 Effect of temperature

The temperature dependence of the adsorption process
is related with several thermodynamic parameters. The
temperature effect on removal of TDS from PW using
MSA was studied by conducting the experiment at
different temperature 303, 313, 323K.Fig 5shows that
the adsorption capacity increases from 97.4 to 99.37%
with an increase in temperature. This suggests that the
adsorption process is endothermic in nature. This may
be due to the increase in the TDS mobility to penetrate
inside the MSA pores at high temperature (Hashem et
al, 2007; Larous et al, 2005).
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Fig. 5 Effect of various parameters. Adsorbent dosage, pH, contact time, temperature on the adsorption of TDS onto

MSA (left to right).
3.3 Adsorption isotherms

The adsorption isotherm gives a picture of the
distribution of adsorbate species between aqueous and
solid phase-over the adsorbent surface at equilibrium
state (Singanan , 2011). Several equilibrium models
have been developed to describe adsorption isotherm
relationships. The data obtained were analyzed with
Langmuir, Freundlich, Tempkin and Dubinin-
Radushkevich isotherm equations (Langmuir, 1961,
Khan et al, 2009; Babel and Kurniawan, 2003;
Namasivaayam and Kavith, 2002). The sorption
isotherm is the mathematical model, which gives an
explication for the adsorbate species behaviuor
between liquid and solid phases [Ghoniem et al,
2014][].

3.3.1 Langmuir isotherm model

The Langmuir isotherm model [88], was used to
describe observed adsorption phenomena and suggest
that uptake occurs on a homogeneous surface by
monolayer adsorption without interaction between
adsorbed molecules. Based upon this assumption,
Langmuir represented the following equation:
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qe = AmaxK1LCe
€ 14K1.Ce

6

Langmuir adsorption parameters were obtained by
transforming equation (6) into linear form

1 1 1

deq AmaxKLCe

dmax

7

whereC, is the equilibrium concentration of TDS
(mg/L), qeq is the amount of TDS adsorbed per
specific amount of adsorbent (mg/L), qqa, is the
maximum adsorption capacity (mg/L), and K, is an
equilibrium constant (L/mg).qq, and K; can be

determined from the linear plot of l/erq vs 1/C
e

shown in Fig 6.

The slope of the Langmuir isotherm can be used to
predict whether adsorption system is favorable or
unfavorable in a batch adsorption process. The
essential features of the isotherm can be expressed in
terms of a dimensionless constant separation factor
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(R;) that can be defined by the following relationship
(Hema and Arivoli, 2007).

_ 1
1+KC;

L

8

The value of separation parameter R; provides
important information about the nature of adsorption.
The value of R; indicated the type of Langmuir
isotherm to be irreversible (R, = 0), favourable (0 <
R; < 1), linear (R, = 1) or unfavorable (R, > 1. It
can be explained that when K; > 0, adsorption system
is favourable (Ozcimen and Ersoy-Meridoyu, 2010).
From the data calculated in table 4, the R; is greater
than O but less than 1 indicating that Langmuir
isotherm is favourable. From this study, the maximum
monolayer coverage capacity g, from Langmuir
isotherm model was determined to be 83.33mg/g, K|,
is 0.189L/mg, R; (separation factor) is 0.081
indicating that the equilibrium sorption was
favourable and R? value is 0.8648 proving that the
sorption data fitted well to Langmuir isotherm model.

3.3.2Freundlich isotherm model

Freundlich isotherm (Freundlich, 1906) is based on
multilayer adsorption onto heterogeneous surface with

a uniform energy distribution and reversible
adsorption [92].
The Freundlich isotherm is represented by:
qe = Kf CeEL m
9

Here Ky is an approximate indicator of adsorption

capacity, while 1/n is a function of the strength of
adsorption in the adsorption process, g, is the amount
of TDS adsorbed at equilibrium and C, is the residual
concentration of TDS in solution.Linearizing equation
9, we have

1
logq. = log Ky + ;log C,
10
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The constant K is an approximate indicator of
adsorption capacity, while 1/n is a function of the
strength of adsorption in the adsorption process
(Krishnan et al, 2010). The values of Ky and n can be
obtained from intercept and slope of a plot of
log q. versus logC, (Fig. 6). The adsorption data

calculated are presented in Table 4. If value of 1/ n is
below 1, it indicates a normal adsorption (Krishnan et
al, 2010). From the data in the Table 4, the value of

l/n =0.3719 while n=2.688 indicating that the
adsorption isfavourable and the R? value is
0.9146.The data is best represented by Freundlich
isotherm.

