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Abstract: Physiochemically modified adsorbent material from spinach was prepared by refluxing for 12, 24 and 36 hours
in ortho phosphoric acid solution with in the temperature range between 60 - 100 °C. The highest specific surface area of
436 m?/g was obtained with refluxing for 24 hours sample (SA-24) and was selected for the adsorption of As(111) and Pb(11)

ions from the aqueous solution with varying several parameters such as pH, kinetics, and concentration of adsorbent.

The adsorbent before and after adsorption of As(111) and Pb(Il) was characterized by FTIR and XRD. Studies showed that
the maximum efficiency at pH 5 for As(lIl) and Pb(Il). Kinetics and isotherm model studies demonstrated that the
experimental data fitted with pseudo-second order and Langmuir isotherm model with the rate constants 2.495 and 0.039
g/(mg-min) and the maximum adsorption capacities 116.28 and 128.21 mg/g for As(I11) and Pb(ll), respectively. The
negative free energy (AG values -23 and -25 kJ/mol for As(I11) and Pb(Il), respectively) in adsorption process revealed the

spontaneous nature and feasibility of the adsorption process onto spinach adsorbent. The values of AG further confirmed

that the adsorption process was favored by physiochemical adsorption for As(111) and Pb(ll), respectively.
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Introduction

Drinking water is very much precious for living beings.
Everyone on this planet has a right to have pure and safe
drinking water. This not only helps a person in satisfying
his/her thirst but also offer healthy results to the body.
However, the natural sources of the water are shrinking as
per the population is rising and resulting the supply of
impure water. Just boiling water does not guarantee its

freshness and germ free?.

In major cities of Nepal, health related problems such as
cholera, typhoid and jaundice are increasing rapidly and
small children are also getting affected because of the same.
This is why, it is recommended to use water purifiers beside
the marketing strategy, it is to understand by the house holds
that it is the need for safe and pure drinking water. Not only

this is important for you but also important for children as

they came in contact with the dust and air pollution directly

every day?.

Water is the most important resources for the existence of
the life in earth, Due to the urbanization, industrialization
and rapid population growth, water is being polluted day by
day. More than 2.6 billion people (40%) of the world’s
population lack basic sanitation facilities and one billion
people still have unsafe drinking water sources®. Even
though out of total population of Nepal an estimated 84%
have access to drinking water, which is not safe. In rural
areas of Nepal, millions of people do not have access to safe
drinking water or basic sanitation sources only 27% of the

population as a whole has access to sanitary facilities?.

Most rivers in Nepal’s urban area have been polluted and
their water are now unfitted for human use, whereas
drinking water in Kathmandu is contaminated with coliform

bacteria, iron, ammonia and other contaminates®.
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An earthquake of magnitude 9.0 struck eastern Japan on
March 11, 2011. The Tokyo Electric Power Company’s
Fukushima Daiichi Nuclear Power Station suffered serious
damage from resulting tsunami and large amount of radio
nuclides were released into environment these radio nuclei
fell to the ground with dust, rain or snow, contaminating
agriculture land and crops. Since the power station was
located and in spinach producing Ibaraki prefecture, the
study showed the maximum level of heavy metal and
radioactive nuclides were being absorbed by spinach

plants®.

Environmental pollution with heavy metals has become a
global phenomenon as a consequence of industrial and
metallurgical process which introduce majority of toxic

chemicals into the environment®.

The heavy metals of widespread concern to human health
are lead, copper, mercury, cadmium, arsenic, chromium, as

well as zinc”.

Lead is a toxic element that occurs naturally in rocks, soil,
plants, water, and the atmosphere. Lead has been used in
many products such as in anti-knock compound, gasoline,
pesticides, paints, and storage batteries. It can be harmful to
humans when inhaled, ingested directly through the
consumption of contaminated water, or ingested indirectly
by consuming crops grown on contaminated soils or
irrigated with contaminated water. Diseases such as
neurobehavioral impairment, hypertension, and
cardiovascular disease in humans are attributed to excessive

Pb exposure, especially in growing childreng.

Arsenic is a ubiquitous element that is found naturally in the
environment. Inorganic arsenite (As®*) and arsenate (As®*)
are the dominant toxic As species found in food and
drinking water. High exposure to As has been shown to
cause skin, lung and bladder cancer in humans. Humans can
be exposed to As directly through the consumption of water
and indirectly by consuming crops grown on As
contaminated soils or irrigated with contaminated water. It
has been estimated that 35 to 77 million people in

Bangladesh are at risk of As poisoning from drinking As

contaminated well water. The major pathway for human As
contamination is the consumption of drinking water. The
recommended guideline set by Environmental Protection
Agency (EPA) for As in drinking water is 10 ugL, but it
currently has no recommended guidelines for As in food

crops®.

