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Abstract: Present work is focused on the preparation of mustard stalk activated
carbon (MSAC) using chemical activation with H3PO4 and exploring its pro-
perties for its use in dye removal from wastewater. Adsorption variable (dos-
age, contact time, and solution pH), pore structure, morphology, surface func-
tional groups, equilibrium kinetics and isotherm study for the removal of meth-
ylene blue (MB) using MSAC were investigated. The present study showed
that an adsorption dosage of 0.2 g L! and pH 8 can be considered as optimum
for the MB removal. SEM result showed that pore of MSAC was larger than
the pore of the mustard stalk (MS). BET surface area and total pore volume of
MSAC were found as 510 m? g'! and 0.33 cm? g’!, respectively. Equilibrium
adsorption data were examined by Langmuir and Freundlich isotherm models.
Better correspondence to the Langmuir model with a maximum adsorption
capacity of 212.76 mg g'! (MB onto MSAC) was obtained. Dimensionless
factor, R; revealed favourable nature of the sorption in the MSAC-MB system.
Adsorption rates were found to follow the pseudo-second-order kinetics with
good correlation. These results show that the MSAC could be used as a renew-
able and economical alternative to commercial activated carbon in the removal
of MB dye from wastewater.

Keywords: adsorption; isotherm; methylene blue; kinetics.

INTRODUCTION

Effluent from various process industries leads to significant pollution due to
the transportation of aqueous dye solution into the water bodies and soil. Major-
ity of dyes used in industries are of synthetic origin and are toxic in nature,
among the synthetic dyes used in various industries. Methylene blue (MB) is a
commonly used cationic dye (chemical name tetracthylthionine chloride,
C16H gCIN3S and molecular weight is 319.85 g mol~!) which finds application
in the textile industry to color leather, wool, cotton, and also in paper coating.!
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Toxicity of MB manifests itself in form of teratogenicity, mutagenicity, neuro-
toxicity, nucleic acid damage, etc. Chronic exposure to MB dye leads to adverse
health problems like vomiting, change in mental state or confusion, high pulse
rate, jaundice, shock, burns injury of the eye, tissue necrosis, cyanosis, and limb
paralysis, making it imperative to invent some efficient dye removal techniques
from wastewater.2 Also, MB and other dye laden wastewater adversely impact
the aquatic ecosystem along with deteriorating the visual appeal of any water
body by making it coloured and sometimes also leads to an obnoxious smell.
Some important techniques used to treat dye-containing industrial wastewater
(values in bracket indicate removal efficiency) includes biological (86 %), oxid-
ation (90 %), ozonation (94.5 %), photochemical (99 %), adsorption (99 %), ion
exchange (86.8 %), coagulation and flocculation (93.6 %), electrochemical (88.8
%), membrane technology (97.1 %) etc.3* Some of these methods have disad-
vantages like the formation of large quantities of hazardous by-products, often
high energy-intensive, and high operating costs.> Among the above-listed
methods adsorption process using activated carbon is far more effective for dye
removal from effluent keeping the environmental perspective in view.

Activated carbon (AC) as the name suggests is a carbon-based material in
form of solid black powder resembling powdered or granular charcoal. Its pecu-
liar characteristics like its highly porous nature leading to the availability of large
internal surface area coupled with its sufficiently high mechanical strength make
it suitable for use as an effective adsorbent with widespread industrial applic-
ations such as in gas purification, wastewater treatment (domestic and industrial),
and as catalyst or catalyst supports.® Many textile industries widely use comer-
cial AC for the treatment of wastewater carrying dyes in aqueous solution owing
to its ability to treat dye laden wastewater in more concentrated forms.” The high
cost of AC presents difficulty in its use on a large scale and consequently, the
development of low-cost alternative adsorbents is needed as soon as possible and
a lot of research is going on in this direction.

Coal and agricultural residues, rich in lignocellulosic content, are two major
sources of the commercial-grade AC. Out of these sources, the agricultural
wastes proved to be an economical bet for making AC due to two reasons: firstly,
it helps in the saving of depleting fossil fuel (coal/coke) and secondly, it helps in
the sustainable waste management by enormous agro residues generated. Some
of the agricultural residues finding applications in making adsorbent include saw-
dust®, mustard husk® 10, peanut shell!l, tobacco residues,!? etc.