3.3.3 Tempkin isotherm model

This isotherm contains a factor that explicitly taking
into account of adsorbent-adsorbate interactions. By
ignoring the extremely low and large value of
concentrations, the model assures that heat of
adsorption of all molecules in the layer would decrease
linearly rather than logarithmic with coverage
(Temkim and Pyzhev, 1940; Yaswmin and Zeki,
2007). As implied in the equation, its derivation is
characterized by a uniform distribution of binding
energies which was carried out by plotting the quantity
adsorbed g, againstln C,and the constants were
determined from the slope and intercept
(Fig.6)Tempkin isotherm model is given by the
following equations :

RT
qe = TIH(ATCe)

RT RT
qe = ElnAT + (7> InC,
B RT
=%

q. = BInA4; + BInC,
11

Where A; is Tempkin isotherm equilibrium binding
constant (L/g), br Tempkin isotherm constant, R
universal gas constant (8.314J/mol/K), T temperature
(K), B constant related to heat of adsorption (J/mol).

From the plot shown in Fig. 6 and Table 4, the
following values were obtained. Ay =2.556L/g, by =
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179.66 J/mol, which is an indication of heat of
adsorption indicating physical adsorption process and
the R* = 0.8358

3.3.4Dubinin- Radushkevich isotherm model

D-R model (Dubinin and Radushkevich, 1947) was
chosen to estimate the heterogeneity of the surface
energies and also to determine the nature of
biosorption process as physical or chemical. The D-R
adsorption isotherm does not assume a homogeneous
surface or constant adsorption potential. It is
commonly applied in the following form

In e = In dm — ad‘c:2
12

Where g, is amount of adsorbate on the adsorbent at
equilibrium (mg/g), ¢,, is theoretical isotherm
saturation capacity (mg/g), K,q4 is Dubinin-
Radushkevich isotherm constant (mol%/KJ?) and &2 is
the Polanyi potential given by the relation (Dubinin
and Radushkevich, 1947; Jaman et al, 2009) :

Where C, is the equilibrium concentration of
adsorbate in solution (molL"), R is universal gas
constant (Jmol'K™") and T is the absolute temperature
(K). The D-R constants g,, and K,; were calculated
from linear plots of Ingq, versus & as shown in
Fig.6and are given in Table 4. The constant K, ; gives
an idea about the mean free energy E (KJ mol™')
(Hussans and Khan et al, 2011).

The adsorption energy can also be worked out using
the following relationship:

E =

1
/\/ ZKad
14

Where, E is the mean free energy of adsorption. If the
value of E is between 1 and 16KJmole, then physical
adsorption prevails and if it is more than 16 KJmol,
then chemisorption prevail. The value of E calculated
is 912.87KJ/mol, which indicates that chemisorption
process plays the significant role in the adsorption of
TDS onto MSA.
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Fig.6 A, B, C, D shows Langmuir, Freundlich, Dubinin-Radushkevich and Temkin adsorption isotherm respectively.

Table 4 Langmuir, Freundlich, Temkim and Dubinin-Radushkevich Isotherm constant for the adsorption of TDS onto

MSA
Langmuir
Amax mg K (L/mg) Ry R?
/9
83.33 0.189 0.081 0.8643
Temkin
Ar (L/mg) by B (mg/g) R?
2.556 179.66 13.79 0.8358

3.4 Adsorption Kinetics

The kinetic of adsorption describes the solute uptake
rate, and this rate controls the habitation time of
adsorbate uptake at the solid-solution interface. The
kinetic gives information about reaction pathways and
time to reach equilibrium. It is one of the important
characteristics in defining the efficiency of adsorption
(Aman et al, 2008).In this study, some kinetic models
namely pseudo-first order, pseudo-second order,

Freundlich

I/n n K; mg/g R?
0.3719 2.69 17.34 0.9146
Dubinin-Radushkevich

qs (mg/g)  Kgq (mol?) E R2
51.563 6x107 912.87 0.8225
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Elovich and intra-particle diffusion model are
investigated to find the best fitted model for the
experimental data.