Various conventional methods have been developed like
chemical precipitation, chemical oxidation and reduction,
ion exchange, filtration, electrochemical treatment and
evaporative recovery for the removal of heavy metals from
contaminated wastewaters. However, these methods have
certain performance limitations like often being inefficient,
expensive, or generating large amount of sludge and other

waste products that require further disposal®.

Batch and column operation were performed utilizing
thioglycoalated sugarcane to remove As(lll) and As(V)
from the aqueous solution and it was found that the
maximum removal of As(lll) and As(V) species from
arsenic spiked distilled water were 85.01 and 83.82 pg/g,
respectively. The optimum adsorption was observed at pH
61°.

The arsenic ion adsorption study on the adsorbent obtained
from spinach leaves by activating with H,SO4 was done in
a study. The adsorption process was fitted to Langmuir
adsorption isotherm model with equilibrium adsorption
capacity 58.480 mg/g and controlled by pseudo-second-
order kinetics where the rate constant value was 0.01830
g/(mg-min). The adsorption capacity was maximum at pH

6 at room temperature!®,

Activated carbon obtained from banana peels has shown the
adsorption of As(l11) as 142.86 mg/g. The optimum pH for
As(111) adsorption on such activated carbon was at 7 and the
experimental data fitted to pseudo second order Kinetic

model with rate constant value of 0.0111 g/ (mg.min)*?,

The equilibrium adsorption capacity of As** was found
101.01 mg/g with Fe loaded bentonite and the adsorption
process was favored to Langmuir adsorption isotherm

model and the adsorption process was controlled by pseudo-

54 Scientific World, Vol. 17, No. 17, June 2024



second —order kinetics with the rate constant value 0.03723

g/(mg.min)®,

The adsorption of Pb(l1) ions on natural agricultural waste
adsorbents chalf, rice husk, sesame, sunflower and tea
waste was carried out. The result showed that the capacities
of chalf, rice husk, sesame husk, sunflower husk and tea
waste for Pb(Il) ion removal were 6.85, 6.38, 6.93, 6.29 and
6.24 mg/g respectively. The results also showed that
efficiencies of chalf, rice husk, sesame husk, sun flower
husk and tea waste for Pb ion removal were 85, 90, 100, 86
and 98%, respectively. The experimental data were well
fitted with Freundlich isotherm model and pseudo first

order kinetic model*,

The Pb ion adsorption study on the activated carbon zeolite
composite obtained from coal fly ash was carried out where
the optimum pH for Pb(Il) ion adsorption was found to be
6 and the equilibrium monolayer adsorption capacity

calculated from Langmuir model was 270.27 mg/g*®.

The adsorption of Pb(Il) from an aqueous solution on
activated carbon obtained from cabbage waste was studied
where the maximum adsorption capacity was 54.945 mg/g.
The kinetics of the adsorption was described by a pseudo
second order model with the rate constant value 0.055

g/(mg-min)?S,

MATERIALS AND METHODS

Preparation of Adsorbent from Spinach Leaves

Spinach leaves were collected from Birgunj, Parsa (Nepal).
It was washed thoroughly first with tap water, then distilled
water and was left at room temperature for 2-3 weeks for
drying. The dried spinach leaves were ground and powder
obtained. 15 g dried spinach was kept in the 500 mL of
round bottom (RB) flask. 30 mL of ortho phosphoric acid
was poured in it, while pouring this acid the R.B flask was
kept on ice bath. Then condenser was fitted on the RB flask,
and heated gently. It was heated at 60- 100 °C for 12, 24
and 36 hours on oil-bath, separately. Thus, three different
types of spinach adsorbent materials were obtained. Thus

obtained adsorbent was washed with distilled water until it

was neutral. This washed sample was kept in oven for

drying for 24 hours at 100 °C temperature.

Preparation of stock and standard solutions

Preparation of As(l11) solutions

Accurately 1.32 g of arsenic trioxide (As;Os3, LR Grade,
dried at 110 °C for an hour) was dissolved in 5 mL of 10 M
sodium hydroxide in a 1000 mL volumetric flask, shaken
and the volume was made 1000 mL with distilled water.
Working solutions of 1 to 500 ppm were prepared by

dilution method.
Preparation of Pb(ll) solutions

Accurately 0.8073 g of Pb(NO3), was dissolved 5 mL of
concentrated HNOz in 1000 mL volumetric flask and
diluted with distilled water up to the mark. The obtained
stock solution was used for working solutions preparation

required for each experiment.
Preparation of methylene blue (MB) solutions

The methylene blue (AR Grade, Qualigens Fine Chemicals,
India) was weighed out accurately 1.000 g and transferred
to 1000 mL volumetric flask. It was then dissolved with
distilled water and diluted up to the mark. The appropriate
volume of stock solution was taken to get the working
methylene blue solutions of required concentration by

dilution method.