The physicochemical properties of AC are mainly governed by the technique
of activation, activating agent, and the nature of precursor. Two available modes
for the production of AC are physical and chemical activation. Chemical acti-
vation is preferred over the physical method because of its less time consuming,
requires low heating temperature, provides high specific surface area along with
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well-controlled porosity.!3 Despite the various available chemical activation
agents (like KOH, K,CO3, NaOH and Na,COj3), H3PO4 was found as a suitable
reagent due to its low-cost and an environment-friendly dehydrating catalyst,
which helps in the decomposition of the component present in MS at relatively
low activation temperatures along with causing less corrosion to the activation
equipment. !4

The present work is focused on the development of an alternative, efficient,
low-cost AC using mustard crop residue (MCR). The presence of glucosinolate
content in MCR which is hazardous to animal health renders it unfit for con-
sumption as fodder also thus making it imperative to convert it into other value-
added product.!> Mustard is one of the major oilseed crops grown globally in
China, India, EU, and Canada as prominent producers, and its global annual
production for 2019-20 is about 68.19 million metric tons per year.!¢ India as a
major mustard producer (annual production of 7.7 million metric tons per year)
contributes 11.29 % to global production. Processing one ton of the mustard seed
yields 1.85 tons of residue in form of mustard straw and husk.!7

Not much research is reported on the utilization of mustard stalk (MS) as a
renewable and economical source of the upgraded product as AC.%10 Thus to
enhance the existing knowledge the present work is carried out by the adsorption
of MB on MSAC from MS studied at different in adsorbent dosage, contact time,
dye concentration, and pH. The obtained AC was characterized by proximate and
ultimate analysis, BET surface area, SEM-EDX, TG and FTIR to explore its
possibility of being used as a low-cost adsorbent for the removal of MB. Also,
the isotherm and the kinetic models were applied to find out a better understand-
ing of the adsorption process of MB on MSAC.

EXPERIMENTAL
Materials

MS for the preparation of AC was obtained from a village located close to the institute
near Jaipur which is situated in Rajasthan, India (Variety, PM-21). For the experiment, ana-
lytical grade reagents used were: MB as adsorbate, H;PO, as activation agent (99.99 wt.%
purity), and HCI for washing (99.99 wt.% purity). All these solutions and reagents were
purchased from Sigma—Aldrich. Double distilled water was used in the dilution and washing
of samples.

Activated carbon preparation

The chemical activation method was followed by the preparation of AC using raw MS
and H;PO, as activating agent. The methodology for AC production used in the present work
is depicted in Fig. 1.

The above methodology starts from MS being first washed with hot distilled water to
remove the attached impurities (dust, efc.) and then dried in a hot air oven at 105 °C for 24 h
followed by crushing, grinding, and sieving to obtain particles of 60 mesh sizes. Powdered
MS is then subjected to carbonization by putting it in a furnace for 1 h, maintained at 550 °C
under an inert atmosphere to obtain MS char. 30 g of this char was impregnated at 80 °C for 6
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h with 250 cm? solutions containing the activating agent (H;PO,). The mixture was dehyd-
rated overnight in an oven at 105+1 °C for 24 h. The dried samples were further thermally
treated at a temperature of 768 °C in a muffle furnace, in the oxygen-deficient atmosphere for
60 min, in order to obtain MSAC. The optimum conditions for activation were reported in our
previous work.!®* MSAC sample obtained was thoroughly washed using hot and cold distilled
water to remove any excess H3;PO, until neutral pH was obtained. After thorough washing, the
samples were dried overnight in a hot air oven at 105 °C, and thereafter weighed and packed
for future characterization.

Chemical Activation Process

Mustard Hasiing | Crushing & Carbonization
i indi ™ (550°C for 1h
Stalk Drving Grinding ( ) -
MS-Char
Washing i Hreah i = R
ermal treatment 1pregnate
MSAC |
768 °C for Lh (H;PO42) 80 °C for 61

Fig. 1. MSAC production methodology.