3.4.1 Pseudo-first order model

The pseudo-first order rate expression, popularly
known as the lagergren equation, is generally
described by the following equation (Srivasta et al,
2006; Remero-Gonzalez, 2005; Oguz, 2005).
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d
d_z =Ki(qe — q¢) 14

Where g.the amount of TDS as is adsorbed at
equilibrium per unit weight of adsorbent (mg/g), q; is
the amount of TDS adsorbed at any time (mg/g), and
K, is the rate constant (min™'). Integrating and
applying the boundary conditions from t=0 and q=0 to
t=tand q = q;

Equation (14) takes the form
In(ge —q;) =Inq, — Ky t 14

The plot of In(q, — q;) versus t (as shown in Fig.7)
should give a straight line with slope of Kj;and
intercept In g., were used to determine pseudo first
order rate constant (K; ) and theoretical amount of TDS
adsorbed per unit mass of adsorbent q,(th), were
compared with the q, (exp) values in Table 5.The
q. (exp.) differ from the
corresponding q, (th) values showed that pseudo-first
order model does not fit well with whole range of
contact time, and hence not diffusion- controlled
phenomena.

values

3.4.2 Pseudo-second order model

The pseudo-second order kinetic model states that the
interaction between solute and adsorbate molecules
may be chemical forces of attraction on the solid
surface of the adsorbent and adsorbate molecules
(Ismail et al, 2013). The mathematical form of the
expression:

d
= Ky (qe — 40)° 15
Where, K, is pseudo-second order rate constant
(g/mg.min). After integrating, equation (15) for
boundary conditions gq; = 0 at t=0 and q; = q; at t=t,
the following equation is obtained.

. 16

ac K203 de

Fig.7 shows that the plot of t/q; versus t is a straight
line with slope 1/q, and intercept 1/K,qZ. Using the
value of q, calculated from the slope, the value of K,
is determined from the intercept. The calculated value
of K,,q. and their corresponding regression
coefficient (R?) values are presented in Table 5. On
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the other hand, the pseudo-second-order model shown
in Table 5.fits the kinetic better, as their correlation
coefficient is close to 1 (0.999). The estimated value
of qcq; are also close to the experimental g, Thus, it
may be concluded that the adsorption of TDS on MSA
can be better explained by pseudo-second-order
kinetic model than that of first-order kinetic model and
the process is chemisorption controlled.

3.4.3 Elovich Kinetic Equation

The Elovich model equation is generally expressed
as:

% = qexp P 17
Where a is the initial adsorption rate (mg/g min) and 8
is the adsorption constant (g/mg) during any
experiment. To simplify the Elovich equation by
applying the boundary conditions g, =0att =
0 and q; = q; at t = t, equation 17 becomes:

1 1
qr = ;ln(aﬂ) + Eln(t) 18

If TDS adsorption fits the Elovich model, a plot of
q.versus In(t) should yield a linear relationship with a

slope of (%) and an intercept (%) In(ap). The slope

and intercept were used to determine the constant
and the initial adsorption rate a. The plot is shown in
Fig.7 and the constants obtained presented in Table 5.

3.4.4 Intraparticle Diffusion Model

The adsorption of TDS on MSA is the combination
of four consecutive steps, diffusion in the bulk
solution, and then diffusion across the thin film
surrounding the adsorbent particles, followed by intra-
particle diffusion and adsorption within the particles.
Weber and Morris intra-particle model was used to
elucidate the diffusion mechanism. The model is
expressed as:

qr = Kgqt*? + C 19

Where, q; is the amount of TDS adsorbed, t is the
contact time, C is the intercept and K,, is the intra-
particle diffusion rate
q. versus t*/?shown in Fig. 7, gives a straight line

constant. A plot of

with positive intercept for intra-particle diffusion
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controlled adsorption process, but does not pass
through origin due to boundary layer effect. Thehigh
value of K,; and intercept, illustrate an enhancement
in the rate of adsorption. When the interceptis large,

the greater the contribution of surface adsorption in
rate determining step. The results of the constants are
presented in Table 5
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Fig. 7 A, B, C, D Pseudo-first-order, pseudo-second-order, Elovich and intra-particle diffusion model .

The experimental data revealed that of the four kinetic
models, namely, pseudo-first-order, pseudo-second-
order, Elovich and Weber and Morris intra-particle
diffusion model when correlated with the linear forms,
the correlation coefficient value of R? = 0.999 for the
pseudo-second-order is the best fit to the experimental
data of the present studied adsorption system. The next
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to follow the order is the intra-particle diffusion model
with R? = 0.9566, Elovich model with R? = 0.9345
and the least is pseudo-first-order with R? =
0.7526.The correlation coefficient of R* = 0.9345
value for the Elovich model suggest that the diffusion
of the TDS follow the Elovich kinetic pattern and the
rate determining step is diffusion in nature. The low
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correlation coefficient value of R? = 0.7526 for
pseudo-first-order indicates that the model does not
apply to the present studied adsorption system.