Ammonium molybdate reagent (1)

Ammonium heptamolybdate [{(NH4)sM07024.4H,0}, LR
Grade] 12.5 g was dissolved in 87.5 mL of distilled water.
The 140 mL concentrated sulphuric acid was added to 200
mL of distilled water cautiously. It was cooled and added to

the ammonium molybdate solution and diluted to 500 mL.

Ammonium molybdate reagent (1)

Ammonium molybdate (20.05 g) was transferred into 500
mL volumetric flask and dissolved in 250 mL of distilled
water. Ammonium molybdate reagent(l) 198 mL was added
to the reagent(ll), cooled and diluted up to 500 mL with

distilled water. The concentration of reagent (1) was 5%.
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Working solution of ammonium molybdate

The 10 mL of 5% ammonium molybdate reagent (I1) was
diluted up to mark in a 100 mL volumetric flask. The final

concentration was 0.5 M.

Potassium permanganate solution

Potassium permanganate (KMnO,, LR Grade) 0.790 g was
transferred to 250 mL volumetric flask and dissolved in
distilled water. The volume was made up to mark. It was

stored in dark place. The strength of the solution was 0.1 N.

Sulphuric acid solution (1.5 N)

1.5 N sulphuric acid was prepared by diluting 36.76 N
concentrated sulphuric acid to a 250 mL volumetric flask

with distilled water.
Hydrazine Hydrate solution

2.44 mL of concentrated hydrazine hydrate was diluted up
to mark in 100 mL volumetric flask. The final concentration
was 0.5 M.

NaOH (0.1M) and HCI (0.1 M)

Accurately 0.4 g of NaOH was transferred into 100 mL
volumetric flask and dissolved with distilled water and
diluted up to mark. 0.69 mL concentrated hydrochloric acid
was transferred into 250 mL volumetric flask and diluted
with distilled water up to mark. The concentration of thus

prepared solution was 0.1 M.
Buffer solution

Buffer solutions of pH 4.0, 7.0 and 9.2 were prepared by
dissolving buffer tablet of pH 4.0, 7.0 and 9.2 in 100 mL
volumetric flasks with distilled water and employed for
calibration of pH meter is technical buffer pH 4.0 and 7 of

trace model.
Calibration curve for MB solution

For the preparation of calibration curve, at first the
maximum absorbance was obtained by finding Amax. Here it

was done by preparing 25 mg/L solution of methylene blue.

The absorbance was measured against wavelength ranging
from 600 to 680 nm using spectrophotometer (2306,
Electronics, India). The maximum absorbance was obtained
at 665 nm (Amax). After that the methylene blue solutions of
1,2,3,4,5,6,7,8,9and 10 mg/L were prepared in 25 mL
volumetric flasks. The absorbance of all these solutions was
taken at 665 nm wavelength. A plot of absorbance versus
concentration thus gave a calibration curve for methylene

blue solution.

Preparation of calibration curves for metal ions

For the preparation of calibration curve of As(ll), Arsenic
solution containing 1, 2, 3, 4, 5, 6, 8, 9 mg/L and blank
solution were prepared in 25 mL volumetric flasks by the

method shown in Figure 1.

| Arsenic(III) ion solution I

I Stirred for one minute

Acidified with 1,50, |

| Addition of 0.IN KMnO, |

| Addition of Ammonium Molybdate |

| Thoroughly Mixing I

Addition of Hydrazine hydrate |

I Settlement for color development I

| Measurement of the absorbance |

Figure 1: Schematic diagram for quantitative measurement of
As(I11) ion.

The required amounts of diluted solutions were pipetted out
and transferred into 25 mL volumetric flask. To each
solution 4.5 mL of sulphuric acid (0.5 N) was added then
one drop of potassium permanganate (0.1 N) was added,
stirred for one minute. 3 mL of ammonium molybdate
(0.5%) and 3 mL of hydrazine hydrate (0.5 M) were added.
Then the volume was made up to mark by adding distilled
water. The above solutions were left for 20 minutes at room
temperature for full colour development. The absorbance of
each solution was measured at 840 nm against blank
solution with the help of spectrophotometer (2306,
India). A plot

concentration of arsenic was made.

Electronics, of absorbance versus

Lead solution containing 1.0, 5.0 and 10.0 mg/L and blank

solution were prepared in 25 mL volumetric flask. The
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absorbance of each solution was measured at 282.3 nm
against blank solution with the help of AAS (AA-7000,
A plot

concentration of lead was made.

Shimadzu, Japan). of absorbance versus

Specific surface area determination

For determining the specific surface area of spinach
adsorbent materials, Langmuir adsorption isotherm model
was used. For this, 0.05 g of spinach adsorbent material was
transferred to each reagent bottle containing methylene blue
solutions of varying concentrations in between 50 to 300

mg/L.