Characterization of adsorbent

The surface morphology and the elemental analysis of MS and MSAC were done using
scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX, Nova
Nano FE-SEM 450, FE). The functional groups present in the sample were characterized by
Fourier transform infrared (FTIR, FT-IR Spectrum 2, Perkin Elmer) with a working range of
4000 to 500 cm™!. Thermogravimetric (TG, SII 6300 EXSTAR, India) analysis was carried
out by heating a 10 mg MS sample in a purge of nitrogen (flow rate 200 ml min'!), and a tem-
perature range from ambient to 727 °C at 20 °C min’! heating rate. The ASTM D3174-73
standard was adopted for the ash content determination and the nitrogen adsorption/desorption
experiments were conducted by Quantachrome Autosorb analyzer (using N, at 77 K). The
total pore volume was performed by nitrogen adsorption at p/p, = 0.98.

Equilibrium and isotherm studies

The experiments for adsorption of MB on MSAC were studied at different adsorbent
dosage, contact time, dye concentration, and pH. Changes in any of these parameters will
affect the rate of adsorption. To achieve the desired rate of removal, the optimum adsorption
conditions should be determined. The study of adsorption isotherm and the adsorption kinetics
is done. The runs and conditions at which the adsorption experiments were conducted are
presented in Table I.

The fixed amount of adsorbent (0.2 g L'1) MSAC in our case was mixed with MB dye
solutions of different initial concentrations, ranging from 10-50 mg L! in 250 mL conical
flasks, for obtaining the adsorption equilibrium. The mixture was mixed at 160 rpm for 180
min. Once the agitation is completed, the dye solution was subjected to centrifugation for 15
min at a speed of 2800 rpm, due to which the char particles settled at the bottom of the tube.
UV-Vis spectrophotometer (Evolution 220, Thermo Fisher Scientific, USA) at a wavelength
of 664 nm was employed to determine the concentration of MB solution. The removal
percentage (R) of the dye (MB) by the MSAC (adsorbents), the adsorption capacity of MB at
equilibrium, g, / mg g, and the amount of adsorption at time #, min, ¢, / mg g!, was
calculated using Egs. (1)—(3) respectively:

R= 100% (1)

o
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_(G-C)
R
4= —( G- Ct)
w
here, C, (initial state), C, (any time), and C, (equilibrium state) represents the MB concen-

trations of dye solution in mg L-! respectively; ¥ /L is the dye solution volume of the dye and
W/ g is the mass of dry AC (adsorbent) used.

2
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TABLE I. Runs and conditions of adsorption experiment

Experimental MSAC content,  Concentrations  Sampling  Temperature Vibration

item gLt of dyes,mg L' time, min °C rate, rpm
Effect of 0.05 t0 0.3 (0.05, 0.1, 30 180 30 160
dosage 0.15,0.2, 0.25,0.3)
Effect of con- 0.2 10 to 50 (10, 30 to 180 (30, 30 160
centration 20, 30, 40, 50) 60, 90,
with time 120, 180)
Effect of pH 0.2 30 180 30 160
Adsorption 0.2 10 to 50 (10, 180 30 160
isotherms 20, 30, 40, 50)
Adsorption 0.2 10 to 50 (10, 30 to 180 (30, 30 160
kinetics 20, 30, 40, 50) 60, 90,

120, 180)

RESULTS AND DISCUSSION

Characterization of sample

TG analysis. TG analysis (Fig. 2) was done to study the general decom-
position behaviour of MS before the activation. The TGA profiles depict the
trend of mass loss occurring in the sample with time when heated in the tempe-
rature range of 30-200 °C, this weight loss is due to the dehydration of the MS
sample.19 The loss of unbound moisture resulted in an 11.08 % decrease in
weight in the above temperature range. This value bears a close resemblance to
the moisture percentage of the MS (Table II).
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Fig. 2. TG analysis of MS at 20 °C min™!.
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The maximum weight loss occurred between the 200467 °C range, which is
a result of thermal decompositions of hemicellulose, cellulose and partial decom-
position of lignin present in the biomass sample.20 In this range, the mass loss is
about 74 %. The main peak in the DTG curve is observed at ~313 °C due to the
thermal decomposition of the above components present in MS. As the tempera-
ture is increased beyond 500 °C weight loss that is not very significant takes
place due to no further breakdown of lignocellulosic material. Weight loss at
the final temperature of 727 °C is 90.25 %. Thus, from the above observations, it
can be inferred that the temperatures beyond 550 °C are more suitable for the
conducting of activation, since the sample shows insignificant decomposition.