Pseudo-first order

q.cal. K;min™' q.exp.mg R? ge.cal.
mg/g /9 mg/g
2.279 0.0149 88.075 0.7526  89.286
Elovich model

Bgmg  amg/g R? A
0.8013 1.2668 0.9345 84.65

3.5 Thermodynamic study

Thermodynamic study for the adsorption of TDS onto
MSA adsorbent was conducted in the temperature
range of 30-50°C (Nethayi et al,
2010).Thermodynamic parametersfor this uptake
process such as change in free energy (AG), change in
enthalpy (AH) and change in entropy (AS) was
calculated using the following equations (Weng and
Huang, 2004; Chen and Zhao, 2009).

KC = CAC/C&‘ 20

Where K, the equilibrium constant, C - and C, are
the equilibrium concentration (mg/L) of the TDS
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0.4681

Table 5 Kinetic parameter for the adsorption of TDS
onto MSA

Pseudo-second-order

q.exp. R?
g/mg/min  mg/g
0.0209 88.075  0.9999

Intra-particles diffusion

K;min™1 R?

0.9566

adsorbed and left in the solution, respectively. AG was
calculated using the following relationship

AG = AG° + RT InK, 21
At equilibrium, AG = 0, thus
AG° = —RT InK, 22

Where T is absolute temperature in kelvin, and R is the
gas constant.

AH®° was calculated from the following equations
AG° = AH° — TAS° 23

InK, = AS°/R — AH® /RT 24
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Fig. 8 Van’t Hoff plot of TDS adsorption onto MSA

Table 6 Thermodynamic Parameters for the adsorption of TDS on MSA

AH® (KJmol)  AS® (Jmol) R?

545.6 3.721 0.9973

The enthalpy change (AH?), and the entropy change
(AS?) were calculated from the slope and the intercept
in linear plots of In K, versus 1/T as shown in Fig 8.
The wvalues of the thermodynamic parameters
AH®,AS° and AG® for TDS uptake onto MSA were
calculated using equation 23 and given in Table 6.The
free energy change (AG?) indicates the degree of
spontaneity of the adsorption process and the higher
negative value reflects a more energetically favorable
adsorption. As the temperature increased, the AG°
value increased indicating a higher driving force
resulting in a greater adsorption affinity at higher
temperature [106].The positive value of AH® shown in
the table, confirmed the endothermic nature of the
adsorbent for TDS adsorption in the studied range
303-323K.The positive value of AS° suggested
increased randomness at the solid/solution interface
with some structural changes in the adsorbate and
adsorbent, and an affinity of the adsorbent toward
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AG° (KJmol)
303K 313K 323K
-581.96 -619.17 -652.83

TDS. Other researches have reported similar results
(Dio et al, 2002; Haimour and Emeish, 2006;
Bhatanager and Sillanpaa, 2010; Safa and Bhatti,
2011a; Ketcha et al, 2012) .

4 Conclusions

This research indicated that the mucuna shell
activated (MSA) could be used as an effective
adsorbent material for the removal of TDS from paint
wastewater (PW). Characterization of the activated
carbon adsorbent through FTIR, XRD, XRF and SEM
techniques confirmed the adsorption of TDS on the
adsorbent surface. The adsorption data fitted into
Langmuir, Freundlich, Tempkin and Dubinin-
Rachkevich isotherms out of which Freundlich
adsorption model was found to have the highest
correlation coefficient (R?>=0.9868). In kinetic studies,
pseudo-first first order, pseudo-second order, Weber
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and Morris intra particle diffusion model and Elovich
equation were applied to identify the rate and kinetic
of adsorption process. The adsorption process had
good correlation coefficient values with pseudo-
second order, showing that the process fitted best with
pseudo-  second-order  model.The  estimated
thermodynamic parameters established the suitability
of TDS adsorption process. The negative AG° values
confirm the feasibility of the adsorption process and
the spontaneous nature of TDS adsorption onto the
adsorbent. The more negative values of AG°with the
rise in temperature imply a greater driving force to the
adsorption process and show an increase in feasibility
of adsorption at higher temperature. The positive
values of enthalpy change AH® confirm the
endothermic nature of TDS adsorption on MSA
adsorbent. The positive value of AS® showed the
increased randomness of the adsorbate molecules on
the solid surfaces than in the solution. Thus, activated
carbon prepared from mucuna shell with H3;PO4
activation can be applied for the treatment of paint
wastewater (PW). MSA showed a good potential for
TDS removal and its application is economical than
commercial activated carbon.
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