The solutions were then shaken for 24 hours in a mechanical
shaker and then allowed to rest for half an hour. After the
adsorbent settled down, the supernatant solution was
pipetted out. The absorbance of the resultant solution was
noted at 665 nm wavelength. From the Langmuir adsorption
isotherm, Qmax value was calculated. The specific surface

area is calculated by following equation¢:

Ny X ayg XN x 10720
M

Sup =

Where, Swg is the specific surface area in 10 km? kg, Ng
is the number of molecules of methylene blue adsorbed at
monolayer of adsorbent in kg, ams is the occupied surface
area of one molecule of methylene blue = 197.2 A2 Nis
Avogadro's Number (6.023 x 10%%), M is the molecular
weight of the methylene blue (319.85 gmol) and N gives
mmol/g which is equivalent to Qm of the Langmuir

equation.
Effect of pH

For the pH of As(lll) and Pb(ll) adsorption, the initial
concentration and volume of solution were taken 20 mg/L
and 50 mL respectively. The solutions were taken in 100
mL Erlenmeyer flask and pH of the solutions was adjusted
from 2 to 8 using appropriate strength of NaOH and HCI
solutions by the help of pH meter. To each flask, 0.05 g
spinach adsorbent reflux for 24 hours was added and then

shaken in mechanical shaker for 24 hours at speed 220 rpm.

After shaking, each solution was filtered immediately using
Whatman No. 41 filter paper and the equilibrium pH of the
filtrate was noted. The filtrates were analyzed separately to
determine the equilibrium concentration of As(I11) with the
help of UV-Visible spectrometer while for Pb(ll) with

Atomic Absorption Spectrophotometer.
Adsorption Isotherm Studies

For the study of isotherm studies of As(l11) and Pb(Il), the
effect of arsenic and lead concentrations on the adsorption
was studied under optimum pH. The adsorption isotherm
studies were done with different initial concentrations of
As(111) and Pb(1l) ions ranging from 10 to 100 mg/L with
0.05 g of spinach adsorbent reflux for 24 hours. The
solutions were shaken in a mechanical shaker for 24 hours
at speed of 200 rpm. The equilibrium concentrations of
arsenic after adsorption were determined by molybdenum
blue method using spectrophotometer while that of lead
concentration was determined by Atomic Absorption
Spectroscopy (AA-7000, Shimadzu, Japan). Two models
Langmuir model and Freundlich model have been tested to

study the adsorption isotherm study.

Kinetic Studies

The adsorption Kinetics experiments were performed at
corresponding optimum pH for As(l11) and Pb(ll) ions by
equilibrating. For this study, 50 mL of 20 mg/L arsenic and
lead solutions in 100 mL Erlenmeyer flask containing 0.05
g spinach adsorbent reflux for 24 hours were used
separately. These flasks were shaken for different length of
time 2 to 120 minutes, in a mechanical shaker at speed of
220 rpm. The kinetics were investigated by taking out flask
at desired period of contact time and immediately filtrated
through Whatman No. 41 filter paper to obtain filtrates and
the concentrations in the filtrates were determined
spectrophotometrically. The data obtained was tested with

pseudo-first order and pseudo-second order kinetic models.

X-ray Diffraction (XRD) Measurement

The raw spinach and its adsorbent reflux for 24 hours
without any adsorption were analyzed for the phase

detection using X-ray Diffractometer with monochromatic
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CuKa radiation (D2
Germany) at Nepal Academy of Science and Technology
(NAST). The samples were scanned at 260 from 10 to 80°.

Phaser Diffractometer, Bruker,

The XRD analysis was done to determine the chemical

structure of the adsorbent material obtained from spinach.
Fourier Transform Infrared (FTIR) Analysis

All the four samples prepared in different environment,
without any adsorption were analyzed by using Fourier
(IRTracer 100,

Shimadzu, Japan) at Central Department of Chemistry,

Transform  Infrared  Spectroscopy
Tribhuvan University for the chemical identification of
organic and inorganic material in adsorbent materials

prepared from spinach leaves.

RESULTS AND DISCUSSION
Characterization of Adsorbent Materials
X-ray diffraction (XRD) Analysis

The XRD pattern of raw Spinach and the activated carbon
obtained after chemical treatment (SA-24) are shown in

Figure 2.
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Figure 2: X-ray diffraction patterns of raw and SA-24 samples.

There are two broad diffraction peaks around 20 = 24° and
43° in XRD pattern of SA-24 sample, corresponding to the
diffraction of (0 0 2) and (1 0 0), respectively crystal plane

of Carbon.