SEM-EDX analysis. The element-wise composition of raw MS and MSAC
samples are given in Table II from which it is clear that the use of H3POy4, as an
activating agent has a significant influence on the production of AC with the
sufficiently high carbon content (68.64 %). The carbon percentage of the MSAC
samples shows a marked increase as compared to the raw MS (53.68 %) after the
activation process; however, oxygen, hydrogen, and nitrogen contents exhibit the
opposite trend, as expected. Due to the high temperature carbonization and the
activation process, the MS undergoes decomposition which occurs together with
the expulsion of volatile compounds (viz., oxygen, hydrogen, nitrogen), con-
tained by the formed MSAC, thus making it carbon-rich. Also, the chemical acti-
vation of MS using H3POy selectively strips H and O away from it.

The morphology of MS is shown in Fig. 3a from which it can be seen that
the basic structure of MS comprises longitudinal fibres and it seems that the
pores are preserved in the fibrous cellular structure. However, after the chemical
activation of MS to obtain MSAC, as seen in Fig. 3b, a more randomized pore/
/cavities distribution is obtained, which can be attributed to the modification of
cellular structure by the acid activation agent. Rich cavities surface of MSAC
will provide favourable adsorptive property towards MB dye molecules.

TABLE II. Ultimate, proximate and BET analysis of MS and MSAC

Content, wt.%

Content, wt.%

Proximate analysis Surface property

MS MSAC MS MSAC
Moisture 9.58 432  Bulk density, kg m™ 86 503.23
Volatile material 71.92 15.32  Average pore diameter, nm - 2.64
Ash 441 9.59  BET surface area, m? g'! 95 510
Fixed carbon 14.09  70.77  Total pore volume, cm3 g'!  0.081 0.33

Mesoporous volume, cm? g 0.06 0.17
Ultimate analysis

C 53.68  68.64
H 404 123
N 2.90 2.97
(0) 43.45 23.97
S 0.08 0.40
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3 ()

Fig. 3. Morphology of: (a) MS and (b) MSAC prepared with H;PO, activation.

FTIR and BET surface area analysis. The sample surface functional groups
are detected using FTIR spectroscopy. The FTIR spectra of the MS, MSAC
before and after the MB adsorption as shown in Fig. 4a and b, respectively, and
they show a variation of peaks with intensity and position arising out of the vib-
rational variations of the surface functional groups. The adsorption peak at 3500—
—3250 cm™! (due to stretching vibration of O-H) was of low intensity in MSAC.
The peak intensity reduces due to a corresponding reduction in H-bonding, hap-
pening as a result of a reaction between activating agent which in the present case
is H3POy (acting as a dehydrating agent) and MS.2!

(@
™\ f/?f"""‘- al ,\,ﬁ\ / (b)
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Transmittance, %
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Transmittance, %
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Fig. 4. FTIR spectra of: a) MS and MSAC and b) MSAC-MB.

The peaks corresponding to the bandwidth of 2902-2939 cm™1, arising due
to the asymmetric C—H stretching vibration of alkanes and alkyl groups, are more
prominent for the raw MS vis a vis MSAC. The underlying phenomena behind
this observation is a large scale hydrogen removal during the activation process.
The ultimate analysis also depicts this trend of reduction in hydrogen and oxygen
content of MSAC (Table II).

The band at 1600-1500 cm™! (C=C band of the aromatic rings) shows the
aromatization of adsorbent.?2 After activation with H3POy, a peak at around
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43 6 PATIDAR and VASHISHTHA

1168 cm™! appear in the FTIR spectrum of MSAC, which corresponds to P-O-C
vibrational variations of aliphatic phosphates groups. 1000-1250 cm™! (stretch-
ing vibration of C—O and/or C-O—C in acids, phenols, alcohols, ethers, and/or
esters groups).23 The band about 914 and 756697 cm™! shows C—H out-of-plane
bending in an aromatic ring. The peaks at 3434, 2927, 1599 and 1168 cm™! are
shifted to 3416, 2905, 1575 and 1132 cm™!, respectively (Fig. 4b). This shift in
the absorption peak suggested the interactions of dye molecules with the func-
tional groups of MSAC.

The BET surface area, total pore volume, and mesoporous volume of MSAC
were calculated as 510 m? g1, 0.33 and 0.171 cm3 g1 respectively (Table II).
The increases in the pore volumes and average pore radius after activation is a
result of macropores deformation resulting in their transformation into meso-
porous due to the H3POy4 effect.

Effect of an operational parameter on MB adsorption

Effect of adsorbent (MSAC) dosage. The adsorption of MB on MSAC was
studied at an initial concentration of 30 mg L1 by varying the quantity of ads-
orbent (0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 g L) at 30 °C temperature and pH 8.
The experiments were carried out at a contact time of 180 min. As shown in Fig.
Sa, the removal of MB shows an increasing trend up to 0.2 g, and beyond that it
remains unaltered. At the equilibrium time, the removal shows an increase from
31.42 to 98.52 % with an increment in MSAC dosage from 0.05 to 0.2 g. The
increased removal of MB is a result of an enhanced adsorbent surface area and
the availability of more adsorption sites.

Effect of the initial concentration of MB on contact time. The effect of initial
MB concentration in a range between 10-50 mg L1, at a fixed adsorbent dosage
of 0.2 g at 30 °C temperature and a speed of 160 rpm, was studied and its effect
on the adsorption of MB onto MSAC is shown in Fig. 5b. The plots of Fig. 5b
can be bifurcated into three different regions:

—Region 1: corresponding to rapid adsorption during the first 30 min.

—Region 2: corresponding to the gradual equilibrium till the equilibrium
state for each concentration is reached.

—Region 3: depicting the equilibrium state.

The results show that with an increase in initial MB concentration, a corres-
ponding increase in the adsorption of MB on MSAC is observed. The MB ads-
orption increased from 52.63 to 198.45 mg g! at equilibrium, when the initial
MB concentration is increased from 10 to 50 mg L-!. Furthermore about this
change in MB concentration, the equilibrium removal of MB exhibits a decrease
from 99.65 to 79.38 %. This can be attributed to the fact that when the initial
concentration increases, the mass transfer driving force increases, resulting in
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higher MB adsorption. The comparable trends were obtained in similar studies of
adsorption of MB on tea waste.24
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Fig. 5. Effect of: a) MSAC dosage on removal of MB (C, = 30 mg L-!, pH 8.0); b) contact
time and initial concentration on MB adsorption (adsorbent dose = 0.2 g L1, pH 8.0); c) effect
of pH on MB removal (C, =30 mg L-!, adsorbent dose = 0.2 g L'1); contact time = 180 min,
temperature = 30 °C.

Also, it is evident from Fig. 5b that at an initial concentration ranging bet-
ween 10 and 30 mg L1, the adsorption equilibrium is achieved in less than 60
min. However, when the initial MB concentration is increased to 40—-50 mg L1,
the corresponding time achieves the equilibrium becomes 150 min. However, the
experimentation was carried at 180 min in order to ensure the attainment of the
full equilibrium. The dye adsorption follows a sequential process in which at first
instance the dye molecules has encounter the boundary layer effect, followed by
the diffuse boundary layer film to the adsorbent surface, and finally the diffusion
into the porous structure of the adsorbent.25 Hence, higher initial concentrations
of MB solutions will take a relatively longer contact time to attain the equilib-
rium due to the presence of a higher number of dye molecules.