The sharp diffraction band at 26 = 26.15° in the SA-24 may
be due to the presence of Silica (SiO). Thus, from XRD
patterns, the present low-cost adsorbent material seemed to

contain activated carbon along with silicon dioxide. The

presence of silica may be further useful for the removal of

another ion in its frame.
Fourier Transform Infra-Red Spectra Analysis

The FTIR spectra of raw spinach and adsorbent prepared
from spinach powder refluxed for 12 hours, 24 hours and
36 hours (i.e., SA-12, SA-24 and SA-36) are shown in
Figure 3.

SA-36
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Figure 3: FTIR spectra of raw spinach and adsorbent prepared from

spinach powder refluxed for 12, 24 and 36 hours.

The FTIR spectrum of above figure showed that spectrum
of spinach adsorbent was not well observed. The spectrum
of SA-24 was showed clear bands than SA-12 and SA-36.
The FTIR spectrum of activated carbon prepared from
spinach showed main absorption at 513, 779, 1016, 1064,
1240, 1317, 1600-1670, 2347, 2848-2914, 3298 cm™ and
these peaks were characterized as stretching of C-Br bond
of alkyl bromide, bending of =C-H (Carbon-Hydrogen)
bond of alkene, stretching of C-O bond of ester, stretching
of C-O bond of alcohol or phenol, stretching of C-O bond
of ether, bending of —CH bond of alkane, N-H bending of
Amine, Adsorbed CO;, symmetrical and asymmetrical
stretching of aliphatic band in C-H (Carbon- Hydrogen) of
alkane and Hydrogen-bonded (O-H) of alcohol and phenol,

respectively.

The Amax determination and calibration curve of

Methylene Blue solution

The maximum absorbance i.e., Amax Was obtained at 665 nm
with the variation of wavelength and is similar with the

previous reportst: 13, The linear relationship between the
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absorbance and the concentration up to 10 mg/L in the
calibration curve of methylene blue solution indicates to

follow the Beer Lambert’s law.
Specific surface area determination

In order to obtain the specific surface area of the adsorbents
prepared from spinach leaves, the linearize Langmuir plots
for the adsorption of MB were made and the Langmuir
parameters were obtained. Finally, the specific surface area
of spinach adsorbentsi.e., SA-12 (Reflux for 12 hours), SA-
24 (Reflux for 24 hours) and SA-36 (reflux for 36 hours)
were calculated using above mentioned equation (1) and

were 388, 436 and 388 m?/g, respectively.

The specific surface area of SA-24 was the highest among
these three samples which may be due to the fact that more
adsorbents were formed with a greater number of pores in
the SA-24 in comparison to SA-12. This also implies that
the ash content and other impurities were lower in the SA-
24. The lower specific surface area of SA-36 may be due to
the overdose of high temperature activation resulting in the
formation of more ash content and other impurities that are

capable of blocking the pores of the adsorbent?!.

Effect of pH

The effect of pH for the adsorption of As(I1l) and Pb(ll)
onto the spinach adsorbent reflux for 24 hours (SA-24)

prepared in this study is shown in Figure 4.

The effect of initial pH on the adsorption of As(lIl) and
Pb(1l) was studied in the rage from 2 to 8. The adsorptions
of As(111) and Pb(Il) were found increasing with increasing
initial pH value from 2 up to 5 and then decreased with

further increase the initial pH.

o
o
=

As(I1I) adsorption (mg/g)

pH value 8

Figure 4: Effect of pH for the adsorption of As(111) and Pb(ll) onto
the spinach adsorbent SA-24.

The maximum adsorptions of As(l11) and Pb(1l) were found
at initial pH 5 with the values 19.38 and 19.49 mg/g

respectively.

The removal of lead by activated carbon from pomegranate
peel was studied and found pH 5.6 as optimum pH*’. And
the removal of Lead and Arsenic ions from the aqueous
solution has optimum pH at 5 itself*8, Also other researches
have shown the about 5 as optimum pH for the removal of
As(I11) and Pb(I1)!. For further experimental works, the
adsorption of As(l11) and Pb(Il) onto the present low-cost

adsorbent material, the optimum pH value was set to pH 5.
Batch Adsorption Isotherms of As(l11) and Pb(Il)

Adsorption isotherm is a graphic representation of the
weight of adsorbate adsorbed per unit mass of the adsorbent
as a function of the weight of adsorbate left in bulk solution
at equilibrium at constant temperature. Langmuir and
Freundlich adsorption isotherms are the well-known most

popular models used to analyze adsorption behavior.

Langmuir model of adsorption has been applied for the
adsorption of solute from a liquid solution on homogeneous
adsorbent with the formation of monolayer coverage and
adsorption is independent of the occupation of neighboring
sites®. The Langmuir model is used to determine the
maximum adsorption capacity of complete monolayer
coverage on the adsorbent surface. The linearized form of

Langmuir adsorption isotherm is given as:
c. 1 G
Q% Qb O
Where Q. (mg/g) is the weight of adsorbate adsorbed per

)

unit weight of adsorbent at equilibrium, C. (mg/L) is the
equilibrium concentration of the adsorbate, Qm(mg/q) is the
maximum adsorption capacity and ‘b’ (L/mg) is the

Langmuir adsorption equilibrium constant.