Effect of pH. pH plays a prominent role in governing the adsorbent capacity
in wastewater treatment processes. Fig. Sc presents the effect of pH on MB rem-
oval by MSAC. As the pH is changed from 5 to 8 the removal percentage of MB
increased from 75 to 97.4 %.
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The removal of MB increases rapidly up to pH 8 and then the equilibrium is
reached. The maximum percentage removal of about 98.40 % is obtained in a pH
range of 9—11. This variation is observed since the adsorption depends on the
adsorbent surface and structure of MB.25> Acidic medium promotes the proto-
nation of MB, however as the pH increases the dye becomes more and more de-
protonated. The low MB removal (indicated by dark blue colour) in the lower pH
range can be due to the probable development of the positive charge at the
MSAC surface, which inhibits MB removal from the dye.!9 However, beyond
pH 8, when the medium becomes basic in nature, there seems to be a significant
change in polarity, as MB removal increases (solution becomes light blue) mono-
tonically with pH. Thus, a low pH (<6) is the unfavourable use of MSAC. As the
initial pH (natural pH 6) of MB solution decreases, the number of negatively
charged adsorbent sites decrease and the positively charged sites increases, which
does not favour the adsorption of positively charged MB cations due to electro-
static repulsion.26

Adsorption isotherm

Distributions of the adsorbed molecules between the liquid and solid phases,
when the adsorption process attains an equilibrium state, are shown by the ads-
orption isotherms. For the design purposes, the suitable models are needed which
can be developed by fitting isotherm data into different isotherm models.26
Various models are proposed in the literature to explain the data about the ads-
orption isotherms, among which Langmuir and Freundlich are the most com-
monly used models. In the present work, both models were applied to understand
the relationship between the amount of dye adsorbed and its equilibrium concen-
tration.27

The linear isotherm equations are as following:

Langmuir:
C_ 1 ,C @
de OmK Om
Ry, = ﬁ (5)
Freundlich:
Inge = InK; +%ln C, ©6)

where is ge / mg g~1: the amount of adsorbed at the equilibrium time, C, / mg L1
the initial solute concentration, C, / mg L-!: the equilibrium concentration of
adsorbate in solution, O, / mg g!: the maximum adsorption capacity corres-
ponding to the complete monolayer coverage, K / L mg~!: the Langmuir constant
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related to the energy of the adsorption, Ky, and 1/n: the empirical constants
dependent on the nature of adsorbent and adsorbate. The Ry, value implies the
favourable adsorption process at a temperature range from 30-50 °C.

Both K¢ and 1/n are important in selecting an adsorbent as a separating
medium, in which K¢/ mg g1 is the over-all adsorption capacity and 1/n is the
heterogeneity factor. The adsorption will be chemical if the n < 1, linear if the
n =1, and if the n > 1 the adsorption will be a physical process.

The adsorption isotherms fitting the two models were shown in Fig. 6. From
the values of constants for both isotherm were computed from the slope and the
intercept of the linear plot, which and listed in Table III. The R? value obtained
from the Langmuir isotherm (Fig. 6a) was higher than that obtained from the
Freundlich isotherm (Fig. 6b). This evidence suggested that better fitting is
achieved by the Langmuir isotherm. The maximum capacity obtained by Lang-
muir isotherm is 212.76 mg g-!, showing the monolayer coverage and uniform
surface adsorption on MSAC. The Ry, value implies the adsorption to be unfav-
ourable (R, > 1), linear (R, = 1), favorable (0 < Ry, < 1) or irreversible (R, =
= 0).28 In the present work value of Ry, was found to be 0.0035 and thus it con-
firms that the prepared AC, MSAC is favourable for the adsorption of MB dye
under the conditions used in this study. The values of n higher than unity shows
that the adsorption of MB on MSAC is a physical process.

(a) 5.6
0.03 4 524
—-I —‘U!
2 002 g 481
o e
. o
Q R'=099 = 4.4
0.01 4
4.0
0.00 4
T T T T 1 T T T T
0 2 4 [} 8 10 -4 -2 0 2
c/mglL’ In(C/mg L")

Fig.6. Linearized: a) Langmuir isotherm, b) Freundlich isotherm for MB adsorption by MSAC
(pH 8, dosage = 0.2 g L'!, T=30 °C).

TABLE III. Langmuir, Freundlich adsorption isotherm constant for MB dye on MSAC

Langmuir isotherm Freundlich isotherm
O,/ mg g’ K/Lmg'! R? 1/n Ki/mgg!Lmglm R2
212.76 9.179 0.999 0.2142 160.77 0.90

Adsorption kinetics

The experimentally obtained kinetic adsorption data were subjected to the
pseudo-first-order kinetic and the pseudo-second-order kinetic model.27
Pseudo-first-order kinetic:
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k
1 —q,)=1 -1 4 7
Pseudo-second-order kinetic:
LA (8)
qt que2 qe

Where is k1 / 1 min-!: rate constant of first order adsorption, ¢, / mg g~!: the
amount of solute adsorbed at equilibrium, ¢g; / mg g!: the amount of solute
adsorbed on the surface of the sorbent at any time, min.