A plot of Ce/Qe against Ce gives a straight line with slope
1/Qm and intercepts 1/Qmb from which Qnand ‘b’ can be

determined.

Thermodynamic study of adsorption isotherm
Thermodynamic consideration of a adsorption process is

necessary to conclude whether the process is spontaneous
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or not. The Gibbs free energy change (AG°) is a critical
factor for determining the spontaneity of a process. The
Langmuir constant b is related to free energy change of
adsorption AG (kJ/mole) by the relation®:

AG = —RTIn(b) (3)
Where, R = Universal gas constant (8.314 Jmol*K™?), T =

Temperature in Kelvin and b is Langmuir constant in

(L/mol). Gibbs free energy indicates the degree of
spontaneity of adsorption process. More negative value

reflects greater energetically favorable process.

The experimental data obtained during adsorption process
can also be analyzed with Freundlich adsorption isotherm
model which was established in 193921, The linear from of

the Freundich isotherm is:

C)]
Where Q. (mg/g) is the amount of adsorbate adsorbed per

1
logQ, = logKy + ;log Ce

unit mass of adsorbent, C. (mg/L) is the equilibrium
concentration of the adsorbate, Kg [(mg/g) (L/mg)¥"] and n
(g/L) are Freundlich equilibrium coefficients, which are
considered to be the relative indicators of adsorption

capacity and adsorption intensity.

The logQe is plotted against log Ce a straight line is obtained
with slope 1/n and intercept log Kr. From this plot, the value
of 1/n and Kr can be determined. The value of 1/n between

0 and 1.0 indicates the favorable adsorption of adsorbate.
Error analysis for isotherm studies

In case of single element isotherm studies, there is the need
of error function to optimize the procedure in order to
evaluate the fit of the isotherm to the experimental
equilibrium data. There are several different error
functions?. The error functions are the sum of the squares
of the errors, the hybrid fractional error function,
Marquardt’s percent standard deviation, the sum of the
absolute errors and chi square test. The best fit among the
isotherm models is given by the linear coefficient of
determination (R?) and non-linear Chi square (%%)%. In this
study, the Chi-square test was performed by using the

mathematical expression:

(Qe,cal - Qe,exp)z
Qe,cal

2 =

x (5)

Where Qecac IS the equilibrium capacity obtained by
calculated from model (mg/g) and Qe.exp iS the equilibrium
capacity (mg/g) from the experimental data. The lower

value of %2 suggests the best fit model.

Table 1: Parameters of Langmuir and Freundlich constants.

lons Langmuir model
Qmax | b R? AG a
(mg/g) | (L/mg) (kJ/mol)
As(lll) |116.28 | 0.124 | 0.99 -23 2.87
40
Pb(ll) [128.20 | 0.148 | 0.98 -25 0.96
93
lons Freundlich Model
Kr n R? a
[(mg/g)(L/mg)*"]
As(l11) 13.98 1.50 | 0.9890 404.5
Pb(I1) 17.33 151 | 0.9890 1.49

Adsorption of As(l1l) and Pb(ll) onto Spinach adsorbent
reflux for 24 hour (i.e., SA-24) was done by optimizing the
pH at 5 and varying the concentrations of Pb(I1) and As(l11)
from 10 to 100 mg/L that gave the linear relationship with
Langmuir and Freundlich isotherms. Langmuir and
Freundlich parameters obtain from the slope and intercept
of the linearized curves of both isotherm models, the
coefficient of determinations, values of y? for Langmuir and
Freundlich isotherms of As(l1l) and Pb(ll) adsorption and
change in free energy during adsorption process are

tabulated in Table 1.

Since the R? of Langmuir is greater than that of Freundlich,
which implies that the experimental data fitted well with the
Langmuir model. The Qmax Values obtained from Langmuir
model for As(ll1) and Pb(ll) were 116.28, 128.20 mg/g
respectively, which are significantly higher than those
obtained for the bioadsorbents and mineral adsorbents and

the values of %2 for the Langmuir model was smaller than
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that of the Freundlich model which concludes that
adsorption of As(lll) and Pb(ll) on activated carbon
followed the Langmuir adsorption isotherm. And the
adsorption of As(111) and Pb(ll) ions onto spinach adsorbent
is monolayer and involved the adsorption on homogeneous

active surfaces.

110 T T T T T T~

100 et 3
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Figure 5: The adsorption isotherms of As(111) and Pb(ll) onto
adsorbent SA-24.

The values of AG were calculated which were -23 and -25
kd/mol for As(I11) and Pb(Il) adsorption respectively. The
negative values of free energy (AG) in adsorption process
reveals the spontaneous nature and feasibility of the
adsorption process for the adsorption of As(l11) and Pb (1)
onto spinach adsorbent. The values of AG further confirms
the adsorption process is favored by physio-chemical-
adsorption for As(l1l) and Pb(lIl). From the Langmuir and
Freundlich parameters, the adsorption of As(l11) and Pb(ll)
as a function of equilibrium concentrations of As(Il) and
Pb(ll) is shown in Figure 5. The curves are shown that
experimental data followed very well with Langmuir

model.
Batch Kinetic Studies

The kinetic study reveals the rate and mechanisms of
reaction coupled with determination of rate and mechanism
of reaction coupled with the determination of rate
controlling step. In the study pseudo-first-order and pseudo-
second-order models have been studied to find out the

limiting step of As(111) and Pb(Il) ions adsorption.

The differential form of pseudo-fist order rate equation,
applicable for the reversible reaction, is generally expressed
as?:

do;

—— =K1(Qc. — Qp)

T (6)

Where, Q. (mg/g) is the amount of adsorbate adsorbed at
equilibrium and Q: (mg/g) is the amount of adsorbate
adsorbed at time ‘t’. The term K3 (min™) is the rate constant

of pseudo-first order adsorption.

After integration and applying boundary condition, t = 0 to

tand Q: = 0 to Q: the linearized from of equation becomes:

K

2303t D
The plot of log (Qe - Q1) versus ‘t” will give a straight line

log(Q. — Q,) =logQ, —

from which K; and Q. can be determined from slopes and

intercepts of the plot respectively.

The pseudo-second order kinetic model is used to study the
kinetics of adsorption of adsorbate and it states that the rate
of occupation of adsorption sites is proportional to the
square of the number if unoccupied sites?. It is generally
expressed as:

ag;

E =K,(Q. — Qt)2

Where K; (g/mg-min) is the pseudo-second order rate

®)

constant and Q. and Q: are the amount of adsorbate

adsorbed at equilibrium and any time ‘t’ respectively.

With integration and applying boundary conditions, t=0to t

and Q: = 0 to Q:the equation becomes:
S e
Q K02 Qe

If the initial adsorption rate is Vo (mg/g min), then

€))

VoszQg = (10)

The equation can also be written as:

R
U Vo Qe

The values of Qe and K can be determined from the linear

1
an

plot of t/Q; versus ‘t” with the slope and intercept of the plot

respectively.
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The effect of contact time and two models (pseudo-first
order and pseudo-second order) were employed to the

experimental kinetics data as shown in Figures 6 and 7.

The rate of reactions as well as the maximum adsorption
capacities obtained from the slopes and intercepts of the
Figures 6 and 7 are tabulated in Table 2.
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Figure 6: Pseudo-first order kinetic model for the adsorption of
As(111) and Pb(1l) ion onto adsorbent SA-24.
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Figure 7: Pseudo-second order kinetic model for the adsorption of
As(111) and Pb(I1) ion onto adsorbent SA-24.

Table 2: Kinetic parameters for adsorption of As(lll) and
Pb(11) onto adsorbent SA-24.

1%t order 2" order
lon As(I1) | Pb(1) | As(il) | Pb(I)
Slope 0.0088 | 0.0036 0.0591 0.0869
Intercept | 0.9540 | 0.1497 0.0014 0.1912
K1 0.020 0.008
K2 2.495 0.039
Qt 02.596 | 01.161 16.920 11.507
R? 0.7204 | 0.5665 0.9973 0.9936

The coefficient of determination values of pseudo- first
order and pseudo-second order models of As(I11) and Pb(Il)
were 0.7204, 0.5665 and 0.9973, 0.9936, respectively
showed that the kinetics of As(Ill) and Pb(ll) ion onto
adsorbent SA-24 followed pseudo-second order Kinetics.
The Kinetic plots of the adsorption of As(l11) and Pb(ll) are
shown in Figure 8 where the solid line curves are calculated
curves using maximum adsorption capacity and the rate of
reaction of pseudo-second order Kinetics obtained from
Table 2.
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Figure 8: Kinetic plots for the adsorption of As(111) and Pb(l1) on
adsorbent SA-24.

It is clear from the Figure 8 that initially up to 5-10 minutes
reaction time the process of adsorption was rapid and the
equilibrium reached within 30 minutes and nearly 45
minutes for As(l11) and Pb(Il) respectively. After reaching
the saturation point there was no significant change in the
rate of adsorption. The initial rapid increase in the rate was
due to the availability of more number of active sites so that
large number of As(lll) and Pb(Il) ion got attached to
adsorbent sites. As the time passed, the number of active
sites became less and finally the equilibrium state was

reached.