Fig. 7a and b) shows the pseudo-first-order kinetic and pseudo-second-order
kinetic model was fitted with the adsorption kinetic data of MB on MSAC. The
slope and the intercept were used to calculate the model constant kinetic para-
meter, and were given with the correlation coefficients (R2) in Table IV. The
correlation coefficient, R2 for the pseudo-second-order adsorption model has a
high value is 0.99, and also its calculated equilibrium adsorption capacity, ge cal
is consistent with the experimental data. These facts suggest that the pseudo-
second-order adsorption mechanism is predominant and that the overall rate of
the dye adsorption process is chemisorption controlled.
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Fig. 7. a) Pseudo-first-order kinetics and b) pseudo-second-order kinetics for MB adsorption
by MSAC (pH 8, dosage = 0.2 g L'!, T=30 °C).

TABLE IV. Pseudo-first- and pseudo-second-order kinetics constant for MB dye on MSAC

C,/mgL! Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Qe,exp qe,cal k 1 R2 Ge,cal k2 RZ
mg g! mgg! L min! mgg! gmg! min!

10 52.63 36.78 0.031 098 54.11 0.00135 1

20 105.1 72.6 0.028 094 107.06 0.00063 1

30 156.82 100.83 0.024 094 160.51 0.00037 1

40 208.65 132.53 0.021 093 213.67 0.00022 1

50 228.33 134.89 0.015 096 233.64 0.00016 0.997
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Table V presents the adsorption capacities and BET surface area of the vari-
ous biomass-based AC removal of dye. The surface area of MSAC is 510 m2 g1,
is about a fivefold increase in surface area as compared to raw MS; also, the sur-
face area of MSAC is comparable to the AC produced from other biomass-based
AC, prepared using the same chemical activation route as shown in Table V. It
can be inferred that the adsorption capacity of MSAC is quite comparable or
even greater than that of some adsorbents reported in references.

TABLE V. Adsorption capacity and BET surface area of other biomass-based AC prepared
using H3POy,

Activating BET surface ~ Adsorption

Material Dye 2 1 . .1 Reference
agent arca, m- g~ capacity, mg g

MSAC Methylene blue  H3POy, 510 212.76 Present study

Yellow mombin ~ Dianix® royal ~ H3PO, 551 147.47 14

fruit stones blue CC

Tea waste Methylene blue - - 85.16 N

Shrimp shell Methylene blue  H;PO, 506 828 27

Adsorption mechanism for MB

Based on the above results, the activation process and the adsorption mech-
anism can be represented by Fig. 8. The prepared MSAC is rich in the hydroxyl
group on their surface, which is also testified by the FTIR spectra.

II- T] ad sorption

Physical adsorption

Cation release

Electrostatic

Atftraction

Functional gIOUP 1o droen
Complexation Bondine

Fig. 8. Mechanism for MB adsorption onto MSAC.

The adsorption of MB by AC can be explained in terms of three major
mechanisms: i) the electron-donor mechanism, i) the 7—nr interaction and iif) the
effect of solvent. An electron-donor mechanism is based on sharing of the elec-
trons which occurs between the MSAC (adsorbent) and MB (adsorbate), the aro-
matic ring of MB acts as an electron acceptor and the surface functional groups,
present on MSAC, act as donor.2? The m—n interaction occurs due to the charge
transfer happening between the = electrons of the benzene ring and the MSAC
surface. The third mechanism, namely solvent effect, means that the adsorbed
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water molecules have quite a high possibility of being attracted to the surface
—O- groups, which leads to the formation of H- bonds between them. However,
this interaction inhibits the adsorption capacity, as it may cover active sites on the
MSAC.30