Mechanisms of As(l111) and Pb(11) Adsorption

Intraparticle diffusion model is applied to gain insight into

the mechanisms and rate controlling steps affecting the
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kinetics of adsorption. The kinetic results are fitted to

Weber-Morris equation?:

Qt = Kiqt® + C

Where C is the intercept and Kis (mg/g h®%) is the
intraparticle diffusion rate constant, which can be evaluated
from the slope of the linear plot of Q; versus t®°. The
intercept of the plot reflects the boundary layer effect. The
larger the intercept, the greater is the contribution of the
If the

regression of Q; versus t®® is linear and passes through the

surface sorption in the rate-controlling step.

origin, then intraparticle diffusion is the sole rate-limiting
step. When the plots do not pass through the origin, this
indicates some degree of boundary layer control and these
further shows that the intraparticle diffusion is not the only
rate-determining step but other kinetics models may also
control the rate of adsorption.

The graphical relationship between the amount of As(l1)
and Pb(Il) adsorbed (mg/g) as a function of square root of
time (Vt) is shown in Figure 9.

The plot of Q; verses \t does not pass through the origin and
indicates that the intra-particle diffusion model was not the
rate limiting step.
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Figure 9: Plot of Q, verses t for the adsorption of As(III) and Pb(II)
on adsorbent SA-24.

Furthermore, the FTIR analysis of SA-24 after the
adsorption of As(11) and Pb(ll) was carried and is shown in

Figure 10.
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Figure 10: FTIR spectra of the adsorbent SA-24, after adsorptions of
As(111) and Pb(ll) ions.

No any broad band of hydroxyl peaks was detected in the
spectra obtain after the adsorption of As(111) and Pb(ll) ions
in the range of 3500-3000 cm™. This diminished of
hydroxyl peak after adsorption may be due to involvement
of hydroxyl group in the adsorption process. Peaks of CO;
seen at 2347 was mostly diminished after both ions
adsorption showing that both ions were perfectly adsorbed
on the adsorbent expelling out CO, from their adsorbent

sites.

Comparison of Maximum Adsorption Capacities

Comparison of the maximum adsorption capacity (Qmax) of
the Spinach adsorbent reflux for 24 hours (i.e., SA-24) for
As(I11) and Pb(Il) with earlier investigated adsorbents are
tabulated in Table 3.

Table 3: Comparison of maximum adsorption capacity (Qmax)

with earlier investigated adsorption.

Qmax (MQ/9) Source
S. Adsorbent
As(I11) Pb(Il)
1. | Phosphorylated 68.18 27
Orange juice residue
2. | Zr(1V) loaded 130 28
saponified orange
waste gel
3. | Feloaded 50 29
pomegranate waste
4. | Iron-impregnated 1.95 30
granular activated
carbon
5. | Spinach adsorbent 58.480 11
(H,SO, activated)
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Qmax (MY/9) Source
S. | Adsorbent As(111) Pb(IT)
6. | Steam activated 142.86 12
banana peels
7. | Fe-bentonite 101.01 13
8. | Chicken Bone 96.153 163.9 18
1
9. | Activated carbon 270.2 15
zeolite composite 7
10. | Activated carbon 54.94 1
(cabbage waste) 5
11. | Sunflower husk 6.29 14
12. | Tea waste 65 31
13. | Egg shell 154 6
14. | Spinach adsorbent 116.279 128.20 Present work
5

The results revealed that Spinach adsorbent possesses
higher potentiality towards the adsorptive removal of

As(111) than Pb(I1) from synthetic wastewater solution.

Conclusions

The specific surface areas of three different adsorbents
namely SA-12, SA-24 and SA-36 were 388, 436 and 388
m?/g, respectively. The maximum adsorption capacities of
As(111) and Pb(Il) were 116.28 mg/g and 128.20 mg/g at
optimum pH 5 onto adsorbent SA-24 and the adsorption

fitted well with the Langmuir isotherm.

The rate of adsorption was fast up to 10 min and then it was
slowed down. The equilibrium contact time was 30 min for
arsenic and nearly 45 min for lead. The kinetics of the
adsorption onto SA-24 was found to follow pseudo second
order model with rate constant value 2.495 and 0.039 g/(mg.
min) for As and Pb ions, respectively. The test for
intraparticle diffusion model showed that the adsorption of
As(I11) and Pb(ll) onto SA-24 was not solely intraparticle

diffusion.

The above experimental data of the effect of pH, change in
free energy during the process of adsorption indicate that
process of adsorption of As(l11) and Pb(ll) onto the present
low cost adsorbent material is complex and may involve

more than one mechanism. The adsorption process is

physiorption along with chemisorption with the ion
exchange with the available exchangeable cations present

in the adsorbent material.
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