CONCLUSIONS

The present study shows that MSAC is a good low-cost adsorbent, derived
from the agricultural waste. It is well suited for the removal of MB from aqueous
solution. The dye adsorption is affected by various factors like adsorbent dosage,
contact time, pH, and the concentration of dye. The equilibrium is practically
achieved in less than 180 min. The characterization result showed that the BET
surface area and the total pores volume of the MSAC is 510 m2 g-! and 0.32 cm3
g1, respectively. Also, it has high carbon content (68.84 %) along with a highly
porous surface with cracks, channels, and large holes. The Langmuir and the
Freundlich adsorption isotherms are used for the analysis of equilibrium data.
The Langmuir model better explains the data. The maximum adsorption capacity
obtained was 212.76 mg g-!, with the monolayer coverage of MB molecules at
the outer surface of MSAC. The value of Ry was found to be 0.0035 and con-
firmed that the prepared MSAC is favourable for the removal of MB dye from
wastewater. The pseudo-second-order kinetics model is best fitted for MB ads-
orption onto MSAC. These results show that the MSAC could be applied as a
low-cost alternative to the commercial AC in the removal of MB dye from waste-
water.
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H3BOJ
AKTHUBHHU YTAJb O] BUOMACE CTABJBUKE CITAUYULIE (Sinapsis alba) — CHHTE3A ,
KAPAKTEPU3AIIUJA U [TPUMEHA ¥V ITPEUUMIITRABARY OTITAJHUX BOIA

KALPANA PATIDAR n MANISH VASHISHTHA

Department of Chemical Engineering, Malaviya National Institute of Technology, Jaipur 302017,
Rajasthan India

OBaj pan je dokuycHpaH Ha MPUIPEMY aKTHBHOT yI/ba 0f cTadprka Ourmke Sinapsis alba
(MSAC), nodujeHor xemujckom akTuBanujom H3POy, ka0 U UCIIUTHBakbEM HETOBE IPUMEHE Y
yKiIamamwy 00ja U3 OTHafHUX BOJAA. AICOPNUMOHM NapaMeTpH (no3a amcopdeHTa, KOHTAKTHO
BpeMe u pH pacrtBopa ancopbara), cTpykTypa nopa, MOpgosoruija, MoBpIIMHCKE PYHKIINO-
HaJIHe IpyTe, paBHOTEKHA KUHETHKA U CTYZIHja U30TEPMHU 3a yK/Iakhabe MeTHIeH miasor (MB)
kopuurheweM MSAC cy takohe ucnutvBaHd. [IpuKasaHH pe3yiTaTd MOKasyjy Aa ce Io3a
ancopdenta on 0,2 g L1 u pH 8 Mory cmaTpaTH onTHMaHHM 3a yKiawamke MB. SEM pesyn-
TaTH yKasyjy na cy nmope MSAC sehe ox nopa Hemonudukosase dromace (MS). Cienuduyna
nospinvHa godujena BET TeXHMKOM Kao M YKyTIHa 3anpeMuHa nopa MSAC usHoce 510 m2 g1
1 0,33 cm3 g!, pemoM. PaBHOTEXHH aICOPILMOHHM MOJAIH KOPEIMCAHH Cy IIPHMEHOM Lang-
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muir u Freundlich mogena. Borse crarakwe ekcrnepyuMeHTATHUX MOAaTaka IOOHjeHo je mpu-
MeHoM Langmuir mofienia ca MaKCMMaJTHMM afiCOPNIIMOHUM kamanutetom od 212,76 mg ¢!
(MB nHa MSAC). besgumeHnsnonu daxtop, RL, ykasyje Ha IOBOJbHE YCJIOBE Kao W IIPUPOIY
copnuuoHor MSAC-MB cucrema. ApcoprniuoHa Op3uHa Hajbo/be je omucaHa KUHETHUKOM
TICEYN0-APYTOr pefa, WTO Ce MOXE YOUUTH U3 KOpEeNTalMoOHUX pesynTtara. JJoOHjeHu pesynTaTu
mokxasyjy ce ce afgcopdbeHT MSAC Moske KOPUCTUTH y yklawawky MB, kao 00HOB/BMBA U €KO-
HOMCKH UCIIJIaTHBa a/JITepHaTHBA NMOCTOjehuM KoMepLujanHUM afocpOeHTUMa Ha a3y aKTHUB-
HOT yIJba.
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